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A.  Russo  ( )
Department  of  Surgical,  Oncological  and  Oral  Sciences,  
Section  of  Medical  Oncology,  University  of  Palermo,    
Via  del  Vespro  127,  90127  Palermo,  Italy
e-­mail:  antonio.russo@usa.net

C.  Rolfo
Phase  I–Early  Clinical  Trials  Unit,  Oncology    
Department  and  Multidisciplinary  Oncology    
Center  Antwerp  (MOCA),  Antwerp  University    
Hospital,  Edegem,  Belgium

R.  Rosell
Catalan  Institute  of  Oncology,  Hospital  Germans    
Trias  i  Pujol,  Badalona,  Barcelona,  Spain

The   landscape   of   cancer   biology   has   been  
  consistently   changed   since   the   mid   of   the   last  
  century.  The  discovery  of  oncogenes  and  tumor  

stem   cells   and   the   study   of   tumor   immunology  
could   be   deemed   the  most   relevant   steps   of   an  
evolving   scenario.   Many   researchers   argue   the  
opportunity  yielded  by  a  combination  of    different  
therapeutic   strategies   concomitantly   or   subse-­
quently.
Vogelstein   was   one   of   the   first   researchers  

who   identified   an   association   between   specific  
genomic  alterations  and  the  stages  of  cancer  de-­
velopment  and  progression.  Since  the  proposal  of  
his  carcinogenetic  model  in  colon  cancer,  various  
models   have   been   proposed   in   different  malig-­
nancies.

main   cancer   cell   functions,   which   characterize  
a   malignant   tumor.   Recently   the   same   authors  

highlighted  the  role  of  targeted  therapy  to  address  
the  action  against  each  hallmark  of  cancer.
Several  years  ago  the  idea  of  “magic  bullets”  

to   target   oncogenes   arose   as   a   new   fascinating  
strategy,   which   would   have   led   to   a   definitive  
cure  for  cancer  patients.  This  concept  was  based  
on  the  potential  selective  action  on  cancer  cells,  
sparing  normal  cells.
Nowadays  we  know  that   targeted  agents  can  

achieve  high  antitumor  activity,  as  monotherapy  
or  as  a  combination  with  standard  chemotherapy.  
However   some   side   effects   may   develop   as   a  
consequence  of  the  action  of  targeted  agents  on  
normal   tissue,  which   express   the   relative   target  
oncogenes.  These  adverse  events  are  usually  dif-­
ferent   from   those   observed  when   standard   che-­
motherapy  is  delivered.  A  proper  management  of  
targeted   therapy-­related   toxicity   is   needed,   and  
international   guidelines   and   recommendations  
have  already  included  some  suggestions  for  on-­
cologists  to  manage  it.
This   volume   about   “Targeted   Therapies   for  

solid  tumors”  aims  to  help  and  to  lead  the  update  
in  this  widespread  field  of  clinical  oncology.
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2Oncogene Addiction in Solid 
Tumors

 

A.  Russo  et  al.  (eds.),  Targeted  Therapies  for  Solid  Tumors,  Current  Clinical  Pathology,      
DOI  10.1007/978-­1-­4939-­2047-­1_2,  ©  Springer  Science+Business  Media  New  York  2015

S.  Caruso  ( )  ·∙  D.  Fanale  ·∙  V.  Bazan
Department  of  Surgical,  Oncological  and  Oral  Sciences,  
Section  of  Medical  Oncology,  University  of  Palermo,  Via  
del  Vespro  127,  90127  Palermo,  Italy
e-­mail:  steno.caruso@gmail.com

D.  Fanale
e-­mail:  fandan@libero.it

V.  Bazan
e-­mail:  viviana.bazan@unipa.it

Carcinogenesis   is   a   multistep   process   resulting  
from   the   progressive   accumulation   of   muta-­
tions  and  epigenetic  abnormalities  in  expression  
of  multiple  genes  that  collectively  give  rise  to  a  
malignant   phenotype   [1,   2].   However,   experi-­
mental   evidence   suggests   that   the   suppression  
of   an   oncogene   or   the   restoration   of   a   tumor  

inhibit  the  growth  of  cancer  cells  and  even  lead  
to  improved  survival  rates  [3].
The   term   “oncogene   addiction”   was   coined  

3]   to  describe  
the   phenomenon   where   the   hyperactivity   of   a  
specific   oncogene   (or   pathway)   is   required   for  
cancer  cells   to   survive  and  proliferate.   Initially,  
some  studies  on  hematological  tumors  have  iden-­
tified   that   cancer   cells   are   often   “addicted   to”  
constitutive   activation   or   overexpression   of   an  
oncogene  for  the  maintenance  of  their  malignant  
phenotype:  It  has  been  reported  that  acute  inac-­
tivation   of  MYC   in   transgenic  mice  models   of  
MYC-­induced  lymphoma  and  leukemia  leads  to  
the  rapid  induction  of  apoptosis  and  differentia-­
tion  [4].  Since  then  some  evidences  that  support  

the   concept   of   oncogene   addiction   have   been  
obtained   in   other   tissues   in  murine  models   and  
using  human  cancer  cell  lines  [5].  Nevertheless,  
the   most   convincing   evidence   for   this   concept  
comes  from  its  application  to  the  clinical  setting.  
The   clinical   relevance   of   oncogene   addiction  
paradigm  is  highlighted  by  a  growing  number  of  
examples  that  demonstrate  the  efficacy  of  several  
therapeutic  agents  that  target  specific  oncogenes  
in  various  cancer   types.  The  clinical   success  of  
the  multikinase  inhibitor  imatinib,  which  targets  
the  oncogenic  BCR/ABL  protein  in  chronic  my-­
eloid   leukemia   (CML)   [6]   and   also   targets   the  
product  of  the  oncogene  c-­kit  in  gastro  intestinal  
stromal   tumors   (GIST)   [7],  provides  direct   evi-­
dence  for  the  phenomenon  of  oncogene  addiction  
in  the  context  of  cancer  therapy.  Likewise,  selec-­
tive   epidermal   growth   factor   receptor   (EGFR)  
tyrosine-­kinase   inhibitors   (TKI),   gefitinib,   erlo-­
tinib,   and   afatinib   have   achieved   positive   out-­
comes  in  non-­small  cell  lung  cancer  (NSCLC)  [8,  
9],  pancreatic  cancer  [10],  and  glioblastoma  [11].  
Furthermore,  similar  results  were  obtained  using  
the  monoclonal  antibody  trastuzumab,  which  tar-­
gets  the  receptor  tyrosine  kinase  HER-­2/NEU  in  
patients  with  breast  cancer  [12];;  the  monoclonal  
antibody  cetuximab,  which  targets  the  EGFR  in  
patients  with  head  and  neck  and  colorectal  cancer  
[13,   14];;   bevacizumab,   a   monoclonal   antibody  
to   vascular   endothelial   growth   factor   (VEGF)  
in   carcinomas   of   the   breast,   colon   and   kidney  
[15–17];;  vemurafenib,  a  B-­Raf  enzyme  inhibitor  
for   the   treatment   of  melanoma   [18];;   and   crizo-­
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tinib,  an  ALK  inhibitor,  which  targets  the  fusion  
protein  EML4-­ALK  and  has  produced  excellent  
results   in  clinical   trials   in  NSCLC  patients   [19]  
(Table  2.1).
The   principle   that   some   cancers   depend   on  

one   single   oncoprotein   for   their   continuous  
growth  and  the  conclusion  that  this  oncoprotein  
could   represent   the   target   for   therapeutic   treat-­
ment   is   confirmed   in   patients  who   develop   ac-­
quired  resistance  to  these  therapeutic  agents  via  
de  novo  mutations  on  the  same  oncogene  and  not  
by  mutations   in   other   oncogenes.   For   example,  
the  leukemic  cells  of  individuals  with  CML  can  
undergo  a  secondary  mutation  in  the  kinase  do-­
main  of  the  BCR/ABL  protein  which  blocks  the  
inhibitory   activity   of   imatinib   [20].   Similarly,  
there  may  be  cases  of  secondary  resistance  to  ge-­
fitinib  and  erlotinib  in  patients  with  NSCLC  due  
to  de  novo  mutation  on  EGFR  gene  identified  as  
T790M  [21].  However,  in  other  cases  of  acquired  
resistance,  cancer  cells  may  undertake  an  alterna-­
tive  or  redundant  survival  pathway.  For  example,  
it  has  been  reported  that  a  subset  of  NSCLC  pa-­
tients   with   acquired   resistance   to   EGFR   TKIs  
exhibit  amplification  of  the  MET  tyrosine  kinase  
gene   [22].   It   is   also   known   that   the   loss   of   the  
tumor  suppressor  gene  PTEN  is  associated  with  
treatment   failure   in   glioblastoma   patients,   pre-­
sumably  due  to  the  activation  of  pathways  down-­
stream  of  the  EGFR  [23].

The Molecular Basis of Oncogene 
Addiction

The   molecular   mechanisms   underlying   onco-­
gene   addiction   have   been   extensively   studied,  
and   it   has   been   demonstrated   that   these   occur  
by  processes  intrinsic  and  exclusively  dependent  
upon   biological   programs  within   a   cancer   cell.  
In     particular,   three  models   have   been   proposed  
to   clarify   the   mechanisms   of   oncogene   addic-­
tion:  genetic  streamlining,  oncogenic  shock  and  
synthetic   lethality.   The   genetic   streamlining  
hypothesis   is   based  on   the   concept   that   genetic  
instability  in  cancer  cells  causes  the  inactivation  
of  some  signaling  pathways  during  tumor  evolu-­
tion,  which  are  operational   in  a  normal  cell  but  
not  required  for  growth  in  the  cancer  cell.  In  this  
state,   an   initially   nonessential   oncoprotein  may  
become  essential   through  the  genetic  streamlin-­
ing,  and  the  cancer  cell  becomes  predominantly  
dependent   on   the   oncogene   driven   processes  
[24].   The   blockade   of   the   addictive   receptor  
causes  cell  cycle  arrest  and/or  apoptosis.
A  second  mechanism  is  based  on  the  concept  

of   “oncogene   shock.”  According   to   this  model,  
dominant   oncogenes   are   able   to   sustain   at   the  
same  time  both  prosurvival  and  proapoptotic  sig-­
nals.  Normally,  the  prosurvival  outputs  dominate  
over  the  proapoptotic,  but  the  inactivation  of  ad-­

Table 2.1     Clinical  evidence  of  oncogene  addictiona

Target Therapeutic  agent  (monotherapy) Cancer Reference
BCR/ABL Imatinib  mesylate CML [6]
C-­KIT Imatinib  mesylate GIST [7]
EGFR Gefitinib/Erlotinib NSCLC [8]

[9]
B-­RAF Vemurafenib Melanoma [18]
EML4-­ALK Crizotinib NSCLC [19]
Target Therapeutic  agent  (combination) Cancer Reference
EGFR Erlotinib Pancreas [10]
EGFR Cetuximab Head  and  neck [13]

Colorectum [14]
HER-­2/NEU Trastuzumab Breast [12]
VEGF Bevacizumab Breast [15]

Colorectum [16]
Kidney [17]

a  Treatment  regimen  indicates  therapeutic  agent  alone  (monotherapy)  or  in  combination  with  other  chemotherapeutic  
agents  (combination)
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dictive  receptor  in  cancer  cells  causes  their  death  
because   of   differential   attenuation   rates   of   pro-­
survival  and  proapoptotic  signals  [25].
A   third   hypothesis   is   based  on   the  model   of  

synthetic  lethality,  derived  from  studies  in  lower  
organisms.  This  theory  holds  that  two  genes  are  
considered  to  be  in  a  synthetic  lethal  relationship  
if  mutation  of  one  of  the  two  genes  is  compatible  
with  survival  but  mutation  of  both  genes  causes  
cell  death  [26].  This  concept  of  synthetic  lethal-­
ity  is  rather  intuitive  when  the  two  genes  belong  
to   alternative  metabolic   chains  with   a   common  
end  product,  but   it   can  also  be  applied   to  more  
sophisticated   and   integrated   cellular   functions,  

such  as  survival  and  proliferation.  Furthermore,  
cancer  cells  may  be  more  dependent  on  a  specific  
oncogene  with  respect  to  normal  cells  as  they  are  
less  adaptable  because  they  carry  several  inacti-­
vated  genes  (Fig.  2.1).

Future Perspectives

The  phenomenon  of  oncogene  addiction  has  al-­
lowed  novel  important  therapeutic  opportunities  
through   the  selective  elimination  of   tumor  cells  
that  exhibit  strict  dependence  on  a  protein,  pro-­
viding   a   potential   “Achilles’   heel”   in   specific  

Fig 2.1   Molecular  mechanisms  of  oncogene  addiction,  showing  the  three  different  hypotheses  of  oncogene  addiction:  
genetic  streamlining,  oncogene  shock  and  synthetic  lethality
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types   of   human   cancers.   For   instance,   the   use  
of  small   interfering  ribonucleic  acids  (siRNAs),  
a  class  of  double-­stranded  RNA  molecules,  can  
be  useful  to  identify  which  genes  are  required  to  
maintain  the  proliferation  and  survival  of  cancer  
cells  and  subsequently  to  design  drugs  that  target  
the  related  protein  [27].  Furthermore,  it  has  been  
reported  that  a  specific  siRNA  preparation  might  
be   administered   to   patients   in   order   to   knock  
down  the  expression  of  a  critical  oncogene  in  the  
tumor,  thus  providing  a  novel  approach  to  cancer  
therapy  [28].  In  addition,  oncogenes  that  are  mu-­
tated  in  cancer,  and  not  overexpressed,  represent  
the  most   appropriate   target   for   therapy  because  
they  have  qualitatively  different  roles  than  onco-­
genes  that  are  only  overexpressed,  as  evidenced  
by   the   properties   of  mutated  EGFR   in  NSCLC  
cells   [29].  Today,   the   emerging  molecular   biol-­
ogy   techniques   allow   us   to   identify   different  
proteins   and   gene   expression   profiles   between  
normal  tissues,  cancers,  and  subtypes  of  specific  
cancers  and   thus   facilitate   identification  of  spe-­
cific  pathways  of  oncogene  addiction  in  several  
cancer   cells.  As  described   above,   some  cancers  
can  “overcome”  a  given  state  of  oncogene  addic-­
tion  through  mutations  in  other  genes  and  path-­
ways,  due  to  the  genomic  instability  of  cancers.  
Moreover,  in  some  cases,  the  inactivation  of  the  
oncogene  fails  to  cause  significant  tumor  regres-­
sion  as  demonstrated  in  a  murine  model  of  MYC-­
induced  lung  adenocarcinoma  [30].  For  this  rea-­
son,  not  always  the  inactivation  of  an  oncogene  
necessary  for  tumor  growth  and  survival  is  suffi-­
cient  to  reverse  tumorigenesis.  In  these  cases,  the  
combination  therapy  helps  us  to  overcome  these  
obstacles.   It   has  been  widely  demonstrated   that  
the  efficacy  of  certain  targeted  agents  can  be  en-­
hanced  by  combining  them  with  cytotoxic  drugs,  
such  as  agents   that  act  by  inhibiting  deoxyribo-­
nucleic  acid  (DNA)  or  chromosomal  replication  
[12].  Similarly,  the  combination  of  bevacizumab  
or   cetuximab   with   chemotherapy   agents   can  
improve   response   rates   in  metastatic   colon   and  
breast  cancer  patients,  respectively  [14,  15].
All   these   evidences   support   the   role   of   on-­

cogene   addiction   in   the   development   of   cancer  
phenotype.  This  phenomenon  can  be  exploited  to  
identify  new  targeted  agents,  which  specifically  
target  the  most  relevant  oncogenes.
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Introduction

Definition of Molecularly Targeted 
Antitumor Agents

Pharmacology  can  be  defined  as  the  study  of  sub-­
stances  that  interact  with  living  systems  through  
molecular  and  chemical  processes,  especially  by  
binding  to  regulatory  factors  and  inhibiting  or  ac-­
tivating  physiological   body  processes   [1].  Such  
deliberate   therapeutic   applications  may  be   con-­
sidered  the  proper  role  of  medical  pharmacology,  
which   is   the  science  of  substances  used   to   treat  
human  diseases.
For  decades,  the  pharmacological  treatment  of  

cancer  has  used  cytotoxic  (i.e.,  cell-­killing)  thera-­
py,  which  has  been  termed  cancer  chemotherapy  
[2].  Cancer  chemotherapy   is  curative   in  subsets  
of   patients  who   present  with   advanced   disease,  
including  germ  cell  cancer,  small  cell   lung  can-­
cer,  and  ovarian  cancer.  Although  treatment  is  not  
curative   for  most  of   the  solid   tumors,   there  has  
been   a   significant   improvement   in   progression-­
free   survival   (PFS).  These   results   also   facilitat-­

ed   the   study  of  adjuvant  chemotherapy,   leading  
to   survival   prolongation   in   a   number   of   cancer  
types,  and  helped  foster  further  trials  in  different  
clinical   settings.  Moreover,   several   of   the  most  
active  chemotherapy  regimens  are  being  used  in  
the  neoadjuvant  setting  to  reduce  the  size  of  the  
primary   tumor   allowing   improved   surgical   out-­
come  as  well  as  preservation  of  vital  organs,  such  
as   for   anal,   bladder,   breast,   gastroesophageal,  
rectal,  31  head  and  neck  cancers,  and  osteogenic  
and  soft  32  tissue  sarcomas  [3].
However,   from   its   introduction,   cancer   che-­

motherapy  has  been  encumbered  by  its  poor  se-­
lectivity   because   most   antineoplastic   drugs   are  
toxic  not  only  to  tumor  cells  but  also  to  important  
populations   of   the   body’s   nonneoplastic   cells,  
such   as   the   fast-­replicating   cells   of   blood   com-­
partment,   skin   cells,   and   gastrointestinal   tract  
lining  cells.  The  resulting  problems  of  unwanted  
side   effects   are   compounded   by   difficulties   in  
predicting   the   desired   effectiveness   of   chemo-­
therapy   in   individual   patients.   This   unsatisfac-­
tory  situation  and  the  development  of  technology  
leading   to   the   sequencing   of   the   genome   have  
driven   intensive   researches   and   development  
over   the   last   few  decades   toward  more   specific  
and   less   toxic   anticancer   drugs   that   block   the  
growth  and  spread  of  cancer  by  interfering  with  
specific  molecules  involved  in  tumor  growth  and  
progression  [4].  Because  scientists  refer  to  these  
molecules   as   “molecular   targets,”   targeted   can-­
cer  therapies  are  sometimes  called  “molecularly  
targeted  therapies”  or  similar  names.  Several  re-­
sults  of  these  efforts  have  reached  the  clinic,  and  
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many  more  are  now  in  preclinical  testing.  Com-­
mon  to  all  these  targeted  therapies  is  their  inter-­
action  with  defined  molecules  present  on  cancer  
cells,   which   adds   various   degrees   of   increased  
selectivity   to   their   toxic   effects.   As   a   conse-­
quence,  detecting  the  target  molecule  on  tumors  
before   therapy   holds   great   diagnostic   potential  
for   predicting   the   efficacy  of   the  drug   and  per-­
sonalizing  therapy.  Ideal  anticancer  drugs  would  
indeed   eradicate   cancer   cells   without   harming  
normal  tissues.  Unfortunately,  no  currently  avail-­
able   agents  meet   this   criterion,   and  clinical  use  
of   these   drugs   involves  multiple   challenges   in-­
cluding  the  appearance  of  new  toxicities  [5],  the  
need   for   biomarkers,   the   need   of   validation   of  
genomic   tests,   and   the   evolution  of   cancer  mo-­
lecular   imaging.  Therefore,   this  chapter  aims   to  
present  translational  scientists  and  clinicians  with  
an  integrated  critical  view  on  the  pharmacology  
(i.e.,  pharmacodynamics,  pharmacokinetics,  and  
pharmacogenetics),   as   well   as   on   the   clinical  
development   (and   related   emerging   problems)  
of   the  molecularly   targeted   antitumor   agents   in  
solid  tumors.

Beyond Clinicopathological Typing: 
New Pharmacological Targets for 
Individualized Treatments

Factors   such   as   disease   stage,   performance   sta-­
tus,   age   and   co-­morbidity   provide   a   crude   dis-­
crimination  of  prognosis  in  many  tumors.  These  
clinical   prognostic   factors   represent   surrogate  
markers   of   clinical   behavior   and   could   be   use-­
ful   for  predicting  patient  prognosis  and  guiding  
anticancer  treatment  [6].  For  example,  mediasti-­
nal  lymph  node  involvement  and  the  number  of  
metastatic   lymph   nodes   are   important   adverse  
prognostic  factor  in  surgically  treated  stage  IIIA  
non-­small-­cell   lung   cancer   (NSCLC)   [7].  Simi-­
larly,  there  is  a  significant  difference  in  survival  
when   the   visceral   pleura   is   involved.   Indeed,  
visceral  pleural  invasion  was  observed  more  fre-­
quently  in  biologically  aggressive  tumors  and,  by  
multivariate  analysis,  this  invasion  proved  to  be  
a  significant  independent  predictor  of  poor  prog-­

nosis  in  NSCLC  patients  with  or  without  lymph  
node   involvement   [8].  Therefore,   in  most   solid  
tumors,   the   therapeutic   strategy   is  based  on   the  
tumor  type  and  stage  as  well  as  on  the  health  sta-­
tus  of  the  patient  at  diagnosis.  Several  data  sug-­
gested  that  the  efficacy  or  toxicity  of  anticancer  
treatments   is   also   influenced   by   the   histologic  
subtype.   This   differential   therapeutic   efficacy  
based   on   histologic   subtype   is   well   document-­
ed   for   pemetrexed   in   advanced   or   metastatic  
NSCLC,  where  a  phase  III  trial  showed  that  pa-­
tients  with  nonsquamous  histology  had  a  survival  
benefit   when   treated   with   cisplatin/pemetrexed  
versus   cispaltin/gemcitabine,   while   the   reverse  
was  observed   in  patients  with   squamous  histol-­
ogy   [9].  On   the   basis   of   these   results,   the  U.S.  
Food   and   Drug  Administration   (FDA)   and   the  
European  Medicines  Agency  (EMEA)  approved  
pemetrexed  for  the  use  in  the  first-­line  treatment  
of  advanced  nonsquamous  NSCLC.
However,  the  treatment  of  certain  cancers  has  

been  revolutionized  in  recent  years  by  the  intro-­
duction  of  novel  drugs  designed  to  target  specific  
molecular   factors   implicated   in   tumor  behavior.  
These  novel  targeted  therapies  are  based  on  ad-­
vances  in  our  understanding  of  key  cellular  net-­
works   and   genetic   nodal   points   around   which  
tumors   could   arise   and   progress   [10].   Genome  
characterization  efforts  have   indeed  highlighted  
the   importance   of   “driver”   somatic   alterations  
that   activate   crucial   oncoproteins   originating  
tumor   with   a   pivotal   dependency.   Single-­agent  
therapeutic   regimens   especially   designed   to   in-­
tercept   deregulated   dominant   oncogenes   have  
proven  to  be  effective  treatment  in  these  “onco-­
gene   addicted”   tumors   [11].   Notable   examples  
include   imatinib,   a   tyrosine   kinase   inhibitor  
(TKI)  in  KIT-­positive  gastrointestinal  stromal  tu-­
mors,  trastuzumab,  a  humanized  monoclonal  an-­
tibody   (mAb)   against   human   epidermal   growth  
factor   receptor   (HER)-­2   in  women  with  HER2-­
positive  breast  cancer,  sunitinib,  a  multitargeted  
TKI  that  inhibits  both  angiogenic  pathways  (i.e.,  
vascular   endothelial   growth   factor   receptor   and  
platelet-­derived   growth   factor   receptor)   and   di-­
rect  pro-­oncogenic  pathways  (e.g.,  stem-­cell  fac-­
tor   receptor   and   FMS-­like   tyrosine   kinase-­3),  
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in   metastatic   renal   cell   carcinoma   (RCC).   In  
particular,   the   epidermal  growth   factor   receptor  
(EGFR)  has  been  successfully  targeted  either  by  
mAbs  or  small  molecules  inhibiting  the  tyrosine  
kinase  domain.  The  mAb  cetuximab  blocks   the  
extracellular  domain  of  EGFR,  thereby  compet-­
ing  with   the   ligands,   resulting   in   the   inhibition  
of   the   receptor.   This   mAb,   which   is   approved  
for  the  treatment  of  advanced  colorectal  cancer,  
has   also   been   approved   as   first-­line   treatment  
combined  with  platinum-­based  chemotherapy  in  
EGFR-­positive  NSCLC  patients  with  good  per-­
formance   status   [12,   13].  The  EGFR-­TKI   gefi-­
tinib  has  been  approved  by  the  FDA  and  EMEA  
as   upfront   therapy   replacing   chemotherapy   in  
late-­stage  NSCLC  patients  harboring  activating-­
EGFR  mutations  [14].  Similarly,  the  manageable  
toxicity,   along  with   its   efficacy,  makes   the  EG-­
FR-­TKI   erlotinib   an   important   option   as  main-­
tenance  therapy,  and  both  erlotinib  and  gefitinib  
are  also  the  only  drugs  of  proven  efficacy  in  the  
third-­line  setting  for  patients  with  NSCLC  previ-­
ously   treated   with   chemotherapy   [15].  Another  
example   of   targeted   therapy   is   the   antiangio-­
genic   agent   bevacizumab,   in   combination   with  
carboplatin-­paclitaxel   or   any   platinum-­based  
chemotherapy,  which  has  been  recently  approved  
as  first-­line  treatment  for  patients  bearing  tumors  
with  nonsquamous  histology  [16].  More  recently,  
the   anaplastic   lymphoma   kinase   (ALK)   inhibi-­
tor  crizotinib  has  been  approved  by  the  FDA  for  
the   treatment   of   locally   advanced   or  metastatic  
NSCLCs  with  EML4-­ALK  translocation  fusions  
[17].  A   number   of   other   molecular   aberrations  
have   been   identified   including   PIK3CA   muta-­
tions,   IGF-­1R   overexpression,   c-­MET   amplifi-­
cation   or   overexpression,   or   alterations   in   key  
signaling  pathways,  such  as  RAS/RAF/MEK  and  
phosphoinositide-­3   kinase   (PI3K)/Akt/mTOR  
[18].  Several  other  drugs  aimed  to  interact  with  
these   aberrant  molecules   are   actively   being   in-­
vestigated  in  the  clinic,  including  the  BRAF  in-­
hibitor  sorafenib,  the  Src/Abl  inhibitor  dasatinib,  
and  many  others  [11–19].

Main Targets and Pharmacodynamics 
of Molecularly Targeted Antitumor 
Agents

Pharmacodynamics  is  the  study  of  the  biochemi-­
cal   and   physiological   effects   of   drugs   on   the  
body,   including   the  mechanisms   of   drug   action  
and   the   relationship   between   drug   concentra-­
tion   and   effects.   The   incorporation   of   pharma-­
codynamic  analyses  is  increasingly  important  in  
phase   I   clinical   trials   investigating  whether   the  
novel  targeted  agents  are  able  to  reach  their  tar-­
gets  and  exert  their  effect  in  a  desirable  way.  In  
contrast   to   the   traditional   nonspecific   cytotoxic  
antiproliferative  agents,  which  often  have  a  small  
therapeutic   window,   steep   dose–toxicity   curve  
and  an  efficacy  assumed  to  be  somehow  related  
to   toxicity,   molecularly   targeted   agents   usually  
show   less   toxicity,   a  wider   therapeutic  window  
and  an  efficacy  more  related  to  growth  inhibition  
than  to  tumour  shrinkage.  Therefore,  using  some  
representative   examples   of   different   classes   of  
molecularly  targeted  agents,  this  chapter  discuss-­
es  the  main  pharmacological  targets  and  mecha-­
nisms  of  action  of  such  drugs,  including  possible  
suggestion  for  the  optimization  of  the  pharmaco-­
logical   studies   to   improve   their  development   in  
the  context  of  cancer  care  [20].

Agents Targeting Growth Factor 
Receptors

Receptor  tyrosine  kinases  play  important  roles  in  
animal   development   and   their   deregulation   has  
been  linked  to  several  diseases,  including  cancer.  
The  best  example  is  the  known  role  of  the  ERBB/
HER   family   of   receptors   in   the   pathophysiol-­
ogy   of   breast,   gastric,   colorectal,   lung,   head,  
and  neck  tumors.  There  are  four  members  of  the  
HER  family:  EGFR,  also  termed  ERBB1/HER1,  
HER2/Neu/ERBB2,  HER3/ERBB3,   and  HER4/
ERBB4.  Activation  of  these  receptors  occurs  by  
dimerization  upon  ligand  binding  (Fig.  3.1),  and  
can  be  altered  in  different  tumor  types  [21].
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Given   the   relevance   of   these   receptors   in  
cancer,  multiple  strategies  to  target  HER  family  
members  have  been  used,  but  only  two  have  suc-­
cessfully   reached   the   clinic,   namely   antibodies  
(mAb)  designed  against  the  extracellular  domain  
of   the   receptors,  and  small  TKIs  which   interact  
with  the  intracellular  domain.
Three   mAbs   against   HER   receptors   are   ap-­

proved  for  the  treatment  of  solid  tumors:  cetux-­
imab  and  panitumumab  against  EGFR  and  trastu-­
zumab   against  HER2.  Cetuximab   is   a   chimeric  
monoclonal   anti-­EGFR   antibody   that   contains  
human   constant   domains   and   rodent   variable  
domains,   while   panitumumab   is   a   fully   human  
antibody.  Trastuzumab  is  a  humanized  antibody  
in   which   human   sequences   replace   all   rodent  

sequences   except   for   the   complementary   deter-­
mining  regions  (CDRs)  which  are  responsible  for  
binding  to  HER2  [22].  The  mechanism  of  action  
of  mAbs  against  HER  receptors  is  thought  to  in-­
volve  many  processes,  several  of  which  depend  
on   the   region  of   the   receptor   recognized  by   the  
antibody.   Stimulation   of   HER   endocytosis   and  
removal  of  HER  receptors  from  the  cell  surface  
upon   interaction   with   the  mAbs   is   expected   to  
represent  a  common  event  in  the  action  of  these  
treatments  [23].  This  reduces  the  total  amount  of  
the   cell   surface   receptors   and   leads   to   reduced  
signaling.  Another  important  action  of  the  mAbs  
is  to  facilitate  the  attack  of  the  tumoral  cells  by  
the   immune   system.  The   importance  of   the   im-­
mune  reaction  in  the  mechanism  of  action  of  anti-­

Fig. 3.1    EGFR  signaling  pathways:  Signaling  pathways  
and  epidermal  growth  factor  tyrosine  kinase  receptors  in-­
volved   in   the   tumorigenesis   of  NSCLC.  Akt   protein   ki-­
nase  B,  EGF  epidermal  growth  factor,  EGFR  epidermal  
growth   factor   receptor,   hb-­EGF   heparin   binding   EGF,  
MAPK  mitogen-­activated  protein  kinase,  PI3K  phospha-­

tidylinositol-­3-­kinase,  Raf  v-­raf  1  murine  leukemia  viral  
oncogene  homolog  1,  Ras  retrovirus-­associated  DNA  se-­
quences,  SOS  Son  of  sevenless,  TGF  transforming  growth  
factor,  mTOR  mammalian   target   of   rapamycin,  FGF   fi-­
broblast  growth  factor,  VEGF  vascular  endothelial  growth  
factor,  Grb2  growth  factor  receptor-­bound  protein  2
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HERs  mAbs   has   been   demonstrated   by   elegant  
studies  using  mice  deficient  for  the  antibody  re-­

receptor  on   leucocytes   severely   impairs   the   an-­
titumor  effect  of  trastuzumab  in  vivo,  indicating  
involvement   of   Fc-­receptor-­dependent   mecha-­
nisms  in  the  action  of  trastuzumab  [24].  This  im-­
munological  effect  may  also  explain  the  clinical  
benefit  of  combining  antibodies  to  the  same  mol-­
ecule,  but  which  act  on  different  epitopes,  as  has  
been   recently   reported   for   the   trastuzumab   and  
pertuzumab   combination   in   breast   cancer   [25].  
Similarly,  skin  rash,  which  is  one  of  the  clinical  
markers   of   cetuximab   activity,   may   be   related  
to   the   inflammatory   skin   reaction   mediated   by  
this   type  of   cytotoxic   response.  Cetuximab   and  
panitumumab  interact  with  subdomain  III  of  the  
EGFR,   which   is   a   region   where   EGF   binds   to  
the   receptor.   Therefore,   cetuximab   is   expected  
to   impede   adequate   binding   of   EGF   ligands   to  
the   cognate   receptor,   blocking   ligand-­mediated  
receptor   activation.   Trastuzumab   interacts   with  
subdomain   IV   of   HER2.   This   interaction   does  
not   prevent   ligand-­induced   HER2   oligomeriza-­
tion   and   activation.   However,   when   the   ligand  
is   expressed   as   a   transmembrane   molecule,   its  
ability   to   activate  HER   receptors   is   profoundly  
compromised  by  trastuzumab  [26].  This  finding  
is   relevant   since   tumors   fed   by   transmembrane  
growth  factors  of  the  heregulin  subfamily  could  
be  targeted  by  trastuzumab,  even  in  the  absence  
of   HER2   overexpression.   Pertuzumab,   which  
binds   subdomain   II   of  HER2,   has   been   created  
to   interfere   with   receptor   dimerization,   and,   as  
mentioned  above,  has  recently  shown  clinical  ef-­
ficacy  [27].
Anti-­HER   receptor   antibodies  may   cause   an  

arrest  of   the  cell  cycle   in  G1   through   induction  
of   the  cyclin-­dependent  kinase  inhibitor  p27.  In  
addition,  these  agents  are  known  to  inhibit  angio-­
genesis   [28].   Trastuzumab   and   cetuximab   also  
suppress  DNA  repair  capacity  through  unknown  
pathways,   contributing   to   the   ability   of   the   an-­
tibody  to  enhance  the  antitumor  effect  of  DNA-­
damaging  agents  such  as  cisplatin  [29].
In   the   clinical   setting,   trastuzumab   has   been  

approved  for  the  treatment  of  metastatic  and  adju-­
vant  breast  cancer  in  combination  with  a  taxane-­

based  chemotherapy.  In  the  pivotal  clinical   trial  
in  metastatic   breast   cancer,   the   combination   of  
trastuzumab  with  paclitaxel  showed  an  increase  in  
survival  compared  with  paclitaxel  alone  [30].  Of  
note  in  that  study  the  arm  combining  trastuzumab  
with  anthracyclines  showed  an  unacceptable  car-­
diac  toxicity  limiting  the  use  of  trastuzumab  with  
this   type   of   chemotherapy.   In   different   clinical  
phase  II  studies,  trastuzumab  has  been  combined  
with  different  chemotherapies  including  vinorel-­
bine,  gemcitabine,  or  capecitabine  among  others,  
showing  different  ranges  of  clinical  activity  [31,  
32].  In  the  adjuvant  setting,  trastuzumab  has  been  
combined  with  taxanes  and  platinum-­based  regi-­
mens   to   avoid   the   concomitant   administration  
with  anthracyclines,  and  is  also  given  after  finish-­
ing  chemotherapy   to  complete  a   total   treatment  
of  1  year  [33].  In  gastric  cancer,  trastuzumab  has  
recently  been  approved   for   the   treatment  of   the  
metastatic  disease  in  combination  with  cisplatin  
and  a   fluoropyrimidine.  This   randomized  phase  
III  trial,  showed  an  increase  in  survival  with  the  
combination   of   trastuzumab   and   chemotherapy  
versus  chemotherapy  alone  [34].
Regarding   the  mAbs   against  EGFR,   such   as  

cetuximab  or  panitumumab,  they  have  been  ap-­
proved  for  the  treatment  of  metastatic  colorectal  
cancer,  either  alone  or  in  combination  with  che-­
motherapy  for  patients  who  do  not  harbor  muta-­
tions  at  the  K-­RAS  gene  [35].  Patients  harbour-­
ing  mutations  of  this  molecule  were  resistant  to  
EGFR  inhibition  by  cetuximab  or  panitumumab;;  
therefore,   these   therapies  are   limited   to  patients  
with  wild-­type  K-­RAS   tumors.  Oxaliplatin,   iri-­
notecan,   and   chemotherapies   based   on   5-­fluo-­
rouracil  are   the  most   frequent  drugs  used  when  
combining   these   antibodies   [36].   Cetuximab   is  
also  approved,  based  on  an  increase  in  survival,  
for   the   treatment   of   locally   advanced   head   and  
neck   cancer   in   combination   with   radiotherapy  
and   for   the   metastatic   disease   in   combination  
with   platinum-­based   chemotherapy.   As   can   be  
seen,  most  of  these  antibodies  are  used  in  asso-­
ciation  with  chemotherapies,  being  the  platinum  
compounds  the  most  used  agents  [37].
The  second  category  of  targeted  agents  in  the  

clinical   setting   includes   the   small   TKIs,   which  
are   chemical   entities   that   neutralize   the   kinase  
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activity   by   binding   to   the   enzymatic   region   of  
the   receptor.   These   compounds   are   particularly  
attractive   because   of   their   oral   availability.   In  
addition,   they   are   able   to   block   receptors   with  
molecular  alterations,  such  as  truncations  of  their  
extracellular  domain,  which  prevent  the  action  of  
anti-­HER   antibodies   [38].   In   general,   TKIs   act  
on  the  adenosine  triphosphate  (ATP)-­binding  do-­
main  of   the  kinase   region,  competing  with  ATP  
for  the  interaction  with  the  receptor.  Inhibition  of  
the  TK  activity  has  been  a  successful  therapeutic  
approach  for  the  treatment  of  several  tumors  with  
pathological  activation  of  HER  receptors,  and  the  
EGFR-­TKIs  erlotinib  and  gefitinib  have  been  in-­
corporated  into  treatment  paradigms  for  patients  
with  advanced  NSCLC,  while  the  small  EGFR-­
HER2  TKI   lapatinib  has  been  approved   for   the  
treatment   of  metastatic   breast   cancer   in   combi-­
nation  with  capecitabine.  Regarding  the  latter,  a  
pivotal  trial  showed  an  increase  in  PFS  with  the  
combination   compared   with   capecitabine   alone  
[39].   Ongoing   studies   are   currently   evaluating  
the  role  of  lapatinib  in  the  adjuvant  setting  given  
in  combination  with  chemotherapy,  trastuzumab  
or  both.  In  addition,  lapatinib  is  also  approved  in  
hormone  receptor  positive  HER2  overexpressing  
metastatic  breast  cancer  in  combination  with  le-­
trozole  [40].
Despite   four   large   phase   III   trials   failed   to  

demonstrate   any   survival   advantage   from   the  
combination  of  EGFR-­TKIs  with  chemotherapy  
in   first-­line   treatment,   the   identification   of   so-­
matic   EGFR  mutations,   followed   by   retrospec-­
tive  analyses  and  prospective  trials  with  EGFR-­
TKIs  in  selected  patients,  explained  the  previous  
conflicting  results  and  defined  the  stage  for  more  
specific  use  of  these  agents  [14,  15].  Of  note,  er-­
lotinib  is  also  approved  in  metastatic  pancreatic  
cancer  based  on  a  slight  increase  in  overall  sur-­
vival.  However,  this  small  benefit  has  questioned  
its  clinical  use  [41].
Two  types  of  HER-­TKIs  have  been  described,  

depending   on   their   interaction   properties.   Re-­
versible   inhibitors,   such   as   erlotinib,   gefitinib,  
or   lapatinib   bind   to   the  ATP-­binding   pocket   of  
the  kinase  region  of  the  receptors,  and  can  be  re-­
leased  from  this  region  after  washing  out  of  the  
drug.  In  contrast,   inhibitors  such  as  neratinib  or  

canertinib   irreversibly  bind   to   the   receptor,   and  
they  are  thus  expected  to  impede  the  function  of  
the  HER  receptor  even  after  washing  out  of  the  
drug.  Recovery  of  the  HER  receptors  in  the  latter  
instance  depends  on  neosynthesis  by  the  cell  ma-­
chinery.  The  in  vitro  efficacy  of  the  irreversible  
inhibitors  is  higher  than  the  one  of  the  reversible  
inhibitors.   However,   reversible   inhibitors   may  
result  less  toxic  [42].  In  addition  to  the  ATP-­com-­
petitive  inhibitors,  it  is  expected  that  future  non-­
competitive  or  mutant  selective  inhibitors  will  be  
useful  to  fight  resistance  to  the  actual  agents.  The  
experience   acquired  with  TKIs   targeting  EGFR  
in  lung  cancer  indicates  that  mutations  which  re-­
verse   affinity   of   the  ATP-­binding   pocket   repre-­
sent  a  mechanism  of  resistance  to  HER  inhibitors.  
In  particular,  about  50  %  of  NSCLC  tumors  from  
patients  that  initially  respond  to  EGFR-­TKIs  har-­
bor   secondary   mutations   that   cause   resistance,  
mainly   the  T790M  mutation   in   exon   20.  These  
mutations  allow  ATP  to  bind  to  the  ATP-­binding  
pocket  with  higher  affinity  than  small  TKIs.  This  
would  cause  displacement  of  the  inhibitors  form  
the   ATP-­binding   pocket   by   intracellular   ATP  
[43].  To  potentially  overcome  the  issue  of  resis-­
tance,  next-­generation  TKIs  are  being  developed.  
Examples   of   irreversible   TKIs   include   afatinib  

neratinib  (HKI-­272).  Afatinib  is  being  evaluated  
in  a  phase  IIb/III   trial   in  metastatic   lung  cancer  
patients  that  failed  to  a  first  line  or  second  line  of  
treatment   including   chemotherapy   and  gefitinib  
or  erlotinib.  A  recent  study  showed  that  afatinib  
significantly   improved  PFS   in   a   population   en-­
riched   for   the   presence   of   mutations   in   EGFR  
[44].
The   above-­mentioned   studies   demonstrated  

that   many   molecularly-­targeted   agents   are   not  
expected   to   be   clinically   effective   in   common  
cancers.  Therefore,  conventional  phase  I/II  trials  
may  be  unable  to  distinguish  agents  that  modulate  
intended  targets   from  those   that  do  not.   In  con-­
trast,   a   clinical   pharmacodynamic   trial   can   po-­
tentially  identify  those  investigational  agents  that  
deserve  full  clinical  development  using  evidence  
of  target  modulation  in  human  malignancy  as  the  
basis   for   this  decision.   In  particular,  when  cou-­
pled  with  measurement  of  achieved  drug  level  in  
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a  tumor  biopsy,  phase  0  pharmacodynamic  trials  
can  provide  important  information  about  investi-­
gational  agents  that  fail  to  modify  their  candidate  
targets   [45].   This   may   occur   by   distinguishing  
those  agents   that   fail   to  achieve  adequate   intra-­
tumoral   levels   to   affect   the   target,   from   those  
that  do  not  affect  a  target  in  situ  despite  reaching  
adequate   intratumoral   drug   levels.   Because   the  
purpose  of  a  phase  0  pharmacodynamic  clinical  
trial   is   to   obtain   evidence  of   drug   action  on   its  
molecular   target   in  a  clinical  setting,   the  results  
of   the   pharmacodynamic   assessment   may   be-­
come  the  primary,  and  sometimes  sole,  objective  
of  the  phase  0  protocol.  This  represents  an  impor-­
tant  paradigm  shift  from  the  historical  practice  of  
conducting  correlative  studies  in  oncology  trials,  
in  which  clinical  pharmacodynamics  evaluations  
should   be   integrated   in   early   clinical   investiga-­
tions  using  available  tissue  specimens  for  molec-­
ular  evidence  of  drug-­induced  changes.
However,  phase  0  trials  with  pharmacodynam-­

ic  endpoints  require  reliable,  validated  assays  to  
measure   target  modulation.  Assay  methodology  
determining   target  modulation   should   therefore  
be  optimized  in  preclinical  models  using  clinical  
procedures  and   tissue  handling,  processing,  and  
storage   procedures   standardized   prior   to   clini-­
cal   trial   initiation  [46].  These  will  establish,  for  
example,  whether  the  amount  of  tissue  obtained  
from  an  18-­gauge  percutaneous  needle  biopsy  is  
sufficient  to  reliably  measure  target  modulation,  
or  confirm   that   the  sample  handling  procedures  
followed  in  an  interventional  radiology  suite  will  
not  impair  the  evaluation  of  target  effects.  These  
tests   require   extensive   resources,   sophisticated  
and  sensitive  tools,  and  an  integrated  multidisci-­
plinary  team,  limiting  the  feasibility  of  perform-­
ing  phase  0  trials  only  at  some  institutions.

Agents Targeting Key Downstream 
Signaling Pathways

Despite   the  promising   results  obtained  with   the  
currently  used  targeted  therapies  against  growth  
factor  receptors  in  extending  the  life  expectancy  
of   selected   patients   with   specific   solid   tumors,  
their   capability   in   preventing   resistance   is   still  

limited.  The   growing   knowledge   about   the   key  
players   in  downstream  pathways,   including  sig-­
naling   cascades   such   as   the   PI3K/AKT/mTOR  
and  the  HGF-­Met,  makes  them  attractive  targets  
for   the   development   of   new   therapies   that   can  
reduce  or  even  prevent   resistance.   In  particular,  
recent   preclinical   data   have   shown   that   combi-­
nation   therapy   between   inhibitors   of   different  
signaling  pathways  might  circumvent  resistance  
against  some  drugs  and  constitute  a  more  effec-­
tive   therapeutic   strategy   [47,   48].  Therefore,   in  
this   section,   we   will   briefly   discuss   the   mito-­
gen-­activated  protein  kinase   (MAPK)  cascades,  
which  are  among   the  most  prominent  pathways  
involved  in  tumor  progression,  and  the  recent  ad-­
vances  in  the  development  of  pathway-­targeting  
inhibitors,  which  might   successfully  be  used  as  
effective   anticancer   agents.   In   particular,   The  
ERK1/2   MAPK   pathway   (usually   termed   as  
the   “canonical”   MAPK   cascade)   is   composed  
of   three   MAP   kinase   kinase   kinases   (MAPK-­
KKs)  (A-­Raf,  B-­Raf  and  Raf-­1),   two  MAPKKs  
(MAPK  ERK  kinases  1/2,  MEK1/2)  and  two  ter-­
minal  MAPKs  (ERK1/2).  The  available  evidence  
supports   that   this   pathway—rather   than   being  
a   three-­tiered   linear   pipeline   which   transduces  
signals   from   the   cell   surface   to   the   nucleus—
involves   a   number   of   inter-­players,   unravelling  
a   complex   network   of   spatio-­temporal   activa-­
tors   and   inhibitors   [49].   Upon   surface   receptor  
activation,   adaptor   proteins   (i.e.,   growth   factor  
receptor-­bound  protein  2,  Grb2)   lead   to   the   ac-­
tivation  of  GTPases  belonging  to  the  Ras  family  
(i.e.,  K-­Ras,  N-­Ras,  H-­Ras).  Activated  Ras  pro-­
teins  can   interact  with  and  activate  members  of  
the  Raf   kinase   family.  Regarding   the   canonical  
MAPK  cascade,  Ras  binding  is  sufficient  to  acti-­
vate  B-­Raf,  while  Raf-­1  (C-­Raf)  and  A-­Raf  have  
to  go  through  a  more  complex  series  of  activation  
steps.  Once  activated,  all  Raf  proteins  are  capable  
of   activating  MEK   proteins,   although   B-­Raf   is  
the  most   efficient   in   the   task.  Raf   kinases   bind  
MEK  and  phosphorylate  two  serines  in  the  MEK  
activation   loop  during  a  single   interaction.  Two  
mammalian  MEK  isoforms  have  been  described  
(i.e.,  MEK1/2),   usually   considered   as   a   unique  
protein  due  to  a  large  sequence  identity,  although  

!..bbaaddaallaammeennttii@@ttiinn..iitt



16 E. Giovannetti and E. Galvani

recent  analyses  have  pointed  out  slight  differenc-­
es  in  their  regulatory  pattern  [50,  51].
Moreover,  the  traditional  view  of  the  canoni-­

cal  MAPK  cascade  as  an  axis  that  simply  trans-­
duces  signaling  through  growth  factor  receptors,  
Ras,  Raf,  MEK,  and  ERK  has  been  extensively  
reviewed  in  the  last  decades,  as  numerous  spatio-­
temporal  modulators   of   the   pathway  have   been  
described.   First   of   all,   several   scaffold   proteins  
have  been  evidenced,  each  one  able  to  modulate  
the   final   ERK1/2   activity   localization.   Kinase  
suppressor  of  Ras-­1  (KSR1)  has   long  been  rec-­
ognized  as  the  main  scaffold  protein  for  the  cas-­
cade,  being  capable  of  binding  all  kinase  mem-­
bers  of  the  pathway  and  thus  greatly  accelerating  
and   sustaining   signal   transduction   [52].   Other  
scaffold   proteins   such   as   the   similar   expres-­
sion  to  Fgf  genes  (Sef),  the  IQ  motif-­containing  
GTPase-­activating  protein  1  (IQGAP1),  and  the  
leukocyte-­specific  protein-­1  (LSP1),  are   instead  
able  to  localize  the  canonical  MAPK  cascade  to  
different   cellular   compartments.   Furthermore,  
a   growing   number   of   inhibitors/modulators   of  
selected  members  of   the  cascade  have  been  de-­
scribed,   including   the  Raf   kinase   inhibitor   pro-­
tein   (RKIP)   which   blocks   Raf-­mediated   MEK  
phosphorylation  by  preventing  Raf-­MEK  physi-­
cal   interaction.   Interestingly,   RKIP   levels   were  
found  reduced  in  metastatic  cancer  cells,  thereby  
strengthening  its  possible  tumor  suppressor  role  
[53].  However,  a  recent  study  suggested  its  role  
in  the  synergistic  interaction  of  the  Raf-­inhibitor  
sorafenib  with  erlotinib  in  NSCLC  cells  [54].
Several   members   of   the   canonical   MAPK  

cascade   and   upstream   activators   are   frequently  
altered   in   human   tumors,   and   different   tumor-­
driving   alterations   can   lead   to   a   constitutively  
activated  MAPK   canonical   pathway.   The   most  
prominent   aberrations   involve   constitutive   ac-­
tivation  of  Ras   and  Raf   proteins.  Mutations   in-­
volving   these   players   have   been   extensively  
described.  Among   the   three   Ras   human   genes,  
KRAS  is  the  most  commonly  mutated  (e.g.,  about  
85  %   KRAS   mutations   in   pancreatic   cancer).  
The   large   majority   of   somatic   mutations   occur  
on  nucleotides  belonging  to  codon  12  in  exon  2.  

that   guarantees   a   minimal   steric   hindrance   in-­

side  the  GTP-­hydrolyzing  pocket.  Thus,  a  num-­
ber   of   missense   substitutions   produce   residues  
with   side   chains   that   impair   GTP-­hydrolyzing  
capability   of   the   protein,   constitutively   activat-­
ing  the  molecule.  Ras  mutations  involving  codon  
61  (exon  3)  and  codon  146  (exon  4)  occur  with  
a   reduced   frequency   [55].  Among   the  Raf   fam-­
ily,   the  BRAF  gene   (encoding   for  B-­Raf)  bears  
the   largest   amount   of   clinically   relevant   muta-­
tions.  Up  to  90  %  of  B-­Raf  mutations  consist  in  
a  glutamic  acid  substitution   for  valine  at  codon  
600   (i.e.,  V600E).  The  valine   residue   is   crucial  
to  maintain  B-­Raf  inactive.  Thus,  V600E-­mutant  
B-­Raf  protein  activates  MEK  in  a  Ras-­indepen-­
dent  fashion,  a  feature  not  apparent  for  A-­Raf  or  
C-­Raf.  This  is  due  to  the  higher  basal  kinase  ac-­
tivity  of  B-­Raf  than  of  C-­Raf  and  A-­Raf.  In  fact,  
B-­Raf  serine  445  is  constitutively  phosphorylat-­
ed,  whereas  the  homologous  C-­Raf  residue  needs  
to  be  phosphorylated  to  fully  transduce  a  signal.  
B-­Raf  mutations   are   regarded   as   possible   early  
tumor-­initiating  events  in  melanoma  carcinogen-­
esis  [56].  Genes  encoding  MEK  and  ERK  are  far  
less  subject  to  mutations.  Exon  2  of  the  MAP2K1  
gene  (i.e.,  encoding  the  MEK1  protein)  has  been  
pointed  out  to  harbor  low-­frequency  mutations  in  
melanoma,  lung,  and  colorectal  cancer  [57,  58].
The   aberrations   of   the   ERK   pathway   fre-­

quently   found   in   cancer   cells   have   led   to   great  
efforts   in  developing  compounds   to  strike  com-­
ponents   of   the   cascade.   In   particular,   the   Ras  
proteins  were  at  first  the  most  attractive  targets,  
as   their   downstream   activity   is   exerted   through  
different   survival   pathways,   and   Ras   inhibition  
approaches   (i.e.,   inhibition   of   Ras   post-­transla-­
tional  modification),  have  been  tested  in  the  last  
decades.  Additional   targets   in   the  ERK  cascade  
are  the  Raf  kinases.  Sorafenib,  the  first  inhibitor  
of  B-­Raf  kinase  activity  to  be  approved  for  clini-­
cal  use,  is  scarcely  selective  for  B-­Raf  and  is  now  
regarded  as  a  multi-­kinase  inhibitor,  exerting  its  
activity  mainly  by   inhibiting  pro-­angiogenic  re-­
ceptor   kinases   like   vascular   endothelial   growth  
factor   receptor   2   and   3   (VEGFR2,   3),   platelet-­
derived   growth   factor   receptor   beta   (PDGFRB)  
and  c-­Kit  [59].  Vemurafenib  is  a  more  selective  
B-­Raf  inhibitor,  capable  of  efficiently  inhibiting  
the  V600E  mutant  B-­Raf,   and  was  approved   in  
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2011  by  the  FDA  for  first-­line  treatment  of  meta-­
static  and  unresectable  melanoma  in  patients  car-­
rying  B-­Raf  mutations  [60].
MEK  inhibition  seems  another  promising  ap-­

proach  to  target  the  pathway,  because  MEK  have  
a  unique  activation  loop,  rendering  MEK  inhibi-­
tors  particularly  specific  among  kinase  inhibitors  
[61].  Furthermore,  as  ERK1/2  are  in  close  contact  
with  MEK1/2,  MEK  inhibition  represents  a  pre-­
cious  approach  to  target  ERK,  for  which  specific  
inhibitors   have   never   been   described.   The   first  
two   described   MEK   inhibitors   (i.e.,   PD98059  
and  U0126)  displayed  a  great  potency  but  a  poor  
pharmacological   profile.   CI-­1040   (PD184352)  
was  then  developed  as  an  orally  active  drug  that  
displayed   promising   activity   in   phase   I   evalua-­
tion.  Anyway,  due  to  low  pharmacokinetic  prop-­
erties,  its  clinical  development  was  stopped  dur-­
ing  phase  II  studies  [62].  Two  second-­generation  
drugs  were  then  developed,  i.e.,  PD0325901  and  
selumetinib  (AZD6244,  ARRY-­142886).  Despite  
a  50-­fold   increased  potency  with   respect   to  CI-­
1040,  PD0325901  development  was   interrupted  
due  to  a  high  toxicity  [63].  Phase  II  clinical  trials  
for  the  use  of  selumetinib  in  melanoma,  NSCLC  
and  colorectal  cancer  have  been  completed.  The  
drug   displayed   a   clinical   activity   comparable  
(but  not   superior)   to   current   standard   therapies,  
although   it   has   been   suggested   that   its   efficacy  
could  be  higher  in  B-­Raf-­mutated  patients  [64].
Interestingly,  it  was  recently  proposed  that  the  

clinical   use   of   both  B-­Raf   and  MEK   inhibitors  
may  provide  an  additional  therapeutic  advantage  
as  they  may  be  able  to  control  the  dormancy  of  
putative  pro-­metastatic  disseminated  tumor  cells  
[65].   It   has   indeed   been   hypothesized   that   dor-­
mancy   of   tumor   cells   could   be   associated  with  
ERKlow/p38   high   activation   pattern.   In   this  
view,   the  pharmacological   treatment  of  patients  
with   inhibitors   of   the   ERK   cascade   during   as-­
ymptomatic  conditions  may  be  advantageous   to  
control   the   awakening   of   dormant   cells,   while  
inhibitors   of   p38   should   be   used   cautiously,   as  
they  may  accelerate  the  development  of  metasta-­
ses  [65].  However,  strategies  aiming  to  stimulate  
p38  and  inhibit  JNK  may  have  benefit  for  tumor  
necrosis  factor-­related  apoptosis-­inducing  ligand  
(TRAIL)-­based  therapies  in  NSCLC  [66].

Agents Inhibiting Angiogenesis

Tumor   angiogenesis   is   the   multi-­step   process  
whereby  new  blood  vessels  are  formed  from  the  
existing  vasculature.  The  new  blood  vessels  con-­
stitute  an   important   route   for   the   tumor  cells   to  
exit  the  primary  tumor  site,  enter  the  circulation,  
and  travel  to  distant  organs.  Therefore,  angiogen-­
esis,   as   determined   by   vascular   density,   repre-­
sents  a  significant  prognostic  indicator  of  tumor  
growth  and  metastatic  potential  in  several  tumor  
entities   [67].   Being   involved   in   tumor   progres-­
sion   and  metastasis,   angiogenesis   represents   an  
attractive  therapeutic  target  for  cancer  treatment.  
One  of  the  major  players  in  tumor  angiogenesis  is  
the  mammalian  VEGF  family  which  is  composed  
by   five   glycoproteins   known   as  VEGFA   (com-­
monly  referred  to  as  VEGF),  VEGFB,  VEGFC,  
VEGFD   (also   known   as   FIGF),   and   placenta  
growth  factor  (PIGF  or  PGF).  These  ligands  are  
able  to  bind  and  activate  three  tyrosine  kinase  re-­
ceptors  known  as  VEGFR1  (or  FLT1),  VEGFR2  
(or  KDR)  and  VEGFR3  (or  FLT4).  VEGFR2  is  
mainly   expressed   in   the   vasculature   and   is   the  
key   mediator   of   VEGF-­induced   angiogenesis.  
The  activation  of  the  VEGF  pathway  and  down-­
stream  signaling  network  promotes  tumor  angio-­
genesis  by  inducing  a  series  of  cellular  processes,  
including   proliferation,   survival,   migration   and  
invasion   of   endothelial   cells,   enhanced   perme-­
ability   of   existing   blood   vessels,   and   increased  
chemotaxis   and   homing   of   bone   marrow-­de-­
rived  vascular  precursor  cells  [68].  Additionally,  
VEGF  can  act  as  a  direct  growth  factor  on  tumors  
by  inducing  immune  suppression  and  displaying  
autocrine   effects   on   tumor   cells   (survival,   mi-­
gration,   invasion).   Considering   the   key   role   of  
the  VEGF   pathway   on   tumor   angiogenesis   and  
the   relevance   of   this   process   for   tumor   growth  
and   metastasis,   considerable   efforts   have   been  
made  to  develop  VEGF-­targeted  agents  that  can  
be  used  in  cancer  therapy.  These  agents  include  
neutralizing   antibodies   to   VEGF   or   VEGFRs,  
soluble  VEGF  receptors  or  receptor  hybrids,  and  
TKIs  with  selectivity  for  VEGFRs  [68].
Bevacizumab   is   a   humanized   murine   mAb  

that  binds  to  VEGF,  leading  to  its  functional  in-­
activation.  This  antibody  has  been  approved  by  
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the  FDA  as  first-­line  treatment  for  patients  with  
metastatic   colorectal   cancer.  This   approval  was  
mainly   based   on   the   results   of   a   randomized  
phase  III  trial  with  813  patients  with  previously  
untreated   metastatic   colorectal   cancers.   About  
half  of  the  patients  received  a  regimen  of  irinote-­
can,  bolus  5-­FU,  and  leucovorin  (IFL)  plus  beva-­
cizumab  and  the  other  half  received  IFL  plus  pla-­
cebo.  The  addition  of  bevacizumab  significantly  
prolonged   the   median   overall   survival   (OS)   of  
the  patients  by  almost  5  months  (20.3  months  vs.  
15.6   months),   which   corresponded   to   a   hazard  
ratio  (HR)  for  death  of  0.66  (P<0.001),  or  a  re-­
duction  of  34  %  in  the  risk  of  death  in  the  bevaci-­
zumab  group.  Additionally,  the  median  duration  
of  PFS  was  10.6  months  in  the  group  given  IFL  
plus  bevacizumab,  as  compared  with  6.2  months  
in   the   group   given   IFL   plus   placebo.   Further-­
more,   the   addition   of   bevacizumab   to   IFL  was  
also   associated  with   an   increased   response   rate  
(44.8  %  vs.   34.8  %;;  P  =  0.004)   and  an   increased  
median   duration   of   response   (10.4   months   vs.  
7.1  months)  [69].  More  recently,  the  efficacy  and  
safety  of  bevacizumab  added   to   first-­line  oxali-­
platin-­based   chemotherapy   (either   capecitabine  
plus   oxaliplatin   (XELOX)   or   5-­FU/folinic   acid  
plus  oxaliplatin,  i.e.,  FOLFOX-­4)  was  evaluated.  
Also   in   this   trial,   the   group   receiving   bevaci-­
zumab  experienced  a  statistically  significant  im-­
provement  in  median  PFS.  However,  the  OS  dif-­
ferences  did  not  reach  statistical  significance  and  
the  response  rates  were  similar  in  both  arms  [70].  
Bevacizumab  was  also  evaluated  in  combination  
with   FOLFOX-­4   as   second-­line   treatment   for  
metastatic  colorectal  cancer  (mCRC)  in  the  East-­
ern  Cooperative  Oncology  Group  Study  E3200.  
In  this  phase  III  trial,  829  patients  with  irinotecan-­
refractory  metastatic  colorectal  cancers  were  ran-­
domly  assigned  to  one  of  three  treatment  groups:  
FOLFOX-­4   plus   bevacizumab,   FOLFOX-­4  
alone,   or   bevacizumab   alone.   The   combination  
of   FOLFOX-­4   with   bevacizumab   was   superior  
in   all   efficacy   parameters  when   compared  with  
FOLFOX-­4  or  bevacizumab  alone.  The  median  
OS  was  12.9  months   for   the  group   treated  with  
FOLFOX-­4  plus  bevacizumab,  10.8  months   for  
the  group  treated  with  FOLFOX-­4  alone  (HR  for  
death  =  0.75;;  P  =  0.0011),  and  10.2  months  for  the  

group  treated  with  bevacizumab  alone.  The  me-­
dian  PFS  was  7.3  months  for  the  group  receiving  
the   FOLFOX-­4   and   bevacizumab   combination  
therapy,  compared  with  4.7  months  for  the  group  
receiving   FOLFOX-­4   alone   (HR   for   progres-­
sion  =  0.61;;  P  <  0.0001),   and  2.7  months   for   the  
group   treated  with   bevacizumab   alone.   Finally,  
the  corresponding  response  rates  were  22.7,  8.6,  
and  3.3  %,  respectively  [71].  Therefore,  on  June  
20,  2006,  the  FDA  granted  approval  for  the  use  
of  bevacizumab  in  combination  with  intravenous  
5-­FU-­based  chemotherapy,  as   second-­line   treat-­
ment  for  metastatic  colorectal  cancers.
When  added  to  standard  chemotherapy,  beva-­

cizumab   increased   survival   also   in  NSCLC  pa-­
tients  [72].  In  the  pivotal  phase  III  study  ECOG  
4599,   nonsquamous  NSCLC  patients  were   ran-­
domized   to   receive   either   chemotherapy   or   the  
combination   of   chemotherapy   with   this   mAb.  
The  addition  of  bevacizumab  prolonged  the  OS  
from  10.3  to  12.3  months,  and  increased  the  RR  
from  15  to  35  %.  Based  on  this  study,  bevacizum-­
ab  gained  FDA  and  EMEA  approval  as  first-­line  
therapy  for  advanced  nonsquamous  NSCLC  [73].
Several  agents  active  against  multiple  tyrosine  

kinases  including  VEGFR  have  been  investigat-­
ed,  and  the  TKIs  sorafenib  and  sunitinib  are  cur-­
rently  used   in   the  clinical   setting.  Monotherapy  
with  sorafenib  prolongs  OS  and  delays  the  time  
to  progression   (TTP)   in  patients  with   advanced  
hepatocellular  carcinoma  who  are  not  candidates  
for  potentially  curative  treatment  or  transarterial  
chemoembolization.  Therefore,   sorafenib   repre-­
sents   an   important   advance   in   the   treatment   of  
these  tumors  and  is  the  new  standard  of  care  for  
this  condition  [74].  A  phase  III  trial  showed  that,  
compared  with  placebo,  treatment  with  sorafenib  
prolongs   PFS   also   in   patients   with   advanced  
clear  cell  RCC.  The  median  PFS  was  5.5  months  
in  the  sorafenib  group  and  2.8  months  in  the  pla-­
cebo   group   (HR   for   disease   progression   in   the  
sorafenib  group,  0.44;;  P  <  0.01)  [75].  Similarly  to  
sorafenib,  the  multi-­kinase  inhibitor  sunitinib  has  
been  tested  in  a  number  of  settings/tumor  types  
and  was  approved  by  the  FDA  for  the  treatment  
of   RCC   [76].   Sunitinib   inhibits   cellular   signal-­
ing   by   targeting   platelet-­derived   growth   factor  
(PDGF-­Rs)   and   VEGFRs.   The   simultaneous    
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inhibition  of  these  targets,  therefore,  leads  to  both  
reduced   tumor   vascularization   and   cancer   cell  
death,   and  ultimately   tumor   shrinkage.Sunitinib  
also   inhibits   KIT,   which   is   a   receptor   TK   that  
drives   the   majority   of   gastrointestinal   stromal  
cell  tumors  (GIST).  It  has  been  recommended  as  
a  second-­line  therapy  for  patients  whose  tumors  
develop  mutations  in  KIT  that  make  them  resis-­
tant  to  imatinib,  or  who  become  intolerant  to  the  
drug  [76].

Pharmacokinetics

Most  of  the  available  pharmacokinetics  informa-­
tion  on  new  targeted  agents  is  based  on  data  ob-­
tained  from  in  vitro  experiments,  animal  studies,  
drug–drug  interaction  studies,  and  mass-­balance  
studies  in  healthy  volunteers  with  a  single  dose.  
In  general,   these  TKIs   are   substrates   of   several  
drug   transporters   and   metabolizing   enzymes.  
Some   of   them   are   also   capable   to   inhibit   drug  
transporters   and   enzymes  making   their   disposi-­
tion  and  metabolism  at  steady-­state  pharmacoki-­
netics   rather   complex   and   unpredictable.   How-­
ever,  it  is  difficult  to  translate  the  results  of  these  
studies   to   the   clinical   oncology   practice   where  
these   drugs   are   commonly   administered   on   a  
daily  basis  with  possible  auto-­inhibiting  mecha-­
nisms   significantly   altering   the   pharmacokinet-­
ics  outcomes  as  well  as  the  relevance  of  claimed  
drug   interactions.  Most   information   is  available  
for  the  TKIs  that  are  used  for  the  longest  time  in  
clinical   practice   after   their   approval.  Therefore,  
in   the   following  sections,  we  reported   the  main  
information  on  the  pharmacokinetics  of  the  EG-­
FR-­TKIs  gefitinib  and  erlotinib  [77,  78].

Bioavailability

The   solubility   of   both   erlotinib   and   gefitinib   is  
pH-­dependent.  Agents  that  alter  gastric  pH,  such  
as   H2-­receptor   antagonists   and   proton-­pump  
inhibitors,   can   substantially   reduce   the   plasma  
levels  of  EGFR-­TKIs,  and  their  concomitant  use  
should  be  avoided.

Moreover,   both   the   bioavailability   and   the  
AUC   of   erlotinib   increase   considerably   when  
the  drug  is  ingested  with  food.  Most  oncologists  
recommend  the  administration  of  erlotinib  on  an  
empty  stomach,  at  least  1  h  before  or  2  h  after  a  
meal,  when  it  has  an  oral  bioavailability  of  60  %.  
Conversely,  when  taken  with  food,  erlotinib  has  
a   bioavailability   of   nearly   100  %,  which   poten-­
tiates  side  effects.  After  7–8  days  erlotinib  con-­
centrations  reach  steady-­state,  and  its  elimination  
half-­life   is   31   h.   Erlotinib   is   evenly   distributed  
in   the   plasma   and   tumor   tissue   (plasma:   tumor  
ratio  =  1:1).   Binding   to   plasma   proteins   is   ap-­
proximately   95  %  bound   to   serum   albumin   and  
alpha-­1   acid   glycoprotein   (AAG)  of   the   serum.  
For   erlotinib   a   30  %  dose   reduction   is   allowed.  
This   dose   reduction   regards   6–16  %  of   patients  
because  of  side  effects.
In  contrast,  food  does  not  affect  the  absorption  

of  gefitinib.  The  absorption  after  oral  administra-­
tion  is  moderately  slow  and  peak  plasma  concen-­
trations  are  obtained  after  3–7  h  from  administra-­
tion,  with  elimination  half-­life  of  48  h,  and  mean  
bioavailability  of  60  %.  This  drug   is  distributed  
extensively   in   tissues,  and  plasma  protein  bind-­
ing  is  approximately  90  %.

Metabolism and Clearance

Erlotinib  and  gefitinib  are  metabolized  primarily  
by  CYP3A4  and   to  a   lesser  extent  by  CYP3A5  
and  CYP1A1  [79].  Erlotinib  is  metabolized  pri-­
marily   in   the   liver   by   different   cytochrome   en-­
zymes   (especially   by   CYP3A4),   but   intestinal  
and   lung  cancer  cells  could  partly  contribute   to  
its   catabolism.  Moreover,   cigarette   smoking   in-­
duces  CYP1A1   and   has   been   correlated  with   a  
reduction  in  erlotinib  exposure  after  a  therapeutic  
dose  [80].  Erlotinib  excretion  is  more  than  90  %  
by  stools,  while   the   remaining  10  %  is  excreted  
through   the   kidney.   Less   than   2  %   of   delivered  
dose   is   excreted   as   unchanged   drug.   Gefitinib  
is  also  excreted  mainly  as  metabolites  in  stools,  
with  renal  elimination  account  for  less  than  4  %  
of  the  administered  dose.
Erlotinib  is  a  lipophilic  drug;;  however,  its  li-­

pophilicity   is   about   three   times   lower   than   that  
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of  gefitinib.  This  could  help  to  explain  some  of  
the  differences  in  the  pharmacokinetic  and  phar-­
macodynamic  properties  of  the  two  compounds,  
since  a  greater  lipophilicity  also  leads  to  a  higher  
susceptibility   to   the   action   of   catabolic  mecha-­
nisms,   an   increase   in   biliary   excretion   and   a  
decrease   in  plasma  concentrations  of   free  drug.  
In   fact,   erlotinib   is   less   exposed   to   hepatic   cy-­
tochrome   enzyme   action,   resulting   in   a   slower  
clearance.
Other   clinical   factors   that   affect   the   phar-­

macokinetics   of   erlotinib   include   serum   total  
bilirubin,   Alpha-­1   Acid   Glycoprotein   (AAG)  
concentrations,   and   current   smoking.   Increased  
serum  concentrations  of  total  bilirubin  and  AAG  
concentrations   were   associated   with   a   reduced  
erlotinib  clearance.  Similarly,  a  recent  study  col-­
lected   interesting   data   on   the   pharmacokinetics  
of  erlotinib  and  its  interaction  with  smoke:  drug  
exposure   is   reduced   by   50–60  %   in   smokers,  
and  the  maximum  tolerated  dose  is  increased  to  
300  mg  [80].

Pharmacogenetics

Targeted  therapies  should  not  be  given  to  all  pa-­
tients   irrespectively   of   their   characteristics.   In-­
deed,   their   clinical   activity   has   been   related   to  
different  clinical  and  biological  parameters,  such  
as   the   EGFR-­activating   mutations   for   gefitinib  
and  erlotinib.  However,  not  all  clinical  outcomes,  
including   tolerability,   are   explained   by   these  
characteristics,   and   the   identification   of   novel  
biomarkers  is  a  viable  area  of  research.
Assessing   germline   genetic   polymorphisms  

as  either  predictive  or  prognostic  markers  is  very  
appealing,  especially  in  the  advanced  cancer  set-­
ting,  when  diagnosis  is  usually  done  from  small  
needle  biopsy  samples  and  tumors  are  either  not  
resected  or   resected  after  chemotherapy,  so   that  
the  handling  of  tumor  material  can  be  problem-­
atic.   Polymorphisms   are   inherited   genetic   vari-­
ants   harbored   by   all   the   cells   of   the   body   and,  
although  a  genotype  represents  a  static  value  un-­
able  to  change  in  response  to  a  different  situation,  
such  as  exposure  to  chemotherapy,  and  may  not  
reflect   changes   in   tumor  DNA,   such   as   loss   of  

heterozygosity,  and  previous  studies  showed  no  
differences  in  SNPs  analyzed  in  tumor  and  nor-­
mal  tissues  [81].  Therefore,  their  analysis  can  be  
easily  performed  in  blood  tissue  and  is  easier  to  
adopt   in   the   routine   clinical   setting   than   tumor  
gene  expression  arrays,  which  need  core  needle  
biopsies  of  patient’s  tumors  with  laser  microdis-­
section  and   subsequent   sophisticated   infrastruc-­
ture.
Several   germ-­line  DNA   variations   of   EGFR  

and  other  genes  have  been  associated  with  clini-­
cal  outcome  after  TKIs   treatment,   and   this   sec-­
tion   focuses   on   the   relationship   between   these  
candidate  germline  polymorphisms  (Fig.  3.2)  and  
the  response  and  toxicity   to  gefitinib.  However,  
studies   on   polymorphisms   affecting   their   out-­
come  have  the  potential  to  be  extended  to  cover  
TKIs  of  similar  structure  and  activity  such  as  er-­
lotinib,   sorafenib,   sunitinib,   imatinib,   lapatinib,  
vandetanib,  and  canertinib,  among  a  growing  list  
of  many  structurally  related  compounds  with  in-­
creasing  clinical  application.
Several  studies  evaluated  variants  in  the  region  

which  regulates  the  expression  of  the  EGFR  gene  
have   been   evaluated.  The   regulatory   regions   of  
EGFR  are   located  within   the  5’-­flanking  region  
and   intron-­1,   and   both   the   EGFR   -­191C/A   and  
-­216G/T  polymorphisms  lie  in  the  transcriptional  
start   site   of   the   promoter   region,  wherein  mul-­
tiple  nuclear  regulatory  affinity  sites  are  located.  
The  -­191C/A  polymorphism  has  been  correlated  
with  enhanced  EGFR  promoter  gene  expression  
and  activity,  while  the  A-­G  variant,  which  leads  
to  the  substitution  of  an  arginine  with  a  lysine  at  
codon  497  (R497K),  has  been  associated  with  the  
reduction   of   EGFR   activity   [82,   83].   Similarly  
the   -­216G/T  genotype   is   located   in   the   binding  
site  for  the  transcription  factor  Sp1,  and  the  T  al-­
lele   is   associated  with   increased   EGFR  mRNA  
expression   [84].   The   -­216G/T,   -­191C/A,   and  
R497K  EGFR  polymorphisms  were  evaluated  in  
a  study  conducted  in  92  advanced  NSCLC  Cau-­
casian  patients  treated  with  gefitinib,  and  the  as-­
sociation  of  the  -­216G/T  variant  with  longer  PFS  
was   reported.   The  T   allele   was   also   associated  
with  significantly  higher  rates  of  stable  disease/
partial   response   (  P  =  0.01)   and   a   significantly  
higher   risk   of   treatment-­related   rash/diarrhea  
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(  P  =  0.004)   [85].  A   recent   study   in   98   NSCLC  
Japanese  patients  treated  with  gefitinib  screened  
for  EGFR  mutations  and  polymorphisms  -­216G/
T   and   -­191C/A   reported   the   mutations   as   pre-­
dictive   factors   of   sensitivity   to   gefitinib,   OS,  
and  PFS,  but  no  correlation  was  found  between  
polymorphisms   and   clinical   outcome   [86].   In  
another   study,   175   NSCLC   Caucasian   patients  
treated  with  gefitinib  were  screened  for  the  same  
EGFR  polymorphisms,  and  a  significantly  lower  
response   rate  was  observed   in  patients  carrying  
the  G-­C  haplotype  [87].
A   highly   polymorphic   region   is   also   located  

in  the  EGFR  intron-­1  as  14–21  CA-­repeats  [88].  
Shorter  alleles  of  a  CA-­dinucleotide  repeat  poly-­
morphism   in   intron-­1,   of   lower   frequency   in  
Asian  population,  are  associated  with  an  increase  
in  transcription  of  EGFR  [89].  In  particular,  the  

longer  allele  21  has  been   reported   to   induce  an  
80  %  decrease  in   the  gene  expression  compared  
with  the  shorter  allele  16  [90,  91].  Most  studies  
reported  a  better  response   to  gefitinib   treatment  
in  NSCLC  patients  harboring  the  short  EGFR-­CA  
repeat  genotype  [92–94].  Ichihara  and  colleagues  
firstly   studied   in   98   NSCLC   Japanese   patients  
treated  with  gefitinib  the  relation  between  clini-­
cal  outcome  and  several  genetic  factors,  includ-­
ing  the  EGFR-­CA  repeat  variant.  In  this  analysis,  
among  patients  with  EGFR  activating  mutations,  
individuals  carrying  the  shorter  CA  alleles  had  a  
trend  toward  a  significantly  longer  OS  (  P  =  0.13)  
compared  with  those  with  the  long  alleles  (defin-­
ing  long  CA  repeats  equal  or  greater  than  19,  or  
the  sum  of  two  alleles  greater  than  39,  and  short  
CA  repeats  as  less  than  19,  or  the  sum  of  two  al-­
leles   less   than   39)   [86].  Another   study  was   fo-­

Fig. 3.2    Some   of   the   most   relevant   polymorphisms   in  
key  genes   involved   in  pharmacokinetics   and  pharmaco-­
dynamics  of  EGF  receptor  (  EGFR)  tyrosine  kinase  inhibi-­
tors  (  TKI)  correlated  with  gefitinib  and  erlotinib  response  

and  toxicity  in  nonsmall-­cell  lung  cancer  patients.  (Adapt-­
ed   from  Galvani  E,  Peters  GJ,   and  Giovannetti  E.  2012  
[109]
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cused  on  the  correlation  of  clinical  outcome  after  
gefitinib   treatment   with   EGFR   mutations   and  
CA-­repeat  genotype   in  86  Korean  patients  with  
advanced  NSCLC.  In  this  investigation,  short  CA  
was  defined  as  the  sum  of  both  alleles  <  or  =  37,  
while   long  CA  was  defined  as  sum  >  or  =  38.  In  
agreement  with   the   previous   study,  EGFR  acti-­
vating  mutations  were  associated  with  sensitivity  
to  gefitinib  and  OS,  and  short  CA-­repeat   status  
was  also  correlated  with  better  response  and  lon-­
ger  TTP  [92].  In  a  following  study  performed  by  
Nie  et  al.  in  70  NSCLC  Chinese  patients  treated  
with  gefitinib,  significantly  higher  response  rate  
was  associated  with  shorter  CA-­repeat  status  (de-­
fined  as  any  allele  less  than  or  equal  to  16).  These  
patients   had   also   higher   EGFR   expression   and  
prolonged  OS  compared  to  those  with  long  CA.  
No  evidence  of  correlation  was  reported  for  clini-­
cal   outcome  with   the  R497K   polymorphism   or  
EGFR  expression  [95].  Shorter  CA  repeats  (16  or  
less)  was  associated  with  significantly  improved  
PFS  and  OS   in   another   study   in  92  Caucasians  
NSCLC  patients  treated  with  gefitinib  [85].  How-­
ever,   in   the   largest  pharmacogenetic  analysis   in  
NSCLC  Caucasian  patients  (n  =  175)  treated  with  
gefitinib,   no   association   of   the   EGFR   intron-­1  
CA-­repeat  status  with  clinical  outcome  was  ob-­
served,  grouping  patients  both  with  (1)  combined  

>  35  and  (2)  a  CA  repeat  length  on  both  alleles  of  
<  18  versus  all  others  [87].
Other   potentially   predictive   polymorphisms  

include  variations  in  the  EGFR  downstream  sig-­
naling   pathways   such   as  AKT1,   as   well   as   the  
DNA  repair  genes  and  those  of  the  genes  encod-­
ing   for   the  drug   transporter  ABCG2,  which  has  
been   shown   to   be   active   in   removing   gefitinib  
from  the  cell.  Different  studies  reported  the  asso-­
ciation  of  the  haplotype  including  two  functional  
polymorphisms   (AKT1-­SNP3   and   SNP4)   with  
lower  Akt  protein   levels   in   tissues   from  Cauca-­
sians,  and  with  the  lowest  apoptotic  response  of  
EBV-­transformed   lymphoblastoids   to   radiation  
[96,  97].  Furthermore,  in  96  Caucasian  patients,  
the   AKT1-­SNP4  A/A   genotype   was   correlated  
with  shorter  OS.  No  other  poor  prognostic  factors  
were   found   to  potentially  explain   the   short   sur-­
vival   of   patients   carrying   the  AKT1-­SNP4-­A/A  

variant   (n  =  6)   since   their   baseline   demographic  
and  biological  characteristics  resulted  similar  to  
the  average  of  the  studied  population.  Moreover,  
the  AKT1-­SNP4  polymorphism  remained  an  in-­
dependent   predictive   parameter   of   progression  
and   death   risk   at   multivariate   analysis   [81].  A  
recent  trial  in  esophageal  cancer  patients  treated  
with   fluoropyrimidines,   platinum   compounds,  
and  taxanes,  but  not  with  EGFR-­TKIs,  correlated  
other  genetic  polymorphisms   in  AKT1  with   in-­
creased  recurrence  and  significantly  shorter  sur-­
vival.  Similarly  a  recent  study  in  Korean  NSCLC  
patients  showed  that  other  AKT1  polymorphisms  
could  be  used  as  prognostic  markers  for  patients  
with  early-­stage  NSCLC.  These  studies  suggest-­
ed  that  genetic  variations  in  the  PI3K/AKT  path-­
way  may  be  prognostic  and/or  predictive  factors  
of  response  to  different  drugs  [98,  99].  However,  
these  results  have  still  to  be  validated  in  a  larger  
cohort  of  patients,  in  prospective  multicenter  tri-­
als,  as  well  as  additional  case-­control  studies.
A   number   of   common   SNPs   in   the  ABCG2  

gene  that  might  affect  ABCG2  protein  expression,  
function,   and   localization   have   been   described.  
ABCG2  is  a  member  of  the  family  of  ATP-­bind-­
ing   cassette   (ABC)   transporters   and   its   overex-­
pression  is  commonly  associated  with  resistance  
to   a  wide   range   of   anticancer   agents,   including  
camptothecins,   anthracyclines,   and   antifolates.  
Interactions   between   EGFR-­TKIs   and   ABCG2  
have  been  recently  suggested.  Of  note,  gefitinib  
is   an  ABCG2   substrate   at   clinically   achievable  

-­
hibition  of  the  same  transporter  [100].  Therefore,  
gefitinib  resistance  phenotypes  both  in  vitro  and  
in  vivo  might  be  affected  by  ABCG2  expression.  
Furthermore,   since   gefitinib   is   an   orally   active  
compound  and  ABCG2  is  highly  expressed  in  the  
gastrointestinal   tract  where   it  participates   in   the  
uptake  of  several  xenobiotics,  one  might  also  ex-­
pect  an  important  role  for  ABCG2  in  the  absorp-­
tion  and  elimination  of   this  agent.   In  particular,  
the  ABCG2  421C/A  polymorphism   resulting   in  
a  glutamine  to  lysine  amino  acid  change  at  posi-­
tion   141   (Q141K)   has   been   correlated  with   the  
reduction   of  ABCG2   protein   expression   and/or  
activity  and  with   increase  accumulation  of  both  
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gefitinib   and   erlotinib   [101].   However,   no   cor-­
relation  between  ABCG2  421C/A  polymorphism  
and  protein  expression,  as  well  as  with  outcome  
after  gefitinib  treatment,  was  observed  in  a  tissue  
microarray  of  50  lung  cancer  tissues  [102].
Several  other  studies  evaluated  the  correlation  

between   selected   polymorphisms   and   toxicity  
induced   by   gefitinib.   Indeed,   even   if   the   speci-­
ficity  of  gefitinib  for  its  target  results  in  a  more  
favorable  safety  profile  than  most  standard  che-­
motherapy  agents,   the   treatment  with   this  agent  
leads  to  the  development  of  rash  and  diarrhoea  as  
major   adverse   specific   effects.  At   present,   little  
is  known  about  the  etiology  of  these  effects,  and  
there  is  a  high  interpatient  variability  that  might  
be   explained   by   the   pharmacogenetic   heteroge-­
neity  of  patients  [103].  A  study  in  52  NSCLC  pa-­
tients  treated  with  gefitinib  performed  by  Huang  
and  colleagues  analyzed  the  correlation  of  genetic  
factors  with  skin  rash.  In  particular,  patients  were  
screened  for  the  EGFR  intron-­1  CA  repeat  status,  
the  EGFR  SNPs  -­216G/T,  -­191C/A,  and  R521K.  
Among   these  polymorphisms,  only   the   intron-­1  
CA  repeat  variant  was  correlated  with  grade  2–3  
skin  rash,  observed  in  21  %  of  patients  with  L/L  
genotype   (19–22   repeats),   31  %   S/L   genotype  
(15–18  repeats)  and  71  %  with  S/S  genotype  (<  15  
repeats)  [104].  Of  note,  the  early  grade-­2/3  rash  
was  associated  with  tumor  response,  but  not  the  
EGFR   intron-­1   CA-­repeat   genotype   (  P  =  0.35).  
No  correlation  was  found  with  diarrhoea  for  any  
of  these  polymorphisms.  Another  study  reported  
the  association  of  the  EGFR  216  G/T  variant  with  
a  significantly  higher  risk  of  both  rash  and  diar-­
rhoea   in   92  NSCLC   patients   treated  with   gefi-­
tinib   [85].  Similar   results  were  observed   in  our  
population   of   96   NSCLC   patients   treated   with  
gefitinib,   in  which  grade  >  1  diarrhoea  was  sig-­
nificantly   more   frequent   in   patients   harboring  
the   EGFR   191C/A,   A/A,   EGFR   216G/G,   and  
R497K  A/A   variants   [81].   These   results   might  
be   explained   by   the   pathophysiology   of   anti-­
EGFR-­induced  diarrhoea,  which  is  thought  to  re-­
sult  from  excessive  chloride  secretion,   inducing  
secretory   diarrhoea.  Therefore,   diarrhoea  might  
result   from   the   higher   EGFR   expression   in   the  
intestinal   lumen  associated  with   the  EGFR  pro-­
moter  polymorphism  variants,  as  reported  previ-­

ously   [105].   In   contrast,   EGFR   ligand   binding  
alterations  were   associated  with   the  A   allele   in  
the  R497K  variant  resulting  in  a  reduced  EGFR  
phosphorylation   in   colorectal   cancer   tissues.  A  
strong  correlation  between   the  ABCG2  421C/A  
variant   and   diarrhoea   was   reported   by   Cusatis  
and   colleagues   in   gefitinib-­treated   NSCLC   pa-­
tients  [106].  In  particular,  they  showed  that  only  
13   (12  %)   of   108   patients   homozygous   for   the  
wild-­type   genotype   of  ABCG2   developed   diar-­
rhoea,  while  7  (44  %)  of  16  patients  heterozygous  
for  ABCG2  421C/A  presented  the  adverse  effect.  
The   authors   suggested   that   the   altered  ATPase  
activity   of   the   polymorphic  ABCG2  421C/A   in  
the   intestine,   together  with   the   reduced   protein  
levels,   might   affect   the   oral   absorption   and/or  
elimination   of   gefitinib   resulting   in   increased  
plasma   concentrations   in   the   steady-­state   and  
causing   the   diarrhoea.   In   contrast,   no   correla-­
tion   between   the   ABCG2   421C/A   variant   and  
gefitinib-­induced  toxicity  was  found  in  a  popula-­
tion  of  94  Caucasian  patients  affected  by  NSCLC  
[102].   However,   in   the   same   population,   we  
observed   a   correlation   among   moderate-­severe  
diarrhoea  with   the  ABCG2  15622C/T  polymor-­
phism   and   the   ABCG2   (1143C/T,   -­15622C/T)  
haplotype.   However,   in   the   same   population,  
moderate-­severe   diarrhoea   was   correlated   with  
the   ABCG2   15622C/T   polymorphism   and   the  
ABCG2  (1143C/T,  -­15622C/T)  haplotype.
Finally,   both   gefitinib   and   erlotinib   are   me-­

tabolized  mainly  by  the  CYP3A4,  CYP3A5,  and  
CYP1A  isozymes,  while  CYP1A2  is  involved  in  
the  metabolism  of  erlotinib,  but  not  of  gefitinib.  
Since   all   these  CYPs   are   polymorphic,   the   dis-­
tribution   of   specific   variant   CYP   alleles   might  
explain   the   different   pharmacokinetics   and   ac-­
tivity   of  TKIs.   However,   the   impact   of   several  
CYP  polymorphisms   to   tailor   in  vivo   treatment  
with  TKIs  remains  largely  to  be  elucidated.  In  the  
study  by  Rudin  and  collaborators  [105],  CYP3A4  
polymorphisms  were  marginally  associated  with  
skin   rash   in   erlotinib-­treated   patients.   Individu-­
als  with   lower  CYP3A4  expression  (A/A)  were  
more  likely  to  develop  rash  than  those  with  high-­
er   CYP3A4   levels   (A/G   and   G/G;;   P  =  0.077).  
Similarly,  the  CYP3A5*3  G  polymorphism  was  
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(  P  =  0.094,   dominant  model)   and   any   grade   di-­
arrhoea  (  P  =  0.062).  These  marginal  associations  
warrant   further   studies   on   the   role   of  CYP3A4  
and   CYP3A5   polymorphisms   in   determining  
activity   levels   of   EGFR-­TKIs,   as  well   as   other  
TKIs.
In  conclusion,  despite  the  intriguing  findings  

of  several  studies,  the  small  sample  size  together  
with   the   interethnic   differences,   and   the   retro-­
spective  nature  of  most  studies,  make  it  difficult  
to  draw  any  clear  conclusions  regarding  the  role  
of   these   pharmacogenetic   biomarkers   in   deter-­
mining   the  clinical  outcome  or   toxicity   in  gefi-­
tinib  treatment.  Hopefully,  the  accurate  planning  
of   new   prospective   trials,   the   increased   knowl-­
edge  of  key  mechanisms  affecting  drug  distribu-­
tion/activity,   and   the  use  of  novel   technologies,  
including  genome-­wide  approaches,  may  provide  
critical   and  essential   tools   to   improve   the  pros-­
pects  of  pharmacogenetic  research  for  novel  mo-­
lecularly  targeted  agents.

Conclusions

New  insights  into  the  molecular  biology  of  can-­
cer   and   tumorigenesis   have   recently   identified  
key   biological   processes   and   several   potential  
molecular  targets  for  anticancer  treatment.  Novel  
agents   targeting   these   aberrant   processes   have  
revolutionized   the   management   of   certain   mo-­
lecular  subsets  of  cancers,  and  have  contributed  
to  recent  improvements  in  survival  rates,  as  well  
as  in  defining  novel  subgroups  of  nosological  en-­
tities.  For  example,  for  EGFR  mutant  and  EML4-­
ALK   fusion   subgroups,   which   are   detected   in  
approximately   15   and   4  %   of   lung   adenocarci-­
nomas,  mutation  status  predicts  response  to   tar-­
geted  therapy  with  selective  inhibitors.  These  re-­
sults  led  to  the  approval  of  both  the  EGFR-­TKIs  
erlotinib   and   gefitinib   and   the   ALK   inhibitor  
crizotinib  as  first-­line   treatments   in  molecularly  
selected  NSCLC  patients  [107].
However,   the  oncologists  are  still   facing  rel-­

evant   inter-­individual   variability   in   drug   activ-­
ity  and  the  occurrence  of  several  drug  resistance  
mechanisms.   In   particular,   resistance   to   target-­
ed   agents   is   a   general   phenomenon   and   can   be  
caused   by   several   mechanisms,   which   are   par-­

tially  overlapping  with  the  main  factors  involved  
in   resistance   toward   chemotherapy   [108].   One  
commonly   described   mechanism   of   resistance  
involves  additional  genetic  alterations  within  the  
target  oncogene  itself.  Additional  genetic  mecha-­
nisms   include   downstream   or   “bypass”   activa-­
tion  of  other  components  of  signaling  pathways,  
or   compensatory   activation   of   other   signaling  
pathways.  Recent  studies  have  also  shed  light  on  
nongenetic  mechanisms  that  may  have  a  revers-­
ible,  epigenetic  component,  such  as  EMT  or  can-­
cer  stem  cells.  Taken  together,  these  observations  
highlight  a  pressing  need  to  further  elucidate  the  
various  mechanisms   that   drive   disease   progres-­
sion  during  drug  treatment  as  a  key  step  toward  
developing   therapeutic   strategies   to   prevent   or  
overcome  such  drug  resistance  in  individual  pa-­
tients,  according  to   the  specific  molecular  char-­
acteristics  of  their  tumor.
Therefore,  to  improve  the  rational  use  of  this  

emerging   arsenal   of   highly   selective,   targeted  
cancer  therapeutics,  the  conventional  histopatho-­
logical   assessment   of   tumors   should   be   associ-­
ated  with  a   refined  pharmacological  evaluation,  
including  the  analysis  of  several  signaling  path-­
ways   that   fuel   deregulated   cell   proliferation.  
Since  novel  genetic  technologies  played  a  pivotal  
role  in  the  emergence  of  the  so-­called  “personal-­
ized  medicine,”  the  integration  of  classical  phar-­
macodynamics,  -­kinetics,  and  -­genetics  analyses  
with  the  latest  generation  of  whole-­genome  anal-­
yses  will  be  essential  to  further  improve  the  cus-­
tomization  of  treatment  for  individual  patients.
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What Is a Biomarker?

The  National   Cancer   Institute   (NCI),   defines   a  
biomarker   as:   “A   biological  molecule   found   in  
blood,  other  body  fluids,  or  tissues  that  is  a  sign  
of  a  normal  or  abnormal  process,  or  of  a  condi-­
tion  or  disease.”  A  cancer  biomarker  is  any  bio-­
logical  material  provided  by  the  cancer  cells  that  
may  be  detected  and  used  as  indicator  of  tumor  
status   or   therapeutic   interventions.   During   the  
last   decade,   advances   in   genomics,   biotechnol-­
ogy,  and  molecular  pathology  led  to  an  improved  
understanding  of  tumor  biology,  revealing  a  large  
number   of   potential   tumor   biomarkers,   eligible  
for  clinical  use  [1].  Cancer  is  first  considered  as  a  
genetic  disease;;  therefore,  tumor-­specific  genetic  
and   epigenetic   alterations,   such   as   gene   muta-­
tions   [2,   3],   promoter-­methylations   [4,   5],   gene  
copy  number  variations  [6,  7],  single  nucleotide  
polymorphism   (SNP)   [8],   chromosomes   rear-­
rangements   [9,   10],   and   also   alterations   in   the  

messenger  ribonucleic  acid  (mRNA)  expression  
or   circulating  microRNAs   [11,   12],   represent   a  
wide   group   of   promising   genomic   biomarkers.  
Gene  mutations  and  SNPs  can  be  detected  either  
in  germ-­line  or  in  tumor  tissue  deoxyribonucleic  
acid  (DNA),  depending  on  whether  they  are  he-­
reditary  or  somatic.  Proteomic  mass  spectrosco-­
py-­based  platforms  have  provided   the  ability   to  
identify   a   large   number   of   novel   potential   pro-­
teomic   biomarkers,   including   cancer   antigen,  
cell-­surface  receptors,  or  molecules  produced  by  
the  host  in  response  to  the  tumor  [13–15].  Final-­
ly,   tumor-­associated  metabolic   alterations,   such  
as  the  increase  of  glucose  uptake  by  cancer  cells,  
or   other   biochemical   changes   in   the   metabolic  
profile,  may   be   detected   by   functional   imaging  
or   more   innovative   metabolomic   technologies,  
and  used  as  metabolomic  biomarkers  for  several  
clinical  applications  [16,  17].

Potential Clinical Applications  
of Cancer Biomarkers

The  growing  number  of   cancer  biomarkers   and  
the  advent  of  new  testing  technologies  have  led  
to   the   development   of   biomarker-­guided   strate-­
gies,  with  a  greater  level  of  individualized  man-­
agement  of  the  disease  in  all  the  phases  of  care.  
Besides   the   well-­known   clinical   applications,  
including  risk  assessment  for  disease  recurrence  
and  the  early  diagnosis   in  healthy  population,  a  
growing  interest  has  been  recently  focused  on  the  
potential  role  of  cancer  biomarkers  in  determin-­
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ing   tumor  prognosis   and   in  predicting   response  
and/or  resistance  to  treatments.  Finally,  a  promis-­
ing   setting  of  biomarkers’   application   is   as   sur-­
rogate  endpoint  of  a  drug  activity  on   the   tumor  
and  of  its  effects  on  patients’  survival  (Fig.  4.1).  
Some   biomarkers   may   have   either   prognostic,  
predictive,   and   surrogate   endpoint   value.   Be-­
cause  of   their  crucial   role,   it   is  always   required  
a   rigorous   evaluation,   including   both   analytical  
and  clinical  validation,  and  assessment  of  clini-­
cal  utility  prior   to  approving   them  for   routinely  
clinical  use  [18].

Prognostic Biomarkers

Prognostic  biomarkers  refer  to  a  single  or  a  com-­
bination   of   factors   related   to   the   patient   or   the  
tumor   that  allow  to  stratify  patients,  at   the   time  
of  diagnosis,  into  different  classes  of  risk  in  rela-­
tion  to  a  specific  outcome  (such  as  the  tumor  pro-­
gression  or  death)  in  the  absence  of  any  treatment  
or  as  a  result  of  systemic,  nontargeted  therapies  
(Fig.  4.2).  Therefore,  they  may  be  considered  as  
indicators  of   the   tumor  aggressiveness  and  pre-­
dictors  of  the  natural  history  of  the  disease,  and  
ultimately,   of   patients’   outcome,   independently  
of   the   treatment   [19].   Prognostic   biomarkers  
are   mostly   used   in   early   stage   cancer   in   order  
to  select  those  patients  at  higher  risk  for  disease  

recurrence  or  death,  who  may  benefit  more  from  
an  additional,  adjuvant  or  neo-­adjuvant,  medical  
treatment.  Besides  the  clinical-­pathological  stag-­
ing  system,  which  still  remains  the  most  impor-­
tant,  independent,  prognostic  factor  for  all  tumor  
types   and   the   other   tumor-­tissue-­related,   prog-­
nostic  parameters,  new  biological  and  molecular  
biomarkers   have   been   recently   introduced   for  
clinical  use.  These  biomarkers  provide  new  tools  
for  survival  outcomes  prediction  and  for  improv-­
ing  the  selection  of  patients  who  are  candidate  for  
adjuvant/neo-­adjuvant  therapies,  sparing  the  low-­
risk  population  unnecessary  treatments.  In  early  
breast   cancer,   for   example,   estrogen   receptors  

Fig. 4.2    Clinical  application  of  prognostic  biomarkers

  

Fig. 4.1    Potential  clinical  applications  of  cancer  biomarkers
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[20]   and   Her-­2-­neu   status   [21]   are   important,  
prognostic   biomarkers,   approved   for   clinical  
use,   and   always   taken   into   account   in   patients’  
selection  for  a  postsurgical  treatment.  Moreover,  
with   the   advent   of   genome   expression   profile,  
new,  more  complex  tests,  such  as  Oncotype  DX  
or  Mammaprint  test,  are  starting  to  be  used  in  a  
clinical  setting.  These  platforms  provide   impor-­
tant  information  on  the  expression  level  of  genes  
that  are  relevant  to  define  the  recurrence  risk  in  
women  with  early-­stage  hormone-­positive  breast  
cancer.  These  tests  can  also  predict  the  potential  
benefit   from   different   chemotherapies   [22,   23].  
In  colorectal  cancer,  a   lot  of  prognostic   factors,  
including  microsatellite   instability   (MSI),  DNA  
mismatch  repair  status  (MMR),  single  gene  mu-­
tations  (KRAS  and  BRAF)  [24,  25],  or  genomic  
signature   [26],   have   been   shown   to   predict   the  
risk  recurrence  of  patients  candidate  for  adjuvant  
treatment,  but  most  of  these  have  not  been  vali-­

dated  yet  for  clinical  use.  Furthermore,  both  RAS  
and  BRAF  mutations  are  associated  with  a  worse  
prognosis,  after  resection  of  liver  metastasis  [27].  
Finally,  low  ERCC1  expression  and  KRAS  muta-­
tions  are  considered  as  negative  prognostic  factor  
in  advanced  non-­small  cell  lung  cancer  (NSCLC)  
[28],  while  the  epidermal  growth  factor  receptor  
(EGFR)  mutation  is  considered  a  good  prognostic  
biomarker  both  in  early  and  advanced  NSCLC.

Predictive Biomarkers

Predictive  biomarkers  refer  to  a  single  or  a  com-­
bination   of   factors   related   to   the   patient   or   the  
tumor  that  are  associated  with  the  response  or  re-­
sistance  to  specific  treatments  (Fig.  4.3).  Positive  
predictive  biomarkers  refer  to  specific  oncogenic  
driver  mutations,  responsible  for  cancer  cell  pro-­
liferation   and   survival   in   different   tumor   types,  

Fig. 4.3    Clinical  application  of  predictive  biomarkers.  CT  chemotherapy
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that   allow   the   selection   of   those   patients   who  
may  experience  a  survival  benefit  from  treatment  
with  tailored  agents,  which  target  and  specifically  
inhibit  them.  Otherwise,  negative  predictive  bio-­
markers   refer   to   specific   cancer   cell   alterations  
which   are   associated   with   primary   or   acquired  
resistance   to   specific   targeted   therapies,   allow-­
ing  the  exclusion  of  those  patients  who  will  not  
receive  any  benefit  from  the  use  of  such  tailored  
drugs.   Therefore,   predictive   biomarkers   inform  
about  patients’  outcomes  exclusively  in  relation-­
ship  with  a  specific  target  treatment  received,  al-­
lowing  the  selection  of  the  right  drug  for  the  right  
patient,   and   promoting   even  more   the   develop-­
ment   of   personalized   cancer   treatments.   In   the  
last  years,  advances  in  genomics,  biotechnology,  
and   molecular   pathology   have   generated   many  
potential   biomarkers   that  might   help   to   predict  
response  to  the  new  targeted  drugs,  even  if  only  
a  limited  number  of  them  have  been  already  ap-­
proved  for  clinical  use.  Her-­2-­neu  amplification  
predicts   response   to   the  monoclonal   antibodies  
(mAb)   trastuzumab   [29,   30]   and   pertuzumab  
[31],   and   the   tyrosine-­kinase   inhibitor   (TKI)  
lapatinib  [32]  has  been  shown  to  be  active  only  
in   metastatic   breast   cancer   (MBC).   Hormonal  
receptor   positivity   indicates   that   breast   cancers  
may   respond   to   selective   antihormone   receptor  
antagonists  [33,  34].  EGFR-­activating  mutations  
and   EML-­ALK/ROS1   chromosome   rearrange-­
ments   predict   response   to   anti-­EGFR  TKIs   and  
ALK/ROS1  inhibitors,  in  advanced  NSCLC  [35,  
36].  RAS  mutations  exclude  metastatic  colorec-­
tal  cancer  patients  from  the  treatment  with  anti-­
EGFR  mAb  [37,  38]  because  they  are  associated  
with   poor   responses   and  worse   survival   in   this  
subgroup  of  molecular-­selected  patients.  In  Mel-­
anoma,  BRAF-­V600  mutations  are  predictive  of  
response  for  a  class  of  multi-­target  TKIs,  includ-­
ing   Vemurafenib   [39].   Mutations   in   the   exons  
9–11  of  c-­Kit  gene  predict  response  to  imatinib,  
while   the  D842V  point-­mutation   in   exon   18   of  
PDGFR-­alfa   predicts   primary   resistance   to   the  
same  treatment  in  gastrointestinal  stromal  tumor  
(GIST)   [40].   The   approval   of   aforementioned  
predictive  biomarkers   in  clinical  setting  has   led  
to  the  establishment  of  new  treatment  algorithms,  
which   always   take   into   account   the   tumor  mo-­

lecular   profile.   Accordingly,   biomarker-­based  
patients’   selection   and   targeted   therapies   have  
improved   both   patients’   survival   outcomes   and  
quality  of  life,  compared  to  the  standard  cytotox-­
ic  treatments.  Thanks  to  the  advances  in  transla-­
tional  research,  new  driver  mutations  have  been  
identified  in  different  tumor  types  and  several  on-­
going  trials  are  investigating  the  activity  of  new  
target   agents   in   patients   with   these   mutations.  
Therefore,   the   number   of   potential   biomarkers  
and  targeted  treatment  options  is  rapidly  increas-­
ing,   leading   to   a   new   insight   of   personalized  
treatment   in   the  near  future.   In  addition  to  ben-­
efiting  in  clinical  setting,  there  is  a  growing  inter-­
est  in  the  role  of  predictive  biomarkers  in  clinical  
trials,  in  order  to  optimize  the  drug-­development  
and  approval.  The   importance  of  new  biomark-­
ers’  investigation  is  confirmed  by  the  new  trend  
in  clinical  trial  design.  In  these  biomarker-­driven  
clinical  studies,  it  is  crucial  not  only  to  select  an  
effective,  proven,  driver  oncogene  as  biomarker  
but   also   to  understand   its   epidemiology   in  can-­
cer  population  and  to  develop  a  valid  and  reliable  
diagnostic  test  to  detect  it.  The  establishment  of  
the  predictive  value  of  a  biomarker  prior  to  late  
stage,  randomized,  phase  III  trials  might  enhance  
the  chances  of  success  of  such  trials,  reducing  the  
time  for  approval  of  the  new  drugs.

Surrogate Endpoints Biomarkers

Another  application  of  cancer  biomarkers  is  as  a  
surrogate  endpoint.  This  term  refers  to  a  single  or  
a  combination  of  factors  related  to  the  patients  or  
the  tumors,  whose  changes  during  the  treatment  
reflect  the  antitumor  activity  (Fig.  4.4).  Surrogate  

Fig. 4.4    Clinical   application  of   surrogate  endpoint  bio-­
markers
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endpoint   modifications   are   associated   with   the  
variation  of  the  standard  clinical  endpoints,  such  
as  response  rates  or  survival.  An  ideal  surrogate  
endpoint  should  have  some  features:  (a)  it  should  
indicate  the  true  benefit  of  a  therapy  earlier;;  (b)  
it  should  be  associated  with  clinical  outcome  of  
interest;;   (c)   it   should  be  evaluated   in  a  short  or  
noninvasive,   reproducible,   reliable   and   cost-­ef-­
fective  way;;  and  (d)  in  clinical  trials,  it  should  be  
able  to  provide  information  about  the  efficacy  of  
an  experimental  treatment  more  quickly  and  with  
fewer  samples  compared  to  a  traditional  endpoint  
that  requires  a  longer  follow-­up  time.  Finally,  the  
level  of  the  biomarker  should  not  change  sponta-­
neously  or  in  response  to  other  factors,  except  for  
cancer  treatment  [41].  Therefore,  a  validated  sur-­
rogate  endpoint  biomarker  allows  the  monitoring  
of  drug  activity  earlier  than  standard  clinical/in-­
strumental  evaluation  by  imaging  or  biopsy,  spar-­
ing  the  patients  of  invasive  medical  procedures.  
Furthermore,   these   biomarkers   might   be   used  
for  driving  early  decisions  concerning  treatment  
corrections,  thus  saving  time,  effort,  and  money.  
Classical   tumor   biomarkers   approved   as   surro-­
gate  endpoint  include  the  soluble  proteins  CEA,  
CA15–3,  CA125,  CA19–9,  and  prostate-­specific  
antigen   (PSA),   recommended   for   monitoring  
antitumor   activity   in  metastatic   breast,   ovarian,  
colorectal,   pancreatic,   and   prostate   cancers,   re-­
spectively   [42,   43].  However,   the   new   targeted  
therapies,  binding  and  inhibiting  specific  molec-­
ular  pathways,  often  produce  a  cytostatic  effect  
on   cancer   cells,  without   significant   decrease   in  
tumor   burden.  Therefore,   a   lot   of   clinical   trials  
have  investigated  the  potential  role  of  18F-­fluoro-­
d-­glucose   (18F-­FDG)   uptake   variations,   evalu-­
ated  by  positron  emission  tomography/computed  
tomography   (PET/CT),   as   potential   surrogate  
endpoint   of   early   antitumor   activity   during   the  
treatment   with   a   targeted   agents,   in   different  
tumor  types.  Interesting  and  positive  correlation  
were  found  both  in  GIST  [44]  and  NSCLC  [45,  
46].  Finally,  the  real  objective  of  current  research  
is  the  use  of  liquid  biopsies  analysis  as  surrogate  
endpoints  of  treatment  outcome.

Circulating Biomarkers: The Concept 
of “Liquid Biopsy”

According  to  the  NCI  dictionary,  a  biopsy  is  de-­
fined  as  “the  removal  of  cells  or  tissues  for  exam-­
ination  by  a  pathologist.”  In  the  last  decades,  the  
term  “liquid  biopsy”  also  started  to  be  used.  This  
definition  was  originally  used  to  define  circulat-­
ing  tumor  cells  (CTCs)  [47]  but  today  it  can  be  
applied  also  to  circulating  tumor  DNA  (ctDNA)  
[48].  A  liquid  biopsy  can  be  defined  as  a   liquid  
biomarker   that   can   be   easily   isolated   from   any  
body  fluids  (blood,  urine,  saliva,  ascites,  pleural  
effusion,  etc.)  and  that  represents  the  tissue  from  
which  it  originates,  as  well  as  a  traditional  biopsy  
(Fig.   4.5).   In   the   field   of   oncology,   CTCs   and  
ctDNA   are   very   attractive.   It   is   now   becoming  
increasingly  clear  that  metastasis  and  tumors  are  
extremely  heterogeneous.  Nowadays,  the  molec-­
ular  profiling  of   the   tumor   is  performed  mainly  
on  one  tissue  biopsy  often  performed  at  diagno-­
sis.  Furthermore,  for  the  metastatic  disease,  it  is  
not   always   feasible   to   obtain   a   biopsy   for   new  
lesions  due  to  many  reasons.  Thus,  the  molecular  
profiling  of  one  biopsy  gives  a  spatially  and  tem-­
porally  limited  snapshot  of  a  tumor  and  might  fail  
to   reflect   its  heterogeneity   [49].  Therefore,   it   is  
very   important   to  follow  the  molecular  changes  
of  a  tumor  in  order  to  adapt  the  treatment  strate-­
gies  accordingly.
This  is  the  reason  why  liquid  biopsy  is  a  rap-­

idly   expanding   field   in   translational   cancer   re-­
search   as   it   might   be   useful   at   different   points  
of   the   diagnostic/therapeutic   course   of   cancer  
patients.  They  may  be  used  for  early  diagnosis,  
estimation   of   the   risk   for   metastatic   relapse   or  
metastatic  progression  (prognostic  information),  
stratification  and   real-­time  monitoring  of   thera-­
py,  identification  of  therapeutic  targets  and  resis-­
tance  mechanisms   (predictive   information),  and  
understanding  metastasis  development  in  cancer  
patients  [47].
In  this  chapter,  we  focus  our  attention  on  the  

possible   role  of   liquid  biopsy  as   surrogate   end-­
points  biomarker.  As  explained  above,  the  evalu-­
ation  of  the  surrogate  endpoint  changing  during  
treatment  with  targeted  therapy  is  used  as  a  mea-­
sure  of  the  drug  activity.
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Circulating Tumor Cells

CTCs  originate  by  cell  detachment  from  the  pri-­
mary   tumor  mass,  determining   the  migration  of  
tumor  cells  to  secondary  sites  via  the  lymphatic  
and  blood  system.  This  process  is  due  to  the  ep-­
ithelial-­mesenchymal  transition  (EMT)  [50]  and  
the  presence  of  CTCs  has  been  demonstrated  in  
the  blood  of  patients  with  various  solid   tumors.  
Furthermore,   several   studies  have  demonstrated  
that   the  enumeration  of  CTCs  in  blood  samples  
is  a  prognostic  factor  in  several  tumor  types,  in-­
cluding   breast   [51],   prostate   [52],   colon   cancer  
[53],  and  lung  cancer  [54].
The   fundamental   prerequisite   for   the   in-­

troduction   of   the   analysis   of   CTCs   in   routine  
clinical  practice  is  the  identification  of  a  simple,  
reproducible,  and  reliable  method  for  their  iso-­
lation  and  enrichment.  CTCs  occur  at  very  low  
concentrations   of   one   tumor   cell   in   the   back-­
ground   of  millions   of   blood   cells.   Their   iden-­
tification   and   characterization   require,   there-­
fore,  extremely  sensitive  and  specific  analytical  

methods,   which   are   usually   a   combination   of  
enrichment   and   detection   procedures   [55].   To  
date,   the   available   techniques   for   CTCs   isola-­
tion  exploit  both  physical  (such  as  size,  density,  
electrical   charges,   and   deformability)   and   bio-­
logical  properties  (such  as  expression  of  surface  
proteins  and  the  ability  of  invasion).  Currently,  
there   is   only   one   technology   approved   by   the  
Food  and  Drug  Administration  (FDA)  for  CTCs  
enrichment   and   enumeration,   the   CellSearch®  
technology   (Veridex,  LLC,  Raritan,  NJ,  USA).  
This   technique   has   been   used   in   various   clini-­
cal   trials   (breast,   prostate,   and   colon   cancers)  
to   establish   in  which   subset   of   patients’  CTCs  
count   above   a   known   threshold  might   be   used  
as  a  prognostic  marker  and  a  predictor  of  patient  
outcome   [56–58].   All   these   trials   have   dem-­
onstrated   that   enumeration   of   CTCs,   above   a  
threshold  of  5  CTCs  per  7.5  ml  of  blood,  before  
and   after   therapy   is   both   prognostic   and   treat-­
ment  predictive.
In  metastatic  castration-­resistant  prostate  can-­

cer  patients,  CTC  number  and  patterns  of  meta-­
static  spread,  along  with  other  measures  of  dis-­

Fig. 4.5    An  overview  of  liquid  biopsy.  DNA  deoxyribonucleic  acid
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ease  burden  including  the  level  of  PSA  and  extent  
of  disease  in  bone,  are  related  [56].  Higher  CTC  
numbers  are  found  in  patients  with  bone  metasta-­
ses  and  in  patients  who  had  progressed  after  cyto-­
toxic  therapy.  Hayes  et  al.  have  analyzed  the  role  
of  CTC  enumeration  in  MBC  in  relation  to  treat-­
ment.  The   enumeration  of  CTCs  was   evaluated  
before   the   initiation  of  a  new  course  of   therapy  
(baseline)   and   at   different   time   points   after   the  
initiation  of  therapy.  The  data  reported  from  this  
study  have  shown  that  patients  with  <  5  CTC  have  
a  longer  progression-­free  survival  (PFS)  with  re-­

Accordingly,  overall  survival  (OS)  is  significant-­

with  patients  with  <  5  CTC.  Thus,   the  detection  
of  elevated  CTCs  at  any   time  during   therapy   is  
an  accurate  indicator  of  subsequent  rapid  disease  
progression  and  mortality  for  MBC  patients.  The  
same   trend   has   been   shown   recently   in   a   large  
multicenter   European   study   [51].   By   using   the  
same  threshold  of  five  CTCs  in  7.5  ml  of  blood  in  
metastatic  colorectal  cancer  patients,  it  has  been  
demonstrated  that  CTC  analysis  before  and  dur-­
ing  treatment  is  an  independent  predictor  of  PFS  
and   OS   also   in   this   cancer   type.   Furthermore,  
CTCs  provide  additional  prognostic  information  
to  imaging  studies  [58].  For  NSCLC  patients,  the  
total  count  of  CTCs  before  chemotherapy  initia-­
tion  is  associated  with  staging  (higher  detectable  
number  of   cells   in   stage   IV  patients),  PFS,   and  
OS  [54].  From  the  same  study,  it  is  clear  that  the  
CTC  enumeration,  even  after  one  chemotherapy  
cycle,  is  associated  with  treatment  response  and,  
therefore,   they   have   also   a   predictive   value.   In  
the  meantime,  the  evaluation  of  ALK  rearrange-­
ments  in  CTCs  has  been  shown  to  be  feasible  and  
reliable  [59],  as  well  as  other  molecular  analysis  
in  CTCs  of  driven  oncogenic  mutations  such  as  
those  in  EGFR,  KRAS,  and  BRAF  genes.

Circulating Tumor DNA

Cell-­free   DNA   (cfDNA)   is   released   from   both  
healthy   and   cancer   cells   but   patients   with   can-­
cer  have  much  higher  levels  of  cfDNA  [60–62],  
also  defined  as  circulating  tumor  DNA  (ctDNA).  

The  levels  of  ctDNA  seems  to  be  related  to  tumor  
size.   During   tumor   growth   cellular   turnover   is  
faster,  thus  the  number  of  apoptotic  and  necrotic  
cells   increase   dramatically   [63].   Under   normal  
physiologic   circumstances,   infiltrating   phago-­
cytes  clears  apoptotic  and  necrotic  remains.  This  
does   not   happen   efficiently   within   the   tumor  
mass,  leading  to  the  accumulation  of  cellular  de-­
bris  and  its  inevitable  release  into  the  circulation  
[64].  Based  on  the  evidence  that  tumor  necrosis  
is  a  frequent  event  in  solid  malignant  cancers,  it  
has  been  demonstrated  that  ctDNA  is  composed  
by  a  wide  spectrum  of  DNA  fragments  with  dif-­
ferent  strand  lengths  because  of  random  and  in-­
complete  digestion  of  genomic  DNA.  Cell  death  
in   normal   tissues   is   mainly   due   to   apoptosis,  
which   results   in   small   and   uniform  DNA   frag-­
ments  of  about  185–200  bp.  Thus,  the  analysis  of  
DNA  integrity  in  plasma  (DIA),  identified  as  the  
ratio   between   longer   fragments   on   the   shortest,  
might  be  a  useful  tool  to  monitor  cancer  patients  
[65].  As  ctDNA  is  directly  spread  from  the  tumor,  
it  is  a  mirror  of  the  molecular  status  of  the  tumor  
itself.  Indeed,  the  exome-­wide  analysis  of  ctDNA  
can  complement  the  current  diagnostic/therapeu-­
tic  diagram  to  identify  mutations  associated  with  
acquired  drug  resistance  in  advanced  cancers  or  
for  treatment  outcome  monitoring  [48].
Currently,  the  evaluation  of  specific  predictive  

biomarkers  is  mandatory  for  proper  treatment  se-­
lections  for  many  tumor  types  (e.g.,  EGFR  mu-­
tational  status   in  NSCLC).  As  explained  above,  
ctDNA  is  released  from  the  tumor  probably  as  a  
consequence  of  necrosis.  Thus,  some  researches  
have   focused   the   attention  on   the   evaluation  of  
DNA   integrity   in   plasma   of   cancer   patients.   In  
this  regard,  Umetani  et  al.  [66]  have  investigated  
ctDNA   integrity   in   serum   by   fragment   length-­
dependent   quantitative   real-­time   polymerase  
chain  reaction  (PCR)  of  ALU  DNA  repeats,  and  
they  found  out  that  this  test  might  be  a  promising  
molecular  biomarker  for  detecting  breast  cancer  
tumor  progression  and  regional  lymph  node  me-­
tastases.
Even   though   this   approach   is   effective,   it   is  

more  interesting  to  analyze  ctDNA  for  molecular  
alterations.  The   interest   in   ctDNA  characteriza-­
tion   has   recently   increased,   largely   because   of  

!..bbaaddaallaammeennttii@@ttiinn..iitt



38 F. Passiglia et al.

the  development  of  digital  genomic  technologies  
that   allow   the  enumeration  of   rare  mutant  vari-­
ants  in  complex  DNA  mixture.  Before  the  intro-­
duction  of   techniques   like  digital  PCR   (dPCR),  
beads-­emulsion-­amplification,   and   magnetics  
(BEAMing),   or   pyrophosphorolysis-­activated  
polymerization   (PAP),   detection   of   ctDNA  was  
inconsistent,   suggesting   that   ctDNA   measure-­
ment   was   inferior   to   that   of   other   biomarkers,  
such  as  CTCs  [64].  These  techniques  show  high  
sensitivity   especially   in   advanced   tumors,   with  
the  mutation  identified  in  the  tumor  tissue  match-­
ing  the  mutation  in  the  ctDNA  fraction.
The   whole   exome   sequencing   of   ctDNA  

through   NGS   provides   relevant   information  
about  the  molecular  status  of  the  tumor.  Recent-­
ly,  Murtaza  et  al.  have  performed  whole  exome  
sequencing  of  plasma  DNA  of  six  patients  with  
advanced   cancers.   Interestingly   in   NSCLC   pa-­
tients,  the  analysis  of  the  EGFR  gene  in  ctDNA  
has  shown  the  occurrence  of  the  resistance  muta-­
tion  T790M  at  progression,  but  not  at  the  time  of  
treatment  initiation.  This  evidence  demonstrates  
that  ctDNA  dynamic  reflects  tumor  modification.  
Nonetheless,   ctDNA   turnover   follows   tumor  
growing   and   thus   it   can   be   used   for   real-­time  
monitoring  of  the  disease  [48].
Recently,   the   study  of  Bettegowda  et   al.   has  

shown  the  effectiveness  of  analyzing  circulating  
DNA  from  a  variety  of  tumors  and  highlights  the  
potential  investigational  and  clinical  applications  
of  this  novel  technology  for  early  detection,  mon-­
itoring   resistance,   and   devising   treatment   plans  
to  overcome  resistance  [67].  This  study  suggests  
that  there  are  some  intrinsic  differences  in  ctDNA  
release  among  different  tumor  types.

been  focused  on  ctDNA  analysis  in  advanced  dis-­
eases,  relatively  few  studies  have  reported  ctDNA  
in  early  stage  cancer.  A  very  fascinating  way  to  
apply  all  these  new  insights  about  ctDNA  is  the  
possibility   of   selecting   breast   cancer   patients  
who  might  benefit  or  not  from  adjuvant  therapy.  
The  recent  study  by  Beaver  et  al.  [68]  represents  
a  significant  step   toward   the   immediate  clinical  
applicability   of   ctDNA   analysis   in   early   breast  
cancer  patients.  PIK3CA  exon  9  and  20  are  mu-­
tated  in  nearly  40  %  of  breast  carcinomas.  Thus,  

it  might  be  a  useful  marker  to  be  detected  both  in  
tissue  and  plasma  samples.  To  this  end,  the  group  
of  Beaver  [68]  has  analyzed  PIK3CA  mutations  
in   early-­stage   breast   cancer   patients   who   have  
undergone  to  surgery.  The  evaluation  of  ctDNA  
before  and  after  surgery  may  be  used  to  identify  
patients   at   risk   for   recurrence   and   thus   guiding  
chemotherapy   decisions   for   individual   patients.  
This  approach  opens  different  scenarios.  If  PIK-­
3CA  mutation   is   still  detectable   in  plasma  after  
surgery,  it  might  indicate  residual  disease.  In  this  
case,   further   adjuvant   therapies  may   be   recom-­
mended.  Another  option  is  that  after  surgery  only  
normal  circulating  DNA  is  present.  This  could  in-­
dicate  that  the  procedure  was  curative  and  further  
adjuvant  treatment  is  not  required  [69].

New Perspectives and Future 
Applications

The  knowledge  of  cancer  has  changed  dramati-­

the  gradual  change  of  cancer  disease  understand-­
ing;;  we  have  moved  from  the  idea  of  a  “chaotic  
disease”   toward   a   disease   that   is   instead   deter-­
mined  by  the  acquisition  of  ordered  and  gradual  
mutations   that   characterize  each  growing  stage.  
The   introduction   of   molecular   biomarkers   in  
clinical  practice  has  changed  the  natural  history  
of  many   tumors   (c-­KIT  and  PDGFRA  in  GIST,  
EGFR  in  lung  cancer,  BRAF  in  melanoma,  and  
KRAS  in  colorectal  cancer).
Today,  we  are  facing  a  new  revolution  mostly  

due   to   the   introduction   of   novel   techniques   for  
molecular   analysis   in   clinical   practice.  NGS  of-­
fers   the   opportunity   to   oncologists   to   read   and  
decipher   the   complex   alterations   that   character-­
ize  cancer  and  to  make  the  treatment  decision  ac-­
cordingly.  Due  to  these  new  opportunities,  we  are  
moving  from  a  “one-­size-­fits-­all”  to  a  “personal-­
ized  medicine”  strategy.  Despite  this,  we  are  prob-­
ably  not  ready  to  manage  all  this  information,  and  
more  researches  will  be  needed  to  clarify  the  role  
and  the  usefulness  of  NGS  in  a  clinical  context.
Liquid  biopsy  and  the  use  of  circulating  bio-­

marker   is   the  newest,  promising,  and  ambitious  
aim   that   the   scientific   community   is   pursuing.  
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The   validation   of   these   new   biomarkers   is   still  
long   and  winding,   but   in   the   last   decades   tech-­
nological   development   of   new   and  more   sensi-­
tive  technique  is  implementing  the  field  quickly.  
CTCs   and   ctDNA   may   become   fundamental  
parameters   in   the   clinical   management   of   can-­
cer  patients.  Furthermore,  recently  an  increasing  
number  of  clinical  trials  design  take  into  account  
these  variables.  Thus,  the  clinical  significance  of  
liquid  biopsy  is  under  investigation,  and  probably  
it  will  be  no  longer  a  simple  utopia,  but  it  will  be  
soon  introduced  in  routine  care.
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In  the  past  three  decades,  oncology  has  achieved  
revolutionary  developments.  A  better  understand-­
ing  of  cancer  biology  and  the  hallmarks  of  human  
cancers   has   allowed   the   development   of   new  
treatment  approaches,   including   the  concepts  of  
oncogenetics   and   target   therapy   [33].   Targeted  
therapy   aims   to   interfere   with   tumor   signaling  
pathway  and   thereby   inhibits   tumor  cell  growth  
or  affects  tumor  angiogenesis,  but  does  not  nec-­
essarily  aim  for   tumor  cell  death;;   this   results   in  
different  radiological  images.  The  effect  of  anti-­
angiogenic  treatments,  in  which  the  blockage  of  
vascular  endothelial  growth  factor  (VEGF)  recep-­
tors  inhibits  the  formation  of  new  blood  vessels  
resulting  in  a  reduced  blood  supply  and  in  tumor  
tissue  necrosis,  results  on  computed  tomography  
(CT)  in  a  reduced  tumor  density  indirectly  related  
to  perfusion  and  cell  density  [17].

The   right   assessment   of   tumor   response   to  
therapy   is   essential   to   state   treatment   success,  
to   identify   complications,   and   to   lead  decision-­
making  for  subsequent   therapy.  For   this  reason,  
the   imaging   methods   have   become   more   and  
more  fundamental  in  each  step  throughout  the  as-­
sessment  of  cancer  patients,   from   the  screening  
and  diagnosis  of  the  disease,  subsequent  therapy,  
evaluation  of  the  response  to  therapy,  to  the  post-­
therapy   follow-­up   of   such   patients.   Therefore,  
many   imaging   techniques   have   been   developed  
for   evaluating   tumor   response   to   therapy,   but  
measuring  tumor  shrinkage  on  CT  is  the  current  
standard  [22].
Various   morphological   approaches   to   assess  

tumor   response   to   antitumor   therapy  have  been  
introduced  since  the  traditional  methods  of  mea-­
suring   tumor   size  were   developed   in   the   1980s  

mid  1990s  to  standardize  and  simplify  response  
criteria  [14,  25,  36].  New  criteria,  known  as  re-­
sponse   evaluation   criteria   in   solid   tumors   (RE-­
CIST),  were   published   in   2000   by   a   task   force  
that   comprised   the   European   Organization   for  
Research   and   Treatment   in   Oncology,   the   Na-­
tional  Cancer  Institute  of  the  United  States,  and  
the  National  Cancer  Institute  of  Canada  [25].
Since   the   publication   of   the   RECIST,   sev-­

eral   reports   have   been   published   regarding   the  
low  reliability  of  RECIST  criteria   in  evaluating  
response   in   different   types   of   tumors   [59].  The  
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on   the  evaluation  of  anatomic   tumor   responses,  
while,  as  we  previously  said,  target  therapies  do  
not  necessarily  cause  marked   tumor  size   reduc-­
tion   and   thus   clinically   meaningful   responses  
may  be  underestimated  because  of  new  targeted  
therapies.
Hence,  RECIST  was  subsequently  revised  and  

in   January   2009   and   a   revised   RECIST   guide-­
line  (version  1.1)  was  published  by  the  RECIST  

the   database   consisting   of  more   than   6,500   pa-­
tients  with  more   than  18,000   target   lesions   [19,  
21].
The  original  RECIST  included  definitions  of  

minimum  size  of  measurable  lesions,  instructions  
on   how  many   lesions   to   follow,   and   the   use   of  
unidimensional  measures  for  the  overall  evalua-­
tion  of  tumor  burden.
Major   imaging-­related   changes   in   RECIST  

1.1  are  a  reduction  in  the  number  of  lesions  to  be  
assessed,   assessment  of   lymph  node   size,   clari-­
fication  of  disease  progression,  and  inclusion  of  
18-­fluoro-­deoxyglucose   (FDG)   positron   emis-­
sion   tomography   (PET)   assessment   exclusively  
in  the  section  on  detection  of  new  lesions.

RECIST 1.1

What to Measure?

At  baseline,  tumor  lesions/lymph  nodes  are  cat-­
egorized  measurable  as  follows:
Tumor  lesions:  They  must  be  accurately  mea-­

sured  in  at  least  one  dimension  (longest  diameter  
in   the   plane  of  measurement   is   to   be   recorded)  
with  a  minimum  size  of  10  mm  by  CT  scan  or  
20  mm  by  chest  X-­ray.
Malignant  lymph  nodes:  They  have  to  be  con-­

sidered  pathologically  enlarged  and  measurable,  
a  lymph  node  must  be  15  mm  in  short  axis  when  
assessed  by  CT  scan.  At  baseline  and  in  follow-­
up,  only  the  short  axis  will  be  measured  and  fol-­
lowed.

Special Considerations Regarding Lesion 
Measurability:
Bone   lesions,   cystic   lesions,   and   lesions   previ-­
ously  treated  with  local  therapy  require  particular  
comment.
Bone  lesions:

lesions,   with   identifiable   soft   tissue   compo-­
nents,  which   can   be   evaluated   by   cross-­sec-­
tional  imaging  techniques,  can  be  considered  
as  measurable   lesions   if   the   soft   tissue  com-­
ponent  meets   the   definition   of  measurability  
described  above.

Cystic  lesions:

metastases   can   be   considered   as  measurable  
lesions,  if  they  meet  the  definition  of  measur-­
ability  described  above.  However,  if  noncystic  
lesions  are  present   in   the  same  patient,   these  
are  preferred  for  selection  as  target  lesions.

Lesions  with  prior  local  treatment:

-­
diated   area,   or   in   an   area   subjected   to   other  
loco-­regional  therapy,  are  usually  not  consid-­
ered  measurable  unless  there  has  been  demon-­
strated  progression  in  the  lesion.

How to Assess Disease Progression?

All  baseline  evaluations  should  be  performed  as  
close  as  possible  to  the  treatment  start  and  never  
more   than  4  weeks  before   the  beginning  of   the  
treatment.
At  baseline,  a  maximum  of  five  lesions  and  up  

to  two  lesions  in  each  organ  are  considered  as  tar-­
get  lesions.  The  sum  of  the  longest  diameters  is  
calculated  (long  axis  for  nonnodal  lesions,  short  
axis  for  nodal  lesions)  for  all  target  lesions.  This  
baseline  value  is  used  as  a  reference  for  assessing  
objective   tumor   response   at   future   time   points.  
All  other   lesions  (or  sites  of  disease),   including  
pathologic   lymph   nodes,   are   identified   as   non-­
target  lesions,  and  their  presence  should  also  be  
recorded  at  baseline.

44
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Because  treatment  response  is  an  indicator  to  
consider  in  further  treatment  decisions  and  a  sur-­
rogate   marker   for   long-­term   survival   in   cancer  
therapy,  response  must  be  assessed  as  accurately  
and  early  as  possible.
The  same  method  of  assessment  and  the  same  

technique   should   be   used   to   characterize   each  
identified  and  reported  lesion  at  baseline  and  dur-­
ing  follow-­up.

Response Criteria
Evaluation of Target Lesions

Complete   response   (CR):   Disappearance   of   all  
target   lesions.   Any   pathological   lymph   nodes  
(whether  target  or  nontarget)  must  have  reduction  
in  short  axis  to  <  10  mm.
Partial  response  (PR):  At  least  a  30  %  decrease  

in  the  sum  of  diameters  of  target  lesions,  taking  
as  reference  the  baseline  sum  diameters.
Progressive  disease  (PD):  At  least  a  20  %  in-­

crease  in  the  sum  of  diameters  of  target  lesions,  
taking   as   reference   the   smallest   sum   on   study  
(this   includes   the   baseline   sum   if   that   is   the  
smallest  on  study).  In  addition  to  the  relative  in-­
crease   of   20  %,   the   sum  must   also   demonstrate  
an  absolute  increase  of  at  least  5  mm.  (Note:  the  
appearance   of   one   or  more   new   lesions   is   also  
considered  progression).
Stable  disease  (SD):  Neither  sufficient  shrink-­

age   to   qualify   for  PR  nor   sufficient   increase   to  
qualify   for  PD,   taking  as   reference   the  smallest  
sumdiameterswhile  on  study

Evaluation of Nontarget Lesions
Complete   response   (CR):   Disappearance   of   all  
nontarget   lesions   and   normalization   of   tumor  
marker  level.  All  lymph  nodes  must  be  nonpatho-­
logical  in  size  (<  10  mm  short  axis).
Non-­CR/non-­PD:  Persistence  of  one  or  more  

nontarget  lesion(s)  and/or  maintenance  of  tumor  
marker  level  above  the  normal  limits.
Progressive   disease   (PD):   Unequivocal   pro-­

gression  of  existing  nontarget  lesions.  (Note:  the  
appearance   of   one   or  more   new   lesions   is   also  
considered  progression).

When to Asses Disease?

Frequency  of  tumor  re-­evaluation  while  on  treat-­
ment  should  be  protocol  specific  and  adapted  to  
the   type   and   schedule   of   treatment.   However,  
follow-­up   every   6–8   weeks   (timed   to   coincide  
with  the  end  of  a  cycle)  is  reasonable.  Smaller  or  
greater   time   intervals   than   these  could  be   justi-­
fied  in  specific  regimens  or  circumstances.

Imaging Considerations

RECIST  1.1  recommended  maintaining  standard  
image   acquisition   parameters   to   allow   optimal  
comparison  between  studies.  This  guideline  has  
defined   measurability   of   lesions   on   CT   scan  
based  on  the  assumption  that  CT  slice  thickness  

-­
ness  greater  than  5  mm,  the  minimum  size  for  a  
measurable  lesion  should  be  twice  the  slice  thick-­
ness.

partial   volume   averaging   is   complex,   lesions  
smaller  than  10  mm  may  be  difficult  to  measure  

applicable  to  baseline  scans,  as  lesions  potential-­
ly  decrease  in  size  at  follow-­up  CT  studies,  they  
should  still  be  measured.
Lesions  which   are   reported   as   “too   small   to  

measure”  should  be  assigned  a  default  measure-­
ment  of  5  mm  if  they  are  still  visible.
CT  of  the  chest,  abdomen,  and  pelvis  should  

be  performed  contiguously  throughout  the  entire  
anatomic  region  of  interest.
The  most  critical  CT  image  acquisition  param-­

eters  for  optimal  tumor  evaluation  using  RECIST  
are   anatomic   coverage,   contrast   administration,  
slice   thickness,   and   reconstruction   interval.   For  
the  detection  of  possible  new  lesions,  follow-­up  
studies  should  cover  all  areas  in  which  metastatic  
spread  of  the  primary  tumor  in  question  is  known  
to  occur.  Optimal  visualization  and  measurement  
of  metastases   in  solid   tumors   require  consistent  
administration  (dose  and  rate)  of   IV  contrast  as  
well  as  timing  of  scanning.
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Positron Emission Tomography 
Response Criteria in Solid Tumors 
(PERCIST)

Limits of RECIST 1.1 in Target Therapies 
and Modern Criteria

Target  therapies  are  drugs  that  block  the  growth  
and  spread  of  cancer  by  interfering  with  specific  
molecules   involved   in   carcinogenesis   or   affect  
tumor  angiogenesis  [11,  17,  23].  In  the  past  few  
years,   targeted   agents   that   disrupt   angiogenesis  
have  been   introduced   for   the   treatment   of   vari-­
ous   tumors.   Approved   agents   include   receptor  
tyrosine  kinase  inhibitors  (TKIs),  anti-­VEGF  an-­
tibodies,  and  mammalian  target  of  rapamycin  in-­
hibitors.  Collectively,  these  agents  have  allowed  
for  a  substantial  improvement  in  the  treatment  of  
these  tumors  in  terms  of  survival.
Accurate   and   practical   methods   of   response  

assessment  are  critical  for  the  optimal  use  of  tar-­
geted  therapies  in  clinical  practice.  Available  evi-­
dence  shows  that  functional  imaging  techniques  
are  promising  surrogate  biomarkers  of  response  
of   the   targeted  tumors  and  may  be  more  appro-­
priate  than  anatomic-­based  methods  such  as  RE-­
CIST  [20].
As   previously   stated,   target   therapies   have  

different   ways   of   action:   some   agents   can   in-­
duce  apoptosis,  some  stop  progression,  and  oth-­
ers  block  angiogenesis   [11,  17,  23].  Because  of  
differences   in   the  mechanism  of   action,   tumors  
treated  with  targeted  therapies  do  not  necessarily  
demonstrate   the   same   radiographic   findings   as  
tumors  treated  with  standard  cytotoxic  therapies.  

As  a   result,   tumor   response   to   therapy  may  not  
be  observed  at  the  same  magnitude  or  speed  on  
radiographic  images  as  it  used  to  be  through  tra-­
ditional  size-­based  criteria.  Hence,  conventional  
anatomy-­based   imaging  methods   for   the   evalu-­
ation   of   patient   response   to   therapy   have   been  
found  unsatisfactory  because  they  can  lead  to  the  
miscategorization  for  tumors  like  gastrointestinal  
stromal  tumor  (GIST),  hepatocellular  carcinoma  
(HCC),  or  melanoma  when  treated  with  targeted  
therapies  [3,  41,  43,  44,  49,  54].
Other   modern   criteria   proposed   and   recom-­

mended   by   professional   associations   for   the  
follow-­up   of   special   tumors   are   summarized   in  
Table  5.1  [2,  10,  18,  20,  29,  37,  38,  45,  47].

Imaging Modalities

Though  CT  is  the  current  standard  in  the  measure-­
ment  of  tumor  shrinkage,  other  imaging  modali-­
ties  have  also  been  involved  in  the  newly  devel-­
oped  response  criteria  to  evaluate  tumor  response  
to  targeted  therapy.  Continuous  assessment  with  
noninvasive   imaging   modalities   such   as   ultra-­
sound  (US),  magnetic  resonance  imaging  (MRI),  
and  PET  provides  data  about   the  characteristics  
of  the  tumor  concerning  its  vascularity,  vascular  
permeability,  blood  flow,  blood  volume,  hypoxia,  
metabolic  activity,  and  cell  turnover  [63].
US  and,  in  particular,  its  recent  development,  

contrast-­enhanced   US   (CEUS)   using   targeted  
microbubble   contrast   agents,   identify   necrotic  
and  viable  areas  of  tumors  and  improve  the  diag-­
nostic   accuracy   [5].  Considering   the   evaluation  

Table 5.1    Major  proposed  criteria  for  the  evaluation  of  tumor  response  to  targeted  therapy
Tumor Therapy Criteria
Gastrointestinal  stromal  tumors Imatinib Choi  criteria  [37,  10,  47]
Hepatocellular  carcinoma Sorafenib mRECIST,  EASL  criteria  [29,  18]
Malignant  melanoma Ipilimumab IrRC  [2]
High-­grade  malignant  glioma All RANO  [38]
Esophageal  cancer,  intestinal  tumors,  lymphomas,  
nonsmall  cell  lung  cancer  and  melanomas

Depending  on  tumor PERCIST  [20]

mRECIST  modified  response  evaluation  criteria  in  solid  tumors,  EASL  European  Association  for  the  Study  of  the  Liver,  
IrRC  immune-­related  response  criteria,  RANO  Response  Assessment  in  Neuro-­Oncology,  PERCIST  Positron  Emission  
Tomography  Response  Criteria  in  Solid  Tumors
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of  response   to   targeted  therapy,  dynamic  CEUS  
may  help  in  the  assessment  of  changes  in  tumor  
perfusion  and  in  the  demonstration  of  therapeutic  
resistance  to  antiangiogenic  treatment.
CEUS  seems  to  be  helpful  in  the  characteriza-­

tion  of  lesions  in  the  spleen,  prostate,  breast,  sen-­
tinel  lymph  nodes  in  breast  cancer,  and  pancreas.  
However,  the  role  of  CEUS  in  these  organs  has  to  
be  ruled  out  in  future  studies.
MRI   is   used   in   cancer   detection,   staging,  

therapy   response   monitoring,   biopsy   guidance,  
and   minimally   invasive   therapy   guidance   [53,  
62,  68].  MRI  has  no  limitation  for  tissue  penetra-­
tion,  does  not  use   ionizing  radiation,  and  offers  
higher  resolution  and  soft  tissue  contrast.  These  
advantages  make  MRI  highly  desirable   for  mo-­
lecular  imaging.  MRI  techniques  that  are  used  to  
image  cancer  are  based  on   relaxivity-­based   im-­
aging  with   and  without   contrast   agents   such   as  

endogenous  or  exogenous  spectroscopic  imaging  
determining   the   concentration  of   some  metabo-­
lites,  magnetic  resonance  elastography  and  blood  
oxygen   level   determination   (BOLD)   imaging,  
which  has  been  examined  as  a  potential  means  to  
indirectly  evaluate  changes  in  tumor  oxygenation  
in  vivo  [68 -­
fusion  of  water  molecules  (Brownian  movement)  
providing   endogenous   image   contrast   from  dif-­
ferences   in   the   motion   of   water   molecules   be-­
tween   tissues   without   the   need   for   exogenous  
contrast  agents.  Hence,  it  is  considered  a  promis-­
ing  technique  for  the  identification  of  tumors  and  
metastases  [53,  62
in   the   liver  proved   to  be  able   to  see  changes   in  
hepatic  metastases   from  neuroendocrine   tumors  
after  transarterial  chemoembolization  [30].
PET  is  a  nuclear  medicine  imaging  technique  

that  detects  gamma  rays  emitted  indirectly  by  a  
“tracer”   or   positron-­emitting   radionuclide,   such  
as   [18F]-­fluoro-­2-­deoxy-­D-­glucose,   [C15O]-­
carbon  monoxide,   and   [18F]-­   3’-­deoxy-­3’-­fluo-­
rothymidine   [66].  Depending   on   the   tracer   that  
is   used,   images   of   a   particular   functional   pro-­
cess   of   the   tumor   (e.g.,   vascularity,   perfusion,  
hypoxia,   and   cell   turnover)   can   be   constructed  
[63].  Combining  PET  with  CT,   it   is  possible   to  
a  have  a  top-­down  perspective  about  anatomical  

and  biological  tumor  information:  PET/CT  takes  
advantage  of  the  sensitivity  and  functionality  of  
PET   imaging   and   the   high   spatial   resolution  of  
CT  imaging  [52].
One  step  further  in  multimodality  imaging  has  

been  introduced  combining  PET  and  MR.  PET/
MRI   and   the   resulting   combination   of  molecu-­
lar,   morphological,   and   functional   information  
will  pave   the  way  for  a  better  understanding  of  
physiological   and   disease   mechanisms   [32].  
Moreover,  combined  PET/MR  studies  may  pro-­
vide   important  biomarkers   to  predict  and  moni-­
tor  targeted  treatment  response  and  to  document  
pharmacodynamic   response.   As   for   example,  
dynamic  contrast-­enhanced  MR  imaging  allows  
the  assessment  of   tumor  vascularity  and  detects  
changes   associated   with   angiogenesis-­targeted  
therapy.  However,  when  only  dynamic  contrast-­
enhanced  MR  imaging  is  used,  the  true  antitumor  
effects  of  these  agents  cannot  be  completely  un-­
derstood,   and   combining   PET   parameters   (e.g.,  
estimates  of  tumor  glucose  metabolism,  cellular  
proliferation,  and  amino-­acid  transport)  and  MR  
imaging  methods  may  provide  a  better  approach  
to   this   investigation   [48].   Combined   PET/MR  
measurements  might  help  quantify  precisely  how  
tumor  vascular  properties  (assessed  by  functional  
MR   methods),   proliferation,   and   antitumor   ef-­
fects  (assessed  with  PET)  occur  and  interact  [32,  
48].

Tumor Response Criteria in Targeted 
Cancer Therapies

GIST

GISTs   are   the   most   common  mesenchymal   tu-­
mors  of   the  gastrointestinal   tract  arising   from  a  
precursor  of  the  interstitial  cells  of  Cajal  [28,  51,  
58].  These  latter  express  the  c-­kit  receptor  tyrosin  
kinase.  Discovery  of  activating  mutations  of  the  
KIT  and  platelet-­derived  growth  factor   receptor  
(PDGFR)-­a   genes   with   subsequent   therapeutic  
development  of  receptor  TKIs  has  revolutionized  
the  treatment  of  patients  with  GIST  [31,  64].  In  
the  past  decade,   survival  of  patients  with  GIST  
has  improved  with  use  of  TKIs  such  as  imatinib  
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[6]   (Gleevec,   Novartis,   East   Hanover,   NJ)   in  
first-­line  setting  and  sunitinib  [39]  (Sutent;;  Pfiz-­
er,  New  York,  NY)  in  secondline  setting.  Rego-­
rafenib   (Stivarga;;   Bayer,   Berlin,   Germany),   an  
inhibitor   of   multiple   cancer-­associated   kinases  
including   KIT   and   PDGFR,   has   recently   been  
approved  by  US  Food  and  Drug  Administration  
(FDA)  in  the  USA  as  a  third-­line  agent  for  TKI-­
resistant  GIST  based  on  data  from  phase  II  and  
III  trials  [1,  40].
In  initial  tumor  response  to  imatinib  in  patients  

with   malignant   GISTs,   dramatic   changes   were  
noted   in   tumor  attenuation  values,   in   the  extent  
of  enhancing  intratumoral  nodules,  and  in  the  ex-­
tent  of  tumor  vessels  [10,  37,  47].  In  some  cases,  
size   can   actually   increase   secondary   to   internal  
hemorrhage,   necrosis,   or   myxoid   degeneration  
[10,  37,  47].  RECIST  underestimated   the  effect  
of  imatinib  on  metastatic  GISTs  especially  at  this  
early  stage  of   treatment  and  was  a  poor  predic-­
tor  of  clinical  benefit  [22].  The  tumor  response  to  
treatment  traditionally  has  been  evaluated  solely  
on  the  basis  of  tumor  size,  whereas  Choi  criteria  
employ  both  size  and  another  quantitative  param-­
eter,  tumor  density.  Choi  response  criteria,  incor-­
porating  tumor  density  and  using  small  changes  
in  tumor  size  on  CT,  proved  to  be  more  sensitive  
and  more  precise  than  RECIST  in  assessing  the  
response  of  GISTs  [10,  37,  47].
According   to   the  Choi  criteria,  a  decrease   in  

tumor   size   of  more   than   10  %   or   a   decrease   in  
tumor  attenuation  of  more  than  15  %  on  CT  cor-­
relates  well  with   good   response   by   18F-­fluoro-­
deoxyglucose   (FDG)   PET   and   shows   excellent  
prognostic   value   [10,   47].   The   Choi   response  
criteria  for  GIST  proposed  that  tumor  attenuation  
could  provide  an  additional  measure  of  response  
to   imatinib   therapy.   The   response   can   be   seen  
very  early  during  treatment  (Fig.  5.1).

However,   in   a   recent   work   Shinagare   et   al.  
[16]  demonstrated  that  the  currently  used  system,  
RECIST  1.1,  is  well  suited  for  response  evalua-­
tion   in  patients  with  GIST  after   failure  of  prior  

RECIST  are  also  effective.  Choi  criteria  are   far  
more  sensitive  in  calling  PR,  and  the  time  to  best  
response  was  also  shortest  for  Choi  criteria.
Essentially,   this   confirms   prior   data   that   the  

Choi  criteria  serve  to  reclassify  stable  disease  as  
“responders.”  The  authors   conclude   stating   that  
RECIST  is  at  present  well  suited  as  the  primary  
criteria   for   response  evaluation   in  clinical   trials  
of  GIST.  Choi  criteria,  given  its  high  sensitivity,  
may  be  used  as  an  adjunct  or  as  a  system  to  de-­
tect   early  proof  of   biological   activity,   but   these  
criteria  do  not  appear  to  be  ideally  suited  as  a  pri-­
mary  tumor  response  criteria  for  definitive  trials  
of  clinical  benefit.
PET  has  been  found  to  be  highly  sensitive  in  

detecting  early  response  and  to  be  useful  in  pre-­
dicting  long-­term  response  to  imatinib  in  patients  
with   metastatic   GIST   [10].   There   is   good   cor-­
relation  between  the  responses  based  on  overall  
tumor   burden,   CT   attenuation,   and   maximum  
SUV  (SUVmax)  at  FDG  PET.  However,  as  previ-­
ously  said,  the  availability  of  PET  is  still  limited.

Hepatocellular Carcinoma
Hepatocellular   carcinoma   (HCC)   is   recognized  
as  one  of  the  most  chemo-­resistant  tumor  types,  
and   until   2007   no   systemic   drug   was   recom-­
mended   for   patients   with   advanced   tumors,   an  
unparalleled  situation  in  oncology  [27].  In  2007,  
FDA   approved   the   use   of   sorafenib,   an   oral  
multi-­TKI,  which  was   the   first   and   remains   the  
only  drug  that  has  demonstrated  survival  benefits  
in  patients  with  advanced  HCC  [34].
Therapy   with   sorafenib   is   indicated   for   pa-­

tients  with  well-­preserved  liver  function  (Child-­
Pugh  A  class)  and  with  advanced  tumors  or  those  
tumors  progressing  upon  loco-­regional  therapies.  
However,  there  are  no  clinical  or  molecular  bio-­
markers  available  to  identify  the  best  responders  
to  sorafenib  [4].
Targeted  therapies  in  HCC  cause  tumor  necro-­

sis.  Viable  tumor  formation  needs  to  be  assessed  
using  CT  or  MRI  studies  and  viable  tumor  should  

Fig. 5.1    Axial  Multislice  Computed  Tomography  images  
of   a  metastatic  GIST   patient   before   treatment   (a),   after  
3  months  (b),  and  after  6  months  (c).  It  clearly  depicts  a  
stable  disease  with  diameters  unchanged  although  there  is  
a  reduction  of  the  lesion’s  density
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be  defined  as  uptake  of  contrast  agent  in  the  arte-­
rial  phase  of  dynamic  imaging  studies  [57].
Growing   evidence   has   suggested   that   RE-­

CIST  may  not  be  the  best  criteria  for  monitoring  
treatment   response   in  HCC.  Hence,   the  Ameri-­
can  Association  for  the  Study  of  Liver  Diseases  
(AASLD)  and  the  European  Association  for  the  
Study   of   the   Liver   (EASL)   have   proposed   the  
development  of  superior  methods,  modified  RE-­
CIST   (mRECIST)   and   EASL   criteria,   respec-­
tively,  to  assess  response  to  therapy  in  HCC  [18,  
29,   35,   42].   Both   systems   focus   on   changes   in  
the   viable   tumor   burden,   which   is   ascertained  
using   dynamic   imaging   techniques   to   identify  
the  contrast-­enhanced  areas.  EASL  and  AASLD  

criterion  in  which  the  evaluation  of  the  treatment  
response  accounted  for   the   induction  of   intratu-­
moral   necrotic   areas   in   estimating   the   decrease  
in  tumor  load,  and  not  just  a  reduction  in  overall  
tumor  size.
Table  5.2  summarizes  the  main  differences  in  

tumor  response  according  to  RECIST  1.1,  mRE-­
CIST,  and  EASL  criteria.

mRECIST and HCC
mRECIST  emphasize  the  optimization  of  image  
acquisition  protocols  and  consistency  in  the  use  
of   the   same  protocol   throughout   follow-­up.  Pa-­
tients   can   be   followed   up   with   either   contrast-­
enhanced   spiral   CT   or   contrast-­enhanced  MRI.  
The   liver   must   be   imaged   using   a   dual-­phase  
protocol  with   either  modality.  Delayed   equilib-­
rium  phase   imaging  may  be  useful,   though  it   is  
not  mandatory.  The  viable  tumor  should  be  mea-­
sured  during  the  arterial  phase.  To  be  selected  as  
a  target  lesion,  the  lesion  should  be  classified  as  a  
measurable  lesion  according  to  RECIST  criteria,  
suitable  for  repeat  measurement  and  showing  en-­
hancement  during   the  arterial  phase.   Ill-­defined  
infiltrative-­type  HCC  and  malignant  portal  vein  
thrombosis  are  considered  non  target  lesions.
The   presence   of   a   new   lesion   is   considered  

to   represent   disease   progression:   a   new   lesion  
must   have   a   maximum   diameter   of   over   1   cm  
and  show  the  typical  vascular  pattern  of  HCC  at  
dynamic  imaging.  Otherwise,  new  lesions  should  
be  considered  equivocal  and  monitored  for  inter-­
val  growth  at  subsequent  scans.

Table 5.2     Assessment   of   response   to   therapy   in   advanced  HCC  according   to  RECIST  1.1,  mRECIST,   and  EASL  
criteria

RECIST  1.1 mRECIST EASL
CR Disappearance  of  all  target  lesion  (up  to  2  

measurable  liver  lesions)
Disappearance  of  any  intra-­
tumoral  arterial  enhancement  
in  all  target  lesions  (up  to  2  
measurable  liver  lesions)

Disappearance  of  any  intra-­
tumoral  arterial  enhance-­
ment  in  all  measurable  
arterially-­enhancing  liver  
lesions

PR >  30  %  decrease  in  the  sum  of  diameters  of  
target  lesions

>  30  %  decrease  in  the  sum  of  
longest  diameters  of  “viable”  
target  lesion  (arterial  phase  
enhancement)

>  50  %  decrease  in  the  sum  
of  the  product  of  bidimen-­
sional  diameters  of  “viable”  
target  lesions

PD >  20  %  increase  in  the  sum  of  diameters  of  
target  lesions.  In  addition,  the  sum  must  also  
demonstrate  an  absolute  increase  of  at  least  
5  mm

>  20  %  increase  in  the  sum  of  
longest  diameters  of  “viable”  
target  lesion  (arterial  phase  
enhancement)

>  25  %  increase  in  the  sum  
of  the  diameters  of  “viable”  
target  lesions

SD Neither  sufficient  shrinkage  to  qualify  for  PR  
nor  sufficient  increase  to  qualify  for  PD

Neither  sufficient  shrinkage  to  
qualify  for  PR  nor  sufficient  
increase  to  qualify  for  PD

Neither  sufficient  shrinkage  
to  qualify  for  PR  nor  suf-­
ficient  increase  to  qualify  
for  PD

CR  complete  response,  PR  partial  response,  PD  progressive  disease,  SD  stable  disease
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EASL Criteria and HCC

based  on  the  extent  of  measurable  disease  and  the  
presence  of  arterial  phase  on  CT,  EASL  criteria  
measure  both  tumor  necrosis  and  viable  tumor  in  
order  to  determine  extent  of  response.
The  use  of  EASL  criteria   has   been   accepted  

in   the   assessment   of   therapy   response   in   HCC  
particularly   following   the   use   of   locoregional  
therapy,   though   a   guideline   for  measurement   is  
not  currently  available.  Local  tumor  response  is  
measured  as  regression  of  treated  lesions.
The  EASL  criteria  are  applied  for  each  target  

lesion  as  follows:

that  appears  necrotic

to  the  baseline  diameter
New  lesion  appearance  in  a  previously  untreated  
area  and  extrahepatic  disease  is  considered  PD.

Malignant Melanoma

Although  the   incidence  of  malignant  melanoma  
is  increasing,  most  cases  are  diagnosed  at  an  early  
stage  and  curable   through  surgical  excision.  On  
the  other  hand,  the  management  of  patients  with  
disseminated  malignant  melanoma  is  still  a  diffi-­
cult  problem:  immunotherapy  with  high-­dose  in-­
terleukin-­2,  ipilimumab  (a  monoclonal  antibody  
targeting   CTLA-­4),   and   monoclonal   antibodies  
targeting   the  programmed  death  1  protein  or   its  
ligand   PD-­L1   can   induce   durable   responses   or  
stabilization  of  disease  in  a  significant  proportion  
of  patients  [61].
The   patterns   of   response   to   treatment   with  

these   immunotherapy   drugs   are   different   from  
other  targeted  agents,  and  it  is  mandatory  to  un-­
derstand   these   different   patterns   of   response   in  
order  to  appropriately  evaluate  the  effectiveness  
of  this  class  of  agents:  [2]

-­
ease  (progression  of  known  lesions  or  appear-­
ance  of  new  lesions)  before  disease  stabilizes  
or   tumor   regresses.  During   antibody   therapy  

with  ipilimumab,  a  pseudoprogression  with  an  
increase  in  the  size  of  the  visible  tumor  occurs  
in  some  patients  due  to  a  pronounced  immu-­
nological  reaction  and  the  size  only  begins  to  
decrease  after  a  period  of  up  to  16  weeks  after  
the  start  of  treatment.

objective   response   can   have   prolonged   peri-­
ods  of  stable  disease  that  are  clinically  signifi-­
cant.

Immune-­related   response   criteria   (irRC)   were  
proposed   in   2009   by   a   collaborative   group   of  
oncologists,   immunotherapists,   and   regulatory  
experts  [2].  For  the  irRC,  only  index  and  measur-­
able  new  lesions  are  taken  into  account.
At  the  baseline  tumor  assessment,  the  sum  of  

the  products  of  the  two  largest  perpendicular  di-­
ameters  (SPD)  of  all  index  lesions  is  calculated.  
At  each  subsequent   tumor  assessment,   the  SPD  
of   the   index   lesions  and  of  new,  measurable   le-­
sions   are   added   together   to   provide   the   total  
tumor  burden:
Tumor  burden  =  SPDindex  lesions  +  SPDnew  mea-­

surable  lesions
The  definitions  of  the  irRC  and  guidelines  on  

how  they  can  be  used  in  clinical  practice  are  de-­
tailed  below:
Immune-­related   CR:   Complete   resolution   of  
all   measureable   and   nonmeasurable   lesions,  
with   no   new   lesions.  After   at   least   4  weeks,  
the  CR  must  be  confirmed.
Immune-­related   PR:   >  50  %   decrease   in   the  
total  tumor  burden.  After  at  least  4  weeks  the  
PR  must  be  confirmed.
Immune-­related  PD:>  25  %  increase  in  tumor  
burden.  After  at  least  4  weeks  the  PD  must  be  
confirmed.
Immune-­related  SD:  None  of  the  above  men-­
tioned.

Immune-­related  altered  patterns  of  response  seen  
with  ipilimumab  are  shown  in  Table  5.3.
The  core  novelty  of  the  irRC  is  the  incorpora-­

tion  of  measurable  new  lesions  into  “total  tumor  
burden”  and  comparison  of  this  variable  to  base-­
line  measurement.
The  use  of  these  irRC  is  important  because  the  

application   of   RECIST   in   patients   treated   with  
ipilimumab  may   lead   to  premature  discontinua-­
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tion  of  treatment  in  a  patient  who  will  eventually  
respond   to   treatment  or  have  prolonged  disease  
stabilization.

High-Grade Malignant Glioma

Glioblastoma  is  the  most  common  primary  brain  
tumor   in   the   United   States   [15].   Median   over-­
all   survival   for   patients   with   newly   diagnosed  
glioblastoma  ranges  from  12  to18  months  when  
treated  with  the  current  standard  of  care  [46,  55].  
The  poor  prognosis  underscores  the  need  for  the  
development  and  characterization  of  new  thera-­
peutic   regimens   and   the   need   for   appropriate  
treatment  response  therapy  [65].  Since  1990,  the  
primary  criteria  used  to  assess  response  to  thera-­
py   in  high-­grade  gliomas  were   those  developed  
by  Macdonald  et  al.  [8].These  criteria  were  based  
on  two-­dimensional  tumor  measurements  on  CT  
or  MRI,  in  conjunction  with  clinical  assessment  
and  corticosteroid  dose.  Improvements  in  imag-­
ing   technology   and   therapy   have   prompted   the  
need  to  change  the  response  assessment.
In   particular,   one   of   the   challenges   for   re-­

sponse  criteria  is  related  to  the  use  of  antiangio-­
genic   agents,   especially   those   targeting   VEGF,  
such   as   bevacizumab,   and   the   VEGF   receptor,  
cediranib.   These   agents   produce   high   radio-­
graphic   response   rates,   as   defined   by   a   rapid  
decrease   in   contrast   enhancement   on   CT/MRI  
that  occurs  within  days  of  initiation  of  treatment.  
This  phenomenon,  known  as  pseudoresponse,  is  
partly  a  result  of  reduced  vascular  permeability  to  
contrast  agents  rather  than  a  true  antitumor  effect  
and   can  mislead   to   a   false   positive   high   radio-­
logical   response   rate   [9,   38].  Moreover,   a   sub-­
set  of  patients  treated  with  these  agents  develop  
tumor  recurrence  characterized  by  an  increase  in  
the   nonenhancing   component   on   T2-­weighted/
FLAIR  sequences.

For  these  reasons,  in  2010,  the  Response  As-­

Group  published  updated  criteria   to   standardize  
response   assessment   and   incorporated   relevant  
clinical   and   treatment   information   [38]:   the   in-­
clusion   of   contrast   enhancement   changes   and  
fluid-­attenuated   inversion   recovery   (FLAIR)/T2  
hyperintensity   into   the  RANO  criteria   increases  
the  sensitivity  in  the  detection  of  high-­grade  glio-­
mas  true  progression.
According  to  RANO,  MRI  is  the  only  modal-­

ity   that   should   be   used   to   assess   response   and  
progression   of   high-­grade   malignant   glioma.  
The   sequences   required   are  precontrast  T1,  T2/
FLAIR,  and  postcontrast  T1,  with   two  orthogo-­
nal   planes   (or   a   volume   acquisition);;   however,  

Measurable  disease  is  defined  as  bidimensionally  
contrast   enhancing   lesions  with   clearly   defined  
margins   by  CT  or  MRI   scan,  with   two  perpen-­
dicular   diameters   of   at   least   10  mm,   visible   on  
two   or  more   axial   slices   that   are   preferably,   at  
most,  5  mm  apart  with  0-­mm  skip.  In  the  event  of  
interslice  gaps,   this  also  needs   to  be  considered  
in  determining  the  size  of  measurable  lesions  at  
baseline.   Moreover,   measurable   lesions   do   not  
include  cavity,  cyst,  or  necrosis  in  the  measure-­
ment.  Among  measurable   lesions,   the   selection  
of   target   lesions  considers   five   lesions  at  maxi-­
mum,  the  largest  ones  and  the  most  suitable  for  
reproducible  measurements.
At  follow  up,  along  with  the  measurement  of  

previously  defined  target  lesions,  the  radiologist  
should   qualitatively   assess   nontarget   lesions,  
both  nonenhancing  ones  and  those  seen  only  on  
T2/FLAIR,  and  search  for  new  lesions.  Thereaf-­
ter,  oncologist  has  to  combine  lesion  assessments  
with  neurological  and  steroid  dose  information  to  
yield  an  overall  timepoint  response,  as  defined  in  
Table  5.4.

Table 5.3     Patterns  of  tumor  response  to  ipilimumab  according  to  irRC
Patterns  of  tumor  response  to  ipilimumab
Type  A Reduction  in  size  of  baseline  lesions  with  no  new  lesions
Type  B Stable  disease  with  no  significant  change  in  the  size  of  the  baseline  lesions  that  may  or  may  not  be  fol-­

lowed  by  a  slow,  steady  decline  in  tumor  size
Type  C Initial  increase  in  tumor  burden  followed  by  response
Type  D Reduction  in  total  tumor  burden  in  spite  of  the  appearance  of  new  lesions

!..bbaaddaallaammeennttii@@ttiinn..iitt



52 G. Lo. Re et al.

PERCIST

Due  to  the  increasing  limits  of  RECIST  related  to  
the  fact  that  they  just  allow  a  morphologic  assess-­
ment,  RECIST  has  been  modified   to   take   func-­
tional  biological   information  into  consideration.  
FDG-­PET   can   provide   additional   anatomical  
information   in   combination  with  CT   scan.  This  
method  is  also  used  for  the  follow-­up  of  esopha-­
geal   cancer,   intestinal   tumors,   lymphomas,   and  
melanomas.  The   so-­called   PERCIST  were   pro-­
posed  particularly  in  newer  molecular  treatments  
during  response  evaluation  [20].  However,  due  to  
the  limited  availability  of  PET  and  to  economic  
reasons,   these  criteria  have  not  yet  been  further  
developed.
Because   many   newer   cancer   therapies   may  

be   more   cytostatic   than   cytocidal,   good   tumor  
response  may  be  associated  predominantly  with  
a  decrease  in  metabolism,  without  a  major  reduc-­
tion  in  tumor  size  [59].  Therefore,  metabolic  re-­
sponse  as  a  leading  indicator  of  tumor  response  
may   be   even   more   predictive   of   outcome   than  
morphologic  criteria  [59].

18F-­FDG   PET   shows   increased   glucose   up-­
take   in   metabolically   active   cells   (and   thus   in  
a  metabolically  active   tissue)   and   is  most   com-­
monly   used   to   measure   glucose  metabolism   or  
tumor  growth  in  oncology  [22].  The  standardized  
uptake  value  (SUV)  represents  a  quantitative  as-­
sessment  of  uptake  in  a  tumor  region  of  interest.  
The  SUV  can  also  represent  a  quantitative  assess-­
ment  of  uptake  in  a  tumor  and  is  based  on  a  ratio  
between  tracer  uptake  within  a  tumor  and  homo-­
geneous  distribution  of   tracer  within   the  patient  
body  [22].

20]  proposed  guidelines  
for   the   standardization   of   response   criteria   for  
FDG   PET,   the   so-­called   PERCIST.   PERCIST  
recommended  using  SUL  (lean  body  mass–nor-­
malized   SUV   [SUVlbm])   owing   to   its   reduced  
dependence   on   patient   weight   compared   with  
standard  body  weight-­normalized  SUV  (SUVbw).  
In  PERCIST,  response  to  therapy  is  evaluated  as  
a  continuous  variable  and  expressed  as  a  percent-­
age  change  in  SUL  peak  for   the  most  active  le-­
sion  at  each  time  point  between  the  pre-­  and  post-­
treatment  PET/CT  studies,  as  shown  in  Table  5.5.
PERCIST  have  been  integrated  into  RECIST  

1.1.

Table 5.4     RANO  criteria  for  response  assessment  incorporating  MRI  and  clinical  factors
CR Complete  disappearance  of  all  enhancing  measurable  and  nonmeasurable  disease

CR  must  be  confirmed  after  at  least  4  weeks.  If  not  confirmed,  is  SD
No  new  lesions
Stable  or  improved  nonenhancing  (T2/FLAIR)  lesions
Patients  must  be  off  corticosteroids  and  stable  or  improved  clinically

PR
PR  must  be  confirmed  after  at  least  4  weeks.  If  not  confirmed,  is  SD
No  progression  of  nonmeasurable  disease
No  new  lesions
Stable  or  improved  nonenhancing  (T2/FLAIR)  lesions  on  same  or  lower  dose  of  corticosteroids
Patient  is  stable  or  improved  clinically

PD
Significant  increase  in  T2/FLAIR  nonenhancing  lesion  on  stable  or  increasing  doses  of  corticosteroids,  
not  caused  by  comorbidities
Clear  progression  of  nonmeasurable  disease
Any  new  lesion
Clear  clinical  deterioration  attributable  to  the  tumor
Failure  to  return  for  evaluation  as  a  result  of  death  or  deteriorating  condition

SD None  of  the  above
SPD   sum  of   the  product   of   the  diameters,  CR   complete   remission,  SD   stable   disease,  PD   progressive  disease,  RD  
relapsed  disease
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In  recent  years,  a  variety  of  literature  has  re-­
ported   that   18F-­FDG   PET   and   18F-­FLT   PET  
could   predict   the   benefits   of   TKIs   in   NSCLC  
patients   [12,   13,   26,   50,   56,   69].   Several   stud-­
ies  also  suggest  that  measuring  SUVs  before  and  
after  treatment  is  related  to  a  prognostic  value  in  
patients  with  NSCLC.   18F-­FDG  PET   has   been  
shown  to  help  predict  response  early  during  the  
course  of  molecular-­targeted  agent  therapy  such  
as  EGFR-­TKIs   including  erlotinib  and  gefitinib  
[69].
Moreover,  there  is  a  growing  body  of  evidence  

suggesting  that  PET  is  becoming  established  as  a  
clinical   technique  for  assessing  tumor  response,  
also  in  FDG-­avid  lymphoma  subtypes,  as  shown  
in  a  previous  section  [24].

FLT  PET  has  been  more  promising  in  measuring  
response   to   targeted   therapy   under   some   select  
conditions,  such  as  in  patients  with  a  higher  prob-­
ability  of  mutations  [69].
Considering  esophageal  cancer,  it  has  been  re-­

ported  that  18F-­FLT  PET  may  discriminate  tumor  
from  esophagitis  more  effectively  than  18F-­FDG  
PET  based  on  pathology  evaluation  [7].
Furthermore,   it   has   been   demonstrated   that  

early  SUV  changes  on  18F-­FDG  PET  may  help  
to   discriminate   responders   from   nonresponders  
to  imatinib,  a  BCR-­ABL  and  c-­KIT  inhibitor,  that  
directly  affects  the  expressions  of  glucose  trans-­
porters  [67].
In   conclusion,   recent   preclinical   studies   re-­

ported  that  18F-­FLT  PET  imaging  and  18F-­FDG  
PET  imaging  are  useful  tools  for  early  response  
monitoring   of   a   novel   c-­Met   inhibitor,   BAY  
853474,  in  a  gastric  cancer  xenograft  model  [60].
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Introduction

The   human   epidermal   growth   factor   receptor   2  
(HER2)  belongs   to   the  epidermal  growth  factor  
receptor   (EGFR)   family.  This   family   comprises  
four   tyrosine-­kinase   transmembrane   receptors  
(HER1/EGFR,  HER2,  HER3,  HER4)  which  are  
involved  in  cell  growth,  survival,  and  differentia-­
tion.  Following  ligand  binding  to  the  extracellu-­
lar  domain  (ECD),  HER2  dimerizes  with  another  
receptor  of  the  EGFR  family,  thus  enabling  auto-­
phosphorylation   of   the   tyrosine   kinase   residues  
at  the  intracellular  portion  and  triggering  down-­
stream  signaling  via   the  phosphatidylinositol   3’  
kinase  (PI3K)/Akt  and  the  Ras/Raf/MEK/MAPK  
pathways  (Fig.  6.1).  A  higher  expression  of  HER2  
on  cell  surface  leads  to  a  constitutional  activation  
of   the   downstream   cascade.   Overexpression   of  
HER2  occurs  in  15–20  %  of  breast  cancers  (BC),  
mainly  due   to  HER2  gene   amplification   (local-­
ized  on  chromosome  17),  and,  in  the  absence  of  

targeted   treatment,   is   associated   with   a   poorer  
outcome.   The   advent   of   anti-­HER2-­directed  
agents  has  favorably  reversed  the  poor  prognos-­
tic  impact  of  HER2  overexpression/amplification  
[1].  To  date,  four  are  the  approved  drugs  for  the  
treatment   of   HER2-­positive   BC   (trastuzumab,  
lapatinib,   pertuzumab,   and   T-­DM1)   and   many  
other  agents  are   in   the  clinical  phases  of  devel-­
opment  (Fig.  6.1).  Despite  these  advances,  many  
patients   at   a   certain  point   develop   resistance   to  
these   agents   and   progress.   In   this   chapter,   the  
available   data   on   approved   anti-­HER2-­targeted  
agents,   ongoing   trials,   and   new   therapeutic   op-­
tions  will  be  discussed.

Approved Anti-HER2 Agents

Trastuzumab

Metastatic Setting
Trastuzumab   is   an   anti-­HER2   fully   humanized  
monoclonal   antibody.   Although   its   antitumor  
mechanism   of   action   is   not   fully   understood,  
after   binding   to   HER2   extra   cellular   domain  
(ECD),   it   is   supposed   to   exerts   its   function   via  
antibody-­dependent   cell-­mediated   cytotoxicity,  
prevention  of  ECD  shedding   that  may   result   in  
a  truncated  constitutively  activated  form,  inhibi-­
tion  of  ligand-­dependent  dimerization,  inhibition  
of  downstream  signaling,  inhibition  of  cell  cycle  
progression,   induction   of   apoptosis   and   inhibi-­
tion  of  angiogenesis  [1].
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In   early   trials   including   HER2-­positive   ad-­
vanced  BC  patients,   trastuzumab  monotherapy-­
induced   response   rates   (RR)   ranging   from  
11–15  %  in  pretreated  patients  to  35  %  when  used  
as  first-­line  treatment  for  patients  with  3  +  score  
HER2  overexpression  by  immunohistochemistry  
[2–4].  Preclinical  assays  showed  an  increased  ef-­
ficacy  of  trastuzumab  when  it  is  combined  with  
chemotherapy,  and  this  was  confirmed  by  clini-­
cal   trials   [5].   In   a  pivotal   randomized  phase   III  
study  for  HER2-­positive  MBC,  first-­line  chemo-­
therapy   (paclitaxel   or   anthracycline   and   cyclo-­
phosphamide)   plus   trastuzumab   resulted   in   sig-­
nificantly  higher  RR  (50  vs  32  %,  p    <  0.001)  and  
prolonged   both   progression-­free   survival   (PFS)  
and  overall  survival  (OS)  as  compared  to  chemo-­
therapy  alone  (7.4  vs  4.6  months,  p    <  0.001  and  

25.1   vs   20.3  months,   p  =  0.46,   respectively).   In  
this   study,   concurrent   administration   of   trastu-­
zumab   and   anthracyclines   resulted   in   higher  
(16  %)  cardiac  dysfunction  rate  (New  York  Heart  
Association  class  III  or  IV),  as  compared  to  an-­
thracyclines   alone   (3  %).   [6]   Another   phase   II  
randomized   trial   compared   first-­line   docetaxel  
with   or   without   trastuzumab.   The   combination  
achieved   significant   results   in   terms   of  RR   (61  
vs  34  %,  p  =  0.0002),   time   to  progression   (TTP:  
11.7   vs   6.1   months,   p  =  0.0001),   and   OS   (31.2  
vs  22.7  months,  p  =  0.0325).  [7]  Since  the  initial  
approval  of  trastuzumab  by  Food  and  Drug  Ad-­
ministration   (FDA)   in   1998   for   first-­line   treat-­
ment   of   HER2-­positive   metastatic   breast   can-­
cer   (MBC)   in   combination  with   taxanes,  many  
other  cytotoxic  compounds  have  been  safely  and  

Fig. 6.1    HER  family  receptors  and  mechanisms  of  action  of  targeted  agents.  Trastuzumab  binds  to  the  ECD  of  HER2.
Several  mechanisms  of  action  have  been  proposed,  such  as  the  inhibition  of  the  downstreaming  HER2  pathway  involv-­
ing  PI3K/Akt  and  MAPK  signaling.  Pertuzumab  is  a  humanized  monoclonal  antibody  that  binds  to  the  dimerization  
domain  on   the  ECD  of   the  HER2  receptor,  preventing   the  dimerization  between  HER2  and  other   family  members.  
Trastuzumab  emtansine  (T-­DM1)  consists  of  trastuzumab  bound  to  emtansine,  a  microtubule-­binding  chemotherapeutic  
agent.  Following  the  binding  of  T-­DM1  to  HER2,  the  complex  is  internalized,  emtansine  is  released  and  becomes  able  
to  interfere  with  microtubules  in  the  nucleus.  Everolimus  is  an  inhibitor  of  mTOR,  a  member  of  the  PI3K/Akt  pathway.  
Tanespimycin  is  an  inhibitor  of  heat  shock  protein  90  (HSP90),  which  is  responsible  for  conformational  stabilization  
of  HER2.  Inhibition  of  HSP90  impairs  this  stabilization,  thus  leading  to  HER2  proteasomal  degradation.  Lapatinib  is  
a  small  molecule  tyrosine  kinase  inhibitor  of  both  HER1  and  HER2.  Neratinib  is  an  oral  irreversible  small  molecule  
tyrosine  kinase  inhibitor  of  HER1,  HER2,  and  HER4
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effectively  combined  with   trastuzumab   in  clini-­
cal   trials.  Overall,   the  RR  of   these  chemothera-­
py-­trastuzumab   combinations   ranged   between  
24  and  88  %.  Of  note,  all  the  combinations  were  
generally  associated  with  a  tolerable  toxicity  pro-­
file  [8].  Two  phase  III  randomized  trials  deserve  
to   be  more   extensively  mentioned.  A   phase   III  
study   evaluated   the   association   of   trastuzumab  
and   docetaxel   versus   trastuzumab   plus   vinorel-­
bine  as  first-­line  therapy.  A  total  of  284  patients  
were  randomized  and  no  differences  in  RR,  TTP,  
and   OS   were   observed   between   the   two   arms.  
Interestingly,   the   toxicity   profile   favored   the  
vinorelbine-­containing   arm.   Significantly,   more  
treatment-­related   grade   3/4   febrile   neutropenia  
and  neuropathy  were  reported  with  docetaxel  [9].  
In  a  second  randomized  trial,  263  HER2-­positive  
advanced   BC   patients   were   randomly   assigned  
to   trastuzumab   plus   docetaxel   (100   mg/m2)   or  
trastuzumab   plus   carboplatin   plus   docetaxel  
(75  mg/m2).  There  was  no  significant  difference  
between  the  two  regimens  in  terms  of  TTP  (11.1  
and   10.4   months,   p  =  0.57),   RR   (72  %   for   both  
groups),  and  OS  (37.1  and  37.4  months,  p  =  0.99).  
Toxicity  was  acceptable  for  both  arms  [10].
Noteworthy,  institutional  series  comparing  the  

outcome  of  HER2-­positive  MBC  patients  treated  
in  the  pre-­trastuzumab  and  post-­trastuzumab  eras  
showed   a   significant   improvement   in   OS   after  
the   introduction   of   trastuzumab,   meaning   that  
this   agent   has   dramatically   changed   the   natural  
history  of  this  disease  [11].

Early Setting

Adjuvant
In   the   adjuvant   setting,   HER2-­positive   BC   pa-­
tients   outcome   is   remarkably   improved   when  
trastuzumab  is  added  to  chemotherapy  [12].  Six  
phase   III   randomized   trials   have   explored   the  
benefit   of   adding   trastuzumab   to   adjuvant   che-­
motherapy  for  HER2-­positive  disease.  Different  
schedules,  timings,  and  durations  of  trastuzumab  
administration  have  been   tested  (Table  6.1).  All  
experimental  arms  planned  a  1-­year  treatment  of  
trastuzumab  with  the  exception  of  the  Herceptin  
Adjuvant   (HERA)   trial   [13],  where   a   third   arm  
investigates  2  years  of  adjuvant  trastuzumab  and  
the  FinHER  study  [15],  which  planned  a  shorter  

trastuzumab   treatment   duration   (9  weeks).   Fur-­
thermore,  the  joint  analysis  of  NSABP  B-­31  and  
N9831  [14],  the  FinHER  [15]  and  the  BCIRG006  
[16]  studies  assessed  the  efficacy  of  trastuzumab  
given   concurrently   to   adjuvant   chemotherapy,  
while   sequential   schedules  were   investigated   in  
the  HERA  [13],  PACS-­04  [17],  and  N9831  [18]  
trials,   the   last   also   including   a   sequential   treat-­
ment  arm.
NSABP  B-­31  and  N9831  trials  were  the  sub-­

jects   of   a   planned   joint   analysis   approved   by  
the  National  cancer  Institute  and  the  FDA:  data  
from   both   control   groups   were   combined   and  
compared   to   the   trastuzumab   concurrent   arms  
combined  together.  After   the  release  of   the  first  
interim   analysis   results,   showing   a   significant  
improvement   in  disease-­free  survival   (DFS)   for  
the   trastuzumab   group,   crossover   from   control  
group  to  trastuzumab  therapy  was  allowed  [19].  
Despite  a  21  %  crossover   rate,   the   last  analysis,  
at  a  median  follow-­up  of  3.9  months,  showed  a  
significant  outcome  benefit   for   the   trastuzumab  
group  (  p  <  0.001  for  both  DFS  and  OS)  [15].
The  BCIRG  006  trial  randomized  patients  to  

receive   four   cycles   of   doxorubicin/cyclophos-­
phamide  and  four  cycles  of  docetaxel  versus  the  
same   schedule   plus   1-­year   trastuzumab   start-­
ing   concurrently   to   docetaxel   versus   six   cycles  
of  docetaxel  plus  carboplatin  and  1-­year   trastu-­
zumab   starting   concurrently.  Data   are   available  
for   the   last  update  at  a  median   follow-­up  of  65  
months,  for  a  total  of  3222  patients.  A  significant  
benefit  with  respect  to  DFS  and  OS  was  seen  in  
both  groups  treated  with  trastuzumab-­containing  
regimens,   as   compared  with   the   chemotherapy-­
only   group.   In   contrast,   no   significant   differ-­
ence   in   DFS   or   OS   was   reported   between   the  
two   trastuzumab-­containing   regimens.   Among  
the  two  trastuzumab-­containing  arms,  the  rate  of  
congestive  heart  failure  (CHF)  was  significantly  
lower  in  the  non-­anthracycline  group  (  p  <  0.001)  
[16].
In  the  FinHER  study,  1010  patients  were  ran-­

domized  to  receive  adjuvant  docetaxel  or  vinorel-­
bine  followed  by  5-­fluorouracil,  epirubicin,  and  
cyclophosphamide   (FEC).   Patients   with   HER2  
amplification  (  n  =  232)  were  further  randomized  
to   receive   9   weeks   of   concurrent   trastuzumab  
or  not.  The  last  update  of  the  study,  at  a  median  
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follow-­up  of  5  years,  showed  the  benefits  of  add-­
ing  a  short  course  of  concurrent   trastuzumab   to  
docetaxel  followed  by  FEC  versus  chemotherapy  
alone   (hazard   ratio   (HR)   for   distant   disease   re-­
currence  0.32,  p  =  0.029).   [14]  However,  due   to  
the  limited  sample  size,  these  results  need  to  be  
confirmed  in  larger  series.
The   HERA   trial   randomized   5102   patients  

who  completed  at  least  four  courses  of  adjuvant  
chemotherapy   (anthracycline-­taxane   in   26  %   of  
cases  only)  to  receive  trastuzumab  for  1  year  or  
2  years  or  to  observation.  After  the  first  interim  
analysis,   patients   in   the   control   group  were   al-­
lowed   to   cross   over   to   trastuzumab   [20].   The  
last  analysis,  after  a  median  follow-­up  of  8  years  
demonstrated   a   persistent   significant   benefit   in  
DFS   for   1  year   of   trastuzumab  versus  observa-­
tion.  Statistical  significance  was  reached  also  for  
OS  (  p  =  0.0005)  [21].
In  the  PACS-­04  study,  after  a  first  randomiza-­

tion   between   anthracycline-­   and   anthracycline/

taxane-­based   chemotherapy,   HER2-­positive   pa-­
tients   (  n  =  528)   were   randomly   assigned   to   se-­
quential  trastuzumab  or  observation.  At  a  median  
follow-­up  of  4  years,   the  addition  of   sequential  
trastuzumab  failed  to  detect  a  significant  reduc-­
tion  in  the  risk  of  recurrence  or  death  [17].
The  only   source   for   a  direct   comparison  be-­

tween  the  concurrent  and  the  sequential  strategy  
is  the  N9831  trial.  In  this  study,  patients  received  
adjuvant   doxorubicin/cyclophosphamide   fol-­
lowed  by  paclitaxel  alone  versus  paclitaxel  plus  
1-­year   trastuzumab   starting   sequentially   versus  
concurrently.   The   sequential   trastuzumab   arm  
resulted  in  a  31  %  reduction  in  the  risk  of  recur-­
rence  (  p  <  0.001),  and  in  a  12  %  reduction  in  the  
risk  of  death  (  p  =  0.343)  as  compared  to  chemo-­
therapy  alone.  The  5-­year  DFS  rate  was  higher,  
84     versus   80  %,  when   trastuzumab  was   started  
concomitantly   to   paclitaxel   instead   of   sequen-­
tially  (HR  0.77,  99.9  %  confidence  interval  (CI),  
0.53–1.11,  p  =  0.0216).  Although  the  p-­value  did  

Table 6.1     Efficacy  results  of  trastuzumab  adjuvant  trials
Study Follow-­up

(median)
DFS:  HR  (95  %  CI),  p  value OS:  HR  (95  %  CI),  p  value

HERA  [21]
Observation  vs  1  year  sequential  H  
(  n  =  3401)
1  year  sequential  H  vs  2  years  sequential  
H  (  n  =  3404)

4  years

8  years

0·∙76  (NA),  p  <  0.0001
0.99  (0.85–1.14),  p  =  0.8588

0.76  (NA),  p  =  0.0005
1.05  (0.86–1.28),  p  =  0.6333

N9831-­NSABP  B31  [14]
n  =  4045) 3.9  years 0.52  (0.45–0.60),  p  <  0.001 0.61  (0.50–0.75),  p  <  0.001

N9831  [18]
n  =  2184)
n  =  1903)

6  years
6  years

0.69  (0.57–0.85),  p  <  0.001  
0.77  (0.53–1.11),  p  =  0.02*

0.88  (0.67–1.15)  p  =  0.343  
0.78  (0.58–1.05)  p  =  0.102

BCIRG  006  [16]
n  =  2147)

n  =  2148)
5.4  years
5.4  years

0.64  (0.53–0.78),  p  <  0.001
0.75  (0.63–0.90),  p  =  0.04

0.63  (0.48–0.81),  p  <    0.001
0.77  (0.60–0.99),  p  =  0.04

PACS-­04  [17]
n  =  528) 3.9  years 0.86  (0.61–1.22),  p  =  0.41 1.27  (0.68–2.38),  p  NR

FinHER  [15]
n  =  112) 5.2  years 0.32  (0.12–0.89),  p  =  0.029a 0.42  (0.13–1.33),  p  =  0.14

PHARE  [26]
Neo/adj  CHT  +  6  months  T  vs  Neo/Adj  
CHT  +  1  year  T  (  n  =  3382)

3.9  years 1.28b  (1.05–1.56),  p  =  0.29 1.47b  (1.07–2.02),  p  NR

DFS  disease-­free  survival,  HR  hazard  ratio,  CI  confidence  interval,  OS  overall  survival,  HERA  Herceptin  Adjuvant  
Trial,  NCCTG  North  Central  Cancer  Treatment  Group,  NSABP  National  Surgical  Adjuvant  Breast  and  Bowel  Project,  
BCIRG  Breast  Cancer   International  Research  Group,  PACS  Programme  d’Actions  Concertées  Sein,  FinHER  Finn-­
ish  Herceptin,  H   trastuzumab,  AC   doxorubicin  plus   cyclophosphamide,  T   paclitaxel,  D   docetaxel,  Ca   carboplatin,  
FEC  5-­fluorouracil  plus  epirubicin  plus  cyclophosphamide,  ED  epirubicin  plus  docetaxel,  CHT  chemotherapy,  NR  not  
reported,  Neo  neoadjuvant,  adj  adjuvant,  NA  not  available
*boundary  for  significance  preset  at  0.00116
a  distant  disease-­free  survival
b  noninferiority  HR  margin  =  1.15
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not   cross   the   prespecified   boundary   for   interim  
analysis,  a  strong  trend  for  a  better  outcome  for  
concurrent  trastuzumab  has  been  defined  [18].
To  conclude,   the   inclusion  of   trastuzumab  in  

the  adjuvant   therapy  for  HER2-­positive  BC  has  
a   clear   impact   on   outcome   and   evidences   sug-­
gest  that  this  effect  may  be  greater  when  the  anti-­
HER2  agent   is  started  during  the  chemotherapy  
treatment  rather  than  sequentially.
Some  challenges  remain  to  be  addressed.  First  

of  all,  the  majority  of  the  patients  enrolled  in  the  
adjuvant  trastuzumab  trials  had  tumor  size  more  
than   1   cm   and   nodal   involvement.   Recently,  
higher  rates  of  recurrence  for  T1a-­b,  N0  HER2-­
positive   tumors   as   compared   to  HER2-­negative  
tumors  have  been  demonstrated,  thus  suggesting  
that   trastuzumab   may   play   a   role   in   the   treat-­
ment  of  these  patients  [22].  However,  since  this  
population  was  not  represented   in   the   trials,  we  
cannot  draw  conclusions  on  the  optimal  therapy  
for  this  subset.  In  a  recent  metanalysis  of  trastu-­
zumab  adjuvant  pivotal  trials,  patients  with  small  
HER2-­positive  tumors  (<  =  2  cm)  seemed  to  de-­
rive  benefit  from  the  addition  of  trastuzumab  to  
the  standard  chemotherapy  backbone.  However,  
the  majority  of  patients  presented  stage  pT1c  and  
positive  axillary  nodes  [23].
Some   phase   II,   non-­randomized   trials   have  

evaluated   anthracycline-­free   taxane-­based   adju-­
vant  regimens  for  patients  with  small  HER2-­pos-­
itive  BC.  The  APT   study   included   406  women  
with   HER2-­positive,   node-­negative,   small  
(<  3  cm)  tumors.  The  trial  was  designed  to  evalu-­
ate   a  more   tolerable   chemotherapy   regimen   for  
patients  with  a  limited  burden  of  disease.  Patients  
received   paclitaxel   80  mg/m2   plus   trastuzumab  
2  mg/kg  for  12  weeks,  followed  by  9  months  of  
trastuzumab  alone  at  a  dose  of  6  mg/kg  every  3  
weeks.  DFS  at  3  years  was  98.7  %.  By  hormone  
receptor   status,   the   DFS   rates   were   98.5  %   in  
receptor-­positive  patients  and  99.2  %  in  receptor-­
negative  patients.  However,  this  study  has  some  
limitations.   It   is   a   single-­arm,   nonrandomized  
trial,  and  about  20  %  of  enrolled  patients  had  T1a  
tumors  that  are  already  associated  with  a  very  fa-­
vorable  prognosis.  Moreover,  at  the  time  of  first  
data  presentation,  median  follow-­up  was  only  3.6  
years  [24].

Recently,  a  phase  II  study  tested  a  combination  
of  docetaxel  and  cyclophosphamide  plus   trastu-­
zumab  as  adjuvant  treatment  for  HER2-­positive  
BC  patients.  This  trial  enrolled  493  patients  and  
showed  3-­years  DFS,  and  OS  rates  were  of  96.9  
and  98.7  %,  respectively,  with  results  being  con-­
sistent  with  those  obtained  with  longer-­duration  
chemotherapy  regimen,  as  reported  in  the  major  
randomized  trials  [25].
Finally,  the  optimal  trastuzumab  duration  has  

not  been  defined  yet.  Intriguingly,  the  data  from  
the  2-­year  arm  of  HERA  have  been  recently  pub-­
lished,  and  apparently  there  is  no  difference  be-­
tween  1  year  and  2  years  of  treatment  in  terms  of  
efficacy.   Cardiotoxicity  was   lower  with   shorter  
treatment  duration  [21].  At  the  same  time,  the  re-­
sults   of   the  Phare   trial,   paring  6  months  versus  
1   year   of   adjuvant   trastuzumab   failed   to   show  
that  6  months  of  treatment  with  trastuzumab  was  
noninferior  to  12  months  of  trastuzumab.  Despite  
the  higher  rates  of  cardiac  events,  12  months  of  
adjuvant  trastuzmab  should  remain  the  standard  
of  care  [26].  Longer  follow-­up  of  the  Phare  trial  
and  the  results  of  other  ongoing  studies  (the  Sold  
trial  in  Finland  and  other  North  European  coun-­
tries,  the  Persephone  trial  in  UK,  and  the  Short-­
Her  trial  in  Italy)  will  define  the  treatment  dura-­
tion  with  the  most  favorable  therapeutic  index.

Neoadjuvant
Trastuzumab  has  been  tested  in  addition  to  neo-­
adjuvant  chemotherapy  for  HER2-­positive  stage  
II–IIIA   patients   in   a   phase   III   study.   Patients  
were   randomly   assigned   to   paclitaxel   followed  
by  FEC  or  the  same  regimen  plus  weekly  trastu-­
zumab.  This  trial  was  stopped  earlier  by  the  Data  
Monitoring   Committee   after   an   extraordinary  
interim  analysis  showing  clear  superiority  of  the  
experimental  arm.  The  addition  of  trastuzumab  to  
chemotherapy  induced  more  than  doubled  patho-­
logical  complete  responses  (pCRs)  as  compared  
to  chemotherapy  alone  (65.2  vs  26  %,  p  =  0.016)  
[27].  Another  phase   III   trial   (NOAH)  evaluated  
the  addition  of  trastuzumab  to  an  anthracycline-­  
and   taxane-­based  chemotherapy  for  334  HER2-­
positive   patients   with   locally   advanced   breast  
cancer  (LABC)  or  inflammatory  BC.  Event-­free  
survival  rate  at  3  years  was  significantly  better  in  
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the   chemotherapy   plus   trastuzumab   arm   (71   vs  
56  %;;  HR   0.59,  p  =  0.013)   as  well   as  ORR   and  
pCR  (87  vs  74  %,  p  =  0.009  for  ORR  and  38  vs  
19  %,   p  =  0.001   for   pCR).   [28]   In   the   phase   III  
GeparQuattro   trial,   1509  patients  with  operable  
or  locally  advanced  tumors  were  randomized  to  
receive   four   cycles   of   epirubicin/cyclophospha-­
mide  followed  by  four  cycles  of  docetaxel  with  
or   without   capecitabine.   The   HER2-­positive  
patients   (  n  =  445)   also   received   trastuzumab.  
The  pCR   rate   in   the  HER2-­positive   subset  was  
31.7  %,  whereas  in  the  HER2-­negative  reference  
group  it  resulted  in  15.7  %  [29].

Trastuzumab-related Cardiotoxicity
Trastuzumab  regimens  have  been  associated  with  
an   increase   in   both   symptomatic   and   asymp-­
tomatic   cardiac   dysfunctions   in   the  majority   of  
large   trastuzumab   adjuvant   trials.  Although   the  
mechanism  underlying   this   toxicity   is  not  com-­
pletely   known,   HER2   is   expressed   on   cardiac  
myocites  and  may  be   important   for  myocite   re-­
pair,   in   particular   after   anthracycline   exposure  
[30].   Symptomatic   CHF   occurred   in   1.5–2.5  %  
of  the  patients  treated  with  sequential  trastuzum-­
ab,  and  in  0.4–3.6  %  of  the  patients  treated  with  
concomitant  chemotherapy  and  trastuzumab  (the  
lowest  observed  BCIRG  006  arm  C,  not  includ-­
ing  anthracyclines).  The  FinHer  trial  is  the  only  
adjuvant   trastuzumab   trial   without   episodes   of  
CHF   [31].  As   for   the   recently   published  meta-­
nalysis   including  eight   randomized   trials  evalu-­
ating  trastuzumab  for  early  BC  (EBC),  the  anti-­
HER2  compound  significantly  increases  the  risk  
of  CHF  (relative  risk  5.11;;  90  %  CI,  3.00  to  8.72,  
p  <  0.00001);;  and  left  ventricular  ejection  fraction  
decline  (relative  risk  1.83;;  90  %  CI,  1.36  to  2.47,  
p  =  0.0008)  [12].  Moreover,  some  data  are  emerg-­
ing   supporting   the   noncomplete   reversibility   of  
trastuzumab-­related   cardiac   dysfunction   [32].  
In   this   context,   data   on  BC  populations   treated  
outside   clinical   trials   have   also   been   produced.  
In  a  retrospective  cohort  study  including  12,500  
BC  patients,  the  risk  of  heart  failure  and/or  car-­
diomyopathy,  as  compared  to  no  chemotherapy,  
was  higher  in  patients  treated  with  anthracycline  
alone   (HR  =  1.40),   although   the   increased   risk  
was   similar   to  other   chemotherapy   (HR  =  1.49).  

The  risk  was  highly  increased  in  patients  treated  
with  anthracycline  plus  trastuzumab  (HR  =  7.19,  
95  %   CI,   5–10.35).   [33]   Recently,   a   retrospec-­
tive   cohort   study   including   9535   patients   at  
least   66   years   old   and   diagnosed  with   stage   I–
III   BC   between   2005   and   2009,   and   treated  
with   chemotherapy   has   been   identified   in   the  
SEER-­Medicare   and   in   the   Texas   Cancer   Reg-­
istry–Medicare   databases.   Among   trastuzumab  
users,  the  rate  of  cardiac  heart  failure  was  29.4  %  
(higher   than   those   reported   in   pivotal   trastu-­
zumab   adjuvant   trials)   compared   with   18.9  %  
in   nontrastuzumab   users   (  p  =  0.001).   Other   risk  
factors  that  were  associated  with  a  higher  risk  of  
developing  cardiac  heart  failure  were  older  age,  
comorbidities,  hypertension,  and   treatment  with  
anthracyclines  [34].  Some  strategies  can  be  pro-­
posed   to  reduce  cardiotoxicity  rates.  As  already  
discussed,   ongoing   studies   trying   to   define   the  
optimal  trastuzumab  treatment  duration  are  also  
investigating  whether  a  shorter   therapy  may  re-­
sult   in  a  decreased  toxicity,  as  suggested  by  the  
results  of  the  FinHER  trial.  Secondarily,  chemo-­
therapy   plus   trastuzumab   regimens   that   do   not  
contain   anthracycline   may   be   less   cardiotoxic,  
as  reported  in  the  BCIRG  006  trial.  Intriguingly,  
since   a   combined   anti-­HER2   and   antiendocrine  
treatment  has  become  an  option  for  HER2+/HR+  
advanced  BC  patients  (discussed  after),  one  may  
postulate  that  the  same  strategy  might  be  applied  
even   in   the   early   setting.  Finally,   evidences   are  
emerging  suggesting  that,  in  the  context  of  trastu-­
zumab-­containing  chemotherapy,  by  substituting  
standard  anthracyclines  with  pegilated  liposomal  
doxorubicin,  a  new  drug  formulation  that  may  re-­
sult  in  a  more  favorable  drug  distribution  less  af-­
fecting  cardiac  function,  a  less  cardiotoxic  effect  
can   be   achieved,   without   hampering   treatment  
efficacy  [35].

Lapatinib

Lapatinib   is   an   orally   available   small  molecule  
tyrosin-­kinase   inhibitor  which  acts   against  both  
HER2   and   HER1,   therefore   suppressing   their  
downstreaming  pathways.   In   preclinical   assays,  
it   was   shown   to   be   active   for   trastuzumab-­re-­
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sistant   cancer   cell   lines,   in   particular   for   those  
expressing  a  truncated  form  of  the  HER2  recep-­
tor   [36].   Moreover,   other   preclinical   findings  
suggested   that   it   could   synergize   with   trastu-­
zumab   and   could   have   a   higher   penetration  
through   the   blood-­brain   barrier   [1].   Lapatinib  
induced  only  modest  RR  when  used  as  a  single  
agent   for   HER2-­positive  MBC   [37,   38].   How-­
ever,   the   large   phase   III   registration   trial   was  
prematurely  closed  after   an   interim  analysis   re-­
vealed   a   51  %   reduction   in   the   risk   of   progres-­
sion  for  capecitabine  plus  lapatinib  as  compared  
to  capecitabine  alone  (HR  0.49;;  95  %  CI,  0.34–
0.71,  p  <  0.001)  for  patients  with  HER2-­positive  
disease  refractory   to  an  anthracycline,  a   taxane,  
and  trastuzumab.  [39]  The  updated  efficacy  anal-­
ysis   from  399  patients   confirmed   the  benefit   in  
time  to  progression  (  p  <  0.001)  and  in  overall  RR  
(  p  =  0.017).[40].  As  compared  with  capecitabine  
alone,   lapatinib  plus  capecitabine  was  not  asso-­
ciated  with   an   increase   in   serious   toxic   effects,  
the  most  frequently  reported  being  diarrhea,  de-­
hydration,  and  vomiting  [41].  Asymptomatic  car-­
diac  events  were  identified  in  four  women  in  the  
combination-­therapy  group  and  in  one  woman  in  
the   monotherapy   group,   whereas   no   symptom-­
atic  cardiac  event  was  recorded  [39]  As  a  result,  
lapatinib  has  been  approved  in  combination  with  
capecitabine  for  patients  with  HER2-­positive  ad-­
vanced   disease  with   progression   after   prior   an-­
thracycline,  taxane,  and  trastuzumab  therapy.  In  
2011,  the  data  of  the  CEREBEL  study,  compar-­
ing   trastuzumab   plus   capecitabine   versus   lapa-­
tinib   plus   capecitabine   as   any-­line   therapy   for  
HER2-­positive  MBC  have   been   presented.  The  
results,  while  being  inconclusive  with  respect  to  
the  primary  endpoint  (central  nervous  system  as  
the  first  site  of  relapse),  showed  a  trend  towards  
an  inferior  outcome  in  those  patients  treated  with  
capecitabine/lapatinib   for   the   intention-­to-­treat  
population.  Interestingly,  this  difference  was  evi-­
dent  in  the  trastuzumab  naïve  group,  but  not  in  the  
trastuzumab-­pretreated  group  [42].  Another  trial  
compared  paclitaxel  plus  lapatinib  or  placebo  for  
the   first-­line   treatment  of  HER2-­positive  MBC.  
The  results  showed  a  significant  improvement  in  
both  OS  and  PFS  for  the  experimental  arm  [43].

Two  trials  have  been  planned  to  assess  the  ef-­
ficacy  of  lapatinib  in  the  adjuvant  setting.  In  the  
phase  III  randomized  ALTTO  trial,  8400  patients  
with   HER2-­positive   EBC   were   randomized   to  
chemotherapy  plus  trastuzumab  (1  year),  chemo-­
therapy  and  lapatinib  (for  1  year),  chemotherapy  
plus   trastuzumab   (12  weeks),   and   lapatinib   (34  
weeks)   administered  either   sequentially  or   con-­
currently.  A  pre-­planned  interim  analysis  in  2011  
recommended  the  closure  of   the   lapatinib  alone  
arm  as  it  was  deemed  unlikely  to  meet  prespeci-­
fied  criteria  to  show  noninferiority  to  trastuzum-­
ab   alone   [44].  Also   the   data   from   the   adjuvant  
randomized   lapatinib   trial   TEACH   trial   have  
been   presented   [45].   More   than   3000   women  
who  completed  neoadjuvant  or  adjuvant  chemo-­
therapy   without   trastuzumab   and   were   disease  
free  were   randomized   to   receive   either   placebo  
or  lapatinib  for  12  months.  After  a  follow-­up  of  
4  years,  DFS  events  occurred  in  13  %  of  patients  
in   the   lapatinib   arm   and   in   17  %   of   patients   in  
the  placebo  arm  (HR  =  0.83;;  p0.053).  This  mod-­
est   improvement   did   not   meet   the   prespecified  
criteria   of   success.   Even   in   neoadjuvant   trials,  
lapatinib-­based   chemotherapy   regimens   appear  
to  be  less  effective  than  trastuzumab-­containing  
schedules  [46,  47].

Mechanisms of Resistance

Despite   these   advances,   both   de   novo   and   ac-­
quired  resistance  to  trastuzumab  and/or  lapatinib  
result   in   disease   progression.   Several   mecha-­
nisms  of   trastuzumab  resistance  have  been  pro-­
posed  and  include:  prevention  of  antibody-­recep-­
tor  binding  by   trastuzumab   interaction  with   the  
membrane-­associated  glycoprotein  MUC4  or  by  
HER2  ECD  shedding   (leaving   a   truncated   con-­
stitutively   activated  HER2   receptor   form,   p95),  
increased  HER1  or  HER3  expression,  increased  

to   trastuzumab  may   also   derive   from   sustained  
downstream  PI3K/Akt  signaling,  by  means  other  
than  HER2   activation   such   as:  PIK3CA   or  Akt  
mutations  and/or  PTEN  loss  and  overexpression  
of  insulin-­like  growth  factor  receptor-­1  that  trig-­
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gers  the  same  intracellular  pathway  as  HER2  [1].  

ECD   shedding   of   HER2   and   the   upregulation  
of   HER   family   members   and   their   ligands   are  
not  supposed  to  affect  lapatinib  efficacy  [1,  48].  
To   the  opposite,   those  deriving   from   the  down-­
stream  pathway  members  constitutive  activation  
may  confer  resistance  to  lapatinib.  However,  re-­
cent   evidences   seem  not   to   completely   confirm  
this   assumption   [49,   50].   One   possible   mecha-­
nism  of  lapatinib  resistance  may  derive  from  the  
upregulation  of  other  survival  pathways  (such  as  
estrogen  receptor  signaling)  as  a  consequence  of  
HER2  kinase   activity   inhibition   [51].  Many   at-­
tempts  have  been  made  to  develop  new  drugs  that  
may  be  active   in   trastuzumab/lapatinib  resistant  
disease.  Hereafter,  the  most  advanced  new  anti-­
HER2  compounds  will  be  discussed.

Pertuzumab

Pertuzumab   is   a   first-­in-­class   recombinant,   hu-­
manized  monoclonal  antibody   that  binds   to  do-­
main   II   of   the   HER2   receptor,   thus   inhibiting  
HER2   heterodimerization   with   HER1,   HER3,  
and   HER4.   Phase   II   trial   data   reported   only   a  
modest  activity  for  pertuzumab  monotherapy  in  
heavily  pretreated  HER2-­positive  MBC  patients  
and  in  HER2-­negative  patients  [52,  53].  Howev-­
er,   pertuzumab   combined  with   trastuzumab  has  
shown  an  overall  RR  of  24  %  in  66  HER2-­posi-­
tive  MBC  patients  who  progressed  under  trastu-­
zumab   [54].   The   first-­line   randomized   phase  
III   trial   CLEOPATRA,   including   808   HER2-­
positive   MBC   patients,   reported   a   significant  
advantage   in   terms  of  PFS   for   the   combination  
of   trastuzumab,   pertuzumab,   and   docetaxel   as  
compared  to  the  combination  of  trastuzumab  and  
docetaxel   (PFS   18.5   vs   12.4  months,  HR   0.62;;  
95  %  CI,  0.51–0.75,  p  <  0.001).  A  strong  trend  in  
prolongation  of  OS  was  also  shown,  based  on  an  
exploratory  interim  analysis.  No  increase  in  car-­
diotoxicity  with  the  addition  of  pertuzumab  was  
observed   [55].  On   the   basis   of   these   results,   in  
June  2012,   the  FDA  approved  pertuzumab  used  
in   combination  with   trastuzumab  and  docetaxel  
for  the  treatment  of  patients  with  HER2-­positive  

MBC   who   have   not   received   prior   anti-­HER2  
therapy   or   chemotherapy   for  metastatic   disease  
[56].
Other  trials  for  MBC  are  ongoing.  In  the  MAR-­

IANNE   study   (NCT01120184),   1092   patients  
with   recurrent   locally   advanced   or   previously  
untreated  MBC  are  being  randomly  assigned   to  
receive  T-­DM1  and  pertuzumab,  T-­DM1  and  per-­
tuzumab-­placebo,  or  trastuzumab  and  docetaxel.  
The  PHEREXA  trial  (NCT01026142)  will  evalu-­
ate—in   450   patients  with  HER2-­positive  MBC  
whose  disease  has  progressed  following  previous  
trastuzumab  treatment—the  combination  of  per-­
tuzumab,   trastuzumab,   and   capecitabine   versus  
trastuzumab  and  capecitabine.

Trastuzumab-emtansine (T-DM1)

Recently,   impressive   results  have  been   reported  
for  T-­DM1,  a  novel  antibody-­drug  conjugate  that  
uses   trastuzumab   to   specifically   deliver   the   cy-­
totoxic   maytansinoid   antimicrotubule   agent   to  
HER2-­positive   cells.  Activation   of   cytotoxicity  
of  this  conjugate  requires  internalization  into  the  
cell   after   binding   to  HER2.  As  monotherapy,   it  
induced  RRs  ranging  from  26  to  34.5  %  in  heav-­
ily   preatreated   HER2-­positive   MBC   patients  
[57,   58].   T-­DM1   significantly   improved   PFS  
versus  docetaxel  plus  herceptin  as  first-­line  treat-­
ment   (median   14.2   vs   9.2   months,   p  =  0.0353)  
in  a  phase   II   trial   [59].  Toxicity  profile   favored  
T-­DM1,  with  thrombocytemia  and  liver  enzyme  
elevation   as   the   most   common   T-­DM1-­related  
adverse  events  (AEs).
In   February   2013,   FDA   approved   TDM-­1  

for   HER2-­positive  MBC   as   a   single   agent,   for  
the   treatment   of   patients   with   HER2-­positive,  
MBC  who  previously  received  trastuzumab  and  
a   taxane,   separately  or   in  combination.  Patients  
should   have   either   received   prior   therapy   for  
metastatic   disease   or   developed   disease   recur-­
rence  during  or  within  6  months  of   completing  
adjuvant  therapy  [60].  The  approval  was  based  in  
large  part  on  the  results  of  the  phase  III  EMILIA  
trial.   In   this   trial,   patients   with   HER2-­positive  
advanced  BC  who  were  previously   treated  with  
trastuzumab   and   a   taxane   were   randomized   to  
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receive  either  T-­DM1  or   a   regimen  of   lapatinib  
and   capecitabine,   a   standard   treatment   regimen  
for  HER2-­positive  BC.  After  a  median  follow-­up  
of  about  20  months,  the  study  found  that  patients  
who   received  T-­DM1  had  a  32  %   reduced  mor-­
tality  risk  compared  with  patients  who  received  
lapatinib   and   capecitabine   (HR  =  0.68;;   95  %  
CI,   0.55–0.85,  p  <  0.001).  Median  OS  was   30.9  
months   for   patients  who   received  T-­DM1  com-­
pared  with  25.1  months  for  patients  who  received  
lapatinib  and  capecitabine  [61].
The  phase   III   trial  TH3RESA  study  enrolled  

patients  whose  cancer  was  inoperable,  or  had  re-­
curred  after   several   treatments   including   trastu-­
zumab  and  lapatinib.  A  total  of  602  patients  were  
randomized  to  receive  3.6  mg/kg  intravenous  in-­
fusion  of  T-­DM1  every  3  weeks  or  a  treatment  of  
their   physician’s   choice   (TPC).  Results   showed  
that  median   PFS   increased   by   nearly   3  months  
from  3.3  for  the  TPC  patients  to  6.2  for  patients  
receiving   T-­DM1.  Among   the   T-­DM1   patients,  
31.3  %   showed   a   response   to   the   drug,   com-­
pared  with  8.6  %  of  the  TPC  patients.  An  interim  
analysis  of  OS  showed  a  similar  positive   trend,  
but  did  not  reach  the  level  at  which  a  statistically  
significant  benefit  for  T-­DM1  treatment  could  be  
confirmed.  Generally,   there  were   fewer   serious  
adverse  side  effects   in   the  T-­DM1  patients   than  
in  the  TPC  group  [62].
T-­DM1  is  also  being  tested  both  alone  and  in  

combination   with   pertuzumab   in   patients   with  
previously  untreated  HER2-­positive  MBC  in  the  
MARIANNE   trial   (NCT01120184),   still   ongo-­
ing.

Novel Anti-HER2 Drugs

Neratinib

Neratinib/HKI-­272  is  an  oral,  irreversible,  small  
molecule   inhibitor  of  EGFR/HER1,  HER2,   and  
HER4.  In  an  open-­label,  phase  II  study,  patients  
with  advanced  HER2-­positive  BC  with  and  with-­
out   prior   trastuzumab   treatment   received   nera-­
tinib.   The   16-­week   PFS   was   59  %   for   patients  
with  prior  trastuzumab  (  n  =  63)  and  78  %  for  those  
without  (  n  =  64);;  median  PFS  were  22.3  and  39.6  

weeks,  respectively.  The  most  frequent  AEs  were  
diarrhea,  nausea,  vomiting,  and  fatigue.  Grade  3  
or   4  diarrhea  occurred   in  30  %  of   patients  with  
prior   trastuzumab   therapy,   leading   to   neratinib  
dose  reduction  in  29  %  of  this  cohort  [63].  A  large  
randomized,   double   blind,   placebo-­   controlled  
adjuvant  study  is  ongoing.  In  this  study,  patients  
who   have   completed   adjuvant   trastuzumab   no  
longer   than  2  years  before  and  free   from  recur-­
rence   will   be   randomly   assigned   to   neratinib  
versus   placebo   for   1   year.   (NCT00878709)   A  
phase   III   randomized   study   (NCT00915018)   of  
paclitaxel   with   either   neratinib   or   trastuzumab  
is  ongoing.  Other  hand,  the  results  of  a  random-­
ized  phase  II  study  (NCT00777101)  of  neratinib  
alone  versus  the  combination  of  capecitabine  and  
lapatinib  for  MBC  are  inconclusive  since  neither  
inferiority   nor   noninferiority   of   treatment   with  
neratinib  versus  lapatinib  plus  capecitabine  could  
be  demonstrated.  In  both  treatment  arms,  diarrhea  
was  the  most  frequently  reported  treatment-­relat-­
ed  adverse  event  of  any  grade  (neratinib,  85  %  vs  
lapatinib  plus  capecitabine,  68  %;;  p  =  0.002)  and  
of  grade  3/4  (28  %  vs  10  %;;  p  <  0.001),  [64].

Targeted Agents Combinations 
Including an Anti-HER2 Drug

The   combination   of   anti-­HER2   compounds   to-­
gether  with  either  another  anti-­HER2  agent  or  a  
compound  directed  against  a  different  target  has  
been  evaluated  as  a  mean  to  overcome  resistance  
and  enhance  therapeutic  efficacy.

Dual Anti-HER2 Blockade

Recent   observations   have   opened   new   oppor-­
tunities   for   anti-­HER2   treatment  with   less   che-­
motherapy.  In  particular,  recent  data  support  the  
feasibility   and   efficacy  of   dual  HER2  blockade  
with  the  concomitant  administration  of  two  mo-­
lecularly   targeted  agents  without  chemotherapy.  
One  of   the   first   evidences   in   this   context   came  
from   the   metastatic   setting.   In   a   randomized  
study,  patients  who  experienced  disease  progres-­
sion  on  prior  trastuzumab  received  either  trastu-­
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zumab   plus   lapatinib   or   single-­agent   lapatinib.  
Patients  in  the  combination  arm  showed  a  more  
prolonged   PFS   (HR   0.73;;   95  %   CI,   0.57–0.93,  
p  =  0.008).  [65]
A  growing  body  of  knowledge  on  dual  HER2  

blockade   is   deriving   from   the   neoadjuvant   set-­
ting.   Chang   et   al.   recently   reported   that   12  
weeks   of   preoperative   trastuzumab   plus   lapa-­
tinib  without   chemotherapy   can   induce   pCR   in  
28  %  of  HER2-­positive  BC  patients  [66].  In  the  
phase  III  NeoALLTO  study,   the  combination  of  
trastuzumab,  lapatinib,  and  chemotherapy  result-­
ed   in   the  highest   pCR   rate   (51  %)   as   compared  
to   the   addition   of   either   trastuzumab   (29.5  %,  
p  <  0.00001)  or  lapatinib  (24.7  %)  to  chemother-­
apy   [46].  The   phase   II   randomized  CHERLOB  
study  evaluated  the  activity  of  neoadjuvant  lapa-­
tinib,   trastuzumab,  or  both   in  combination  with  
an   anthracycline-­taxane   sequential   chemother-­
apy   [67].  A   total  of  121  patients  were  enrolled.  
Consistently  with  the  NeoALLTO  data,  the  pCR  
rate   was   increased   when   the   dual   anti-­HER2  
blockade,  rather   than  each  single   targeted  agent  
was  added  to  chemotherapy  (46.7,  25,  and  26.3  %  
for   the   combination,   trastuzumab,   and   lapatinib  
arms,   respectively).   Diarrhea   and   dermatologic  
and   hepatic   toxicities   were   observed  more   fre-­
quently   in   patients   receiving   lapatinib.   No   epi-­
sodes  of  CHF  were  observed.
In  the  adjuvant  setting,  the  ALLTO  trial  tested  

the  combination  of  lapatinb  plus  trastuzumab  fol-­
lowing   surgery   among  women  with   early-­stage  
HER2-­positive   BC.   8381   women   with   HER2-­
positive   early   BC   joined   the   study   and   under-­
went  random  assignment  to  one  of  four  treatment  
arms:   trastuzumab   alone   (2097   patients),   lapa-­
tinib  alone  (2100  patients),  trastuzumab  followed  
by  lapatinib  (2091  patients),  or  trastuzumab  plus  
lapatinib  (2093  patients).  All  regimens  were  given  
for   1   year   and   incorporated   chemotherapy   as   a  
backbone,  which  could  be  delivered  either  prior  
to   or   concurrently   with   anti-­HER2   therapy.   In  
August  2011,  the  lapatinib  alone  arm  was  closed  
at  the  request  of  the  Independent  Data  Monitor-­
ing  Committee  because  of  futility.  In  a  compari-­
son   of   concurrently   administered   lapatinib   and  
trastuzumab   versus   trastuzumab   alone,   the   HR  
for   DFS   reached   0.84   (97.5  %   CI,   0.70–1.02)  

with  a  p-­value  of  0.048,  which  failed  to  meet  the  
p -­
periority.  Similarly,  sequential  use  of  trastuzum-­
ab  and  lapatinib  did  not  meet   the  noninferiority  
criteria  compared  with  trastuzumab  alone  based  
on  a  HR  for  DFS  of  0.96  (97.5  %  CI,  0.80–1.15)  
and  a  p-­value  of  0.610,  which  also  fell  below  the  
value  of  0.025  required  for  significance  [44].
Furthermore,  the  higher  lapatinib-­related  tox-­

icities   limited   the  optimal   administration  of   the  
drug:   20–40  %  of  patients   in   the   lapatinib   arms  
did  not  receive  at  least  85  %  of  the  planned  lapa-­
tinib  dose.  In  conclusion,  in  the  adjuvant  setting,  
the   combination   of   lapatinib   plus   trastuzumab  
increases  the  toxicity  without  a  clinical  benefit.
The   combination   of   pertuzumab   plus   trastu-­

zumab  was  also  studied.  In  the  phase  II  random-­
ized  NeoSphere  trial,  the  addition  of  pertuzumab  
to  docetaxel-­trastuzumab  based  primary  chemo-­
therapy  increased  the  pCR  from  29  to  46  %.  Inter-­
estingly,  those  patients  who  received  trastuzum-­
ab  and  pertuzumab  only,  without  chemotherapy,  
experienced   a   16.8  %   pCR   rate   [68].  Although  
the   highest   pCR   rates  were   still   obtained  when  
chemotherapy  was  added,  the  treatment  with  two  
anti-­HER2  agents  alone  may  represent  an  option  
for  those  patients  not  fit  for  chemotherapy  or  at  
lower  risk  of  relapse.
In  September   2013   in   the  USA,   pertuzumab  

was  granted  accelerated  approval  for  use  in  com-­
bination  with  trastuzumab  and  docetaxel  for  neo-­
adjuvant   treatment  of  patients  with  HER2-­posi-­
tive   locally   advanced,   inflammatory,   or   early-­
stage  BC  (either  >  2  cm  in  diameter  or  node-­pos-­
itive)  as  part  of  a  complete  treatment  regimen  for  
early  BC,  based  on  the  results  of  the  NeoSphere  
trial  [56].
Continued  approval  for  this  indication  is  con-­

tingent   upon   demonstration   of   improvement   in  
DFS  in  a  confirmatory  trial.
The  use  of  pertuzumab  as  adjuvant  treatment  

in  combination  with  trastuzumab  is  being  testing  
by  Aphinity  trial  (NCT01358877),  still  ongoing.  
This  is  a  randomized,  double-­blind,  placebo-­con-­
trolled,  two-­arm  study  will  assess  the  safety  and  
efficacy  of  pertuzumab  in  addition  to  chemother-­
apy  plus  trastuzumab  as  adjuvant  therapy  in  pa-­
tients  with  operable  HER2-­positive  primary  BC.
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Anti-HER2 Agents Plus Endocrine 
Therapies

For   those   patients   whose   tumors   overexpress  
both  HER2  and  estrogen  receptor  (ER),  the  con-­
comitant  targeting  of  these  two  receptors  has  be-­
come  a  viable  option  in  the  advanced  setting.
The   randomized   phase   II   TAnDEM   trial   in-­

cluded  207  patients  with  known  HER2-­positive/
ER-­positive   MBC   and   reported   a   doubling   of  
PFS  with  the  addition  of  trastuzumab  over  anas-­
trozole  alone  4.8  vs  2.4  months,  HR  0.63;;  95  %  
CI,   0.47–0.84,   p  =  0.0016)   as   first-­line   therapy  
[69].  Similarly,  in  another  phase  III  trial,  patients  
with   known  ER  +  /HER2  +  tumors   (  n  =  219),   de-­
rived   higher   benefit   from   the   combination   of  
lapatinib  and  letrozole  as  compared  to   letrozole  
alone  (PFS  8.2  vs  3.0  months,  HR  0.71;;  95  %  CI,  
0.53–0.96,  p  =  0.019)  [70].
The   next   challenge   should   be   to   evaluate  

whether   this   strategy  may   be   translated   also   in  
the   adjuvant   setting.   Indeed,   those   HER2-­posi-­
tive/HR-­positive   patients   with   good   prognostic  
features   such   as   small,   node-­negative   tumors  
might  not  need  chemotherapy  and  might  benefit  
from  a  combined  targeted  treatment.

Other Combinations

Since  one  of  the  proposed  mechanisms  of  trastu-­
zumab  resistance  is  the  activation  of  the  PI3K/Akt  
pathway,  and  the  mammalian  target  of  rapamycin  
(mTOR)  is  a  downstream  component  of  this  cas-­
cade,  the  association  of  trastuzumab  and  mTOR  
inhibitor  is  under  investigation.  The  encouraging  
results  that  have  been  obtained  for  the  combina-­
tion   of   trastuzumab   and   everolimus   in   phase   I  
and  phase  II  trials  [71,  72],  prompted  the  design  
of   ongoing   randomized   phase   III   trial   evaluat-­
ing  the  addition  of  everolimus  to  a  trastuzumab-­
based  chemotherapy  for  MBC  (NCT00876395).  
Furthermore,  in  a  randomized,  double-­blind,  pla-­
cebo-­controlled,  phase  3  trial  (Bolero-­3),  women  
with   HER2-­positive,   trastuzumab-­resistant,   ad-­
vanced   breast   carcinoma   who   had   previously  
received   taxane   therapy   were   randomized   to  
daily  everolimus  (5  mg/day)  plus  weekly  trastu-­

zumab   (2   mg/kg)   and   vinorelbine   (25   mg/mq)  
or  to  placebo  plus  trastuzumab  plus  vinorelbine,  
in  3-­week  cycles.  The  addition  of  everolimus  to  
trastuzumab   plus   vinorelbine   significantly   pro-­
longs  PFS  in  patients  with  trastuzumab-­resistant  
and  taxane-­pretreated,  HER2-­positive,  advanced  
BC   (7  months  vs   5.18  months).  However,   seri-­
ous  adverse  events  were  reported  in  42  %  patients  
in  the  everolimus  group  and  20  %  in  the  placebo  
group.  Because  of  that,  the  clinical  benefit  should  
be  considered  in  the  context  of  the  adverse  event  
profile  in  this  population  [73].
HER2   signaling   has   been   showed   to   induce  

VEGF  transcription  and  inhibition  of  HER2  may  
result  in  an  antiangiogenic  effect  [1].  The  inclu-­
sion  of  the  monoclonal  anti-­VEGF  antibody  bev-­
acizumab   in   a   trastuzumab-­containing   regimen  
resulted   in   some   activity   in   phase   II   trials   [74,  
75].  A   phase   III   trial,   the  AVEREL   trial,   tested  
bevacizumab   in   combination   with   trastuzumab  
and   docetaxel   in   patients   with   HER2-­positive  
MBC   as   first-­line   therapy.   Combining   bevaci-­
zumab  with   docetaxel   and   trastuzumab   did   not  
significantly  improve  PFS  [76].  Another  phase  III  
trial,  the  BETH  study  (treatment  of  HER2-­posi-­
tive  BC  with  chemotherapy  plus  trastuzumab  vs  
chemotherapy  plus  trastuzumab  plus  bevacizum-­
ab)   included   3509   women   with   HER2-­positive  
BC  who  were   either   node-­positive   or   high-­risk  
node-­negative,  with  the  latter  group  representing  
41  %   of   the   population.   Patients   were   enrolled  
to   receive   six   cycles   of   docetaxel/carboplatin  
plus   trastuzumab   (TCH)  with   or   without   beva-­
cizumab   (  n  =  3231)  or   three  cycles  of  docetaxel  
plus   trastuzumab  given  with  or  without  bevaci-­
zumab  followed  by   three  cycles  of  5-­fluoroura-­
cil,  epirubicin,  and  cyclophosphamide  (  n  =  278).  
In  both  regimens,  patients  continued  trastuzumab  
with  or  without  bevacizumab  after  chemotherapy  
to   complete   1   year   of   targeted   therapy.   For   the  
primary  outcome  of   the  study,  which  was  DFS,  
there   was   no   statistically   significant   difference  
between  the  patients  who  received  bevacizumab  
and  those  who  did  not  [77].  The  results  of  these  
trials  clearly  defined  no  role  for  bevacizumab  in  
HER2-­positive   BC.   One   of   the   main   problems  
with  antiangiogenic  strategies  remain  the  lack  of  
tools   to   predict   sensitivity   to   these   compounds  
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and  research  in  this  area  is  needed.  Finally,  sev-­
eral  other  agents  are  under  evaluation  in  combi-­
nation  with  trastuzumab  and/or  lapatinib,  such  as  
heat   shock  protein   90   inhibitors,   various  multi-­
tyrosine  kinase  inhibitors,  HER2  protein-­derived  
peptide  vaccines  and  anti-­IGFR1  drugs  [1].

Anti-HER2 Blockade Beyond 
Progression

One  of   the  major  questions   in  anti-­HER2   treat-­
ment  is  whether  HER2  remains  a  viable  potential  
target  even  in  subsequent  lines  of  therapy.  Most  
of  the  data  on  this  topic  derives  from  retrospec-­
tive   analysis   or   prospective   nonrandomized   tri-­
als,  and  they  overall  suggest  that  targeting  HER2  
beyond  progression  is  an  effective  strategy  [78].  
Recently,   a   phase   III   trial   has   addressed   this  
issue.   Patients   who   progressed   on   trastuzumab  
randomly   received   capecitabine   with   or   with-­
out   trastuzumab.  Those   patients  who   continued  
trastuzumab   experienced   a   longer   PFS   (8.2   vs  
5.6  months,  p  =  0.03)  [79].  This  is  consistent  with  
findings   from   other   trials   evaluating   different  

such  as  capecitabine  and  lapatinib,  lapatinib  plus  
trastuzumab,   pertuzumab   plus   trastuzumab   and  
T-­DM1   all   suggesting   that   continued   inhibition  
of  HER2  is  important  in  several  lines  of  therapy  
[39,  62,  65,  73,  80].

Conclusions

Given  that  the  pool  of  effective  anti-­HER2  treat-­
ments   seems   to   constantly   grow,   an   essential  
priority   for   future   research   should   be   to   inter-­
pret   the  role  of  each  single  agent  and  combina-­
tion   at   the   best.  This   goes   for   the   definition   of  
the  optimum  strategies  (concurrent  multi  HER2  
blockade,   sequential   approach,   with   or   without  
chemotherapy,  etc.)  to  be  applied  in  specific  set-­
tings   and   time   points   of   the   disease   history.  At  
the  same  time,  further  research  is  needed  to  give  
a  deeper  insight  into  the  biology  of  HER2  signal-­
ing  and  anti-­HER2  resistance,  in  order  to  prevent  

or   reverse   therapy   resistance.   Indeed,   although  
many  mechanisms  have  been  proposed,  no   tool  
that   could   be   applied   into   the   clinics   has   been  
identified  so  far.
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Poly ADP-ribose Polymerase 
Inhibitors, DNA Damage Repair 
Dysfunction, and the Synthetic 
Lethality

The  treatment  with  poly  ADP-­ribose  polymerase  
(PARP)  inhibitors  represents  a  peculiar  kind  of  tar-­
geted  therapy,  an  innovative  way  that  increases  the  
complexity  of   the  strategy   to   target  cancer  cells,  

not  only  by  counteracting  a  druggable  biomarker  
or  an  actionable  pathway,  but  also  by  specifically  
destroying  cancer  cells  harboring  a  relevant  DNA  
damage  repair  (DDR)  dysfunction  through  the  in-­
hibition  of  a  different  other  pathway  of  DNA  re-­
pair,  thus  realizing  the  synthetic  lethality.
To  date,  PARP  inhibitors  showed  activity  in  the  

treatment  of  metastatic  ovarian  cancer  (MOC)  and  
metastatic  breast  cancer  (MBC)  patients  carrying  
BRCA1  or  BRCA2  predisposing  mutations.  Phase  
III  clinical  trials  justified  their  first  indication  for  
MOC   patients   as   maintenance   treatment   after  
reaching   a   clinical   response   with   re-­challenge  
of  platinum/paclitaxel   association.  Ongoing   ran-­
domized  clinical  trials  would  evaluate  the  efficacy  
of  PARP  inhibitors  as  first-­line  treatment  of  MBC  
and,  specifically,  of  triple-­negative  breast  cancer  
(TNBC)  patients.  Moreover,  treatment  with  PARP  
inhibitors  could  be  more  widely  effective  in  can-­
cers  with  DDR  dysfunction,  as  we  would  be  able  
to  more  specifically  detect  it  at  the  somatic  level  
than   by   the   surrogate   BRCA1/BRCA2   germline  
analysis  of  cancer  predisposition.

DDR Dysfunction and Clinically 
Relevant Biomarkers

In  normal  cells,  a  complex  architecture  of  DNA  
damage  checkpoints   and   repair  pathways   coun-­
teract  the  continuous  exogenous  and  endogenous  
acquisition   of  DNA  alterations.   In   cancer   cells,  
a   partial   or   complete   dysfunction   of   some   of  
these   machineries   is   prevalent,   thus   increasing  
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  instability   [1].   Dysfunctions   of   the   DDR   are  
common  in  cancer  and  represent  potential  targets  
for  innovative  therapeutic  drugs  [2,  3].
Cancer   predisposition   determining   approxi-­

mately   5  %   of   the   most   prevalent   solid   tumors  
depends   on   partial   (heterozygous)   inactivation  
of  genes  involved  in  DDR.  BRCA1  and  BRCA2  
genes  are  specifically  involved  in  double-­strand  
breaks   repair   (DSBR)   through   homologous   re-­
combination  (HR)  and  their  heterozygous  inacti-­
vation  through  point  mutations  and  chromosomal  
rearrangements   determine   breast   cancer   (BC)  
and  ovarian  cancer  (OC)  predisposition.  Hetero-­
zygous   inactivation   of   different   genes   involved  
in  mismatch  repair  (MMR)  determines  colorectal  
cancer  predisposition  and  hereditary  nonpolipo-­
sis  colorectal  cancer  syndromes  (HNPCC).
The  detection  of  BRCA1/BRCA2-­related  pre-­

disposition   represents   a   surrogate   biomarker   of  
DDR  dysfunction  of  breast  or  OC  cells,  as  well  
as   the   detection   of  MMR   genes-­related   predis-­
position   of   colorectal   cancer   cells   in   HNPCC  
syndromes,  because   loss  of   the  wild-­type  allele  
probably  occurs  in  cancer  cells.
In   BRCA1/BRCA2-­related   cancers,   and   par-­

ticularly  in  BC  and  OC,  the  availability  of  assays  
directly   detecting   DDR   dysfunctions   of   cancer  
cells  represents  an  unmet  need  in  clinical  practice,  
while   DNA   microsatellite   instability,   occurring  
in   approximately   15  %   colorectal   cancers,   and  
loss  of  expression  of  MMR  proteins  represent  as-­
says   to   directly   diagnose   DDR   dysfunctions   of  
colorectal  cancers.
Thus,   the   availability   of   DDR   assays   will  

expand   clinical   evaluation   of   drugs   targeting  
DDR  dysfunction,   from  more  prevalent  cancers  
with   genetic   predisposition   to   those   harboring  
inactivation  of  DDR  genes,  such  as  BRCA1  and  
BRCA2,   at   the   somatic   level,   through   genetic,  
epigenetic,  and  transcriptional  alterations.

DDR Dysfunction and Synthetic 
Lethality Through PARP Inhibition

DNA  DSBs   are   detected   and   repaired   by   non-­
homologous   end-­joining   (NHEJ)   or  HR.  NHEJ  
functions   preferentially   during   G0   and   G1,  

whereas  HR   is   prevalent   during   late   S   and  G2  
phase.  PARP-­1  activity  is  an  important  sensor  to  
signal   endogenous   oxidative   DNA   lesions   and  
DNA  single-­strand  breaks  (SSBs),  or  exogenous  
(radiation   exposure,   cytotoxic   chemotherapy)  
DNA  damage.
Targeting   remaining   operational   DDR  

pathways,   such   as   base   excision   repair   (BER)  
through   PARP   inhibitors,   may   selectively   kill  
cancer  cells   [3,  4].  PARP   inhibitors   target  key  
enzymes   involved   in   repairing   SSBs   in  DNA,  
specifically   when   the   preferred   HR   mecha-­
nism  for  repairing  DSBs  is  lost  due  to  BRCA1/
BRCA2  dysfunction.  In  preclinical  studies,  can-­
cer  cells  with  deficient  BRCA1  activity  showed  
hypersensitivity   to   PARP   inhibition.  Exposure  
of  cycling  cells  to  PARP-­1  inhibitors  increases  
SSBs   which   may   cause   replication   fork   col-­
lapse   and   DNA   DSBs.   DNA   breaks   arising  
during   replication   are   preferentially   repaired  
by  HR,  an  accurate  mechanism   that  maintains  
genomic  integrity  [5].  HR  defects  such  as  those  
occurring  in  cancers  harboring  BRCA1/BRCA2  
predisposition   and   in  BRCA-­ness   cancer   cells  
are  extremely  sensitive   to   inhibitors  of  PARP-­
dependent  alternative  repair  pathways,  through  
synthetic  lethality  [6–8].

Clinical Trials with PARP Inhibitors

After  the  demonstration  of  synthetic  lethality  in  
BRCA2-­deficient  cells  with  the  use  of  two  differ-­
ent  PARP  inhibitors  [6,  7],  the  inhibition  of  PARP  
was   considered   as   a   potential   synthetic   lethal  
therapeutic  strategy  for  the  treatment  of  cancers  
with  specific  DNA-­repair  defects.  A  first-­in-­men  
phase  I  study  was  performed  with  a  novel,  orally  
active  PARP  inhibitor  Olaparib  (AZD2281;;  KU  
0059436).   It   identified   the   maximal   tolerated  
dose  (MTD),  400  mg  bid  and  included  a  cohort  
of   patients   bearing   BRCA1/BRCA2   mutations  
and   OC   [9].   Antitumor   activity   was   observed  
only   in  carriers  of  BRCA1  or  BRCA2  mutation,  
mostly   OC   patients.   One   out   of   three   patients  
with  BRCA2  BC  had  a  complete  remission  last-­
ing  for  more  than  60  weeks.  Overall  response  rate  
(RR)  was  28  %   (13/46  patients).  Most   common  
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toxicities  were  G1–2   nausea   and   fatigue.  Thus,  
PARP  inhibition  to  target  a  specific    DNA-­repair  
pathway   was   selective   for   BRCA-­deficient  
cells,  supporting  at   the  clinical   level   that  BRCA  
mutation-­associated   cancers   are   susceptible   to  
a  synthetic   lethal   therapeutic  approach  [10,  11].  
This   study   raises   the   possibility   to   develop   an-­
ticancer  drugs,  as  targeted  therapies  for  patients  
whose   tumors   have   the   same   molecular   defect  
but   different   origins,   such   as   the   ovary,   breast,  
or  prostate.  It  may  be  key  to  accelerating  the  de-­
velopment   and   evaluation   at   a   clinical   level   of  
  anticancer  drugs  in  specific  adaptive  trials.  In  the  
expansion  studies,  only  BRCA1  or  BRCA2  carri-­
ers  developing  ovarian,  breast,  and  prostate  can-­
cer  were  enrolled,  at  the  phase  II  recommended  
dose  of  400  mg  twice  daily.
At  the  2009  ASCO  meeting,  the  two  proof-­of-­

concept  phase  II  single-­arm  studies  (ICEBERG  1  
and  2),  with  sequential  cohort  design,  confirmed  
the   efficacy   and   tolerability   of   oral   Olapa-­
rib   in   BRCA1/BRCA2   mutation   carriers   with  
  advanced,  refractory  OC  and  BC  (IIIB,  IIIC,  IV  
stage),  after  failure  of  >  1  prior  chemotherapy  for  
advanced  disease,  with  33  and  41  %  activity,  re-­
spectively,  at  the  400  mg/m2  bid  MTD  [12,  13].  
Clinical   trials   were   developed   in   BRCA-­defi-­
cient  and  potentially  BRCA-­ness  or  homologous  
  recombination   repair   (HRR)-­deficient   cancers,  
such  as  TNBC  or  basal-­like  BC  and  serous  OC.  
Olaparib  was  evaluated  in  sporadic  cancers  with  
a   presumed   BRCA-­ness   phenotype,   in     heavily  
pretreated   high-­grade   serous   or   undifferenti-­
ated  ovarian  carcinomas  and  TNBCs  [14].  Both  
BRCA-­mutated  and  wild-­type  ovarian  carcinoma  
patients   showed   activity,   while   neither   BRCA-­
mutated  nor  sporadic  BC  patients.
Other  PARP  inhibitors  have  also  been  evalu-­

ated   in  clinical   trials  [15].  Rucaparib  (CO-­338/
AG-­014699,  also  previously  PF-­01367338)  was  
recently  evaluated  in  phase  I  and  II  studies,  and  
it   is   under   evaluation   as   monotherapy   and   in  
combinations  with  cytotoxic  chemotherapy  [16,  
17].  Niraparib  (MK4827),  a  PARP  inhibitor  act-­
ing  by  a  novel  PARP   trapping  mechanism   [18,  
19],  at  a  maximum  tolerated  dose  of  300  mg/day  
[20]  was   evaluated   in   both  BRCA-­positive   and  
sporadic  tumors.  BMN  673,  a  novel,  highly  po-­

tent  PARP  1/2  inhibitor,  that  elicits  DNA  repair  
biomarkers  at  much  lower  concentrations,  dem-­
onstrated   high   efficacy   in   preclinical   studies,  
and  its  antitumor  activity  has  been  tested  in  vitro  
and  in  xenograft  cancer  models,  as  monotherapy  
and  in  combination  [21].  Antitumor  activity  was  
seen   in   BRCA1,   BRCA2,   and   PTEN   deficient  
cells  with  a  20  to  >  200-­fold  greater  potency  than  
the   other   PARP   1/2   inhibitors.   Synergism  was  
also   seen  when  BMN  673  was   combined  with  
temozolamide,  SN38,  or  platinum  drugs.  Thus,  
BMN  673  seems  to  be   the  most  specific  PARP  
inhibitor   in   its   class.  Maximum   tolerated   dose  
was   1000   mcg   daily.   Thrombocytopenia   was  
the   dose-­limiting   toxicity.   Objective   responses  
were  seen  in  2/6  BRCA-­mutated  BC  patients.  It  
will  be  studied  in  a  phase  III  trial  in  BRCA-­car-­
rier  metastatic  or   locally     advanced  BC  patients  
(NCT01945775).
PARP   inhibitors   have   also   been   combined  

with   chemotherapy   in   BRCA   mutation-­related  
malignancies.   Olaparib   was   recommended   at  
400  mg  twice  daily  for  14  days  with  carboplatin  
AUC  5.  Prevalent  grade  3/4  adverse  events  were  
neutropenia   (42  %),   thrombocytopenia   (20  %),  
and  anemia  (13  %).  Partial  responses  (PR)  were  
observed  in  6/8  BC  patients  (duration  of  response  
5–24  +   months).  More   recently,   the   therapeutic  
role  of  PARP  inhibitors  was  highlighted  in  spo-­
radic  high-­grade  serous  OCs  and  TNBCs,  charac-­
terized  by  genomic  similarities  as  showed  in  the  
TCGA  network.

Triple-Negative Breast Cancer (TNBC) 
and DDR Dysfunction

The   molecular   landscape   of   BCs   addressing  
therapeutic   strategies   currently   discriminate   the  
following   phenotypes:   estrogen   receptor   (ER)  
positive,   human   epidermal   growth   factor   re-­
ceptor-­2   (HER2)-­enriched,   ER/HER2-­positive,  
and   triple-­negative  BC   (TNBC).  TNBC  defines  
a   clinical   subgroup   without   specified   molecu-­
lar   alterations,   characterized   by   lack   of   expres-­
sion  of  ER  and  progesterone   receptor,   and   lack  
of   expression/amplification   of   HER2.   It   com-­
prises  a  heterogeneous  subgroup  of  BC  patients,  
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accounting   for   approximately   15  %   of   all   BCs  
[22],  characterized  by  biological  aggressiveness  
and   poorer   survival,   compared   to   the   other  BC  
  subgroups.   TNBC   patients   do   not   require   hor-­
mone   therapy,   nor   anti-­ERBB2-­targeted   agents.  
Thus,  chemotherapy  represents   the   treatment  of  
choice  for  these  patients,  in  metastatic,  adjuvant,  
and  neoadjuvant  setting.
BCs   related   to   BRCA1   and   BRCA2   genetic  

predisposition,  consisting  of  point  mutations  and  
chromosomal  rearrangements,  represent  approxi-­
mately  5  %  of  all  BCs  [23].  In  high-­risk  families,  
without   detected   BRCA1/BRCA2     predisposing  
mutation,   variants   of   unknown   significance  
(VUS)  abrogating  BRCA1/2  function  due  to  splic-­
ing   alterations   may   also   be   clinically     relevant  
[24].  The  development  of  TNBC  is    prevalent  in  
BRCA1  carriers,  as  indicated  by  microarray  and  
IHC  analyses  [25–29].  ER-­positive  BC  is  preva-­
lent  in  BRCA2  carriers  [30].
BRCA1-­related  BC  and  TNBC  share    common  

biological   features   such   as   high     histologic  
grade,   high   proliferative   rate   (high   expression  
of     Ki-­67),   a   pushing   border   of     invasiveness,  
and  central     necrotic  regions  [30,  31],  as  well  as  
mutated  p53,   and   basal-­like     expression   profiles  
[32].    Conversely,  more  than  10  %  of  TNBCs  con-­
sists  of  BRCA1  carriers  with  BC  positive  family  
  history,  and  much  more  TNBC    patients  (>  50  %),  
without  BRCA1-­related  BC     predisposition,   har-­
bor  a  BRCA1/2  inactivation  at  the  somatic  level  
(“BRCA-­ness”),  by  different  genetic  and  epigen-­
etic  mechanisms  specifically  affecting  BC  cells.  
Thus,  DDR  dysfunction  is  prevalent  in  BC,  and  
specifically  in  TNBC,  implying  the  potential  ef-­
fectiveness  of   targeted  treatment  with  PARP  in-­
hibitors   more   widely   in   BRCA1/BRCA2-­ness  
or   DDR   dysfunction,   TNBC,   and   ER-­positive  
BC.   BRCA1   inactivation   via   somatic   mutation  
or  epigenetic  mechanisms  may  promote  genetic  
instability   and   tumor   growth   [33].   However,  
wild-­type   BRCA1   TNBCs   frequently   exhibit   a  
down-­regulation  of  BRCA1  expression  or  altera-­
tions  in  BRCA1  function,  through  methylation  of  
BRCA1  promoter  or  over-­expression  of  proteins  
that  regulate  BRCA1  expression  [32–35].
Gene  expression  profiles  (GEP)  showed  that  

TNBC   overlaps   substantially   with   basal-­like  

  tumors,   representing   a   distinct   molecular   sub-­
type   [22,   25–27].   More   recently,   the   “claudin  
low”   subtype,   enriched   for   stem   cell   markers  
and   cells   capable   of   forming   new   tumors,   has  
been  identified  [36,  37].  Overall,  it  is  estimated  
that  65–85  %  of  TNBCs  are  basal-­like   subtype  
tumors   [26,   38–40].  Some  patients  with   basal-­
like   tumors   express   non-­TNBC   markers   (i.e.,  
ER,  PR,  and  HER2)  and  have  a  normal  breast-­
like  phenotype.  In  general,  overall  survival  (OS)  
in   patients   with   TNBC   patients   is   poor   com-­
pared  with   other   BC   phenotypes.   The   shortest  
survival   times  were   seen   in   patients  who  have  
the   basal-­like   and   HER2-­overexpressing   sub-­
types  [26,  27,  41].
Treatment   options   for   patients   with   TNBC  

are  limited  to  cytotoxic  chemotherapy  due  to  the  
lack  of  a  molecular  target  [22,  42].  Findings  from  
small  clinical  studies  suggest  that  DNA-­damag-­
ing  agents  may  be  useful  in  TNBC  and  BRCA1-­
related  tumors,  due  to  their  inherent  DNA  repair  
dysfunction   [43].  Numerous   targeted  agents  are  
currently  under  clinical  evaluation.

Clinical Trials with PARP Inhibitors  
in BC and TNBC

Based  on  promising  preclinical  findings,  several  
agents  with   PARP   inhibitory   activity,   including  
olaparib   (AZD2281),   iniparib   (BSI-­201),   and  
veliparib  (ABT-­888),  were  under  clinical  evalu-­
ation  for  the  treatment  of  TNBC  patients,  either  
as  monotherapy  or   in  combination  with  chemo-­
therapeutic   agents   (Table   7.1).   The   efficacy   of  
PARP  inhibitors  has  been  hypothesized  in  TNBC  
and  basal-­like  BC,  as  well  as   in  serous  OC  due  
to   a   BRCA-­ness/DDR   dysfunction.   The   first  
proof-­of-­concept  phase  II  single-­arm  study,  with  
sequential  cohort  design,  was  developed  to  assess  
the   efficacy   and   tolerability   of   oral   olaparib   in  
BRCA1/BRCA2  mutation  carriers  with  advanced,  
refractory  BC  (IIIB,  IIIC,  IV  stage),  after  failure  
of  >  1  prior  chemotherapy  for  advanced  disease,  
and   confirmed   41  %  RR   (11/27   patients)   at   the  
MTD  with   approximately   90  %   disease   control  
rate,   in   both  BRCA1   and  BRCA2   carriers   [13].  
BC   patients   progressing   to   Olaparib   were   all  
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  P-­refractory.  Limiting  G3  toxicities  were  fatigue  
15  %  and  vomiting  11  %.  Among  TNBC  patients  
treated   with   olaparib   in   the   pivotal   trial,   7/13  
(54  %)  in  the  400-­mg  cohort  and  4/16  (25  %)  in  
the  100-­mg  cohort  had  a  response;;  median  pro-­
gression-­free   survival  was   5.7   and   3.8  months,  
respectively   [13].   No   pCR   were   achieved   in  
TNBC  patients.  No  objective  responses  were  re-­
ported  in  a  second  study  proposing  olaparib  400-­
mg  monotherapy  in  10  TNBC  patients  [14].
A  phase  II  randomized  study  tested  the  PARP  

inhibitor  BSI-­201  (Iniparib)  in  combination  with  
Carboplatin   and   Gemcitabine   in   TNBC   (0–2  
prior  treatment)  and  preliminarily  showed  a  sig-­
nificant  increase  of  median  OS  up  to  9.2  months  
(HR  0.35)  that  was  not  confirmed  in  a  subsequent  
phase  III  study  [44,  45].  Recently,  it  was  proved  
that  iniparib  at  physiologic  concentrations  is  not  
a  PARP  inhibitor,  and  it  causes  telomere-­centric  
DNA  damage  [46,  47].  A  phase  II  trial  presented  
at  the  ASCO  meeting  2013  evaluated  this  combi-­
nation  in  the  neoadjuvant  setting  [48].
Olaparib   (200  mg  daily)  was   recently  evalu-­

ated   in   a   phase   I/II   study   in   combination   with  
  paclitaxel   90   mg/m2   weekly   for   3   of   4   weeks  

cycle,  in  the  first  or  second-­line  setting  for  meta-­
static  TNBC  patients:  PR  were  37  %  [49].
PARP   inhibitors   have   also   been   investigat-­

ed   as   combination   therapies   with   other   novel  
  targeted   agents   [50,   51].   Cediranib,   an   anti-­
angiogenetic   agent,   was   studied   with   olaparib  
in   recurrent   epithelial   ovarian   or   TNBCs   (20  
OC  and  8  BC  patients).  Patients  were   enrolled  
at  four  dose  levels.  At  the  dosages  of  cediranib  
30  mg   daily   and   olaparib   400  mg   twice   daily,  

grade   4   thrombocytopenia   occurred,   thus   the  
phase   II   recommended   doses   were   cediranib  
30  mg   daily   and   olaparib   200  mg   twice   daily.  
Grade   3–4   toxicities   occurred   in   75  %   of   pa-­
tients,  with  grade  3  hypertension  and  fatigue  in  
25  and  18  %,  respectively.  Overall  RR  was  44  %  
in  the  evaluable  18  OC  patients,  with  61  %  clini-­
cal  benefit  (including  SD).  No  clinical  responses  
were  observed  in  BC  patients,  but   two  patients  
had   SD   for   >  24   weeks.  Moreover,   in   a   phase  
II   trial   of  MBC,  veliparib   in   combination  with  
temozolomide   showed   activity   in   patients  with  
BRCA-­associated  disease.

Table 7.1     Activity  and  efficacy  of  PARP  inhibitors  in  the  treatment  of  metastatic  BC,  in  patients  carrying  or  not  
BRCA1/2  predisposing  mutations
Reference Drugs Phase BC BRCA1/2 ORR  (%) SD PFS  (m)
Fong,  NEJM’09 O I    9    3    1    1
Tutt,  Lancet’10 O II 27 27 11  (41) 5.7
Gelmon,  Lancet  Onc’11 O II 10    0    5
Kaufman,  ASCO’13 O II 62    8  (13) 29
Lee,  ASCO’13 O/C I    8    7    1
Van  der  Noll,  ASCO’13 O/C/P I 23 –
Liu,  EJC’13 O/Ced I 28    3    0
Dent,  BCR’13 O/P 19    7  (37)
Sandhu,  LancOnc’13 N I 12    4    2
De  Bono,  ASCO’13 B I    8    6    2
Kristeleit,  ASCO’13 R I–II 17 –    1
Huggins,  ASCO’13 V I 12    1
Ramaswami,  ASCO’13 V/C I 38    6    2    4
Somlo,  ASCO’13 V/C I 28 12    7 7.8
Rodler,  SABCS’11 V/P/Vi I 18    5    3    7
Tan,  ASCO’13 V/Ci/D II 11    3    2    6
Isakoff,  ASCO’13 V/TM II 24 24    3
PARP-­inhibitors:  O  Olaparib,  N  Niraparib  (MK4827),  B  BMN673,  R  Rucaparib,  V  veliparib,  C  carboplatin,  P  pacli-­
taxel,  Vi  Vinorelbin,  Ci  Ciclophosphamide,  D  Doxorubicin,  TM  Temozolamide,  Ced  Cediranib
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Head  and  neck  cancer  is  the  sixth  most  common  
cancer  worldwide   [1].  More   than   90  %  of   head  
and   neck   cancers   are   of   squamous   cell   histol-­
ogy   [2].   Globally   about   650,000   new   cases   of  
squamous   cell   carcinoma  of   the   head   and   neck  
(SCCHN)  are  diagnosed  each  year  [1].
The  management  of  SCCHN  is  complex  and  

requires  a  multidisciplinary  approach  [3].  Single  
modality  treatment  with  surgery  or  radiotherapy  
(RT)  is  generally  recommended  for  the  approxi-­
mately  40  %  of  patients  who  present  with  stage  I  
or   II  disease   [3].  For  patients  who  present  with  
locoregionally   advanced   (LA)   disease   at   diag-­
nosis,   combined   modality   therapy   is   generally  
recommended  [3].  For  patients  with  unresectable  
disease   and   for   patients  with   resectable   disease  
in  whom  organ  preservation   is  desired,   the  cur-­
rent   standard   treatment   is   concurrent   cisplatin-­
based   chemoradiation   (CRT)   [3].   The   role   of  
induction   chemotherapy   remains   controversial  
[4,   5].   A   significant   majority   of   patients   with  
LA-­SCCHN  at  diagnosis  will  develop  a  (loco)re-­
gional  recurrence  or  distant  metastases.  Patients  
with  recurrent  or  metastatic  (R/M)  SCCHN  have  
a  poor  prognosis  with  a  median  overall  survival  
(OS)   ranging   between   6   and   9  months   in  most  
studies  [6,  7].  A  large  number  of  targeted  agents  
have  been  tested  in  the  treatment  of  SCCHN  [8,  
9].  However,  cetuximab  is  still  the  only  targeted  

agent  which  has  been  approved  for  the  treatment  
of  SCCHN  [10,  11].

EGFR-Directed Monoclonal Antibodies

Cetuximab   is   a   chimeric   monoclonal   antibody  
of   the   immunoglobulin   G1   class,   which   binds  
with   high   affinity   to   the   extracellular   domain  
of   the  human  epidermal  growth  factor   receptor  
(EGFR)  [12].
The  EGFR   is   expressed   in   the   vast  majority  

of  SCCHN  [13].  Overexpression  of  EGFR  is  an  
unfavorable   prognostic   factor   in   SCCHN   [14].  
The  affinity  for  the  EGFR  is  approximately  five-­  
to   tenfold   higher   than   that   of   the   endogenous  
  ligands  [12].
Cetuximab  blocks  the  binding  of  these  ligands  

resulting   in   inhibition   of   the   receptor   function.  
Furthermore,   cetuximab   induces   the   internal-­
ization  of   the  EGFR,  which   can   lead   to   down-­
regulation  of  the  EGFR.  It  also  targets  cytotoxic  
immune  effector  cells  towards  EGFR  expressing  
tumor   cells   (antibody   dependent   cell-­mediated  
cytotoxicity)   [12].   In   vitro   exposure   of   squa-­
mous   cell   carcinoma   (SCC)   cell   lines   derived  
from  head  and  neck  cancer  patients  to  cetuximab  
inhibits   proliferation   in   a   time-­dependent  man-­
ner  [15].
Cetuximab  is  a  potent  radiosensitizer  and  acts  

synergistically  with  cisplatin  in  preclinical  SCC  
models  [16–18].
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Platinum-Refractory Disease

In   patients   with   platinum-­refractory   disease,  
  response  rates  ranging  between  10  and  13  %  were  
observed,  irrespective  of  whether  cetuximab  was  
administered  as  a  single  agent  or  in  combination  
with  a  platinum  compound  [19–22].  The  median  
OS  was  about  6  months  [19–22],  which  is  longer  
than  commonly  observed   in  patients  with  plati-­
num-­refractory   disease   [23].   According   to   the  
summary  of  product  characteristics,  cetuximab  is  
administered  at  a  loading  dose  of  400  mg/m2,  fol-­
lowed  by  weekly  administrations  of  250  mg/m2.  
Fury  et  al.  [24]  observed  an  overall  response  rate  
of  11  %  with  cetuximab  500  mg/m2  administered  
every  2  weeks.  Median  OS  was  7  months.  Esca-­
lating  the  dose  to  750  mg/m2  every  2  weeks  did  
not  result  in  a  better  outcome  [24].
The   modest   single-­agent   activity   of  

  EGFR-­directed   monoclonal   antibodies   in  
  platinum-­refractory  SCCHN  was  confirmed  in  a  
randomized  trial  conducted  by  Machiels  et  al.,  al-­
though  that  trial  failed  to  meet  its  primary    endpoint  
[25].  Zalutumumab  is  a  human    immunoglobulin  
G1  (IgG1)  EGFR-­directed  monoclonal  antibody  
targeting.  Machiels   et   al.   [25]   randomized   286  
patients   in   a   2:1   ratio   to   receive   either   zalutu-­
mumab   plus   best   supportive   care   (zalutumum-­
ab  group)  or  best   supportive  care  with  optional  
methotrexate   (control   group).  Eligible  were  pa-­
tients  with  progressive  disease  according   to   the  
Response   Evaluation   Criteria   in   Solid   Tumors  
(RECIST)   during   or   within   6   months   after   the  
failure  of  platinum-­based  chemotherapy  (at  least  

2   per   cycle)  
2   per   cycle)  with   an  

interval   between   the   cycles   of   <  4   weeks)   and  
patients   with   platinum   intolerance   which   was  
defined   as   discontinuation   or   dose   reduction   of  
platinum-­based  chemotherapy  due  to  adverse  or  
toxic  effects,  irrespective  of  response.  The  dose  of  
zalutumumab  was  titrated  according  to  rash.  Sev-­
enty-­two  percent  of  the  control  patients  received  
methotrexate  from  the  initiation  of  the  trial,  and  a  
further  6  %  started  methotrexate  during  the  trial.  
Median  OS  (primary  endpoint)  was  6.7  months  
(95  %   CI:   5.8–7.0)   in   the     zalutumumab   group  

and  5.2  months  (95  %  CI:  4.1–6.4)  in  the    control  
group  (Hazard  Ratio  (HR)  for  death,  stratified  by  

-­
mance  status:  0.77;;  97.06  %  CI:  0.57–1.05)  [25].  
The  difference  missed  statistical  significance  by  
a   narrow   margin   (unadjusted   p  =  0.0648)   [25].  
However,   there   was   a   statistically   significant  
difference   in   progression-­free   survival   (PFS),  
which  was  a  secondary  endpoint  of  the  trial  (HR  

performance   status:   0·∙63;;   95  %   CI   0·∙47–0·∙84;;  
p  =  0.0012)  [25].  The  objective  response  rate  with  
zalutumumab  was  6.3  %.

First Line R/M SCCHN

In   the   Erbitux   in   First-­Line   Treatment   of  
  Recurrent   or  Metastatic  Head   and  Neck  Cancer  
  (EXTREME)  trial  [26],  patients  which  previously  
untreated  R/M  SCCHN  were   randomized   to   re-­
ceive  cisplatin  (100  mg/m2)  or  carboplatin  (Area  
under  the  curve    (AUC  5)  on  day  1,  followed  by  
5-­FU  1000  mg/m2/day   as   a   continuous   infusion  
for  4  days,  every  3  weeks  for  a  maximum  of  six  
cycles   or   the   same   chemotherapy   plus   cetux-­
imab  at  a  loading  dose  of  400  mg/m2  followed  by  
weekly  administrations  at  250  mg/m2  [26].
Patients   with   at   least   stable   disease   who  

  received  chemotherapy  plus  cetuximab  continued  
to  receive  cetuximab  until  disease  progression  or  
unacceptable   toxic   effects,   whichever   occurred  
first.   OS  was   the   primary   endpoint   of   the   EX-­
TREME  trial.  The  median  OS  was  7.4  months  in  
the  chemotherapy-­alone  group  and  10.1  months  
in  the  group  that  received  chemotherapy  plus  ce-­
tuximab  (HR  for  death:  0.80;;  95  %  CI:  0.64–0.99;;  
p  =  0.04).  The  median  PFS  was  3.3  months  with  
chemotherapy  alone  and  5.6  with  the  addition  of  
cetuximab   (HR   for   progression:   0.54;;   95  %  CI:  
0.43–0.67;;  p  <  0.001).  The  overall   response   rate  
was  20  %  (95  %  CI:  15–25)  and  36  %  (95  %  CI:  
29–42),  respectively  (  p  <  0.001)  [26].  Expression  
of  EGFR  or  tumor  EGFR  copy  number  was  not  
predictive   for   the   benefit   from   the   addition   of  
  cetuximab  [27].  Adding  cetuximab  to  the  chemo-­
therapy  improved  survival,  irrespective  of  tumor  
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p16   or   the   human   papillomavirus   (HPV)   status  
[28].   p16   positivity   and   HPV   positivity   were  
  associated   with   a   better   outcome   in   both   arms  
[28].  The  results  of  the  EXTREME  trial  are  sup-­
ported  by  a  trial  conducted  by  the  Eastern  Coop-­
erative  Oncology  Group  (ECOG),  also  in  previ-­
ously  untreated  R/M  SCCHN  [29].  In  that  ECOG  
trial  patients  received  cisplatin  100  mg/m2  every  
4  weeks  with  either  weekly  placebo  (arm  A)  or  
weekly   cetuximab   (arm   B).   The   primary   end-­
point   of   the   trial  was   a   PFS   [29].  Median   PFS  
was  2.7  months  for  arm  B  and  4.2  months  for  arm  
A.  The  HR  for  progression  (primary  endpoint)  of  
arm  A   versus   arm  B  was   0.78   (95  %  CI:   0.54–
1.12;;   p  =  0.09).   The   22  %   reduction   in   risk   of  
progression  was  not  significant   in  a  study  pow-­
ered   to   detect   a   50  %   reduction   in   hazard   rates  
[29].  To  detect  a  2-­month  prolongation  of  median  
PFS  from  2.7  months  with  90  %  power,  approxi-­
mately   173   patients  would   have   been   required,  
rather  than  the  123  enrolled  in  the  study.  Median  
OS  was   8.0  months   for   arm  B   and   9.2  months  
for  arm  A  (  p  =  0.21).  The  objective  response  rate  
was  26  %  for  arm  A  and  10  %  for  arm  B  (  p  =  0.03)  
[29].  Although  the  ECOG  study  failed  to  meet  its  
primary   endpoint,   the   results  were   nevertheless  
in   line   with   the   results   of   the   EXTREME   trial  
[26,   29].  Although   the   SPECTRUM   (Study   of  
Panitumumab   Efficacy   in   Patients   with   Recur-­
rent   and/or  Metastatic   Head   and  Neck   Cancer)  
trial  also  failed  to  meet  its  primary  endpoint,  the  
outcome  of  this  trial  was  not  contradictory  to  the  
results  of  the  EXTREME  trial  as  the  trend  in  the  
SPECTRUM   trial   was   strongly   in   favor   of   the  
arm  receiving  panitumumab  [30].   In   the  SPEC-­
TRUM  trial  [30],  657  patients  were  randomized  
to   receive   either   cisplatin   100  mg/m2   on   day   1  
followed  by   5-­FU  1000  mg/m2   on   days   1–4   of  
each  cycle  or  the  same  regimen  plus  panitumum-­
ab  at  a  dose  of  9  mg/kg  on  day  1  of  each  cycle.  
Cycles  were  repeated  every  3  weeks.  Median  OS  
was  11.1  months  (95  %  CI  9.8–12.2)  in  the  pani-­
tumumab  group  and  9.0  months  (8.1–11.2)  in  the  
control  group  (HR:  0.873,  95  %  CI  0.729–1.046;;  
p  =  0.1403)   [30].   Median   PFS   was   5.8   months  
(95  %  CI  5.6–6.6)  in  the  panitumumab  group  and  
4.6  months   (4.1–5.4)   in   the  control  group   (HR:  

0.780,   95  %   CI   0.659–0.922;;   p  =  0.0036)   [30].  
Median  OS  in  patients  with  p16-­negative  tumors  
was  longer  in  the  panitumumab  group  than  in  the  
control   group   (11.7  months   (95  %  CI   9.7–13.7)  
vs.   8.6   months   (6.9–11.1);;   HR:   0.73   (95  %   CI  
0.58–0.93);;  p  =  0.0115),  whereas  there  was  no  dif-­
ference  in  the  p16-­positive  patients  (11.0  months  
(7.3–12.9)   vs.   12.6   months     (7.7–17.4);;   1.00  
(0.62–1.61);;  p  =  0.998)  [30].

Locoregionally Advanced Disease

Cetuximab  was  also  tested  in  association  with  irra-­
diation  in  patients  with  LA  SCCHN.    Bonner  et  al.  
[31,   32]   randomized   424   patients  with   stage   III  
or  IV,  nonmetastatic  SCCHN  to  irradiation  either  
alone  or  in  combination  with  weekly    cetuximab.
The  median  duration  of   locoregional   control  

(primary  endpoint)  was  24.4  months   in  patients  
treated  with  cetuximab  plus  RT  and  14.9  months  
in  patients  treated  with  RT  alone  (HR  for  locore-­
gional  progression  or  death:  0.68;;  p  =  0.005).
Median   OS   was   49.0   months   and  

29.3  months,   respectively  (HR  for  death:  0.73;;  
p  =  0.018)  [31,  32].  However,  as  no  results  of  a  
randomized  trial  comparing  cetuximab  plus  RT  
with     cisplatin-­based   CRT   have   been     reported  
thus   far,   cisplatin-­based   CRT   is   still   to   be  
  considered   the   standard   treatment   for   patients  
with    LA-­SCCHN.  In  a  meta-­analysis  including  
data  on  17,346  patients,  the  addition  of  chemo-­
therapy   to  RT  was  associated  with  an  absolute  
survival   benefit   of   6.5  %   at   5   years   [33].   In  
  contrast,  the  benefit  of  cetuximab  has  only  been  
demonstrated  in  one  single  randomized  trial  in-­
volving  424  patients.
The  addition  of  cetuximab   to  cisplatin-­based  

CRT   does   not   further   improve   the   outcome.   In  
Radiation   Therapy   Oncology   Group   (RTOG)  
0522  [34],  895  evaluable  patients  with  stage  III  
or  IV  nonmetastatic  SCCHN  were  randomized  to  
receive  either  CRT   (72  Gy   in  42   fractions  over  
6  weeks  plus  cisplatin  100  mg/m2  on  days  1  and  
22)  or  the  same  regimen  plus  weekly  cetuximab.  
Over  90  %  of  the  patients  in  both  arms  received  
the   planned   two   doses   of   cisplatin.   The   2-­year  
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PFS   (primary   endpoint)   was   64.3  %   with   CRT  
and  63.4  %  with  CRT  plus  cetuximab  (HR:  1.05;;  
95  %  CI:  0.84–1.29;;  p  =  0.67).  The  2-­year  OS  rates  
were   79.7   and   82.6  %,     respectively   (HR:   0.87;;  
95  %   CI:   0.66–1.15;;   p  =  0.17).   The   estimated  
2-­year   locoregional   relapse   rate   was   19.8   and  
24.5  %,  respectively  (  p  =  0.92).  The  2-­year  distant  
metastasis  rate  was  12.0  and  7.6  %,    respectively  
(  p  =  0.07)  [34].  Overall,   there  was  no  difference  
regarding  acute  grade  3  or  4   toxicities  between  
both   arms.   However,   grade   3   or   4   mucositis  
(33  %  in  CRT  vs.  43  %  in  CRT  plus  cetuximab)  
and  in-­field  dermatitis  (15  %  in  CRT  vs.  25  %  in  
CRT  plus  cetuximab)  was  more  common  in   the  
cetuximab  containing  arm.  Grade  3  or  4  derma-­
titis  outside  the  radiation  field  occurred  in  19  %  
of  the  patients  treated  with  cetuximab  [34].  In  a  
  randomized   phase   II   trial   [35]   in   patients   with  
stage   nonmetastatic   stage   III   or   IV   oropharyn-­
geal   cancer,   maintenance   weekly   cetuximab  
for   12  weeks   after   bioradiation  with   cetuximab  
was   associated   with   a   statistically   nonsignifi-­
cant   higher   response   rate   at   the   first   evaluation  
at  12  weeks  after  the  end  of  RT  (overall  response  
rate:   96  %   (complete   response   rate:   65  %)   with  
the   addition   of   cetuximab   vs.   85  %   (complete  
response   rate   56  %)  without   cetuximab  mainte-­
nance   (  p  =  0.073))  and  a   statistically  nonsignifi-­
cant  higher  1-­year  locoregional  control  rate  (59  %  
vs.  47  %;;  p  =  0.25).  Moreover,  the  difference  was  
entirely  lost  after  2  and  3  years  [35].

EGFR Tyrosine Kinase Inhibitors

Gefitinib  and  erlotinib  have  shown  single-­agent  
activity  in  nonrandomized  phase  II  trials  [36–39].  
However,  the  addition  of  gefitinib  to  single  agent  
docetaxel   did  not   improve  OS   in   a   randomized  
phase  III  trial  conducted  by  Argiris  et  al.  [40].  In  
that   trial,  patients   received  docetaxel  35  mg/m2  
on  day  1,  8,   and  15,   every  28  days,   either  plus  
placebo  or   plus  gefitinib  250  mg/day   [40].  The  
data  monitoring  a  committee  recommended  early  
stopping  of  enrollment  after  inclusion  of  270  pa-­
tients     because   there   was   <  5  %   chance   to   meet  
the   primary   endpoint   (improved   OS).     Eligible  

were  patients  who  were  previously   treated  with  
chemotherapy   for   R/M   SCCHN   (73  %   of   the  
patients)   and   patients   previously   untreated   for  
R/M   SCCHN   either   with   a   poor   performance  
status   (ECOG   2)   or   in   case   of   relapse   within  
6  months   after   chemotherapy   given   as   part   the  
primary   treatment  with   curative   intent.  Median  
OS  was  6.8  months  with  docetaxel  plus  placebo  
versus  6.2  months  with  docetaxel  plus  gefitinib  
(HR:   0.99;;   95  %   CI:   0.75–1.31;;   p  =  0.97).   An  
unplanned  subset  analysis  showed  that  gefitinib  
improved   the   survival   in   patients   younger   than  
65   years   (median   7.6   vs.   5.2  months;;   p  =  0.04)  
[40].  The   time   to   progression  was   significantly  
longer   with   the   addition   of   gefitinib   (median  
3.5  months  vs.  2.1  months;;  HR:  0.69;;  95  %  CI:  
0.49–0.99;;  p  =  0.047).  In  the  Iressa  Versus  Meth-­
otrexate   (IMEX)   trial   [41],   486   R/M   SCCHN  
patients  were  randomly  assigned  to  oral  gefitinib  
250   mg/day,   gefitinib   500   mg/day,   or   metho-­
trexate   40  mg/m2   intravenously   weekly.   Physi-­
cians   and  patients  were  blinded   to   the  gefitinib  
dose.   Two   coprimary   analyses   compared   OS  
between   each   gefitinib   dose   and   methotrexate.  
Patients   were   stratified   into   two   groups:   group  
A  (  n  =  256)  consisted  of  patients  who  had  stable  
or   progressive   disease   after   at   least   two   cycles  
of   platinum-­based   chemotherapy   for   recurrent  
disease;;  group  B   (  n  =  230)   consisted  of  patients  
who   were     considered   unsuitable   for   platinum-­
containing   chemotherapy.   Neither   gefitinib  
250  mg/day  nor  gefitinib  500  mg/day  improved  
OS   compared   with   methotrexate   (HR:   1.22;;  
95  %   CI:   0.95–1.57;;   p  =  0.12;;   HR:   1.12;;   95  %  
CI:   0.87–1.43;;   p  =  0.39,   respectively).   Median  
OS  was  5.6,  6.0,  and  6.7  months  in  the  gefitinib  
250  mg/day,   gefitinib   500  mg/day,   and   metho-­
trexate  groups,  respectively.  In  group  A,  OS  was  
significantly   longer   with   methotrexate   (HR   for  
death:   gefitinib   250  mg  vs.  methotrexate:   1.62;;  
p  =  0.01;;  gefitinib  500  mg  vs.  methotrexate:  1.5;;  
p  =  0.02)  [41].
The   addition   of   erlotinib   to   standard   CRT  

also   failed   to   improve   the   complete   response  
rate   and   PFS   in   a   randomized   phase   II   trial  
conducted   by   Martins   et   al.   in   patients   with  
  LA-­SCCHN  [42].
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Conclusion

The  EGFR-­directed  monoclonal  antibody  cetux-­
imab   is   still   the   only   targeted   agent   which   has  
shown  unequivocal  activity   in  SCCHN,  both   in  
patients  with   R/M   disease   and   in   patients  with  
locoregional   advanced   disease.   Cetuximab   has  
modest  single-­agent  activity  in  patients  with  plat-­
inum-­refractory  R/M  SCCHN  and  improves  the  
OS  when  added  to  platinum-­based  chemotherapy  
in   patients   with   previously   untreated   R/M   dis-­
ease.   The   addition   of   cetuximab   to   irradiation  
improves   the   locoregional   disease   control   rate  
and  OS  in  patients  with  LA-­SCCHN.  However,  
as  no  results  of  a  randomized  trial  comparing  ce-­
tuximab  plus  RT  with  cisplatin-­based  CRT  have  
been   reported   thus   far,   cisplatin-­based   CRT   is  
still   to  be  considered   the  standard   treatment   for  
patients  with  LA-­SCCHN.
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Introduction

Non-­small  cell  lung  cancer  (NSCLC)  represents  
about  75–80  %  of  lung  cancer  cases,  mostly  de-­
tected  as  a  metastatic  disease.  It  is  considered  as  
an   aggressive   and  heterogeneous  disease,   tradi-­
tionally   classified   on   a   histological   basis,   into  
adenocarcinoma,   squamous-­cell   carcinoma,   and  
other   nonspecified   subtypes,   which   represent  
about   55,   35,   and   10  %   of   all   NSCLC   cases,  
respectively.  Twenty   years   ago,   very   few   treat-­
ments  were  available  for  lung  cancer  patients,  so  
medium  survival  was  about  2–4  months  without  
any   [1].   Introduction   of   platinum-­based   com-­

binations   with   third   generation   agents   such   as  
gemcitabine,   vinorelbine,   and   docetaxel,   led   to  
a  significant  improvement  in  both  response  rate  
(RR)   and   survival   outcomes,   which   reached   a  
“plateau”  of  about  15–20  %  and  10–11  months,  
respectively;;  so  it  is  still  considered  the  standard  
treatment   of   the   majority   of   NSCLC   patients  
[2].  Subsequently,  the  advent  of  new,  more  spe-­
cific,   cytotoxic   drugs,   such   as   pemetrexed,   led  
to  a   further   increase  of  survival,  which   reached  
about  12–13  months  in  nonsquamous  cell  carci-­
noma   subtype   [3],   and   even   14  months   if   con-­
sider  also  the  maintenance  treatment  [4].  Further-­
more,   the   addiction  of   antiangiogenic   agents   to  
chemotherapy,  such  as  bevacizumab,  has  proven  
to  be  a  valid  strategy  for  treating  NSCLC,  since  
the   process   of   angiogenesis   is   essential   for   the  
growth,  survival,  and  metastasis  of  solid  tumors.  
The  past  decade  has  witnessed  a  radical  change  
in  the  treatment  of  lung  cancer,  thanks  to  the  dis-­
covery  of  key-­oncogene  alterations,   responsible  
for  cancer  cell  proliferation  and  survival,  and  the  
subsequent  clinical  development  of  new  targeted  
drugs,  capable  to  inactivate  them.  The  detection  
of   sensitive   epidermal   growth   factor   receptor  
(EGFR)   mutations   and   subsequent   correlation  
with  clinical  responses  to  EGFR  tyrosine-­kinase  
inhibitors   (TKIs)   [5,   6],   led   to   the   approval   of  
gefitinib,   erlotinib,   and   more   recently   afatinib,  
as  first  line  treatment  of  EGFR-­mutated  NSCLC  
patients.   The   detection   of   the   EML4-­ALK   fu-­
sion   gene   in   another   subgroup   of   patients  with  
NSCLC  [7],  was  followed  by  the  development  of  
the  ALK  and  ROS1   inhibitor,   crizotinib,  which  

Antonio  Russo  and  Christian  Rolfo  have  equally    
contributed  to  this  work.

!..bbaaddaallaammeennttii@@ttiinn..iitt



90 A. Russo et al.

dramatically   improved   the   clinical   outcome   of  
those  patients.  After  the  discovery  of  EGFR  and  
ALK,   and   the   subsequent   development   of   the  
first  targeted  agents,  several  advances  have  been  
made   in   lung  cancer   translational   research.  The  
discovery   of   new   oncogenic   driver   mutations,  
both  in  adenocarcinoma  and  squamous  cell  car-­
cinoma,   led   to   the   shifting  of   lung   cancer   clas-­
sification   from   histological   to   molecular   basis  
(Fig.   9.1).  Therefore,   the   tumor  molecular   pro-­
file  is  actually  crucial  in  the  selection  of  patients  

eligible  for  the  new  targeted  therapies,  leading  to  
the   establishment   of   new   treatment   algorithms,  
in   order   to   provide   the   best   treatment   for   each  
patient.  Unfortunately,  the  percentage  of  patients  
for  which  a  specific  targeted  therapy  is  available  
and  whose  choice  is  guided  by  the  presence  of  the  
tumor  molecular  alterations  are  just  about  20  %,  
while   for   all   the   other   ones,   the   choice   among  
the  different  platinum-­based  combinations  is  still  
guided  just  by  histotypes  (Fig.  9.2).

Fig. 9.2    Treatment  algorithm  in  first-­line  metastatic  NSCLC

  

Fig. 9.1   Molecular  subsets  of  non-­squamous  non-­small  cell  lung  cancer  (  NSCLC)
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EGFR-Tirosine-Kinase Inhibitors

EGFR mutations

EGFR   is   a   trans-­membrane   protein   with   cyto-­
plasmic   kinase   activity,   which   belongs   to   the  
HER/erbB   family   receptor   tyrosine   kinases,  
including   HER1   (EGFR/erbB1),   HER2-­neu  
(  erbB2),   HER3   (  erbB3),   and   HER   4   (  erbB4).  
The   interaction   of   EGFR   extracellular   domain  
with   specific   ligands   induces   a   homo-­dimer-­
ization   (or   hetero-­dimerization  with   other  HER  
family  members)  that  causes  the  activation  of  the  
tyrosine  kinase  (TK)  domain  resulting  in  tyrosine  
autophosphorylation.   Multiple   signaling   path-­
ways   are   then   activated,   including   RAS/RAF/
ERK/MAPK   and   PI3K/AKT   pathways.   These  
pathways  regulate  several  intracellular  processes  
such   as   proliferation,   invasion,   cellular   repair,  
protection  from  injury,  and  antiapoptosis   [8,  9].  

EGFR-­activating  mutations  are  the  most  frequent  
driver   mutations   in   NSCLC,   reported   in   about  
40–60  %   of  Asian   [10–12],   15–20  %   of   Cauca-­
sian  [13,  14],  and  about  30  %  of  Latin-­American  
NSCLC   patients   [15],   and   are   very   important  
as   clinical   predictors   of  TKI   sensitivity   and   ef-­
ficacy,  always  taken  into  account  in  the  selection  
of   first-­line   treatment   [16].   The   most   frequent  
mutations  are  exon19  deletions  (over  20  variant  
types)  and  leucine-­to-­arginine  mutation  at  codon  
858  in  exon21  (L858R),  accounting  for  90  %  of  
all  EGFR  mutations  [9],  but  there  are  also  some  
mutations  with  unknown  biological  and  clinical  
significance   (Fig.   9.3).   Several   cell-­based   stud-­
ies  demonstrated   that   these  mutations   increased  
the  autophosphorylation  of  intracellular  tyrosine  
residues  with  the  subsequent  activation  of  a  sub-­
set  of  downstream  effectors   and   leading   to   cel-­
lular  proliferation,  angiogenesis,  tumor  invasion,  
and   metastatic   potential.   Following   molecular  

Fig. 9.3    Predictive  epidermal  growth  factor  receptor  (  EGFR)-­sensitive  mutations
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interaction  with  the  receptor,  the  small-­molecule  
TKIs  specifically  inhibit  EGFR  phosphorylation  
and  downstream  signalling  pathways  (Fig.  9.4).

EGFR-Tirosine-Kinase Inhibitors (TKIs)

Gefitinib,   erlotinib,   and   afatinib   are   orally   ac-­
tive  EGFR  TKIs  approved  in  first-­line  treatment  
of  patients  with  advanced  NSCLC  whose  tumor  
harboring  EGFR-­activating  mutations   [17].  Ge-­
fitinib  has  been  approved  only  for  EGFR-­muta-­
tion-­bearing  patients,  regardless  the  line  of  treat-­
ment,  and  is  available  as  film-­coated  tablets  that  
contain   250   mg   of   an   active   compound,   taken  
once   a   day,  while   erlotinib   is   indicated   both   in  
the   first-­line   treatment   of   mutated   patients   and  
in  the  second-­  or   the  third-­line  treatment  of  un-­
selected  patients,  available  in  three  dose-­strength  
tablets:   25,   100,   and   150  mg,  whereas   the   rec-­
ommended  dose   is  150  mg  once  a  day.  Finally,  
afatinib  has  been  recently  approved  by  the  Food  
and  Drug  Administration   (FDA)   and   the   Euro-­
pean  Medical  Agency  as   the  first-­line   treatment  

of   NSCLC   patients   with   both   activating   com-­
mon  and  uncommon  EGFR-­mutations,  at  dose  of  
40  mg  once  day.  Gefitinib   and   erlotinib   are   re-­
versible  adenosine   triphosphate   (ATP)  competi-­
tors  at  the  ATP-­binding  pocket  in  the  intracellular  
domain  of  EGFR.  Afatinib  is  a  novel  irreversible,  
dual  EGFR/HER2  inhibitor,  which  allows  cova-­
lent  modification  of  the  ATP-­binding  site  of  the  
kinase  domains  of  EGFR   (Cys  773)   and  HER2  
(Cys  805).  Afatinib  also  shows  an  activity  against  
T790M-­clones,  which  often  arise  with  acquired  
resistance   to   first-­generation   EGFR-­TKIs   [18].  
There  have  now  been  eight  separate  clinical  tri-­
als   comparing   front-­line   EGFR   TKI   treatment  
with  standard  platinum-­chemotherapy  in  patients  
with  EGFR-­mutated  NSCLC.  All  of   these   trials  
have   shown   that   targeted   drugs   are   better   than  
standard  chemotherapy  in  this  molecular  select-­
ed,   patient   population,   leading   to   a   significant  
improvement   of   survival,   up   to   24–30  months.  
Furthermore,   the  upfront   treatment  with  EGFR-­
TKIs  has  been   associated  with   a   lower   toxicity  
and  a  better  quality  of  life  in  the  overall  patient  
population   [12,   16,   19–24]   (Table   9.1).   Such  

Fig. 9.4    EGFR  molecular  pathway  and  tyrosine-­kinase  inhibitors  (  TKIs)
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findings   suggest   that   a   molecular   selection   of  
the  patients,  to  provide  the  best  treatment  avail-­
able,  may  optimize  their  survival  outcomes.  On  
the   basis   of   the   evidence   described   above,   the  
American  Society  of  Clinical  Oncology   recom-­
mends  EGFR  mutation   testing   before   the   treat-­
ment   with   EGFR  TKIs   for   the  management   of  
advanced  lung  cancer  patients  [25].  As  emerging  
from   clinical   trials,   EGFR-­activating  mutations  
are  strongly  associated  with  some  clinical  char-­
acteristics  such  as  “women,  non-­smokers,  Asian  
race   and   especially   adenocarcinoma   subtype”  
that   could   be   considered   as   clinical   predictive  
factors  for  TKI  sensitivity.  Nonetheless,  the  EG-­
FR-­activating  mutations  are   the  only,  molecular  
predictive   factors   for   TKI-­sensitivity   approved  
and  considered  in  clinical  practice.  In  summary,  
for  front-­line  treatment  of  NSCLC,  we  may  soon  
have  three  different  drugs  that  are  active  in  EG-­
FR-­mutated  patients.  The  new  question  is  how  do  
we  make  a  choice  between  these  three  different  
TKIs?  Two  randomized  clinical   trials  are  ongo-­
ing,  comparing   the  new  irreversible  EGFR-­TKI  
afatinib  with  both  gefitinib  (NCT01466660)  and  
erlotinib   (NCT01523587)   in   the   treatment   of  
EGFR-­mutated  NSCLC,   but   the   results   are   not  
available  yet.

EGFR-TKIs’ Toxicity

TKIs  have  a  good  tolerability  profile,  with  a  sig-­
nificantly   lower   incidence   of   side   effects   tradi-­
tionally   associated   with   chemotherapy,   such   as  

myelosuppression,   nausea,   vomiting,   fatigue,  
neurotoxicity,  while  they  cause  different  kinds  of  
toxicities,  associated  with  the  block  of  the  EGFR  
pathway  in  healthy  cells,  such  as  skin  rash,  diar-­
rhea,   and   asymptomatic   hypertransaminasemia  
(mild   to   moderate),   while   severe   toxicities   are  
less   frequently   reported   [16,   22,   23].   Skin   rash  
is   the   most   common   adverse   effect   associated  
with  TKIs,  reported  in  more  than  80  %  of  patients  
treated  with  these  drugs.  It  is  characterized  by  a  
monomorphic  papulopustular  eruption  often  con-­
fined  to  seborrheic  areas  (mid-­facial  region  and  
the  upper  trunk),  which  consists  of  erythematous  
follicular   papules   that   evolve   into   pustules.  As  
they  are  sometimes  coalescent,  they  may  form  in-­
flammatory  plaques,  which  may  become  infect-­
ed,  usually  with  Staphylococcus  aureus  and  form  
yellow   crusts   [26].  Although   less   than   20  %   of  
patients  have  severe  symptoms  [27],  skin  toxic-­
ity  is  visible  and  often  causes  physical  and  emo-­
tional   discomfort,   resulting   in   a   significant   im-­
pact  on  life  quality  [28].  However,  data  reported  
from  several  trials  and  included  in  a  recent  meta-­
analysis   [29],   showed   a   significant   association  
between   rash   and   clinical   efficacy   of   treatment  
with  EGFR-­TKIs.  Thus,  rash  can  be  considered  
an  independent  clinical  predictor  of  effectiveness  
for  TKI  treatment,  particularly  for  patients  with  
EGFR  unknown  mutational  status.  Although  the  
toxicity  profile  is  almost  comparable  between  the  
different  EGFR-­TKIs,  the  toxicity  profile  seems  
to  be  somewhat  worse  for  afatinib  than  for  erlo-­
tinib  or  gefitinib.  For  example,   a  higher   rate  of  
diarrhea,  paronychia,  and  stomatitis  are  related  to  

Table 9.1     Randomized  studies  comparing  EGFR-­TKI  and  chemotherapy  in  first-­line  treatment  of  NSCLC
Study EGFR-­TKI Nº  EGFRmut RR

(TKI  vs.  CT)
(%)

Median  PFS
(TKI  vs.  CT)
(months)

OS
(TKI  vs.  CT)
(months/HR)

First-­signal Gefitinib 27 84  vs.  37 8.4  vs.  6.7 30.6  vs.  26.5
IPASS Gefitinib 132 71  vs.  47 9.8  vs.  6.4 21.6  vs.  21.9
NEJGSG002 Gefitinib 228 74  vs.  29 10.8  vs.  5.4 27.7  vs.  26.6

Gefitinib 172 62  vs.  32 9.2  vs.  6.3 NA
OPTIMAL Erlotinib 154 83  vs.  36 13.7  vs.  4.6 NA
EURTACC Erlotinib 173 58  vs.  15 9.7  vs.  5.2 NA
Lux-­Lung  3 Afatinib 308 56  vs.  23 13.6  vs.  6.9 HR:  1.12
Lux-­Lung  6 Afatinib 364 67  vs.  23 11  vs.  5.6 HR:  0.95

CT   chemotherapy,  EGFR  mut   epidermal  growth   factor   receptor  mutations,  HR   hazard   ratio,  NA   not   available,  OS  
overall  survival,  PFS  progression-­free  survival,  RR  response  rate,  TKI  tirosin-­kinase  inhibitors
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afatinib,  but  the  more  accurate  data  will  emerge  
from   comparative   trials.   Management   of   low-­
grade   diarrhea   includes   the   use   of   loperamide,  
and  sometimes  of  antibiotics,  while  rehydration,  
electrolyte  replacement,  and  also  hospitalization  
may  be   required   for   a  very   small   proportion  of  
patients.

ALK-Inhibitors

EML4-ALK Chromosome 
Rearrangement

EML4-­ALK  is  a   fusion  protein  between   the  N-­
terminal  portion  of  the  echinoderm  microtubule-­
associated  protein-­like  4  (EML4)  protein  and  the  
intracellular   signaling   portion   of   the   anaplastic  
lymphoma  kinase  (ALK)   tyrosine-­kinase  recep-­
tor.   The   EML4-­ALK   fusion   gene   has   been   re-­
cently  identified  by  Soda  et  al.  [7],  and  occurs  in  
about  3–8  %  of  NSCLC  patients  [30].  The  inver-­
sion  of  chromosome  2  leads  to  the  fusion  gene,  
and  subsequently,  a  fusion  protein  that  induces  a  
constitutive  activation  of  the  intracellular  domain  
of  ALK  receptor  and  downstream  signaling  path-­
ways,  such  as  Ras/MAPK,  PI3K/Akt,  and  JACK/
STAT3  pathways;;   therefore,   a   downstream  cas-­
cade  of   events   that   lead   to   carcinogenesis   [31].  
Other   fusion   partners   for   ALK   have   been   dis-­
covered   in  NSCLC,   (such   as  TFG   and  KIF5B)  
[32–34],  and  multiple  EML4–ALK  variants  have  
been   identified   [35],   but   their   clinical   signifi-­
cance  still  remains  unknown.  The  clinical  charac-­
teristics  of  the  patients  harboring  these  mutations  
and  translocations  are  becoming  apparent:  They  
were  often  found  in  patients  with  adenocarcino-­
mas,  Asian  ethnicity,  generally  never  smokers  or  
light  smokers  (less  than  10  pack/year),  but  were  
also   found,   at   a  much   lower   rate,   in   squamous  
or   adeno-­squamous   carcinomas   and   in   smokers  
[30,   36].  Most   of   the   cases   do   not   carry   other  
concomitant  genetic  abnormalities  such  as  EGFR  
or  KRAS  mutations,   but   several   simultaneously  
occurring  EGFR   and  KRAS   mutations   in  ALK-­
positive  patients  have  been  recently  reported  [37,  
38].  These  tumors  have  several  histologic  charac-­

teristics  too.  They  tend  to  have  a  mucinous  cribi-­
form  pattern  in  56  %  of  the  cases  and  as  much  as  
43  %  had  a  solid  signet-­ring  pattern  NSCLC  [39].  
However,   there   is   nothing   unique   in   the   histol-­
ogy  of  these  tumors  that  can  erase  the  need  for  a  
fluorescent  in  situ  hybridization  (FISH)  analysis  
for  ALK  translocations.  FISH  using  break-­apart  
probes   still   remains   the   standard   and   the   only  
FDA-­approved   tool   for   testing   for  EML-­4/ALK  
rearrangement   [40].   Several   studies   showed   a  
strong   correlation   between  ALK-­rearrangement  
positivity,  as  detected  by  FISH,  and  ALK  protein  
overexpression,   as   detected   by   immunohisto-­
chemistry  (IHC)  [41–47].  These  findings  suggest  
that  IHC  could  be  used  for  screening  of  ALK  re-­
arrangements   prior   to   FISH,   leading   to   the   de-­
velopment  of  new  diagnostic  algorithms,  which  
need   to  be  validated   in   large-­scale  concordance  
studies.   Finally,   ALK   rearrangements   define   a  
new  molecular  subtype  of  NSCLC  that  is  exqui-­
sitely  sensitive  to  a  new  class  of  tailored  agents,  
the  ALK  inhibitors.

EML-ALK Inhibitors: Crizotinib

Crizotinib  is  the  first  ALK-­inhibitor  approved  for  
the   treatment   of  ALK-­positive  NSCLC  patients  
in  progression  after   the   first-­line  chemotherapy,  
at  doses  of  250  mg  bid   (500  mg/die)   [17].   It   is  
a  potent  oral  ATP-­competitor  at  the  ATP-­binding  
pocket   in   the   intracellular   tyrosine-­kinase   do-­
main   of  ALK-­receptor,  with   an   additional   anti-­
MET  and  anti-­ROS1  activity.  The  first  in  human,  
phase  I,  dose-­escalation  trial,  of  crizotinib  in  37,  
unselected  patients,  with  advanced  solid  tumors,  
identified   250   mg   twice   daily   as   the   recom-­
mended  dose  [48].  There  were  two  patients  with  
NSCLC   harboring   EML4-­ALK   rearrangement  
treated   with   crizotinib   who   showed   dramatic  
improvement  in  their  symptoms  during  the  dose  
escalation  phase.  That  observation  led  to  a  large  
prospective   screening   of   NSCLC   patients   and  
recruitment  of  those  with  ALK-­positive  NSCLC  
into  an  expanded  molecular  cohort  at  the  MTD  of  
250  mg  twice  daily.  The  updated  results,  report-­
ed  by  Camidge  et   al.,   including  149  previously  
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treated   and   untreated,  ALK+   NSCLC   patients,  
showed  an  overall  response  rate  (ORR)  of  61  %  
with  a  median  duration  of  response  of  49.1  weeks,  
and  a  median  PFS  of  9.7  months  (95  %  CI,  7.7–
12.8)   [49].   The   phase   II   trial   (PROFILE1005)  
confirmed   these   striking   results   on   261  ALK+,  
pretreated,   NSCLC   patients.   The   ORR   was  
59.8  %,   with   a   median   duration   of   response   of  
45.6   weeks,   and   a   median   PFS   of   8.1   months  
(95  %  CI:   6.8,   9.7)   [50].   On   the   basis   of   these  
impressive  results,  the  FDA  approved  the  use  of  
crizotinib   in  October  2011,   for   the   treatment  of  
ALK+  advanced  NSCLC.  This  granted  approval  
without   a   phase   III   clinical   trial   is   uncommon,  
but   it  was   the  result  of   the  amazing  data  gener-­
ated  by  this  new  compound  in  a  population  of  pa-­
tients  that  had  a  terrible  prognosis.  These  prom-­
ising   results   have   been   subsequently   confirmed  
by   two  phase   III,   randomized   trials,   comparing  
crizotinib  with  standard  of  care  both  in  second-­
line   and   first-­line   treatment,   showing   a   great,  
significant   improvement   in   RR,   survival   rate,  
and  the  quality  of  life  in  favor  of  crizotinib,  for  
both   pretreated   and  untreated,  ALK-­rearranged,  
NSCLC   patients   [51,52]   (Table   9.2).   Recently,  
another  ALK-­inhibitor,  LDK378   (ceritinib),  has  
been  approved  by  FDA  for  the  treatment  of  ALK-­
rearranged  NSCLC  patients  who  had  progressed  
on  or  were   intolerant   to  crizotinib,  on   the  basis  
of  the  great  activity  showed  in  the  recent,  phase  I  
trial  by  Shaw  et  al.  [53].

ALK inhibitors Toxicitiy

Patients  treated  with  crizotinib  reported  less  tox-­
icities,  greater  improvement  in  lung  cancer  symp-­
toms,  and  greater  improvement  in  global  quality  
of  life,  when  compared  with  chemotherapy  [51].  
Most  treatment-­related  adverse  events  are  visual  
effects   such   as   visual   impairment,   photopsia,  
blurred   vision,   vitreous   floaters,   photophobia,  
and  diplopia,  often  reported  as  flashes  of  light  or  
trailing   lights   in   the   peripheral   vision,   overlap-­
ping  shadows  or  after-­images.  Most  commonly,  
they  occur  during  adaptation  to  changes  in  light-­
ing  conditions,  which  are  generally  transient  and  
diminish   with   the   increasing   number   of   treat-­
ment  cycles,  leaving  patients’  quality  of  life  un-­
affected.  Gastrointestinal  events  such  as  nausea,  
diarrhea,  vomiting  and  constipation  are  generally  
mild,  can  be  managed  with  a  supportive  care  and  
tend   to   decrease   in   severity   after   the   first   few  
weeks  of  therapy.  As  the  elevated  liver  enzymes  
are  frequently  observed  (40–70  %)  with  grade  3  
in   7–15  %   of   patients,   their   monitoring   (along  
with  the  total  bilirubin)  is  strongly  recommended  
every   2  weeks   of   crizotinib   therapy’s   duration.  
Peripheral  edema,  which  is  a  common  side  effect,  
may  be  managed  with  standard  medical  interven-­
tion.  Recent  data  from  retrospective  studies  have  
shown   that   crizotinib   may   cause   a   decrease   in  
the   testosterone   levels   in  male  patients.  Finally,  
69  %  of  patients  experienced  at  least  one  episode  

-­

Table 9.2  Clinical trials with crizotinib in ALK-rearranged patients
Study Phase Patients  included ORR PFS Author
Profile  1001 Phase  I N:  149  pt

(NSCLC;;  ALK+)
60.8  %
(95  %CI:52.3–68.9)

9.7  months
(95  %CI:7.7–12.8)

Camidge  2012

Profile  1005 Phase  II N:  261  pt
(NSCLC;;  ALK+)

60  %
(95  %CI:53.6–65.9)

8.1  months
(95  %  CI  6.8–9.7)

Kim  2012

Profile  1007 Phase  III
(CZT  vs.  P/D)

N:  346  pt
(NSCLC;;  ALK+)

65  %  vs.  19.5  %
p<0.0001

7.7  vs.  3.0  month
p<0.0001

Shaw  2013

Profile  1014 Phase  III
(CZT  vs.  C  +  P)

N:  343  pt
(NSCLC;;  ALK+)

74  %  vs.  45  %
p<0.0001

10.9  vs.  
7.0  month
p<0.0001

Solomon  2014

C  cisplatin  or  carboplatin,  CZT  crizotinib,  D  docetaxel,  NSCLC  non-­small  cell  lung  cancer,  ORR  overall  response  rate,  
P  pemetrexed,  PFS  progression-­free  survival
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ymptomatic  in  all  cases,  it  may  sometimes  cause  
a   dizziness,   hypotension   or   fatigue,  which   sug-­
gest   electrocardiography   (ECG)  monitoring.  As  
regards   ceritinib,   the   most   common   CTCAE  

-­
rhea,   fatigue,   hyperglycemia,   hypophosphate-­
mia,   increased   transaminases   and   lipase   levels,  
and  anemia.

Overcoming Acquired Resistance: 
New Target Therapies

Mechanisms of EGFR-TKIs Resistance

Despite  a  great  initial  activity  of  first  generation  
TKIs   in   molecularly   defined,   EGFR-­mutated,  
NSCLC   patients,   acquired   resistance   frequent-­
ly   develops   during   the   first   year   of   treatment,  
leading   to   a   disease  progression   and   the   subse-­
quent   discontinuation   of   the   ongoing   treatment  
(Fig.  9.5).  Several  mechanisms  of  resistance  have  
been  identified.  Secondary  mutation  in  the  EGFR  

gene,   most   commonly   the   T790M  mutation,   is  
the  leading  cause  of  acquired  resistance  to  first-­
generation  EGFR-­TKIs.  It  consists  of  a  substitu-­
tion   of   threonine   with   methionine   in   the   point  
790  of  the  peptidic  sequence,  with  a  subsequent  
steric   hindrance   in   the  ATP-­binding   pocket,   so  
that  the  access  of  the  drug  is  blocked  [54].  It  was  
detected   in   approximately   50–80  %   of   patients  
who  initially  responded  to  gefitinib  or  erlotinib,  
but  may  also  be  presented  at  the  beginning  of  the  
treatment,  contributing  to  the  primary  resistance  
to  EGFR-­TKIs,  characterized  by  shorter  response  
duration  in  this  subset  of  patients  [55,  56].  In  ad-­
dition   to   the   T790M   mutation,   there   are   other  
mechanisms   involved   in   the   development   of  
acquired   resistance,   such  as  MET  amplification  
(20  %),   HGF   overexpression,   Her-­2   amplifica-­
tion  (12  %),  PIK3CA  mutation  (5  %),  phenotypic  
changes  in  the  tumor,  like  small-­cell  lung  cancer  
(SCLC)   trasformation   (4  %),   and   modifications  
in   other   signaling   pathways   [57].  Hence,   novel  
agents   are  needed   to  overcome   these   resistance  
mechanisms.

Fig. 9.5    Acquired  resistance  to  EGFR-­TKIs
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New EGFR Inhibitors

Several   next   generation   EGFR-­inhibitors   have  
been   developed   in   order   to   overcome   EGFR-­
T790M-­related   resistance   to   first-­generation  
TKIs,   and   are   currently   under   investigation   in  
early,  ongoing  phase  I/II  clinical  trials.  Although  
afatinib  was   already   approved   for   the   first-­line  
treatment  of  EGFR-­mutated  NSCLC,  it  has  also  
been   investigated   as   second-­  or   third-­line   treat-­
ment,   in   patients   previously   treated   with   first  
generation   EGFR   TKIs,   gefitinib   or   erlotinib,  
due   to   its   peculiar   activity   against   the  T790M-­
clones   [18
shown  limited  efficacy  in  this  subset  of  patients  
(RR:  7–8  %)  [58].  Otherwise,  the  combination  of  
afatinib  with   cetuximab,  was   associated  with   a  
disease  control   in  all  patients   (  n  =  22),  and  con-­
firmed   partial   response   (PR)   in   eight   patients  
(36  %),  including  four  patients  with  T790M  mu-­
tation   [59].  Another   EGFR,   HER2,   and   ErbB4  
inhibitor,  Dacomitinib,  was  clinically  active  in  a  
phase  II  trial,  in  patients  with  advanced  NSCLC,  
who   had   failed   one   or   two   prior   chemotherapy  
regimens  and  prior  erlotinib   treatment   [60],  but  
unfortunately   the   subsequent   phase   III,   NCIC  
CTG  BR.26  trial,  had  failed.  It  did  not  meet   its  
primary  endpoint  of  prolonging  OS  versus  place-­
bo.  XL647  is  an  oral,  small-­molecule  inhibitor  of  
multiple  receptor  tyrosine  kinases  (RTKs),  includ-­
ing  EGFR,  VEGFR2,  HER2,  and  Ephrin  type-­B  
receptor  4   (EphB4).  XL647,  administered   in  an  
intermittent   or   daily-­dosing   schedule,   exhibited  
antitumor  activity  with  an  overall   response   rate  
(ORR)  of  3  %  in  TKI-­resistant  patients  selected  
for   EGFR-­activating   mutations   [61].   A   novel  
class  of  nonquinazoline,  oral,  irreversible  inhibi-­
tors  of  EGFR,  have  been  recently  developed,  to  
specifically  target  T790M  mutation.  CO1686  and  
AZD9291,  were  associated  with  67  %  and  about  
50  %  RR,  respectively,  in  a  population  of  NSCLC  
patients,  progressed  on  first  generation  TKI  ther-­
apy,  whose   tumors  harbor   the  T790M  mutation  
[62,  63].  Furthermore,  both  the  new  agents  have  
shown  a  good  tolerability  profile,  with  a  minimal  
incidence  of  grade  3/4  adverse  effects,  probably  
due  to  the  higher  selectivity  of  their  target,  com-­
pared  with  the  other  EGFR-­TKIs.

Mechanisms of Crizotinib Resistance

Unfortunately,  PFS   in  patients  on  crizotinib  are  
short-­lived  despite  of  a  great  clinical  and  radio-­
graphic   responses.   Ultimately,   these   NSCLC  
harboring  the  EML4-­ALK  translocation  become  
resistant   to   crizotinib.  Mechanisms   of   acquired  
resistance  to  crizotinib  may  be  divided  into  two  
groups.  The  first  one  includes  additional  genetic  
alterations  in  the  target,  such  as  secondary  muta-­
tions  of  the  ALK  kinase  domain  or  amplification  
of  the  ALK  fusion  gene  [64,  65],  responsible  for  
about   30  %  of   acquired   resistance   to   crizotinib.  
The   most   common   and   well-­characterized   mu-­
tation   is   the   L1196M  mutation   [66],   consisting  
of   a   substitution   of   methionine   for   leucine   in  
the   “gatekeeper”   residue,   promoting   the   active  
conformation   of   the   protein   and   leading   to   an  
increased  protein  kinase  activity  [67].  Other   re-­
sistance   mutations   include:   G1269A,   C1156Y,  
L1152R,   G1202R,   S1206Y,   and   1151Tins.   The  
second  group  includes  the  activation  of  other  on-­
cogenic   drivers,   such   as,  KRAS  mutations,  KIT  
amplification   and   increased   EGFR   autophos-­
phorylation  and  mutations,  which  may  cause  re-­
sistance  through  reactivation  of  downstream  sig-­
naling  pathways  via  bypass  tracts,  independently  
of  ALK  genetic   alterations   [64,   65],   suggesting  
the   need   of   combination   therapies.   Finally,   the  
specific  mechanism  of  acquired  resistance  devel-­
opment  during  crizotinib  treatment  remains  still  
unknown  in  about  20  %  of  patients.

New ALK Inhibitors

A   new   generation   of  ALK   inhibitors   has   been  
developed,   showing   promising   results   in   early  
clinical  studies.  LDK378  (ceritinib)  is  the  novel,  
potent,  and  selective  ALK-­inhibitor,  recently  ap-­
proved  by  the  FDA  for  the  treatment  of  ALK-­re-­
arranged  NSCLC  patients  who  had  progressed  on  
or  were  intolerant  to  crizotinib.  A  phase  I  study  
was   conducted   in   163   patients  with  metastatic,  
ALK-­positive,   NSCLC  who   had   progressed   on  
or   were   intolerant   to   crizotinib,   showing   about  
60  %   of   responses,   with   a  median   progression-­
free   survival   of   7.0  months   (95  %  CI,   5.6–9.5)  
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[53].  Several  phase  II  and  III  studies  are  currently  
investigating  the  activity  of  this  new  compound  
ALK-­rearranged   NSCLC.  AP26113   is   a   novel,  
synthetic,   orally-­active   TKI   which   potently   in-­
hibits  mutant-­activated  forms  of  ALK  and  EGFR,  
including   the   gatekeeper  mutation  L1196M   and  
T790M  [60–61].  Preliminary  data  available  from  
a   phase   I/II   ongoing   trial   of  AP26113   in  ALK-­
positive  patients,  have  shown  a  great  activity  and  
a  good  tolerability  profile  of  this  compound,  both  
in  crizotinib  naïve  (RR:  50  %)  and  in  crizotinib-­
resistant   patients   (RR:   76  %)   [68].  The  planned  
phase  II  expansion  will   include  five  cohorts   in-­
cluding  ALK-­positive  NSCLC  patients  who   are  
naïve  or  resistant  to  prior  ALK-­targeted  therapy,  
also   EGFR-­mutated   NSCLC   patients   who   are  
resistant   to   EGFR-­targeted   therapy,   other   can-­
cers  with  abnormalities  in  the  ALK  gene  or  other  
AP26113  targets,  and  finally  an  ALK+,  brain  me-­
tastasis,  dedicated  cohort.  This  study  is  currently  
recruiting  patients  [63].  CH5424802  is  a  potent,  
selective  oral  ALK  inhibitor  with  preferential  an-­
titumor  activity  against  NSCLC  cells  expressing  
EML4/ALK   fusion,   including   also   the   L1196M  
gatekeeper  mutation  and  C1156Y  mutation  [69].  
CH5424802   has   shown   a   great   activity   and   a  
good   tolerability   profile   in   two   early   clinical  
trials.  The  reported  ORR  was  73.3  %  and  82  %,  
in   crizotinib   naïve   and   in   crizotinib   pretreated,  
ALK+,   NSCLC   patients,   respectively   [70,   71].  
No   treatment-­related   adverse   events   (AEs)   led  
to   dose   reductions.  Main   treatment-­related  AEs  
were  liver  function  test  abnormalities,  dysgeusia,  
rash,  nausea,  and  myalgia,  most  of  them  grade  1  
except  for  neutropenia.

Conclusions

The   clinical   development   of   target   therapy   has  
been   an   amazing   success   story   in   lung   can-­
cer   translational   research,   leading   to   a   radical  
change   in   the   treatment   of   NSCLC.   Both   EG-­
FR-­TKIs   gefitinib,   erlotinib,   and   afatinib,   and  
ALK-­inhibitors   crizotinib   and   ceritinib,   have  
shown   to  be  more  effective  and  better   tolerated  
than  cytotoxic  drugs  in  a  subgroup  of  molecular  
selected,  NSCLC  patients,   leading   a   significant  
improvement   of   their  RR,  median   survival   and  
QoL,  and  marking  the  beginning  of  a  new  era  in  
NSCLC  treatment,  characterized  by  new  ethical  
and  scientific  considerations  (Fig.  9.6).  Thanks  to  
the  advances  made  in  translational  research,  the  
number  of  biomarkers   in  NSCLC   is   rapidly   in-­
creasing,  and  a  lot  of  new  molecules  are  currently  
undergoing   investigation   in   early   clinical   trials.  
The  future  is  very  promising:  a  growing  number  
of  target  agents  will  be  available  for  clinical  use,  
and  new  genetic-­technologies  like  the  “next-­gen-­
eration-­sequencing,”  will  make  possible  to  create  
a   molecular-­genomic   profile   of   every   patient’s  
tumor,   based   on   the   analysis   of   either   a   single  
tissue  sample,  or  circulating  tumor  cells,  or  cir-­
culating  tumor  DNA,  leading  to  new  fascinating  
chances   for   a   personalized   treatment   in   over-­
all   NSCLC   population.   Unfortunately,   despite  
the   promising   activity   showed   in   clinical   set-­
ting,  acquired   resistance   to  new   targeted  agents  
inevitably   develops   during   treatment,   leading  
to   a   clinical   progression   of   the   disease   and   the  
discontinuation   of   the   ongoing   treatment.   As  
acquired   resistance   appears   to   be   pleomorphic,  

Fig. 9.6    Evolution  of  response  rate  in  advanced  NSCLC

  

!..bbaaddaallaammeennttii@@ttiinn..iitt



999 Targeted Therapies for Non-Small Cell Lung Cancer

a   deeper   understanding   of   the   specific   genetic  
alterations   of   tumor   cells   occurring   at   the   time  
of  disease  progression  is  crucial  in  order  to  lead  
the   decision   making   of   subsequent   treatments.  
Elucidating  acquired  resistance  mechanisms  and  
developing   adequate   therapeutic   strategies   such  
as  the  optimal  sequence  of  treatment  and  the  best  
combination   regimens   are   crucial   questions   to  
be  answered  by  dedicated   translational   research  
studies.  Only  a  close  collaboration  between  on-­
cologists,  pathologists,  and  molecular  biologists  
may  help  to  find  the  right  answers  in  an  efficient  
and  timely  fashion.
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Introduction

Gastric   cancer   (GC)   is   the   14th  most   common  
cancer  in  the  USA.  In  2014,  an  estimated  22,220  
new  cases  will  be  diagnosed  and  10,990  patients  
will  die  from  the  disease  in  the  USA  alone  [1,  2].  
Patients  in  the  USA  often  present  with  advanced  
stage,   partially   due   to   the   nonspecific   early  
symptoms  of   the  disease  as  well  as   the  absence  
of   screening   guidelines.   Survival   of   patients  
with  GC   has   improved   only  modestly   over   the  
last  50  years  despite   considerable   improvement  
in   diagnosis,   surgical   techniques,   and  multidis-­
ciplinary  approaches  to  care.  The  5-­year  overall  
survival  (OS)  rate  for  advanced  GC  remains  be-­
tween  5  and  15  %.  Surgical  resection  is  the  only  
potentially   curative   treatment.  However,   5-­year  
survival  after  R0  resection  remains  very   low  as  
between  40  and  60  %  of  patients  develop  recur-­
rent  disease.
Chemotherapy   persists   as   the   cornerstone  

of   treatment   for   patients   with   metastatic   dis-­
ease.  Many   chemotherapeutic   agents   are   active  
in   this   disease   including   platinums,   irinotecan,  
fluorouracil,   taxans,  and  epirubicin.  Despite   the  
variety  of  agents,  median  survival  for  metastatic  

disease  remains  between  8  and  10  months.  Treat-­
ment  with  a  combination  of  three  agents  has  been  
shown   to   lead   to  modest   improvements   in   sur-­
vival  compared  to  two  agents,  but  at  the  expense  
of  significant  toxicity  [3].
During   recent   years,   the   underlying  molecu-­

lar   heterogeneity,   underlying   GC   carcinogen-­
esis,   and   progression   have   been   described.  Our  
improved   understanding   of   disease   biology   has  
stimulated   the   search   for   novel   therapeutic   ap-­
proaches.  The  development  of  new  agents  to  be  
combined  with  cytotoxic   treatment   is   an  urgent  
priority.
Targeted  therapy  has  emerged  as  a  new  strat-­

egy  to  improve  outcomes  in  several  malignancies  
including  colon,   lung,  and  breast  cancer  among  
others.   Molecules   related   to   cell   proliferation,  
invasion,   and   tumor  metastasis  have  been   stud-­
ied  in  GC.  Agents  targeting  these  molecules  have  
been  evaluated  in  the  preclinical  setting  and  are  
rapidly   moving   to   clinical   trials.   The   vascular  
endothelial  growth  factor  (VEGF)  receptor,  epi-­
dermal   growth   factor   receptor   (EGFR),   human  
epidermal  growth  factor  type  2  (HER2),  insulin-­
like   growth   factor   receptor   (IGF-­R),   P13k/Akt/
mTor  pathway,  c-­Met,  and  fibroblast  growth  fac-­
tor  receptor  (FGFR)  have  all  been  investigated  as  
potential  targets.
In  this  chapter,  we  will  discuss  these  molecu-­

lar   targets   and   the   novel   drugs   currently   in   de-­
velopment   for   patients  with  GC   from   bench   to  
clinical  practice.
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Molecular Targets in Gastric Cancer

Pathogenesis   of   GC   involves   multiple   genetic  
and   epigenetic   alterations,   chromosomal   aber-­
rations,   gene   mutations,   and   altered   molecular  
pathways.   Some   of   these  molecular   abnormali-­
ties   and   signaling   pathways   are   amenable   to  
pharmacological   interventions   (Fig.  10.1).  Mul-­
tiple  agents  targeting  these  pathways  are  now  in  
clinical  development  and  are  being  tested  in  pa-­
tients  with  GC  (Table  10.1).

Cell Surface Receptor Inhibitors

Human Epidermal Growth Factor Type 2 
(HER2) Inhibition
HER2   is   a   member   of   the   EGFR/HER   family,  
which  is  composed  of  HER1,  HER2,  HER3,  and  
HER4.  The  HER2  gene  is  a  proto-­oncogene  lo-­
cated  at  the  long  arm  of  human  chromosome  17  
[4],  which  encodes  for  a  185-­kd  transmembrane  
glycoprotein  receptor  with   intracellular   tyrosine  
kinase  activity  [5].
The  HER2  receptor  is  involved  in  signal  trans-­

duction,  which   leads   to   cell   growth   and   differ-­
entiation.  None   of   the   epidermal   growth   factor  
(EGF)  family  of  ligands  is  known  to  directly  ac-­
tivate  HER2,  however,  HER2   is   the  preferenw-­

Fig. 10.1    Targeted   therapy   in   gastric   cancer   and   sites  
of   action.  Akt   protein   kinase  B,  CDK   cyclin-­dependent  
kinases,   EGFR   epidermal   growth   factor   receptor,   ERK  
extracellular   signal-­regulated   kinase,   FGFR   fiborblast  
growth   factor   receptor,   HDAC   histone   deacetylases,  
HGF  hepatocyte  growth  factor,  HSP-­90  heat  shock  pro-­

tein-­90,  IGFR  insulin  growth  factor  receptor,  MAPK  mi-­
togen-­activated  protein  kinase,  MEK  MAP  kinase  kinase,  
mTOR  mammalian  target  of  rapamycin,  PDK-­1  pyruvate  
dehydrogenase  lipoamide  kinase  isozyme  1,  PI3K  phos-­
phatadylinositol  3-­kinase,  PTEN  phosphatase  and   tensin  
homolog,  VEGFR  vascular  endothelial  cell  growth  factor  
receptor
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Table 10.1     Targeted  agents  and  clinical  trials  for  gastric  and  gastroesophageal  cancer
Drugs  and  their  targets Agents Clinical  trials
VGFR  inhibitors
Monoclonal  antibody Bevacizumab Phase  III
Receptor  tyrosine  kinase Sunitinib Phase  II

Sorafenib Phase  I/II
Pazopanib Phase  II
Vandetanib Phase  I/II
Telatinib Phase  II

EGFR  inhibitors
Monoclonal  antibody Cetuximab Phase  III

Panitumumab Phase  III
Matuzumab Phase  I/II

Receptor  tyrosine  kinase Gefitinib Phase  II
Erlotinib Phase  II

HER2  inhibitors
Monoclonal  antibody Trastuzumab Phase  III
Receptor  tyrosine  kinase Lapatinib Phase  II
IGF-­1R  inhibitors
Monoclonal  antibody CP-­751–871 Phase  I
c-­Met  inhibitors
Receptor  tyrosine  kinase GSK1363089 Phase  II

ARQ197 Phase  I/II
FGFR  inhibitors
Receptor  tyrosine  kinase Ki23057 Preclinical

AZD2171 Phase  I
Aurora  kinase  inhibitors

SNS-­314 Phase  I
AT9283 Phase  I

Polo-­like  kinase  inhibitor
GSK461364 Phase  I

Cyclin-­dependent  kinase  inhibitor
Flavopiridol Phase  I

PI3Kinase  inhibitors
Everolimus Phase  I,  II

Heat  shock  protein  90  inhibitor
STA-­9090 Phase  I

Ubiquitin–proteasome  pathway  inhibitor
Bortezomib Phase  II

Matrix  metalloproteinases  (  MMPs)
Marimastat Phase  III

Histone  deacetylase  inhibitor
Vorinostat Phase  I

Protein  kinase  C  inhibitor
Bryostatin Phase  II

PARP  inhibitors Olaparib Phase  II/III
Veliparib Phase  I

VEGFR  vascular  endothelial  growth  factor  receptor,  EGFR  epidermal  growth  factor  receptor,  HER2  human  epidermal  
growth  factor  receptor  type  2,  IGF  insulin-­like  growth  factor,  FGFR  fibroblast  growth  factor,  PI3K  phosphatidylinositol  
3-­kinases,  HGF  hepatocyte  growth  factor
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tial  dimerization  partner  of  other  members  of  the  
ErbB  family  [6].
In  general,  HER2  overexpression  and  ampli-­

fication  in  GC  ranges  from  7  to  34  %  of  patients,  
depending   on   the   population   studied.   HER2  
overexpression  correlates  with  poor  prognosis  in  
ovarian  and  breast  cancer  [7].  Higher  amplifica-­
tion  was  originally  shown  to  be  associated  with  
worse  survival  in  Japanese  GC  patients  [8].  How-­
ever,   these   results   have  not   been   reproduced   in  
follow-­up  studies.  In  addition,  the  primary  tumor  
site  appears  to  have  higher  concordance  of  HER2  
amplification   by   immunohistochemistry   (IHC)  
and   fluorescence   in   situ   hybridization   (FISH)  
than   regional   lymph  node   or   distant  metastases  
[9–11].  This   should  be  considered  when  biopsy  
specimens  are  obtained.
Preclinical  studies  have  shown  that  anti-­HER2  

therapies  have  significant  antitumor  activity   for  
both  in  vitro  and  in  vivo  GC  models  [12,  13].  The  
most  common  approaches  to  target  HER2  are  by  
inhibition  by  monoclonal  antibodies  (trastuzum-­
ab  and  pertuzumab)  or  tyrosine  kinase  inhibitors  
(lapatinib).  Both  types  of  blockade  have  been  ex-­
amined   in  clinical   trials  of  GC  patients  and  are  
discussed  below.

Trastuzumab
Trastuzumab   is   a   humanized   monoclonal   anti-­
body  that  has  been  approved  by  the  US  Food  and  
Drug  Administration   (FDA)   since   1998   for   the  
treatment   of   breast   cancer.  Trastuzumab   targets  
the   extracellular-­binding   domain   of   the   HER2  
receptor  and  has  been  combined  with  cytotoxic  
chemotherapy   in   patients   with   gastric   and   gas-­
troesophageal   junction   (GEJ)   tumors   in   several  
trials.
Most   notably,   the   ToGA   study   [14]   was   an  

open-­label,   international   phase   III   randomized  
controlled   trial   performed   across   24   countries.  
Patients   with   treatment-­naive   metastatic   or   lo-­
cally   advanced   unresectable   gastric   or  GEJ   ad-­
enocarcinoma  with  overexpressed  HER2  protein  
were  eligible.  HER2  overexpression  was  defined  
as   staining   3   +   by   IHC   or   by   FISH   positivity  

reported   in   22.1  %   of   screened   patients.   HER2  
expression   varied   according   to   GC   subtype:  

proximal  tumors  overexpressed  HER2  most  fre-­
quently  (20–30  %)  and  diffuse  tumors  less  often  
(6  %).  Distal  intestinal  type  tumors  were  interme-­
diate.
Patients   were   randomized   to   receive   cispla-­

tin  plus   fluoropyrimidine  every  3  weeks  for  six  
cycles,  with  or  without  intravenous  trastuzumab  
at  6  mg/kg  after  a  one-­time  loading  dose  of  8  mg/
kg.  Patient  who  completed  six  cycles  of  treatment  
in  the  trastuzumab  arm  were  allowed  to  continue  
on  trastuzumab  maintenance  until  progression.
There  was   a  2.7-­month   improvement   in  me-­

dian  OS   for   patients  who   received   trastuzumab  
(median   OS   13.8   months   compared   with   11.1  
months   with   a   hazard   ratio   of   0.74).   Response  
rate,  time  to  progression,  and  duration  of  response  
were  significantly  higher  in  the  trastuzumab  plus  
chemotherapy   group   as   well.   Of   note,   the   me-­
dian  survival  in  the  chemotherapy  only  arm  was  
higher   than  expected  in   this  study  and  could  be  
related  to  the  high  proportion  of  Asian  patients  in  
the  study  (55  %).  A  treatment  benefit  was  found  
in   all   the   predefined   subgroups,   including  GEJ  
tumors.  The  combination  therapy  was  generally  
well  tolerated  with  only  a  slightly  increased  risk  
of  asymptomatic  left  ventricular  dysfunction  and  
transfusion   reaction.   This   study   led   to   the   first  
FDA  approval  for  targeted  therapy  for  gastric  and  
gastroesophageal  (GE)  junction  adenocarcinoma  
in  2010  [8].
Based  on   these  encouraging   results,   the  HE-­

LOISE   study   was   formulated   to   evaluate   the  
optimal  dose  of  trastuzumab  in  advanced  gastric  
and  GE  junction  tumors.  Patients  are  randomized  
to  the  currently  approved  dose  of  6  mg/kg  versus  
10  mg/kg.  This  study  is  currently  recruiting  pa-­
tients  [15].
Trastuzumab   is   also   being   evaluated   in   the  

nonmetastatic  setting.  An  ongoing  phase  II  study,  
NCT01130337,  treats  patients  with  trastuzumab,  
capecitabine,  and  oxaliplatin  for  three  cycles  prior  
to  surgery.  If  an  R0  or  R1  resection  is  achieved,  
patients   are   given   an   additional   three   cycles   of  
treatment.  Trastuzumab  will   be   continued   for   a  
total  of  1  year  [16].  Similarly,  the  TOXAG  study  
is   evaluating   the   role   of   adjuvant   trastuzumab  
with  chemotherapy  (oxaliplatin  and  capecitabine)  
with  concurrent  radiation  after  surgical  resection  
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[17].   The   HerFLOT   study   gives   trastuzumab  
with  FLOT  (5FU,  leucovorin,  docetaxol,  and  ox-­
aliplatin)   for   four   cycles  prior   to   surgical   inter-­
vention.  Patients  then  receive  an  additional  four  
cycles   of   chemotherapy   with   trastuzumab   and  
nine  additional  cycles  of  trastuzumab  alone  [18].  
For  locally  advanced  esophageal  or  GE  junction  
adenocarcinoma,  RTOG  1010  is  a  phase  III  trial  
which  randomizes  patients  to  weekly  paclitaxel,  
carboplatin,  and  radiation  with  or  without  trastu-­
zumab  prior  to  surgery  [19].  The  results  of  these  
eagerly   anticipated   studies   could   change   the  
treatment  paradigm  for  GC.
As  resistance   to  HER2   therapy  has  begun   to  

arise,  there  has  been  increased  interest  in  the  sec-­
ond  generation  HER2  targeting  agent  pertuzum-­
ab,  which  binds  to  a  different  site  on  the  HER2  
(and  potentially  HER3)   receptor  and   then   leads  
to  the  disruption  of  dimerization  and  blockade  of  
downstream  signaling.  Based  on  preclinical  work  
in  GC,  as  well  as  the  efficacy  of  the  combination  
of  trastuzumab  and  pertuzumab  in  breast  cancer  
[20],   the   JACOB   first-­line   phase   III   study  was  
developed.   Patients   with   metastatic   or   locally  
advanced  unresectable  gastric  or  GE  junction  ad-­
enocarcinoma  are  randomized  to  cisplatin,  fluo-­
ropyrimidine,   and   trastuzumab   with   or   without  
pertuzumab  [21].
Another  agent  active   in  breast  cancer   is  also  

being  tested  in  GC.  TDM-­1  (trastuzumab  emtan-­
sine)   is   an   antibody-­drug   conjugate   which   uti-­
lizes  HER2  overexpression  to  deliver  a  cytotoxic  
agent  directly   to  cancer  cells.  This  combination  
has   had   favorable   responses   in   preclinical   GC.  
A  second-­line  phase  II/III  trial  of  T-­DM1  in  ad-­
vanced  GC  is  currently  recruiting.  The  study  has  
three  arms;;  TDM-­1  at  3.6  mg/kg  every  3  weeks,  
TDM-­1  at  2.4  mg/kg  every  week,  or  physician’s  
choice   of   single-­agent   paclitaxel   or   docetaxol  
[22].
Of  the  monoclonal  antibodies,  at  present  only  

trastuzumab   is   approved   for   locally   advanced  
unresectable   and   metastatic   GE   junction   and  
GCs.  However,  with  the  results  of  these  adjuvant  
trastuzumab  trials  as  well  as  the  pertuzumab  and  
TDM-­1  studies,  the  role  for  monoclonal  antibod-­
ies  in  GC  will  likely  expand  significantly.

Lapatinib
Lapatinib  is  an  oral  small  molecule  dual  tyrosine  
kinase  inhibitor  of  EGFR  and  HER2.  It  has  been  
approved   for   the   treatment   of   HER2   positive  
advanced   breast   cancer   previously   treated   with  
trastuzumab   and   in   conjunction   with   hormonal  
therapy  for  triple  positive  metastatic  breast  can-­
cer  [23–25].  Lapatinib  monotherapy  in  advanced  
GC  was  evaluated  in  a  phase  II  study  and  showed  
limited  single-­agent  activity  with  a  12  %  response  
rate  [26].  However,  it  is  difficult  to  draw  conclu-­
sions  from  this  work  as  patients  were  not  selected  
based  on  HER2  overexpression.
Lapatinib  has  since  been  evaluated  in  combi-­

nation  with  standard  chemotherapy.  In  the  phase  
III   LOGIC   study,   patients   with   HER2   overex-­
pressed   advanced   gastric   and   GE   junction   ad-­
enocarcinomas  were   randomized   to   chemother-­
apy  (capecitabine  and  oxaliplatin)  plus  lapatinib  
versus  placebo  [27].  This  study  did  not  meet  its  
primary  endpoint  of  improvement  in  OS,  though  
certain  subgroups  (the  Asian  population  and  pa-­
tients  under  age  60  years)  were  shown  to  have  a  
benefit.
The  second-­line  phase  III  TYTAN  trial  com-­

pared   weekly   paclitaxel   with   or   without   lapa-­
tanib.  Again,  there  was  no  OS  or  progression-­free  
survival   (PFS)   benefit   for   the   lapatinib   group,  
though   there   was   a   statistically   significant   in-­
creased  response  rate  [28].  At  present,   lapatinib  
does  not  appear   to  be  ready  for  widespread  im-­
plementation   in   GC   but   ongoing   studies   might  
change  its  role,  likely  in  combination  with  other  
targeted  agents.

Epidermal Growth Factor Receptor (EGFR) 
Inhibition
The  EGFR  is  a  transmembrane  glycoprotein  re-­
ceptor  for  the  EGF  family  of  extracellular  protein  
ligands  [29]  and  is  overexpressed  in  several  gas-­
trointestinal   (GI)  malignancies.   Ligand   binding  
to  the  extracellular  domain  leads  to  EGFR  activa-­
tion  and  phosphorylation  of  the  intracellular  tyro-­
sine  kinase,  which  then  directs  activation  of  Ras/
Raf/mitogen-­activated   protein   kinase   (MAPK)  
or   the   Akt/mTOR   pathway   [30].   EGFR   over-­
expression  occurs   in  30–50  %  of  all  gastric  and  
GEJ  cancers.  It  is  associated  with  older  age,  more    
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aggressive   histology,   and  more   advanced   stage  
[31–33].The  EGFR  gene  copy  number  has   also  
been  hypothesized  to  be  a  predictive  biomarker.
The  most   common  approaches   to   inhibit   the  

EGFR  are  by  inhibition  of  the  EGFR  via  mono-­
clonal   antibodies   (i.e.,   cetuximab,   matuzumab  
and  panitumumab)  or   tyrosine  kinase   inhibitors  
(i.e.,   gefitinib,   erlotinib).   Both   methods   have  
been  studied  in  patients  with  GC.

Monoclonal Antibodies Targeting EGFR

Cetuximab
Cetuximab  is  an  IgG1  type  chimeric  monoclonal  
antibody   that   binds   to   the   extracellular   domain  
of   the   human  EGFR  and   competitively   inhibits  
the  binding  of  EGF  and  other  ligands,  as  well  as  
ligand-­induced  tyrosine  kinase  autophosphoryla-­
tion.  This  antibody–receptor  interaction  prevents  
receptor  dimerization  and  thereby  blocks  ligand-­
induced  EGFR  tyrosine  kinase  activation.  Cetux-­
imab  also   induces  EGFR  internalization,  down-­
regulation,  and  degradation  [34]  and  is  currently  
approved  for  the  treatment  of  advanced  colorec-­
tal  cancer  as  well  as  squamous  cell  head  and  neck  
cancer  [35,  36].
Cetuximab  has  been  evaluated  extensively  in  

phase  II  studies  of  patients  with  advanced  GC  as  
monotherapy  or  in  combination  with  chemother-­
apy  (Table  10.2).  In  patients  with  untreated  or  re-­
current  advanced  gastric  and  GEJ  cancer,  cetux-­
imab  was  combined  with  several  chemotherapy  
regimens   in  different   clinical   setting  with  vary-­

(5-­fluorouracil,   irinotecan,   folinic   acid)   in   38  
patients,  overall   response   rate   (ORR)  was  44  %  
and  OS  was  16  months  [37].  In  combination  with  
FUFOX/FOLFOX   (5-­fluorouracil,   oxaliplatin,  
folinic  acid),  cetuximab  produced  ORR  of  65  %  
and  OS  of  9.5  months  [38].  Other  combinations  
with  cetuximab  have  been  evaluated  in  metastat-­
ic   disease   as   well,   including   carboplatin/pacli-­
taxel,  cisplatin/docetaxel,  capecitabine/cisplatin,  
and  XELOX  (capecitabine  and  oxaliplatin).  Re-­
sponse  rates  ranged  between  6  and  69  %  with  an  
OS  between  4.0  and  16.6  months  [39–50].
Cetuximab-­related   adverse   events   were  

common   in   all   of   these   trials.   Infusion-­related  

reactions,   skin   toxicity,   and   diarrhea   were   the  
most  prevalent.  Based  on  promising  efficacy   in  
several   phase   II   studies,   the  phase   III   trial  EX-­
PAND  (Erbitux  in  combination  with  Xeloda  and  
cisplatin   in   advanced   esophagogastric   cancer)  
was  performed.  904  patients  were  randomized  to  
cisplatin  with  capecitabine  with  or  without  cetux-­
imab.  Results  showed  no  PFS  or  OS  benefit  for  
the  cetuximab  group  [51].
Unlike   in  colorectal  cancer,   the  KRAS  muta-­

tion  has  not  been  shown  to  be  an  accurate  negative  
predictive  biomarker  for  response  to  cetuximab  in  
GC  [52].  However,  EGFR  expression,  copy  num-­
ber,   and  phosphorylation  have   also  been   evalu-­
ated  as  potential  biomarkers.  In  a  phase  II  study  
of  FOLFOX  plus  cetuximab,  correlative  analyses  
on   75  %   of   the   52   patients   treated   showed   that  

significantly  associated  with  better  OS  (HR  0.2,  
95  %  CI:  0–0.8;;  P  =  0.022)[53].  In  another  phase  
II  study,  higher  levels  of  EGFR  expression  were  
associated  with  increased  response  rates,  but  not  
with  time  to  progression  or  OS  [42].  In  the  same  
study,  expression  of  phosphatase  and  tensin  ho-­
molog  (PTEN)  was  significantly  associated  with  
improvements  in  response  rate,  progression-­free,  
and   OS.   However,   these   results   were   not   con-­
firmed  in  the  DOCETUX  study,  in  which  nega-­
tive/low  EGFR  expression  and  high  extracellular  
signal-­regulated   protein   kinase   (ERK)   expres-­
sion   were   associated   with   response   to   therapy  
[37].  In  another  work,  response  rate  and  time  to  
progression  were  significantly  better   in  patients  
without  evidence  of  EGFR  phosphorylation  [38].  
The  small  sample  sizes  and  retrospective  nature  
of   these   analyses   impede   our   ability   to   draw  
meaningful   conclusions   regarding   the   prognos-­
tic  or  predictive  value  biomarkers  for  anti-­EGFR  
therapy  in  GC  at  this  time.

Panitumumab   is   the   first   fully   human   immu-­
noglobulin   G2   monoclonal   antibody   targeting  
EGFR.  The  clinical  benefit  of  panitumumab  was  
demonstrated  in  patients  with  advanced  colorec-­
tal   cancer  without   the  KRAS  mutation   [54].   In  
GC,   a   randomized   trial   of   epirubicin,   oxali-­
platin,   and  capecitabine   (EOX)  with  or  without  
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panitumumab  (REAL-­3)  did  not  show  any  bene-­
fit  at  preplanned  interim  analysis  and  was  stopped  
early  [55].  However,  these  negative  results  may  
have  been  partly  due  to  decreased  doses  of  che-­
motherapy  in  the  combination  arm  [56].

Matuzumab   is   another   fully   humanized   IgG1  
monoclonal  antibody  against  EGFR.   In  a  phase  
I  study  of  matuzumab  in  combination  with  ECX  
(epirubicin/cisplatin/capecitabine)   as   first-­line  
therapy   for  patients  with  EGFR-­positive  gastric  
and   GEJ   cancer,   treatment   was   well   tolerated  
without  major  dose-­limiting  toxicities  other  than  
grade  3  fatigue  [57].  This  combination  went  on  to  
a  phase  II  study  of  72  patients  who  were  random-­
ized  to  ECX  with  or  without  matuzumab.  There  
was   no   improvement   in  ORR,   progression-­free  
survival,   or  OS,   and   a   phase   III   study  was   not  
recommended  [58].

Though   some   studies   with   the   monoclonal  
antibodies  are  ongoing,  these  agents  are  not  cur-­
rently  recommended  in  an  unselected  GC  popu-­
lation.

Tyrosine Kinase Inhibitors Targeting EGFR
Clinical  trials  using  tyrosine  kinase  inhibitors  in  
GC   have   shown  modest   efficacy  when   used   as  
a  single  agent  or   in  combination  with  cytotoxic  
therapy.

Gefitinib  is  an  oral  EGFR  tyrosine  kinase  inhibi-­
tor  with  promising  activity  against  several  types  
of   malignancy   in   early   phase   trials.   In   gastric  
and  GEJ  cancer,  a  phase  II  study  of  single-­agent  
gefitinib   enrolled   75   patients   with   previously  
treated  gastric  and  GEJ  cancer.  They  received  ge-­
fitinib  at  250  mg  or  500  mg  daily.  Gefitinib  was  
shown  to  reach  the  tumors  at  sufficient  concen-­
trations   to   inhibit  EGFR  activation,  but   this  did  

Table 10.2     Clinical  trials  of  the  EGFR  pathway  in  gastric  and  esophageal  cancer
Study Phase Agent(s) n ORR TTP OS
Pinto  et  al. II Cetuximab  +  FOLFIRI 38 44  % 8 16
Lordick  et  al. II Cetuximab  +  FUFOX 52 65  % 7.6 9.5
Safran  et  al. II Cetuximab  +  Carbo/paclitaxel/RT 60 27  % NA NA
Tebbutt  et  al. II Cetuximab  +  docetaxel 38 6  % 2.1 5.2
Ma  et  al. II Cetuximab  +  CDDP/CPT-­11/surgery 20 0  % NA NA
Kanzler  et  al. II Cetuximab  +  IF 49 42  % 8.5 16.6
Han  et  al. II Cetuximab  +  FOLFOX 40 50  % 5.5 9.9
Pinto  et  al. II Cetuximab  +  CDDP/docetaxel 48 41  % NA NA

II Cetuximab  +  oxaliplatin/CPT-­11 51 63  % 6.2 9.5
Zhang  et  al. II Cetuximab  +  CDDP/capecitabine 49 48  % 5.2 NA
Yeh  et  al. II Cetuximab  +  CIV  5-­FU/LV/CDDP 35 69  % 11 14.5
Bjerregaard  et  al. II Cetuximab  +  CPT-­11 31 6  % 3;;2 NA
Kim  et  al. II Cetuximab  +  XELOX 44 52  % 6.5 11.8
Moehler  et  al. II Cetuximab  +  FOLFIRI 49 46  % 9 16.5
Lordick  et  al. II Cetuximab  +  FOLFOX 52 65  % 7.6 9.5
Chan  et  al. II Cetuximab 35 3  % 1.6 3.1
Rao  et  al. II Matuzumab  +  ECX 21 65  % 5.2 NA
Rojo  et  al. II Gefitinib 75 NA NA NA
Dragovich  et  al. II Erlotinib 70 9 2 6.7

II Erlotinib  +  FOLFOX 34 50 NA 11
ORR  objective  response  rate,  TTP   time  to  progression,  OS  overall  survival,  5-­FU  5-­fluorouracil,  NA  not  applicable,  
FOLFIRI   biweekly   bolus   5-­FU/leucovorin,   irinotecan,   infusional   5-­FU,   FUFOX   weekly   oxaliplatin/leucovorin,  
infusional   5-­FU,  CDDP   cisplatin,  CPT-­11   irinotecan,   IF  weekly   irinotecan,   infusional   folinic   acid/5-­FU,  FOLFOX  
biweekly  bolus  5-­FU/leucovorin/oxaliplatin  and  infusional  5-­FU,  LV  leucovorin,  XELOX  capecitabine  plus  oxaliplatin,  
ECX  epirubicin/cisplatin/capecitabine
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not   translate   into   clinical   benefit.   Disease   con-­
trol  was  achieved  only  in  18  %  of  patients  [59].  
A  complete  phase  III   trial   (NCT01243398)  ran-­
domized  patients  with  advanced  esophageal  and  
GE   junction   tumors   to   gefitinib   versus   placebo  
after  progression  on  chemotherapy.  The  study  is  
complete  and  the  pending  results  will  help  better  
delineate   the   activity   of   gefitinib   in   esophageal  
and  GCs  [60].

Erlotinib   is   another   oral   EGFR   tyrosine   kinase  
inhibitor.  Erlotinib  has  been  approved  in  the  USA  
for   the   treatment  of   lung  and  pancreatic  cancer.  
In   gastric   and  GEJ   cancer,   erlotinib  was   found  
to  be  active  only  in  patients  with  GEJ  cancer.  A  
phase   II   trial   in  70  patients  with  advanced  gas-­
tric  and  GEJ  cancer  showed  a  response  in  9  %  of  
patients  with  GEJ  cancer  but  no  responses  in  the  
GC  group  [61].

Vascular Endothelial Growth Factors 
Inhibition (Anti-Angiogenesis)
Angiogenesis   is   an   important   aspect   of   tumori-­
genesis  and  is  critical  for  tumor  growth  and  sur-­
vival.   The   vascular   endothelial   growth   factor  
(VEGF)  plays  a  pivotal  role  in  the  control  of  an-­
giogenesis,  tumor  growth,  and  metastasis  in  many  
human  cancers  [62]  including  GC,  which  makes  
it  an  attractive  target  for  treatment.  VEGF-­A  is  an  
essential  mediator  of  physiologic  and  pathologic  
angiogenesis  [63],  and  its  activities  are  mediated  
by  two  tyrosine  kinase  receptors,  vascular  endo-­
thelial   growth   factor   receptor   (VEGFR)-­1   and  
VEGFR-­2.  Serum  VEGF  concentration  has  been  
related   to  metastasis  and  worse  outcome   in  GC  
and  GEJ   tumors   [64,  65].  Multiple   agents  have  
been  developed  to  target  the  VEGF  pathway,  in-­
cluding  monoclonal   antibodies   and   tyrosine   ki-­
nase  inhibitors.

Monoclonal Antibodies Targeting VEGF
Bevacizumab

Bevacizumab  is  a  recombinant  humanized  IgG1  
monoclonal  antibody  against  VEGF.  Bevacizum-­
ab  has   been   extensively   evaluated   alone   and   in  
combination   with   chemotherapy   in   many   solid  

tumors.  Bevacizumab  significantly  enhances  the  
antitumor   efficacy   in   colorectal,   lung,   ovarian,  
renal  cell,  and  breast  cancer  [66–70].  However,  it  
does  have  side  effects  including  thromboembolic  
events,   gastrointestinal   perforation,   and   hyper-­
tension.
Several   phase   II   trials   have   evaluated   beva-­

cizumab  in  the  treatment  of  GC  as  well  as  GEJ  
tumors.   One   study   combined   bevacizumab  
with  irinotecan  and  cisplatin  in  47  patients  with  
metastatic   gastric   and  GEJ   cancer   and   resulted  
in  response  rate  of  65  %  in   the  34  patients  with  
measurable   disease.   Median   survival   was   12.3  
months.  However,  25  %  of  patients  had  thrombo-­
embolic  events  [71].
Another   study   of   oxaliplatin,   docetaxel,   and  

bevacizumab   was   conducted   in   38   previously  
untreated  patients  with  locally  advanced  or  meta-­
static  GC   and  GEJ   tumors   and   showed  median  
PFS  of  6.6  months  and  OS  of  11.1  months.  Gas-­
trointestinal   perforation   occurred   in   three   pa-­
tients  [72].
The  combination  of  modified  docetaxel,  cispl-­

atin,  and  5-­fluorouracil  (DCF)  and  bevacizumab  
in   44   patients  with  metastatic  GC   and  GEJ   tu-­
mors  resulted  in  response  rate  of  67  %  and  medi-­
an  OS  of  16.8  months.  Venous  thromboembolism  
was  seen  in  39  %  of  patients  [73].
A  phase  II  trial  combining  bevacizumab  with  

5-­FU,   leucovorin,   and   oxaliplatin   (FOLFOX)  
was  conducted.  Out  of  16  patients  enrolled,   ten  
patients  (63  %)  achieved  a  pulmonary  rehabilita-­
tion  (PR)  and  six  patients  (37  %)  achieved  minor  
response   or   disease   stabilization.   The   median  
time  to  progression  (TTP)  and  OS  were  7  and  8.9  
months,   respectively.   There   were   no   observed  
bevacizumab-­related  toxic  events,  such  as  perfo-­
ration  or   thrombosis   [74].  These   trials  are  sum-­
marized  in  Table  10.3.
The   promising   results   of   phase   II   trials   led  

to   the   Avastin   in   Gastric   Cancer   (AVAGAST)  
study   [75].   This   was   a   phase   III  multinational,  
randomized,  placebo-­controlled  trial   to  evaluate  
the  efficacy  of  adding  bevacizumab  to  cisplatin-­
based  chemotherapy  in  the  first-­line  treatment  of  
advanced  GC.   Seven   hundred   and   seventy-­four  
patients  from  93  centers  in  17  countries  were  en-­
rolled.  Approximately  50  %  of  patients  were  from  
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Asian  countries.  Median  OS  was  12.1  months  in  
the   bevacizumab   plus   chemotherapy   arm   com-­
pared  to  10.1  months  with  placebo  plus  chemo-­
therapy  arm  (hazard  ratio  0.87;;  95  %  CI,  0.73  to  
1.03;;   p  =  .1002).   However,   though   the   trial   did  
not  meet  its  primary  objective  of  OS,  both  medi-­
an  PFS  and  ORR  were  significantly  improved  in  
the  bevacizumab  group.  No  bevacizumab-­related  
safety  signals  were  identified.  The  heterogeneity  
of  GC  might   explain   the   discordant   results   be-­
tween  phase  II  and  III  trials.  In  addition,  the  pa-­
tients  with  GEJ  tumors  on  the  AVAGAST  study  
treated  with  bevacizumab  arm  had  an  exception-­
ally  high  response  rate  of  85  %  and  improved  OS.  
Asian  patients  showed  better  OS  and  PFS  regard-­
less  of  the  treatment  received  when  compared  to  
European  and  Americans.  Selection  bias,  sample  
size,   and   study   design   might   have   limited   the  
conclusions  of  single-­arm  phase  II  studies.
In   order   to   better   select   patients   who  might  

benefit   from   anti-­VEGF   therapy,   a   panel   of  
tumor   angiogenic   factors   was   evaluated   in   the  
AVAGAST   study,   including   EGFR,   VEGF-­A,  
VEGFR-­1,   VEGFR-­2,   and   neuropilin   (NRP)
[76].   Low-­tumor   neuropilin   expression  was   as-­
sociated  with   shorter  OS   in   the   placebo   group.  
Adding  bevacizumab  seems  to  correct  this  effect  
as   patients  with   low-­tumor   neuropilin,   a   co-­re-­
ceptor  for  VEGF-­A,  had  an  OS  treatment  hazard  
ratio  numerically  better  than  those  with  high  neu-­
ropilin   (low  NRP  HR  0.75;;  95  %  CI  0.59–0.97;;  
high  NRP  HR   1.07;;   95  %  CI   0.81–1.40)   in   the  
bevacizumab  group.  Neuropilin  thus  appeared  to  

be  a  promising  prognostic  biomarker  candidate,  
with   potential   predictive   properties   for   bevaci-­
zumab  as  well.  In  addition,  lower  baseline  plas-­
ma  VEGF-­A  correlated  with  longer  OS.  Further  
evaluation  of  these  potential  biomarkers  is  ongo-­
ing.
Another  approach  to  targeting  the  VEGF  path-­

way  is  through  so-­called  dirty  kinase  inhibitors,  
which  inhibit  the  VEGF  receptor  as  well  as  FLT-­
3,  c-­kit,  and  RET.
Several  tyrosine  kinase  inhibitors  are  current-­

ly  being  evaluated  in  GC.

Tyrosine Kinase Inhibitors Targeting VGFR
Sunitinib

Sunitinib  is  an  oral  multitargeted  tyrosine  kinase  
inhibitor  of  VEGFR,  platelet-­derived  growth  fac-­
tor   receptors   (PDGFRs),   c-­kit,  RET,   and  FLT-­3  
that  has  been  approved   for   the   treatment  of  ad-­
vanced  renal  cell  carcinoma  (RCC)  and  imatinib  
resistant  or  intolerant  gastrointestinal  stromal  tu-­
mors  (GIST).
Several   trials   have   evaluated   single-­agent  

sunitinib   in   the   treatment   of   GC.   A   phase   II  
second-­line   trial   of   single-­agent   sunitinib   in   78  
patients   with   advanced   gastric   and  GEJ   cancer  
showed  promising  results:  two  patients  had  par-­
tial   response  and  25  patients  had   stable  disease  

median   OS   was   6.8   months   (95  %   CI,   4.4–9.6  
-­

tropenia  were   reported   in  34.6  %  and  29.4  %  of  

Table 10.3     Clinical  trials  targeting  VEGFR  in  gastric  and  GEJ  tumors
Study Phase Agent(s) n ORR TTP OS
Shah  et  al. II Bevacizumab  +  CDDP/CPT-­11 47 65 8.3 12.3
El-­Rayes  et  al. II Bevacizumab  +  docetaxel/oxaliplatin 8 50 NA NA
Enzinger  et  al. II Bevacizumab  +  docetaxel/CDDP/CPT-­11 32 63 NA NA
Kelsen  et  al. II Bevacizumab  +  docetaxel/CDDP/5-­FU 44 67 12 16.2
Jhawer  et  al. II Bevacizumab  +  docetaxel/CDDP/5-­FU 42 64 NA NA
Ohtsu  et  al.a III Bevacizumab  +  Cisplatin  +  5-­FU 774 29/38a 5.3/6.7a 10/12a

Bang  et  al. II Sunitinib  (second-­line) 42 5 4.3 12.7
Moehler  et  al. II Sunitinib  (second-­line) 38 5 1.5 6.3
Kim  et  al. I Sorafenib  +  capecitabine/CDDP 21 63 10 14.7
Sun  et  al. II Sorafenib  +  docetaxel/CDDP 44 39 5.8 13.6
ORR  objective  response  rate,  n  sample  size,  TTP   time  to  progression,  OS  overall  survival,  CDDP  cisplatin,  CPT-­11  
irinotecan,  NA  not  applicable,  5fu  5-­flurouracil
a  This  was  a  randomized  phase  III  trial.  OR,  TTP,  and  OS  for  patients  treated  without  and  with  bevacizumab,  respectively
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patients,   respectively,   and   the   most   common  
nonhematologic  adverse  events  were  fatigue,  an-­
orexia,  nausea,  diarrhea,  and  stomatitis  [77].  An-­
other  phase  II  study  in  52  pretreated  patients  with  
advanced  GC  reported  that  sunitinib  (50  mg/day  
for  4  weeks,  followed  by  2  weeks’  rest)  was  well  
tolerated  [78].  In  the  intention  to  treat  population,  
the  ORR  was  3.9  %,  median  PFS  and  OS  were  
1.28   months   and   5.81   months,   respectively.   In  
a  subgroup  analysis,  VEGF-­C  expression  in   the  
tumor  was   associated  with   significantly   shorter  
median  PFS,  but  there  was  no  difference  in  tumor  
control  rate.
Sunitinib  has  also  been  evaluated  in  combina-­

tion  with   chemotherapy.  A   second-­line  phase   II  
trial  randomized  107  patients  to  docetaxel  with  or  
without  sunitinib.  The  TTP  was  not  significantly  
different  (3.9  months  in  the  sunitinib  arm  vs.  2.6  
months),  but  there  was  an  increased  response  rate  
of  41.4  %  compared  to  14.3  %  [79].
Similar   to   other   tyrosine   kinase   inhibitors  

(TKIs),   sunitinib   has  multiple   drug   interactions  
and  can  lead  to  QTc  prolongation  and  changes  in  
the  metabolism  of  CYP3A4  substrates.  Common  
toxicities   include   hypertension,   hand–foot   syn-­
drome,  and  liver  dysfunction.

Sorafenib  is  a  potent  inhibitor  of  Raf  tyrosine  ki-­
nase  and  several  other  receptor  tyrosine  kinases,  

Sorafenib  has  been  approved  for  the  treatment  of  
both  RCC  and  hepatocellular  carcinoma  based  on  
the   results  of  phase   III   trials   [80,  81].   In   tumor  
xenografts   models,   sorafenib   effectively   inhib-­
ited   tumor   growth   and   angiogenesis   in   gastric  
tumors  [82].
Sorafenib  has  been  evaluated  for  the  treatment  

of  advanced  GC  in  several  studies.  It  was  com-­
bined  with  capecitabine  and  cisplatin  in  a  phase  
I  trial  [83]  as  first-­line  therapy  and  the  objective  
response  rate  was  62.5  %.  The  median  PFS  and  
OS  were  10.0  and  14.7  months,   respectively.  A  
phase  II  study  of  44  patients  combined  sorafenib  
with  docetaxel   and   cisplatin   and   showed   a  me-­
dian  PFS  of  5.8  months  and  median  OS  of  13.6  
months,   which   warranted   further   study   [84].  
However,   another   phase   II   study  of   40  patients  

combined   sorafenib   with   second-­line   docetaxel  
and  oxaliplatin  and  showed  a  disappointing  PFS  
of  3  months  and  OS  of  6.5  months  [85].  A  phase  
II   trial   of   sorafenib   monotherapy   in   metastatic  
GC  was  terminated  early  because  of  the  low  re-­
sponse  rate  [86].

Pazopanib  is  an  oral  agent  which  inhibits  angio-­
genesis  through  multiple  pathways,  including  the  
VEGF  receptor,  the  platelet-­derived  growth  fac-­
tor  (PDGF)  receptor,  as  well  as  c-­kit.  It  has  been  
approved  by  the  FDA  for  use  in  the  treatment  of  
metastatic  RCC  as  well  as  metastatic  soft  tissue  
sarcoma  based  on   the   results   of   phase   III   trials  
[87,  88].  Pazopanib  has  also  been  shown  to  have  
activity  in  metastatic  thyroid  cancer  [89].
Pazopanib   is   currently   being   evaluated   with  

chemotherapy   in   two   GC   trials.   The   phase   II  
PaFLO  trial   randomized  first-­line  advanced  GC  
patients  to  5-­fluorouracil,  leucovorin,  and  oxali-­
platin  with  or  without  pazopanib  and  is  currently  
accruing  patients  [90].  Another  first-­line  phase  II  
trial  adds  pazopanib  to  capecitabine  and  oxalipla-­
tin  in  advanced  GC  patients  and  is  also  recruiting  
[91].  The  results  of  these  studies  will  help  deter-­
mine  if  pazopanib  has  a  role  in  the  treatment  of  
advanced  GC.

Vandetanib  is  a  dual  VEGFR  and  EGFR  tyrosine  
kinase  inhibitor.  It  also  inhibits  RET-­tyrosine  ki-­
nase  activity,  an  important  growth  driver  in  cer-­
tain  types  of  thyroid  cancer.  In  2011,  vandetanib  
became  the  first  drug  to  be  approved  by  the  FDA  
for  the  treatment  of  metastatic  medullary  thyroid  
cancer.   In   an   orthotopic  GC  model,   vandetanib  
inhibited   tumor   growth,   decreased   microvessel  
density,  and  slowed  tumor  cell  proliferation  [92].
A   recently   reported   phase   I   trial   evaluating  

vandetanib  plus  paclitaxel,  carboplatin,  5-­fluoro-­
uracil,   and  XRT   induction   therapy   followed   by  
surgery  for  previously  untreated  locally  advanced  
cancer  of  the  esophagus  and  GE  junction  found  
that  the  combination  was  well  tolerated  and  war-­
ranted   further   evaluation   [93].   However,   when  
vandetanib   was   evaluated   with   docetaxel   in   a  
second-­line,  randomized  GC  study,  the  study  was  
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terminated  early  because  of  insufficient  power  to  
show  results  [94].

Telatinib   is   a   potent   small   molecule   oral   tyro-­
sine   kinase   inhibitor   that   selectively   targets   the  
VEGF  and  PDGF  receptor  families.  Telatinib  has  
showed  activity   in  GC  in  an  early  phase  I   trial,  
which  led  to  a  phase  II  study  in  combination  with  
capecitabine  and  cisplatin  as  first-­line  treatment  
in  patients  with  advanced  cancer  of  the  stomach  
or  GE  junction  [95].  In  the  39  patients  eligible  for  
analysis,   the  ORR  was   67  %,   and   an   additional  
28  %  of  patients  had  stable  disease  [96].  Median  
OS  results  are  still  pending.
Several   studies   are   investigating   the   VEGF  

pathway  inhibition  in  GC  despite  the  negative  re-­
sults  of  the  AVAGAST  trial.  There  is  potentially  
a  subset  of  GC  patients  who  would  benefit  from  
targeting  this  pathway.  To  this  end,  several  prog-­
nostic  and  predictive  markers  to  predict  clinical  
outcome  in  patients  treated  with  VEGF  inhibition  
are  being  actively   investigated.  Trials  of  VEGF  
pathway  inhibitors  in  the  neoadjuvant  setting  are  
also  ongoing.   In   the  UK,   the  Medical  Research  
Council   Adjuvant   Gastric   Infusional   Chemo-­
therapy   trial   (MAGIC)-­B   is   evaluating   the   role  
of  bevacizumab  for  peri-­operative  chemotherapy  
in  operable  adenocarcinoma  of  the  stomach  and  
GEJ.

Ramucirumab  is  a  new  fully  human  IgG1  mono-­
clonal  antibody  that  specifically  and  potently  in-­
hibits  VEGFR-­2.  Ramucirumab  has  demonstrat-­
ed  efficacy  and  tolerability  in  several  studies.  The  
phase  III  REGARD  (ramucirumab  monotherapy  
for  previously  treated  advanced  gastric  or  gastro-­
oesophageal   junction   adenocarcinoma)   study  
randomized   second-­line   gastric   or   GE   junction  
adenocarcinoma   patients   to   single-­agent   ramu-­
cirumab   or   best   supportive   care.   They   found   a  
median  OS  of  5.2  months   in   the   treatment   arm  
compared  to  3.8  months,  with  a  p  value  of  0.042  
[97].  Based  on   the  known  activity  of   the  agent,  

randomized,  double-­blind  study  of  ramucirumab  
plus   paclitaxel   versus   placebo   plus   paclitaxel  

in   the   treatment   of  metastatic   gastroesophageal  
junction   (GEJ)  and  gastric  adenocarcinoma  fol-­
lowing   disease   progression   on   first-­line   plati-­
num-­  and  fluoropyrimidine-­containing  combina-­
tion   therapy   rainbow)   study   randomized   665   s  
line  advanced  gastric  or  GE  junction  cancer  pa-­
tients  to  paclitaxel  with  or  without  ramucirumab.  
Median  OS  was  9.63  months  in  the  combination  
arm  versus  7.36  months  for  paclitaxel  alone.  Pa-­
tients  in  the  combination  arm  had  more  neutrope-­
nia  and  hypertension  [98].
Based   on   the  REGARD   study,   the   FDA   ap-­

proved  ramucirumab  in  2014  for  use  as  a  single  
agent   in   gastric   and   GE   junction   cancer   after  
progression   on   a   platinum   or   fluropyrimidine-­
containing  regimen  [99].  This  is  the  first  target-­
ed  agent  approved  in  the  treatment  of  GC  since  
trastuzumab.

Insulin-like Growth Factor-1 (IGF-1) 
Inhibition
The   IGF-­1   receptor   belongs   to   the   insulin   re-­
ceptor   family   (IGF-­1   and   IGF-­2).   IGF-­1R   is  
expressed   on   the   cell   surface   and   phosphoryla-­
tion  of  intracellular  substrates  leads  to  activation  
of   the   MAPK   and   PI3K/Akt   pathways   which  
promotes   tumor   growth,   progression,   and   inva-­
sion   in   several   cancers,   including   GC   [100].  
The  IGF-­1R  and  its  associated  signaling  system  
have  gained  significant   interest   in   the   treatment  
of  several  malignancies.  The  IGF-­1R  pathway  is  
targeted  through  monoclonal  antibodies,  IGF-­1R  
antisense/siRNA,  and   receptor   tyrosine  kinases.  
IGF-­1R   signaling   has   been   associated   with   re-­
sistance  to  cytotoxic  therapy.  Inhibition  of  IGF-­
1R   enhances   tumor   cell   apoptosis   in   numerous  
models   [101].   IGF-­1R   signaling   has   also   been  
causally  linked  to  de  novo  or  acquired  resistance  
to   EGFR-­targeting   agents   in   several   malignan-­
cies  [102].  In  GC,  IGF-­1R  expression  in  resected  
tumors  correlates  with  poorer  clinical  outcomes  
[103].  In  a  study  of  86  patients  with  resected  gas-­
tric  tumors,  patients  with  low  expression  of  both  
IGF-­1R  and  EGFR  had  significantly   longer  OS  
compared   to   those  who   lack   the   low   coexpres-­
sion  [103].  A  phase  I  trial  of  docetaxel  combined  
with  CP-­751,871,  an  IGF-­1R  antibody,  has  dem-­
onstrated  promising  results  [104].  However,   the  
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data  on  IGF-­1R  inhibition  in  GC  is  still  prema-­
ture.

Fibroblast Growth Factor Tyrosine Kinase 
Inhibitors
Fibroblast   growth   factor   (FGF)   and   its   signal-­
ing  receptors  have  multiple  biological  properties  
including   cell   proliferation,   differentiation,  mo-­
tility,   and   transformation   [105,   106].   Fibroblast  
growth  factor  receptor  2  (FGFR2)  is  amplified  in  
poorly  differentiated  GC  (scirrhous  cancer)  with  
malignant   phenotypes   [107],   which   makes   it   a  
promising  molecular  target  for  treatment.
In  preclinical  models,  AZD2171,  a  highly  po-­

tent  oral  VEGF,  FGFR1,  PDGFRB,  and  VEFGR2  
tyrosine  kinases  inhibitor,  led  to  tumor  inhibition  
in   GC   xenografts   in   a   dose-­dependent   fashion.  
The  most  potent   antitumor  activity  was   seen   in  
xenografts   over-­expressing   FGFR2.   These   re-­
sults   suggest   that  AZD2171  might  be   clinically  
beneficial   in   patients   with   FGFR2   expressing  
gastric  tumors  [108].
Ki23057,  a  broad-­range  tyrosine  kinase  inhib-­

itor  of  FGFR2,  also  inhibits  FGFR1,  FGFR2,  and  
VEGF2  tyrosine  kinases.  It  inhibits  the  prolifera-­
tion  of  gastric  scirrhous  cancer  cells  with  FGFR2  
gene   amplification   only.  Oral   administration   of  
Ki23057  inhibits   the  growth  and  peritoneal  dis-­
semination   of   GC   cells   through   FGFR2-­RAS/
ERK   inhibition,   rather   than   through   FGFR2–
PI3k–AKT   signaling   inhibition   [109].   To   our  
knowledge,  no  clinical  trials  are  currently  avail-­
able  for  this  compound  in  GC.

c-Met Tyrosine Kinase Inhibitors
Met   is   a   membrane   receptor   that   is   essential  
for   embryonic   development   and   wound   heal-­
ing.  C-­Met   is   a   receptor   tyrosine   kinase   that   is  
expressed   in   epithelial   and   endothelial   cells.  
Hepatocyte   growth   factor   (HGF),   its   ligand,   is  
expressed  by  cells  of   the  mesenchymal   lineage.  
Overexpression   of   c-­Met   and   activating   c-­Met  
mutations  have  been  widely  documented  in  many  
tumor  types   including  GC  [110],  and  c-­Met  de-­
regulation   correlates   with   poor   outcomes.   In   a  
study  of  121  patients  with   advanced  GC,  HGF,  
and  c-­Met  were  significantly  overexpressed  in  pa-­
tients  with   liver  metastases  [111].  Coexpression  

of  c-­Met  and  HER2  proteins  in  patients  with  GC  
has  been  associated  with  poorer  survival  [112].
c-­Met   inhibition  has   been   evaluated   in   early  

phase  trials  with  promising  results.  Two  phase  I  
trials   of  ARQ197   (a   nonadenosine   triphosphate  
(ATP)   competitive   small-­molecule   inhibitor   of  
c-­Met)  in  patients  with  solid  tumors  showed  dis-­
ease   stabilization   in   7   out   of   11   patients,   with  
prolonged   stabilization   for   >  32   weeks   in   five  
tumor   types,   including  GC   [113].  Another   trial  
of   36   patients   reported   that   5.5  %   of   patients  
achieved  a  PR,  and  53  %  had  SD  [114].
A   phase   II   study   examined   the   safety   and  

efficacy   of   two   dosing   schedules   of   foretonib  
(GSK1363089),   an   oral   small-­molecule   inhibi-­
tor   of   c-­Met   and   VEGFR-­2,   as   a   single   agent  
in   patients   with   metastatic   GC.   Foretonib   was  
well   tolerated   in   both   dosing   schedules.   How-­
ever,  c-­Met  amplification   in  metastatic  GC  was  
found   to   be   less   common   than   anticipated,   and  
occurred   in   only   3   out   of   43   patients.  Amplifi-­
cation   of   the  met   oncogene  was   not   associated  
with  a  higher  response  rate.  However,  the  lack  of  
a  well-­validated  method   to   assess   c-­Met  makes  
any   conclusive   interpretations   difficult.   Single-­
agent  foretonib  demonstrated  minimal  antitumor  
activity   in   a   c-­Met   unselected   GC   population.  
Mandatory  pre-­  and  on-­treatment  biopsies  to  bet-­
ter   define   c-­Met   pathway   and   target   inhibition  
were  added  to  the  protocol  [115].  Other  clinical  
trials  of  various  c-­MET  inhibitors  (both  TKIs  and  
monoclonal  antibodies)  are  ongoing.

Cell Cycle Inhibition

Polo-like Kinase Inhibitors
Polo-­like   kinases   (PLKs)   are   a   family   of   con-­
served   serine/threonine   kinases,   which   are   in-­
volved   in   signal   transduction   pathways   lead-­
ing   to   the   formation  and  changes   in   the  mitotic  
spindle.  As  such,   they  are   involved  in  the  regu-­
lation   of   cell-­cycle   progression   through  G2   and  
mitosis.   These   enzymes   also   activate   cyclin-­
dependent   kinase/cyclin   complexes   during   the  
M-­phase  of  the  cell  cycle.  PLK-­1  overexpression  
is   seen   in   various   malignancies   including   GC  
[116],  and  is  associated  with  the  accumulation  of    
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proliferation-­related   genes   and   oncogenes.   In-­
hibiting   PLK-­1   leads   to   cell   growth   inhibition  
and  apoptosis.  Moreover,  PLK-­1  is  a  prognostic  
marker   for  GC  [117].  Patients  with  PLK1-­posi-­
tive   tumors   have   more   lymph   node   metastasis  
and  diffuse   growth  pattern   and   thus  worse   out-­
come  when  compared  to  those  with  PLK-­1-­nega-­
tive  tumors  [118].
The  inhibition  of  PLK-­1  via  small  interfering  

RNA  (siRNA)  resulted  in  increased  cdc2  activity,  
increased  cyclin  B  expression,  and  accumulation  
of  GC  cells  at   the  G2/M  phase.  This   led   to   im-­
proper  mitotic   spindle   formation,  delayed  chro-­
mosome  separation,  attenuated  pro-­caspase  three  
levels,  and  increased  apoptosis  [119].  A  phase  I  
trial   investigating   the   role   of   PLK   inhibitors   in  
various   solid   tumors,   including  GC,   found   that  
some  patients  had  stable  disease  but  with  a  high  
VTE  rate  of  20  %[120].

Aurora Kinase Inhibitors
Aurora  kinases  (A,  B,  and  C)  are  serine/threonine  
kinases   that   have  been   recognized   as   important  
regulators  of  cell  proliferation  from  mitotic  entry  
to  cytokinesis   [121].   In  normal  cells,  aurora  ki-­
nase  protein  levels  increase  from  the  G2  to  the  M  
phase.  Overexpression  of  aurora  kinase  A  results  
in  chromosomal  instability  in  a  variety  of  tumors  
including  GC.  In  addition,  aurora  kinase  A  inhib-­
its  drug-­induced  apoptosis  leading  to  drug  resis-­
tance   [122].  Aurora   kinase  A  overexpression   in  
upper  gastrointestinal  cancers  indirectly  activates  
HDM2   leading   to   p53   suppression   and   cancer  
cell  survival   [123],  which   translates   into  poorer  
clinical  outcomes  [124].
Various   aurora   TKIs   are   currently   under   in-­

vestigation  in  phase  I  trials.  In  a  phase  I  trial  of  
SNS-­314   in  patients  with   solid   tumors,   a  novel  
selective  inhibitor  of  aurora  kinases  A,  B,  and  C  
showed  no  objective  responses  [125].  In  another  
phase  I  trial  of  AT9283,  a  multitargeted  kinase  in-­
hibitor  including  aurora  kinases  A  and  B,  33  pa-­
tients  were  treated.  The  best  response  was  a  PR  in  
one  patient  and  two  patients  with  SD  [126].

Cyclin-Dependent Kinase Inhibitors
Cyclin-­dependent   kinases   (CDKs)   comprise  
a   group   of   protein   kinases   (cdk1–cdk9)   that  

participate   in   cell-­cycle   regulation   via   the   reti-­
noblastoma   product   (Rb).   The   inactivation   of  
the  Rb   pathway   results   from   overexpression   or  
amplification  of  CDKs,  downregulation  of  nega-­
tive  factors  such  as  endogenous  CDK  inhibitors,  
or  from  mutations  in  the  Rb  gene  or  its  product.  
This   pathway   is   deregulated   in   different  malig-­
nancies,  resulting  in  a  disturbed  G1to  S  phase  of  
the  cell  cycle  [127].
Flavopiridol  is  a  synthetic  flavone  that  inhib-­

its  in  vitro  tumor  cell  growth  at  nanomolar  con-­
centrations  by  blocking  cell-­cycle  progression  at  
G1  or  G2  [128,  129].  Flavopiridol  is  a  potent  in-­
hibitor  of  CDKs  with  respect  to  the  ATP-­binding  
site   including   cdk-­1,   cdk-­2,   cdk-­4,   and   cdk-­7,  
and   hypophosphorylation   of   Rb   [130].   Flavo-­
piridol  has  also  been  shown  to  induce  apoptosis,  
inhibit  angiogenesis,  and  potentiate  the  effects  of  
chemotherapy  by  arresting  the  cell   in  the  G1  or  
G2/M  phase  [131,  132].  In  a  phase  I  study  of  38  
patients  with  advanced  cancer,   flavopiridol  was  
administered   as   a   continuous   infusion.  One  pa-­
tient  with  GC  had  a  complete  response  (CR)  last-­
ing  more   than  48  months   [133].  A  phase   I   trial  
of  FOLFIRI  in  combination  with  flavopiridol  in  
patients  with  GC  and  other  solid  tumors  showed  
clinical  benefits   in  39  %  of  patients[134].  How-­
ever,  a  phase  II  study  of  flavopiridol  as  a  single  
agent   in  16  patients  with  advanced  GC  showed  
no  activity  [135].

Other Novel Targets

Ubiquitin–Proteasome Pathway Inhibitors
The   ubiquitin–proteasome   pathway   is   essential  
for   protein  quality   control   through  degradation.  
It  plays  an  important  role  in  cell-­cycle  regulation,  
transcription,   signaling,   protein   transport,  DNA  
repair,  and  stress  responses.  Disturbance  in  prote-­
asome  activity  leads  to  the  accumulation  of  poly-­
ubiquitinylated   proteins,   endoplasmic   reticulum  
stress,  and  even  cell  death  [136].

Bortezomib
Bortezomib   is   a   potent   inhibitor   of   the   protea-­
some   and  has   prominent   effects   in   vitro   and   in  
vivo   against   several   solid   tumors.   It   has   been  
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approved   for   the   treatment   of   hematological  
malignancies   but   its   role   in   solid   tumors   is   not  
well  established.  In  preclinical  models,  bortezo-­
mib-­induced   apoptosis   in   three   GC   cell   lines:  

-­
bined   with   cisplatin   and   docetaxel,   bortezomib  
dramatically   decreased   tumor   cell   growth   com-­
pared  with  chemotherapy  alone  [137]  .
This  preclinical  efficacy  led  to  multiple  phase  

II  studies  being  developed.  One  phase  II  study  of  
bortezomib  in  16  patients  with  advanced  gastric  
adenocarcinoma  was  performed.  No  patients  had  
an   objective   response   but   one   patient   achieved  
SD  [138].  In  another  phase  II  trial  of  44  patients  
with   advanced  gastric   and  GEJ   cancer,   28   che-­
mo-­naïve   patients   (arm   A)   received   irinotecan  
in  combination  with  bortezomib,  and  12  patients  
who  were  previously  treated  received  bortezomib  
alone  (arm  B).  Response  rates  of  44  %  in  arm  A  
and  9  %   in   arm  B  were   seen.  The  PFS   and  OS  
were  1.9  and  5.4  months  in  arm  A  and  1.4  and  4.1  
months  in  arm  B,  respectively  [139].  In  another  
phase  II  trial  of  bortezomib  combined  with  pacli-­
taxel  and  carboplatin  in  first-­line  treatment  of  35  
patients  with  metastatic  gastric  and  GEJ  cancer,  
tumor  response  rates  were  lower  than  anticipated  
at  only  23  %  and  the  OS  was  8.9  months  [140].

PI3 Kinase Pathway Inhibition
The  PI3K  enzymes  are  involved  in  the  phosphor-­
ylation  of  membrane  inositol  lipids  [141].  The  ac-­
tivation  of  PI3K  generates  the  second  messenger  
phosphatidylinositol  (3,4,5)-­trisphosphate  (PIP3)  
from   phosphatidylinositol   4,5-­bisphosphate  
(PIP2).   This   recruits   proteins   to   the   cell   mem-­
brane,   including  the  Akt/PKB  kinases,   resulting  
in   their   phosphorylation   by   phosphoinositide-­
dependent  kinase  1  (PDK1)  [142],  and  by  PDK2  
[143].
Dysregulation   of   the   PIP3/Akt/mTOR   path-­

way  can  occur  secondary  to  oncogenic  mutations  
of  PIK3CA  [144],   loss  of  PTEN  function   [145,  
146],   mutation   of  Akt/PKB   isoforms   [147],   or  
upstream  activation  through  other  pathways  like  
IGF-­1R.  Abnormal  expression  of  the  PTEN  pro-­
tein  in  GC  is  found  in  11  %  of  tumors  and  is  relat-­
ed  to  the  tumor  differentiation,  advanced  staging,  
and  chemoresistance  [148].  Upregulation  of   the  

PI3k/Akt/mTOR  downstream  pathway  correlates  
with  a  worse  prognosis  and  may  contribute  to  the  
resistance  to  chemotherapy  [149].

Everolimus
Everolimus  (RAD001)  is  an  oral  mammalian  tar-­
get  of  rapamycin  (mTOR)  inhibitor  that  has  shown  
anticancer  activity  both  in  preclinical  GC  models  
[150],  as  well  as   in  a  phase  I  study  in  Japanese  
GC  patients  [151].  Based  on  these  promising  re-­
sults,  a  multicenter  phase  II  study  was  performed  
in  pretreated  patients  with  metastatic  GC  [152].  
Fifty-­three   patients   were   eligible   for   analysis.  
At   a   median   follow-­up   of   9.6   months,   median  
PFS  was   2.7  months   and  median  OS  was   10.1  
months.   Common   grade   3   or   4   adverse   events  
included  anemia,  hyponatremia,   increased  gam-­
ma-­glutamyltransferase,   and   lymphopenia.   The  
short  PFS  compared  to  the  relatively  long  OS  is  
puzzling  and  requires  further  evaluation.  On  the  
basis  of  these  results,  the  phase  III  GRANITE-­1  
trial  was  performed.  656  s  or  third  line  advanced  
GC   patients  were   randomized   to   everolimus   as  
monotherapy   or   placebo   with   best   supportive  
care.  The  median  OS  was  not   significantly  dif-­
ferent,   at   5.39  months   in   the   everolimus   group  
compared  to  4.34  months  [153].

Heat Shock Protein 90 Inhibitors
Heat   shock   protein   90   (HSP90)   is   a   molecular  
chaperone  and  is  one  of  the  most  abundantly  ex-­
pressed  proteins  in  the  cell.  Multiple  cell-­specific  
oncogenic   processes   are   tightly   regulated   by  
binding  of  HSP90  [154,  155].  In  GC,  HSP90  ex-­
pression  correlates  with  tumorigenesis  and  lymph  
node   metastasis   [156].   The   downregulation   of  
HSP90   can   increase   drug   sensitivity   of   tumor  
cells.   In   preclinical   studies,   HSP90   inhibition  
reduced  the  constitutive  and  inducible  activation  
of  extracellular  signal-­regulated  kinase  1/2,  Akt,  
and  signal  transducer  and  activator  of  transcrip-­
tion  (STAT3),  and  decreased  the  protein  expres-­

157].  There  are  several  ongoing  stud-­
ies   evaluating  HSP90   inhibitors   in   various  ma-­
lignancies.
STA-­9090  is  a  potent,  next-­generation  HSP90  

inhibitor.  STA-­9090  has  shown  superior  activity  

!..bbaaddaallaammeennttii@@ttiinn..iitt



11710 Targeted Therapies for Gastric Cancer

and   improved   safety   profile   relative   to   other  
agents  in  preclinical  models.  Two  phase  I  dose-­
escalation  studies  of  STA-­9090   in  patients  with  
solid   tumors,   including   GC,   have   shown   STA-­
9090   to   be   well   tolerated   at   dose   levels   up   to  
216  mg/m2  once  weekly  [158]  or  25  mg/m2  twice  
weekly  [159].  These  studies  warrant  further  eval-­
uation   of   STA-­9090   in   solid   tumors,   including  
GC.

Matrix Metalloproteinases (MMPs)
The   matrix   metalloproteinases   (MMPs)   are   a  
family  of  highly  homologous  protein-­degrading  
zinc-­dependent   endopeptidases   that   degrade  
components  of  the  extracellular  matrix.  This  fam-­
ily  currently  includes  more  than  25  members  that  
play  an  important  role  in  normal  cellular  growth  
and  repair.  They  are  aberrantly  expressed  in  sev-­
eral   solid   tumors   and   are   thought   to   contribute  
to   the   invasive   potential   of   these   malignancies  
[160].   Based   on   promising   phase   I   results,   a  
phase  III  study  of  marimastat,  an  MMP  inhibitor,  
was   undertaken   [161].   Altogether   396   patients  
with  inoperable/metastatic  gastric  or  GE  junction  
adenocarcinoma  who  had  received  no  more  than  
first-­line   5-­FU-­based   chemotherapy   were   ran-­
domized  to  receive  either  placebo  or  marimastat.  
At  2-­year  follow-­up,  there  was  a  small  but  statis-­
tically  significant  difference  (  p  =  0.02)  in  median  
OS  (160  vs.  138  days)  and  2-­year  survival  (9  %  
vs.  3  %)  favoring  the  marimastat  group.  Despite  
these  promising   results,   further   development  of  
this  drug  has  been  halted  secondary  to  poor  toler-­
ability  because  of  musculoskeletal  toxicity.

Histone Deacetylase Inhibitors
Epigenetic   modulation   of   gene   expression   has  
an   important   role   in   regulating   cell   biology  
[162].  Epigenetic  silencing  of   tumor  suppressor  
genes,  induced  by  the  overexpression  of  histone  
deacetylase  (HDAC),  plays  a  crucial  role  in  car-­
cinogenesis.  Further  understanding  of  the  cancer  
cell   cycle  and   the   role  of  HDAC   inhibition  has  
led  to  the  development  of  several  new  anticancer  
agents  [163].
18  HDAC  enzymes  have  been  identified  and  

categorized  in  three  classes  in  humans.  HDAC  is  
thought   to  be   independent  prognostic  marker   in  

GC.  Moderate   to   strong   expression   of  HDAC2  
was  found  in  44  (62  %)  out  of  71  gastric  tumors  
and   was   associated   with   tumor   aggressiveness  
and  nodal  spread  [164,  165].
HDAC  inhibitors  act  by  binding   to  a  critical  

zinc   ion   required   for   catalytic   function   of   the  
HDAC   enzyme   [166].   These   compounds   have  
varying  potency  and  specificity,  with  variable  ef-­
fects  on  the  acetylation  of  nonhistone  substrates  
[167],  leading  to  distinct  efficacy,  toxicities,  and  
therapeutic  effects  [168].
More   than   15   HDAC   inhibitors   have   been  

tested  in  preclinical  and  early  clinical  studies,  but  
the  only  HDAC  inhibitor  approved  by  the  FDA  
is  vorinostat  for  hematological  malignancies.  In  
a   phase   I   trial   of   vorinostat  monotherapy   in   16  
Japanese   patients   with   gastrointestinal   cancer,  
including  10  with  GC,  8  patients  had  SD  as  the  
best  response  [169].  Another  phase  I  trial  of  vori-­
nostat  combined  with  FOLFIRI  in  patients  with  
upper  gastrointestinal  tumors  has  been  reported.  
Among  eight  patients  in  whom  the  response  was  
assessable,  two  had  a  PR  and  five  had  SD  [170].  
A  phase  I/II  study  of  vorinostat  plus  capecitabine  
and  cisplatin  for  first-­line  treatment  of  metastatic  
or  recurrent  GC  is  currently  accruing  [171].

Protein Kinase C Inhibition
Protein   kinase   C   (PKC)   is   part   of   a   family   of  
enzymes   that   are   involved   in   controlling   the  
function  of  other  proteins.  These  enzymes  work  
through  the  phosphorylation  of  hydroxyl  groups  
of  serine  and  threonine  amino  acid  residues.  PKC  
inhibitors  are  currently  being  investigated  in  both  
malignant  and  nonmalignant  conditions.
Bryostatin-­1,   an   inhibitor   of   protein   kinase  

C,   has   been   evaluated   in   combination  with   pa-­
clitaxel   sequentially   in   esophagogastric   tumors  
[172];;  despite  the  initially  promising  results,  the  
drug   has   been   discontinued   secondary   to   unex-­
pected  grade  3/4  myalgia   in  approximately  half  
of  all  patients.

Poly ADP-ribose Polymerase Inhibitors
The   function   of   poly   (adenosine   diphosphate  
(ADP)-­ribose)   polymerase   (PARP)   is   to   repair  
single-­stranded   breaks   (SSBs).   If   these   SSBs  
are   not   repaired,   they   become   double-­stranded  
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breaks  (DSBs)  at  the  next  fork  replication,  which  
leads  to  cell  death.  The  PARP  inhibitors  function  
by  preventing  the  SSB  repair  and  thus  ultimately  
allow   cancer   cell   death   to   occur   [173].   These  
agents  have  shown  activity  in  ovarian  and  breast  
cancer,  particularly  in  patients  with  BRCA  muta-­
tion.
Second-­line   therapy   for   metastatic   or   recur-­

rent  GC,  randomized  to  paclitaxel  with  or  with-­
out  olaparib  [174].  Because  preclinical  data  has  
shown   that   there   is  more  olaparib   sensitivity   in  
patients   with   low   ataxia   telangiectasia   mutated  
(ATM)  protein  [175],  this  study  enriched  for  low  
ATM  protein  levels.
Based   on   these   results,   there   is   an   ongoing  

phase   III   study  of   second-­line  GC  patients   ran-­
domized   to   paclitaxel   with   or   without   olaparib  
[176].
A  phase  I  study  of  another  PARP  inhibitor  ve-­

liparib  with  FOLFIRI  is  ongoing  [177]  .

Conclusion

GC   is   one   of   the   most   common   malignancies  
worldwide,   with   approximately   990,000   new  
cases   and   738,000   deaths   per   year,   accounting  
for  about  8  %  of  new  cancers   [178].  At  diagno-­
sis,  approximately  50  %  of  patients  have  disease  
that  extends  beyond  locoregional  confines.  Only  
half  of   eligible  patients  will  ultimately  undergo  
curative   resection.  Screening   is   not  widely  per-­
formed  outside   of   high  prevalence   areas.  Cyto-­
toxic  agents  have  been  the  mainstay  of  systemic  
treatment  for  decades  but  carry  significant  toxic-­
ity.  The  need  for  novel  agents  is  urgent.
During   recent   years,   several   molecular   ab-­

normalities   underlying   gastric   carcinogenesis  
and   progression   have   been   identified.   This   has  
stimulated   the   search   for   novel   therapeutic   ap-­
proaches,   and   many   studies   are   now   incorpo-­
rating   these   targeted  agents  with  chemotherapy.  
However,  given  the  highly  complex  nature  of  the  
underlying  molecular  abnormalities  and  concur-­
rent  aberrations   in  multiple  signaling  pathways,  
targeted   agents   used   as   monotherapy   or   even  
added   to   a   chemotherapy   backbone   are   unlike-­
ly   to   result   in   significant   efficacy.  The   inherent  

redundancies   in   these  molecular   pathways   also  
preclude  effective  blockade  of  proliferation  and  
survival   if  only  one   receptor   is   targeted.  Pursu-­
ing   multiple   targets   simultaneously   should   be  
considered.   However,   this   method   is   severely  
hampered   by   our   current   limited   understanding  
of  how  to  combine  targeted  agents,  the  logistical  
issue  of  designing  multi-­sponsor  trials,  as  well  as  
the  potential  for  additional  toxicities.  Molecular  
profiling  will  be  important  to  identify  the  specific  
patient  who  might  benefit  from  targeted  therapy,  
validate  whether  the  drug  inhibits  the  target,  and  
determine  if  the  tumor  having  the  target  is  even  
of  functional  importance.
Biomarkers  are  increasingly  utilized  in  cancer  

treatment   to  predict   the  efficacy  and   toxicity  of  
anticancer   agents.   Increased   use   of   biomarkers  
is  expected  to  lead  to  treatments  suited  for  indi-­
vidual  patients,  such  as  HER2  inhibition  in  GC.  
However,  at  the  present  time,  few  biomarkers  are  
used  clinically,  as  most  have  not  gone  beyond  the  
investigational  phase.  In  clinical  trials,  selecting  
patients  based  on  predictive  factors  is  ideal,  but  
this   is   difficult   with   the   lack   of   validated   bio-­
markers  in  GC  and  the  diversity  of  molecular  al-­
terations  acquired  during  malignant   transforma-­
tion,  recurrence,  or  metastasis.
Many   of   the   agents   discussed   in   this   article  

have   poorly   defined   targets   in   individual   pa-­
tients,   which   hampers   their   optimal   develop-­
ment.  Measuring  the  efficacy  of  these  agents  on  
the  targeted  pathway  is  crucial   to  further  define  
their  role.  To  help  refine  the  use  of  these  agents,  
they  could  be  first  tested  in  the  neoadjuvant  set-­
ting  with  multiple  biopsies  specimens  collected.  
The  tissue  could  then  be  correlated  with  the  pa-­
tient’s  outcome,  with  regard  to  whether  the  target  
is  of  functional  importance.  The  target  could  be  
evaluated   to   assess   if   it   was   actually   inhibited  
by   the  agent.  However,   this  schema  has  several  
limitations.   The   response   rate   in   the   neoadju-­
vant  setting  might  not  translate  into  survival  for  
metastatic  disease.  There  is  also  significant  mor-­
bidity   and   inconvenience   associated  with   serial  
biopsies.  Similarly,  evaluating  targeted  agents  in  
a  refractory  population  might  not  be  the  optimal  
way  to  identify  clinical  benefits  of  novel  agents.  
In   the   future,   combining   targeted   therapy   with  
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cytotoxic  agents  and  or  radiation  should  be  based  
on  sound  scientific  evidence  and  rational  design.
The  failure  of  phase  III   trials   to  demonstrate  

survival  benefit  despite  what  may  sometimes  be  
considered  promising  results  from  phaseII  stud-­
ies  indicates  the  need  to  change  the  current  drug  
evaluation   system.   Targeted   agents   often   result  
in   stable   disease   rather   than   disease   response,  
which   makes   assessment   more   challenging.  
The  increased  emphasis  on  randomized  phase  II  
screening   trials   can  minimize   the   likelihood   of  
erroneous   conclusions   regarding   efficacy.   The  
results  of  such  trials  must  be  confirmed  in  phase  
III   trials   or   even   in   additional   phase   II   studies.  
OS  must  remain  the  primary  end  point  of  clinical  
trials  because  of  the  short  survival  and  the  lack  of  
surrogate  clinical  endpoints  to  predict  survival  in  
GC.  The  magnitude  of  benefit  in  survival  seen  in  
pilot  studies  to  generate  a  phase  III  trial  must  be  
considered  on  a  case-­by-­case  basis.
Apart   from   the   molecular   targeted   therapies  

described   in   this   article,  many   other   agents   are  
currently   being   evaluated   in   GC.   Further   stud-­
ies   are   needed   to   determine   the   optimal   use   of  
targeted   therapy.   The   success   of   trastuzumab  
in  HER2  overexpressed   tumors   should   serve  as  
a  model   for   identifying   the   appropriate  GC  pa-­
tients  with  various  biological  subsets  of  the  dis-­
ease.  Adequately  powered,  randomized  trials  are  
necessary  to  define  the  role  of  targeted  therapies  
in   advanced   GC.   Biomarker-­driven   studies   to  
correlate  with  treatment  outcomes  will  be  critical  
to   identify  patients  who  will   benefit  most   from  
targeted  therapy.
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Introduction

The  majority   of   patients  with   pancreatic   cancer  
are  diagnosed  with  locally  advanced  or  metastatic  
disease.  The  organs  that  are  more  likely  to  receive  
distant  metastasis  from  pancreatic  tumors  are  the  
liver  and  peritoneal  cavity.  Treatment  of  patients  
with   advanced   disease   remains   palliative   with  
a  median  overall  survival   (OS)   that  only  ranges  
from  9  to  10  months  with  current  systemic  che-­
motherapeutics.   By   contrast,   local  management  
of  early-­stage  pancreatic  cancer  is  based  on  radi-­
cal  surgery  and  adjuvant  chemoradiation  [14,  28].
Despite   increasing   research   activities   in   the  

field   of   pancreatic   tumors,   no   outstanding   new  
target  therapies  have  changed  the  landscape  in  this  
malignancy  over   the  past  decades.  Gemcitabine  

has  become  the  first-­line  chemotherapeutic  agent  
in  pancreatic  cancer  for  years,  utilized  in  locally  
advanced  or  metastasized  disease  and   in  all  pa-­
tients  that  cannot  undergo  surgery.  The  combina-­
tion  of  irinotecan,  5-­fluorouracil,  and  oxaliplatin,  
in  selected  patients,  has  also  demonstrated  a  sur-­
vival   benefit   [6].   The   combination   of   erlotinib  
and  gemcitabine  resulted  in  a  statistical  but  non-­
clinical  benefit  in  overall  survival  [25].
Overall,   however,   with   a   5-­year   survival  

rate   of   1–4  %   and   a   median   survival   period   of  
4–6  months,  the  prognosis  of  patients  with  pan-­
creatic  cancer  has  remained  extremely  poor  in  the  
last  decades  [33].  The  development  of  advanced  
therapeutic  strategies  is  a  prerequisite  for  eventu-­
ally   achieving   a   better   outcome,   as   sufficiently  
early  detection  of  pancreatic  cancer  is  unlikely  to  
occur  in  the  near  future.
Many   novel   agents   for   advanced   pancreatic  

cancer  have  been  or  are  being  evaluated  in  phase  
2   and   phase   3   clinical   trials.   The   majority   of  
studies  have  not  demonstrated  a  significant  treat-­
ment  or   survival   advantage   to   these   therapeutic  
agents,   and   many   investigators   have   observed  
potent   toxicities   that   may   affect   quality   of   life  
[40].  An  exception   to   this,   is   the   recently   com-­
municated  results  from  the  metastatic  pancreatic  
adenocarcinoma  clinical  trial  (MPACT)  study,  in  
which   nab-­paclitaxel   plus   gemcitabine   demon-­
strated  a  statistically  significant  improvement  in  
overall   survival   compared   to   patients   receiving  
gemcitabine  alone  (median  of  8.5  vs.  6.7  months;;  
hazard  ratio  0.72:  p  =  0.000015).  In  addition,  the  
combination   of   nab-­paclitaxel   and   gemcitabine  
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showed  a  59  %  increase  in  1-­year  survival  (35  vs.  
22  %,   p  =  0.0002)   and   demonstrated   double   the  
rate   of   survival   at   2   years   (9   vs.   4  %,  p  =  0.02)  
as   compared   to   gemcitabine   alone   [46].  Newer  
approaches  to  drug  development  should  focus  on  
agents   that   target   the   physiologic   effects   of   the  
mutated  cellular  signaling  pathways.

Tumor Stroma

The  stroma  contains  the  extracellular  matrix  and  
many  cell  types  including  fibroblasts,  endothelial  
cells,  and  immune  cells;;  the  complex  interactions  
between   the   tumor   and   the   stroma   constitute   a  
microenvironment  favorable  for  its  growth  [12].  
Therefore,  understanding  the  interaction  of  pan-­
creatic   tumor   cells  with   stromal   components   is  
critical  for  developing  improved  therapeutic  op-­
tions  for  patients.
Pancreatic   ductal   adenocarcinoma   is   charac-­

terized  by  a  strong  desmoplastic  reaction.  Inter-­
actions  between  cancer  cells  and  the  surrounding  
stromal   fibroblast   play   a   critical   role   in   tumor  
invasion   and   metastasis.   To   date,   very   little   is  
known  about   this   tumor–stroma   interaction  and  
whether  the  desmoplastic  reaction  is  an  obstacle  
for  tumor  cure.  A  number  of  reports  suggest  that  
desmoplastic   reaction   in   pancreatic   carcinomas  
promotes   the   malignant   phenotype   of   cancer  
cells  to  detriment  to  the  host.  It  is  suggested  that  
the   tumor–stroma   interactions   that   induce   the  
hallmark  desmoplastic  reaction  may  also  provide  
a   microenvironment   that   promotes   the   highly  
malignant  pancreatic  cancer  phenotype.
Pancreatic   stellate   cells   (PSC)   have   recently  

been   described   as   a   stromal   component   in   the  
pancreas  and  were  identified  to  be  responsible  for  
the  development  of  pancreatic  fibrosis  after  vari-­
ous   kinds   of   pancreatic   insults.  Activated   PSC  
synthetize   extracellular  matrix   proteins   and   are  
involved  in  repair  of  pancreatic  injury,  however,  
prolonged  PSC  activation  as  seen  in  chronic  pan-­
creatitis  and  in  pancreatic  cancer  is  implicated  in  
the   generation   of   pancreatic   fibrosis   and   tumor  
desmoplasia   [2].   Some   reports   suggest   that   the  
effect   of   fibrosis   could   restrict   tumor   growth  

while  other  authors  have  related  fibrosis  with  bad  
blood  supply,  making  difficult  the  chemotherapy  
delivery  to  the  tumor  [42].  Nevertheless,  we  have  
to  better  understand   the  role   that  PSC  are  play-­
ing  in  pancreatic  tumors  since  a  subpopulation  of  
them   named  CD271+   is   significantly   correlated  
with  a  better  prognosis  in  patients  with  advanced  
pancreatic  carcinoma  [9].
The  expression  of  osteonectin  by  fibroblastic  

cells   in   the   stromal   compartment   in   pancreatic  
adenocarcinoma  is  strongly  associated  with  poor  
patient   outcome   [16].   Osteonectin,   also   known  
as   SPARC   (secreted   protein,   acidic   and   rich   in  
cysteine)   is   a   highly   conserved  multifunctional  
glycoprotein   that   belongs   to   the   matricellular  
class  of  proteins,  and  plays  a  critical  role  for  col-­
lagen  deposition  and  fibrilogenesis  (Table  11.1).  
Expression   of   osteonectin   in   the   stroma   likely  
facilitates   the  development  of   the  dense  collag-­
enous  stroma  associated  with  pancreatic  cancer.
Consistent  with   its   function  as  a  mediator  of  

tissue  remodeling,  SPARC  regulates  the  expres-­
sion  of  proteins  involved  in  cell-­extracellular  ma-­
trix   turnover   and   formation   including  collagens  
and  matrix  metalloproteinases  (MMPs).  SPARC  
can  also  directly  affect  endothelial  cell  behavior  
by  regulating  proliferation,  cell  shape,  fibroblast  
growth  factor  (FGF),  vascular  endothelial  growth  
factor  (VEFG)  and  platelet-­derived  growth  factor  
(PDGF)  [5].  SPARC  may  exert  divergent  actions  
in   tumors   reflecting   the  complexity  of   this  pro-­
tein  [37].
Osteonectin  is  known  to  bind  albumin,  and  in-­

teraction  of  osteonectin  with  nab-­paclitaxel  may  
concentrate   the   drug   in   the   tumor   vicinity   and  
increase   efficacy.   Therefore,   nab-­paclitaxel   can  
increase  intratumoral  concentration  of  the  pacli-­
taxel   by   a   receptor-­mediated   transport   process  
across  the  endothelial  cell  wall,  thereby  breach-­
ing   the   blood/tumor   interface.   Nab-­paclitaxel  
offers  the  additional  advantages  of  delivery  of  a  
relatively  high  dose  of  paclitaxel,  the  avoidance  
of   the  Cremophor  EL  medium,   and  ease  of   ad-­
ministration.  In  addition,  it  has  shown  promising  
activity   in   a   recent  phase   I/II   trial  with  pancre-­
atic  cancer  patients,  testing  three  different  doses  
in   combination   with   gemcitabine   [45].   SPARC  
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  expression  in  the  stroma  but  not  in  the  tumor  was  
correlated   with   improved   survival.   In   another  
small  phase  II  trial,  19  patients  were  treated  with  
nab-­paclitaxel  after  progression  to  first-­line  gem-­
citabine,   achieving   a   progression-­free   survival  
(PFS)  of   1.7  months   and   an  overall   survival   of  
7.3  months  [15].  Results  from  the  subgroups  ac-­
cording   to   the   different   expression   of   SPARC  
in   the   tissue   samples   of   patients   treated   in   the  
MPACT  trial  are  awaited  shortly.

been   closely   correlated   with   both   radiation-­
induced   fibrosis   and   the   desmoplastic   reaction  

pathway  is  frequently  altered  in  pancreatic  carci-­
noma  through  mutations  or  methylation  of  DPC4  
(deleted   in   pancreatic   cancer   4,   also   known   as  

[8].  Many  drugs   have   been   developed   to   target  
-­

otide  trabedersen  (AP  12009)  specifically  inhib-­

good   toxicity   profile   and   encouraging   survival  
results   in   patients   with   refractory   solid   tumors  
including  pancreatic  cancer  [29].

-­
way  are  under  development.  Perhaps,  one  of  the  
most  promising  is  LY2157299,  a  small  molecule  

is  being  tested  in  combination  with  gemcitabine  

for  patients  with  advanced  or  metastatic  pancre-­
atic  cancer  in  a  phase  I  trial  at  this  time.

Pancreatic Cancer Stem Cells

A   growing   body   of   evidence   now   supports   the  
concept  that  cancers  are  diseases  driven  by  sub-­
population   of   self-­renewing   cancer   stem   cells  
(CSCs).   In   2007,   two   groups   of   investigators  
found   the   presence   of   CSCs   in   human   pancre-­
atic  cancer  [13,  22].  These  cells  would  have  the  
ability  to  self-­renew  and  generate  the  diverse  cell  
population   and   through   asymmetric   division,  
they   give   rise   to  more   differentiated   cells.  One  
important  recent  observation  is  that  the  putative  
CSCs  are  very  plastic  and  can  transition  between  
different  states,  such  as  epithelial  and  mesenchy-­
mal  states.  Therefore,   the  pancreatic  CSCs  may  
be  involved  in  the  metastatic  spread  of  pancreatic  
ductal  adenocarcinoma  (PDA)  [39].
Pancreatic  CSCs  are  resistant  to  chemothera-­

py  and  radiation  therapy,  which  may  explain  why  
these  treatments  do  not  cure  the  disease  and  why  
there  is  much  interest  in  targeting  these  specific  
cells.
There  are   three  main  nonexclusive   scenarios  

for  depleting  CSC  populations.  Firstly,  develop-­
ing  therapeutic  agents  that  selectively  kill  CSCs  
by   targeting   their   self-­renewal  machinery  with-­

Table 11.1     Effects  of  matricellular  proteins  osteopontin  and  osteonectin  in  pancreatic  ductal  adenocarcinoma  (PDA)
Matricellular  protein Source Regulation Effect  in  PDA Relevance
Osteopontin/
osteopontin-­c

Tumor-­associated  
macrophages

Paracrine  regulator Prometastatic  pro-­
motes  PDA  growth

Target  for  therapeutic  
intervention

PDA  cells Autocrine  regulator  
induced  by  nicotine  
alternative  splicing

Osteonectin PDA  cells Autocrine  regulator  
epigenetic  silencing  
(aberrant  methylation)

Inhibits  PD  growth Possible  tumor  
suppressor

Fibroblastic  cells  
in  tumor  stroma

Paracrine  regulator Prometastatic Associated  with  poor  
prognosis

Contributes  to  formation  
of  dense  desmoplastic  
stroma

Profibrotic Dense  stroma  may  
hamper  penetration  
of  chemotherapeutic  
agents

Interacts  with  albumin Promote  accumula-­
tion  of  albumin-­pacli-­
taxel  nanoparticles
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out  affecting  normal  stem  cells.  Secondly,  iden-­
tifying   cues   to   force   CSCs   into   differentiation,  
since   this   process  may  be   reversible   due   to   the  
enhanced   plasticity   of   cancer   cells;;   these   treat-­
ment   modalities   most   certainly   need   to   be   ac-­
companied  by  cytotoxic  or  other  targeted  thera-­
pies.  Thirdly,  inhibiting  the  specific  machinery  of  
CSCs  enable  them  with  enhanced  DNA  damage  
response  and/or  antiapoptotic  response.
Successful   targeting  of  CSC  may  require   the  

inhibition   of   multiple   stemness   pathways   as   a  
consequence   of   their   redundancy   and/or   non-­
exclusiveness.   One   of   the   most   promising   ap-­
proaches  to  target  CSCs  is  certainly  the  inhibition  
of   developmental   pathways   (e.g.,   sonic   hedge-­
hog,   mammalian   target   of   rapamycin   (mTOR),  
bone-­morphogenic   protein   (BMP),   Notch,   or  

shown   that   neither   SHH   inhibition   alone   nor  
SHH  inhibition  as  a  supplement  to  chemotherapy  
was  capable  of  effectively  diminishing  the  CSC  
pool   [26].   Inhibition   of   the  mTOR  pathway   by  
rapamycin  was  not  sufficient  to  eliminate  CSCs  
completely,  but  the  combined  inhibition  of  SHH  
and  mTOR,  together  with  chemotherapy,  resulted  
in   the   desired   complete   targeting   of   the   CSCs.  
This  triple  therapy  resulted  in  the  virtually  com-­
plete  depletion  of  the  pancreatic  CSC  pool.

Oncofetal Signaling Pathways: Notch 
and Hedehog

The   Notch   signaling   pathway   has   been   known  
to   play   critical   mechanistic   roles   in   the   devel-­
opment  of  organs,   tissue  proliferation,  differen-­
tiation,   and   apoptosis.   It   is   believed   that  Notch  
interacts   in   the   early   developmental   stages   by  
maintaining  pancreatic   epithelial   cells   in   a  pro-­
genitor   state   and,   thus,   delaying   their   differen-­
tiation  until  it  becomes  appropriate.  In  the  adult  
pancreas,  little  or  no  expression  of  Notch  signal-­
ing  has  been  found  [27].
Notch   activity   is   required   for   TGF-­induced  

acinar-­to-­ductal   transition.   It   was   shown   that  
both  Notch   activation   and   activated  K-­Ras   sig-­
naling   act   cooperatively   to   initiate   pancreatic  
carcinogenesis   [7].   The   molecular   mechanisms  

by  which  Notch  contributes  to  pancreatic  cancer  
are   poorly   understood.   Recently,   Notch   signal-­
ing  was  also  found  to  be  involved  in  pancreatic  
CSCs,  which  may  be  related  to  pancreatic  cancer  
aggressiveness  [48].
The  molecular  knowledge  of  the  Notch  signal-­

ing  pathway  with  respect  to  pancreatic  cancer  is  
considered  important  for  discovering  new  drugs  
and  the  design  of  novel  therapeutic  strategies  for  
the  treatment  of  pancreatic  cancer.

γ-secretase inhibitors (GSI)

Notch   signaling   is   activated   via   the   activity   of  

target  for  cancer  therapy.  Several  forms  of  GSIs  
have  been  found  to  have  antitumor  effects  [36].  

-­
hibitors   prevents   acinar-­to-­ductal   metaplasia   in  

using  GSI  has  been  found  to  be  correlated  with  
decreased   proliferative   rates,   increased   apopto-­
sis,   reduced  cell  migration,  and  decreased  inva-­
sive  properties  of  pancreatic  cancer  cells  [47].

Sulforaphane

Sulforaphane   is   a   natural   compound   with   an-­
ticancer   activity   in   many   human   cancers.   Sul-­
foraphane   was   shown   to   target   the   pancreatic  
tumor-­initiating   cells   [17].   Rausch   et   al.   have  
described  the  synergistic  activity  of  sulforaphane  
and  sorafenib  in  eliminating  CSCs  from  pancre-­
atic   cancer   cells   [38].   Moreover,   sulforaphane  
increased   the  sensitivity  of  cells   to  several  che-­
motherapeutic   agents   (cisplatin,   gemcitabine,  
doxorubicin,  and  5-­flurouracil)  especially  by  tar-­
geting  CSCs,  which  was,  in  part,  due  to  targeted  
inactivation  of  Notch-­1  in  pancreatic  cancer.

Diferuloylmethane

This  flavoring  agent  in  food  (curcumin)  inhibits  
the   cell   growth   and   induced   apoptosis   in   pan-­
creatic  cancer  through  inactivation  of  the  Notch  
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pathway.  Furthermore,   it  has  been   reported   that  
curcumin   downregulates   miR-­21   and   upregu-­
lated   miR-­200   in   pancreatic   cancer,   leading   to  
increased  sensitivity  to  gemcitabine  [1].
Sonic   hedgehog   (SHH)   and   other   proteins  

downstream  of   the   hedgehog   pathway  were   re-­
cently  detected  in  precursor  lesions  and  samples  
of  primary  tumors  from  patients  with  pancreatic  
adenocarcinoma   [18].   Several   reports   have   im-­
plicated   the  misregulation  of   the  hedgehog   sig-­
naling  pathway  in  the  initiation  and  progression  
of  pancreatic  cancer.  Expression  of  SHH  contrib-­
utes   to   the  formation  of  desmoplasia   in  pancre-­
atic  cancer.
Agents   like  sulforaphane  or  cyclopamine  are  

been   investigated   in   transgenic   mouse   models  
of   islet   cell   tumors.   Cyclopamine   has   shown  
to   increase   apoptosis,   decrease   tumor   cell   pro-­
liferation,   and   reduce   tumor   volume.   Further-­
more,   hedgehog   inhibition   with   cyclopamine  
significantly   prolonged   median   survival   in   this  
model.   But   in   another   study,   cyclopamine   de-­
cresased   chemosensitivity   to   5-­fluorouracil   and  
gemcitabine  under  hipoxic  conditions  in  pancre-­
atic  carcinoma  [31].  Vismodegib  (GDC-­0449),  a  
small-­molecule  inhibitor  of  smoothened  (SMO),  
a   key   component   of   Hh   signaling,   have   been  
tested   in   a   phase   I   trial   in   68   patients,   eight   of  
them  diagnosed  of  pancreatic  cancer  [23].  Tumor  
responses  were  observed  in  20  patients  (19  with  
basal  cell  carcinoma  and  1  unconfirmed  response  
in  medulloblastoma),  but  no  response  was  seen  in  
the  pancreatic  cancer  patients.
Another   inhibitor   of   smoothened   is   IPI-­926  

[30].  Although   this   compound   has   been   shown  
an  interesting  activity  in  a  phase  I  trial,  a  phase  II  
study  has  been  halted,  after  early  results  indicat-­
ed  a  median  survival  rate  less  than  the  6-­month  
median  of  gemcitabine  alone.

Survival Pathways

EGFR

Blocking   epidermal   growth   factor   receptor  
(EGFR)   signaling   decreases   growth   and  metas-­
tasis  of  human  pancreatic  tumor  in  animal  mod-­

els  and  enhance  the  effects  of  gemcitabine.  Both  
small-­molecule   tyrosine  kinase   inhibitors  of   the  
EGFR  (erlotinib)  as  well  as  monoclonal  antibod-­
ies  directed  against  this  molecule  (cetuximab  or  
panitumumab)  have  been  studied  in  patients  with  
pancreatic  adenocarcinoma.
A   phase   III   trial   from   the   National   Cancer  

Institute  of  Canada  compared  gemcitabine  with  
and  without  erlotinib  in  569  patients  with  locally  
advanced   or   metastatic   pancreatic   cancer   [25].  
Combined   therapy  was  associated  with   few  ob-­
jective   responses,   and  although  overall   survival  
was  significantly  better  compared  to  gemcitabine  
alone   (hazard   ratio   0.81,   p  =  0.038,   median   6.2  
vs.  5.9  months),  this  difference  is  rather  consid-­
ered   clinically   relevant.   In   a   recent   systematic  
review  including  sixteen  studies  containing  1308  
advanced  pancreatic  cancer  patients  treated  with  
gemcitabine   plus   erlotinib   [50],   the   weighted  
1-­year  survival  rate,  objective  response  rate  and  
disease   control   rate   based   on   studies   reporting  
robust  results  were  27.9,  9.1,  and  57.0  %,  respec-­
tively.
In   another   phase   III   randomized   trial,   the  

addition   of   cetuximab   to   gemcitabine   failed   to  
demonstrate   a   clinically   significant   advantage  
over   gemcitabine   alone   [34].   Median   survival  
time   was   similar   between   the   two   arms   of   the  
study   (6.3  months   for   the   combination   arm   vs.  
5.9  months  for  the  gemcitabine  arm;;  hazard  ratio  
=  1.06;;  95  %  confidence  interval  (CI),  0.91–1.23;;  
p  =  0.23,  one-­sided).
Other  EGFR  tyrosine  kinase  inhibitors  includ-­

ing   gefitinb   and   lapatinib   have   been   tested   in  
advanced  pancreatic  carcinoma,  but  pilot  studies  
did  not  show  sufficient  activity  to  warrant  further  
development.

PI3K/AKT/mTOR

The  mTOR   signaling   network   contains   a   num-­
ber  of  tumor  suppressor  genes  including  PTEN,  
LKB1,  TSC1,  and  TSC2,  and  number  of  proto-­
oncogenes   including   phosphoinositide   3-­kinase  
(PI3K),  Akt,   and  mTOR   that   are   constitutively  
activated   in  many   tumor   types.   mTOR   plays   a  
pivotal   role   in   integrating   a   variety   of   cellular  
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signals   such   as   the   presence   of   growth   factors  
or  nutrient  levels  to  control  various  cellular  pro-­
cesses  including  cell  proliferation,  cell  survival,  
and  angiogenesis.
The   PI3  K/Akt   pathway   is   implicated   in   in-­

creased   resistance   to   radiation   and  poor  overall  
survival   in   many   human   malignancies.   In   pre-­
clinical   models,   inhibition   of   PI3K,   Akt,   and  
mTOR   have   demonstrated   antitumor   activity  
in   pancreatic   cancer   cells   when   used   alone   or  
in   combination   with   other   agents   [4].  Multiple  
PI3K/AKT/mTOR  inhibitors  are  currently  being  
tested   in   early   phase   trials   in   solid   tumors   in-­
cluding   pancreatic   cancer.   RX-­0201   is   a   novel  
antisense   oligonucleotide   that   antagonizes   Akt  
signaling.  This  agent   is  being  assessed  in  phase  
II  studies  in  renal  cell  carcinoma  and  pancreatic  
cancer.   Other   inhibitors,   like   PBI-­05204,   MK-­
2206,  and  GSK2141795  are  currently  being  ex-­
amined  in  phase  I  studies  [32].

-­
mus   in   33  patients  with   gemcitabine-­refractory,  
metastatic   pancreatic   cancer   [49].   The   results  
were  disappointing,  with  a  PFS  and  OS  of  1.8  and  
4.5  months,  respectively.  No  objective  responses  
were   seen,   and   only   21  %   of   patients   achieved  
stabilization  disease.  Nevertheless,  other  phase  II  
trials  with  others  mTOR  inhibitors  as  metformin,  
a   commonly   used   antidiabetic   drug,   are   under-­
way.  Other  groups  are  testing  multitarget  drugs,  
like  the  dual  PI3K  and  mTOR  inhibitor,  BEZ235  
[44].

IGF1-R

Insulin-­like  growth  factor-­1  (IGF-­1)  leads  via  its  
receptor   IGF-­1R   to   the   activation   of   the   PI3K/
Akt  pathway,  providing  antiapoptotic   signals   to  
malignant  cells.  In  pancreatic  cancer,  IGF-­1  and  
its   receptor   are   constitutively   overexpressed,  
and  represent  a  promising  survival  target,  which  
might   be   functionally   relevant   even   in   K-­Ras-­
mutated   tumors.   The   IGF-­1R   inhibitor   cixutu-­
mumab  (IMC-­A12)  has  combined  with  erlotinib  
and  gemcitabine  in  a  phase  II  trial.  Unfortunately,  
cixutumumab   has   no   shown   benefit   on   PFS   or  
OS  [35].   In  another  phase   II   trial,  patients  with  

a  previously  untreated  metastatic  pancreatic  ad-­
enocarcinoma  were   randomized   to   gemcitabine  
combined   with   open-­label   ganitumab,   double-­
blind   conatumumab,   or   double-­blind   placebo  
[21].   In   total,   125   patients   were   randomized.  
The  6-­month  survival  rates  were  57  %  (95  %  CI  
41–70)   in   the   ganitumab   arm,   59  %   (42–73)   in  
the  conatumumab  arm,  and  50  %  (33–64)  in  the  
placebo  arm.

Approaches Targeting Angiogenesis

Pancreatic  cancers  frequently  overexpress  vascu-­
lar  endothelial  growth  factor  and  its  receptor.  En-­
couraging  data  from  phase  I  and  II  trials  justified  
the  development  of  a  phase  III  trial  conducted  by  
the  Cancer  and  Leukemia  Group  B  comparing  the  
addition  of  bevacizumab  to  gemcitabine  alone  in  
602   patients   with   advanced   pancreatic   cancer  
[19].   Unfortunately,   no   differences   in   median  
overall   survival   (5.8   months   for   gemcitabine/
bevacizumab   and   5.9   months   for   gemcitabine/
placebo,  p  =  0.95)  neither  in  median  PFS  (3.8  and  
2.9  months,  respectively,  p  =  0.07)  were  seen.
In  another  phase  III  trial,  the  addition  of  beva-­

cizumab  to  gemcitabine  plus  erlotinib  in  patients  
with   previously   untreated  metastatic   pancreatic  
cancer  did  not  improve  overall  survival  (median  
7.1  vs.  6  months,  p  =  0.21),  with  a  marginally  im-­
provement   in  PFS   (median  4.6   vs.   3.6  months)  
[43].
Another   two   phase   III   trials   have   failed   to  

demonstrate   a   benefit   for   the   combination   of  
sorafenib  or  axitinib  with  gemcitabine   [10,  20].  
The  hypovascularity  of  the  stroma  in  pancreatic  
cancers  may   have   been   responsible   for   lack   of  
benefit  for  this  class  of  agents.

Inmunotherapy

Immunotherapy   is  well   tolerated  with   less   tox-­
icity   than   chemotherapy,   and   its   rational   is   to  
stimulate  a  host  immune  response  that  results  in  
long-­term   tumor   destruction.   Since   it   has   been  
postulated   that  benefit  of   immunotherapy  could  
be  greater  in  early  steps  of  the  disease,  with  less  
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tumor  burden,  many  studies  have  been  performed  
in  the  adjuvant  setting.
There   are   two   major   strategies   against   the  

tumor   cell   and   surrounding   stroma:   (1)   Vac-­
cine   therapy  and  (2)  antibodies  against   immune  
checkpoints  controlling  self-­tolerance  and  modu-­
lating  the  immune  response.
1.   Vaccines  GV1001  vaccine  therapy  has  shown  
good   tolerability   in   phase   I/II   trials.   Other  
vaccine  therapies  that  are  been  tested  in  phase  
I  or  II  trials  are  based  on  targeting  survivin  or  
heat   shock   protein   (HSP).   In   a   single-­center  
phase   II   study,   GM-­CSF   vaccine   showed  
promising   results  when  combined   to   surgery  
followed  by   chemoradiation   [24].  Algenpan-­
tucel-­L  is  composed  of  irradiated,  live,  alloge-­
neic  human  pancreatic  cancer  cells  expressing  
the   enzyme   alpha-­1,3   galactosyl   transferase  
(alpha-­GT).   Recently   Hardacre   et   al.   have  
published  the  results  of  a  multicenter  phase  II  
trial  of  algenpantucel-­L  with  gemcitabine  and  
5-­FU/radiation   after   R0/R1   resection   [11].  
After   a  median   follow-­up   of   21  months,   the  
12-­month  disease-­free  survival  was  62  %,  and  
the  12-­month  overall  survival  was  86  %.  Nev-­
ertheless   these   data   need   to   be   confirmed   in  
phase  III  trials.

2.  Cytotoxic   T-­lymphocyte-­associated   antigen  
4   (CTLA-­4)   is   one   immune   checkpoint   that  
plays   a   critical   role   in   the   immune   response  
driven  by  T  cells.   Ipilimumab,  a  monoclonal  
antibody   against   CTLA-­4   have   shown   ben-­
efit  in  melanoma  or  lung  cancer  patients,  and  
also   is   being   evaluated   in   pancreatic   cancer.  
A  phase  II  study  of  ipilimumab  in  27  patients  
with  locally  advanced  or  metastatic  pancreatic  
cancer  showed  no  survival  advantage,  but  one  
of  these  patients  had  delayed  clinical  response  
[41].  CD40  is  a  tumor  necrosis  factor  receptor  
superfamily  member   that  has  been   shown   to  
be   a   key   regulatory   step   in   the   development  
of  T-­cell-­dependent  antitumor  immunity.  In  a  
phase  I  trial  a  CD40  agonist  CP  870,893  has  
been   combined  with   gemcitabine   in   patients  
with   advanced   pancreatic   cancer   [3].   After  
initial  promising  results  phase  II  studies  have  
been  started.

Conclusions

In  the  last  couple  of  decades,  no  relevant  advanc-­
es   in   the   treatment   of   patients   with   metastatic  
pancreatic  cancer  were  seen.  However,  in  the  last  
months,  we  have  noticed  that  the  advances  of  the  
molecular   understanding   of   pancreatic   cancer  
have  translated  into  active  clinical  drugs.  Anoth-­
er  important  point  is  the  deeper  knowledge  of  the  
role  that  stroma  has  for  both  cancer  development  
and  progression  and  as  a  barrier  to  the  optimal  de-­

existence  of  a  different  subset  of  cells  like  CSCs  
and  PSCs  that  seem  to  be  involved  in  tumor  de-­
velopment  and  tumor  resistance  to  chemotherapy  
and   radiotherapy   and   even   in   the   resistance   to  
novel  targeted  agents.
Some  of  these  recent  advances  in  the  molecu-­

lar  biology  of  pancreatic  cancers  are   translating  
in   new   therapeutic   targets   and   treatment   strate-­
gies.  These  advances  have  recently  made   that  a  
SPARC-­binding  nab-­paclitaxel  have  been  shown  
to  improve  overall  survival  when  given  in  com-­
bination  with  gemcitabine.  More  effort  should  be  
placed  in  understanding  the  molecular  effects  of  
new  drugs.  In  this  sense,  the  design  of  new  clini-­
cal  trials  should  be  driven  to  those  patient  popu-­
lations  with  high  expression  or  susceptibility   to  
the  targets  we  are  acting  against.  There  is  still  a  
long  way  to  go.
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 Introduction

Hepatocellular   carcinoma   (HCC)   is   a   multi-­
step   process   which   starts   from   liver   cirrhosis  
(LC).  The  most   common   causes   of   LC   include  
Hepatitis  B  Virus   (HBV)  and  Hepatitis  C  Virus  
(HCV)   chronic   liver   viral   infections,  metabolic  
diseases  such  as  nonalcoholic  fatty  liver  disease  
(NAFLD),  and   less  commonly,  genetic  diseases  
such   as   alpha-­1   antitrypsine   deficit   and   hemo-­
chromatosis;;  other  minor  causes  are  autoimmune  
disease   and   B1   aflatoxin   intoxication   [1].   The  
geographical   distribution   of   HCC   reflects   the  
distribution  of  these  causes.  It  could  be  classified  
in  areas  with  very  high  incidence,  as  Africa  and  
Asia,   and   areas  with   lower   incidence,   as  North  
America,   North   Europe,   and   Australia   [2].   In  
the  last  decade,  many  biomolecular  mechanisms  

have  been  discovered  allowing  the  development  
of  numerous  molecules  active  against  HCC  de-­
fined   as   “targeted   therapies.”  Actually   the   only  
therapy  approved  for  HCC  is  sorafenib,  but  there  
are  many  drugs  approved  in  other  tumors  that  are  
effective   in  HCC,   but   are   still   under   investiga-­
tion  in  preclinical  and  clinical  studies.  These  are  
effective   as   monotherapies   or   as   combination  
therapy  with  chemotherapeutic  agents  and  other  
targeted  agents.

Target Therapy Related to Biological 
Pathways

Target   therapies   for   HCC   could   be   classified  
according   to   the   biological   pathways   involved  
in   HCC.   The   regimens   under   investigation   are  
distinguished   in   monotherapy   or   combination  
therapy.   The   efficacy   in   terms   of   progression-­
free   survival   (PFS),   time   to   progression   (TTP),  
and   overall   survival   (OS)   is   the   main   goal   of  
these  regimens.  Molecular  mechanisms  involved  
in   hepatocarcinogenesis   are:   mitogen-­activated  
protein  kinases  (MAPK),  phosphoinositide-­3-­ki-­

hedgehog,  VEGFR,  platelet-­derived  growth  fac-­
tor  receptors  (PDGFR);;  and  many  targeted  thera-­
pies  act  through  these  mechanisms.

Fabrizio  Bronte  and  Enrico  Bronte  equally  contributed  to  
this  work.
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Monotherapy

MAP-Kinase-Mediated Pathway

One  of  the  most  important  pathways  is  that  relat-­
ed  to  the  MAPK  cascade.  Many  transmembrane  
receptors  including  EGFR,  VEGFR,  and  PDGFR  
exploit  this  pathway.  It  can  be  blocked  by  two  dif-­
ferent  mechanisms:  through  the  inhibition  of  the  
kinase   or   through   a   binding   of  monoclonal   an-­
tibodies  with   the   receptor   extracellular  domain;;  
and  they  transduce  the  signal  to  the  nucleus.  The  
first   step   is  Ras   phosphorylation   by   guanosine-­
diphosphate  (GDP)  release  and  substitution  with  
guanosine-­triphosphate   (GTP),   which   makes   it  
activated.  This  activation  allows  the  formation  of  
the  binding  site  for  Raf,  which  can  be  activated  
in  turn.  A  direct  inhibitor  of  Ras  is  sorafenib  that  
blocks   tyrosine-­kinase  activity   in  membrane  re-­
ceptors,   such   as  VEGFR   and   PDGFR,   and   de-­
termines   the   inhibition  of   tumor  vascularization  
and   proliferation.   This   drug   was   approved   for  
the  systemic  treatment  of  patients  with  advanced  
HCC,  class  C  according  to  Barcelona  clinic  liver  
cancer   (BCLC),   not   susceptible   for   surgery.  
SHARP  [3]  and  Asian-­Pacific  studies  [4]  showed  
a  statistically  significant  increase  of  median  sur-­
vival  by  about  3  months  compared  to  placebo  in  
the  SHARP   trial   and   by   about   2  months   in   the  
Asian-­Pacific  trial  (SHARP:  10.7  vs.  7.9  months,  
HR  =  0.69,  95  %  CI  0.55–0.87,  p  <  0.001;;  Asian-­
Pacific:   6.5   vs.   4.2   months,   HR  =  0.68,   95  %  
CI   0.50–0.93,   p  =  0.014)   [3,   4].   Similar   results  
were  observed   in  both   these  studies   for  median  
time   to   progression   (TTP),   which  was   doubled  
in   sorafenib   arm   (SHARP:   5.5   vs.   2.8  months,  
HR  =  0.58   95  %  CI   0.45–0.74,  p  <  0.001;;  Asian-­
Pacific:  2.8  vs.  1.4  months,  HR  =  0.57,  95  %  CI  
0.42–0.79,   p  =  0.0005)   (Table   12.1).   Therefore,  
sorafenib  globally  achieved  a  good  efficacy  over  
placebo  in  terms  of  TTP  and  OS  and  kept  an  ac-­
ceptable   tolerability  profile.  These  results  could  
be   intended   as   an   increase   by   about   11  %   for  
1-­year  survival  rate  and  by  about  31  %  of  death  
risk  reduction.  This  benefit  remains  valid  where  
these  data  are  adjusted  for  some  prognostic  fac-­
tors   by   multivariate   analysis,   including   eastern  
cooperative   oncology   group   (ECOG)   perfor-­

mance  status,  vascular  invasion,  extrahepatic  ex-­

albumin,  alkaline  phosphatase,  and  bilirubin  [3,  
4].   The   results   relative   to   response   are   disap-­
pointing.  Indeed,  partial  responses  are  just  7  out  
of  299  (2  %)  in  the  SHARP  trial  and  just  5  out  of  
150  patients  (3.3  %)  in  the  Asian-­Pacific  trial.  In  
the  meantime,   no   complete   responses  were   ob-­
served.  Though  the  sorafenib  blocks  the  Ras  pro-­
tein,   other   biological   pathways   are   involved   in  
the  oncogenetic  process  through  which  the  signal  
transduction  continues  to  the  nucleus.  In  fact,  the  
activation  of  Ras  induces  activation  of  Raf  which  
induces  MAP-­MEK-­ERK  cascade   activation.  A  
drug  active  on  MAP  Kinase  (MEK)  protein  is  se-­
lumetinib,  which  showed  poor  efficacy,  with  very  
low  PFS,  TTP,  and  OS  (1.4,  1.4  and  4.2  months,  
respectively)  [5–7]  (Table  12.1).  Later,   the  acti-­
vated  MAP-­MEK-­ERK  complex   translocates   to  
the   nucleus  where   activates   transcriptional   fac-­
tors   and   other   nuclear   proteins   prompting   cell  
proliferation  by  cell  cycle  regulation  [8–11].
Many  other  drugs  are  active  on  this  cascade.  

For   example,   gefitinib   is   an   EGFR-­inhibitor,  
which   in   vitro   decreases   cell   growth   and   sup-­
ports  apoptosis  through  Bcl-­2  blockade  [12].  Few  
clinical  data  on  HCC  treatment  with  gefitinib  are  
available.  A  phase  II  clinical   trial  with  gefitinib  
as   first-­line   treatment   of   advanced  HCC   in   pa-­
tients  with  Child-­Pugh  C  class  showed  no  com-­
plete  responses  (CR),  one  partial   response  (PR)  
and  seven  stable  diseases  but  only  31  patients  are  
enrolled.  Such  poor   efficacy   is   added   to   a  high  
toxicity,  frequently  G3  adverse  reactions,  in  most  
cases   neutropenia,   particularly   important   in   pa-­
tients  already  showing  cirrhotic  neutropenia  [13]  
(Table  12.1).
Erlotinib,   another   tyrosine-­kinase   EGFR-­in-­

hibitor,  has  proved   to  be  effective  against  HCC  
in  different  phase  II  clinical  trials.  Recent  clini-­
cal  trials  [14],  conducted  on  patients  with  differ-­
ent  etiology  (alcohol,  HCV,  and  HBV),  showed  
that  the  first-­line  treatment  with  erlotinib  induces  
a   4–9   months   PFS   and   a   10.8–15   median   OS.  
Similar  results  are  showed  by  Melanie  et  al.  with  
9  months  PFS  and  15,7  median  OS  (Table  12.1).  
Despite  the  good  efficacy  demonstrated  by  erlo-­
tinib  and  similar  results  in  all  studies,  this  drug  is  
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Drugs Pathway n.  patients PFS  (months) TTP  (months) OS  (months)
Sorafenib
Llovet  et  al.  [3]

MAP-­kinase 299 –    5.5 10.7

Cheng  et  al.  [4] 150 –    2.8 6.7
Selumetinib
O’Neil  et  al.  [5]

MEK-­ERK 17 1.4    1.4 4.2

Gefitinib
O’Dwyer  et  al.  [13]

EGFR  inhibitor – – – –

Erlotinib
Philip  et  al.  [14]

EGFR  inhibitor 40 6.5 – 10.75

Melanie  B.  Thomas  [15] 40 9 – 15.7
Lipatinib
Bekaii-­Saab  et  al.  [16]

HER2-­/
EGFR-­inhibitor

– 1.9 – –

Ramanathan  et  al.  [17] – 2.3 – –
Brivanib
Park  et  al.  [18]

VEGFR/FGFR  
inhibitor

55 4.7 5 10

Llovet  et  al.  [19] – –    4.2 9.4
Finn  et  al.  [20] 46 –    6.9 9.79
Raoul  et  al.  [21] 96    2.8 10
Linifanib
Toh  et  al.  [22]

VEGF/PDGF/c-­kit  
inhibitor

44 1.4    5.4 9.7

Sunitinib
Zhu  et  al.  [23]

VEGF  inhibitor 34 3.9 – 9.8

Faivre  et  al.  [24] 37 –    5.3 8
Koeberle  et  al.  [25] 45 12 – –

26] 11    3.5 8.4
Cedranib
Alberts  et  al.  [27]

VEGF  inhibitor 28 –    2.8 5.8

Cetuximab
Zhu  et  al.  [28]

Anti-­EGFR  monoclo-­
nal  ab

30 1.4 – –

Bevacizumab
Siegel  et  al.  [29]

Anti-­VEGF  monoclo-­
nal  ab

46 6.9 – –

Everolimus
Zhu  et  al.  [34]

PI3K/Akt  inhibitor 28 3.8 – 8.4

Shiah  et  al.  [35] 39 3.4 – 8
Sirolimus
Rizell  et  al.  [2008]

mTOR  inhibitor 21 6.5 – –

Decaens  et  al.  [2012] 25 – 15.3 6.6
Sorafenib  +  TACE
Sansonno  et  al.  [6]

62 –    9.2 –

Erlotinib  +  Bevacizumab
Kaseb  et  al.  [51]

59 7.2 – 13.7

GEMOX-­B
Zhu  et  al.  [7]

33 5.3 – 9.6

Bevacizumab  +  
Capecitabina
Hsu  et  al.  [53]

45 2.7 – 5.9

Bevacizumab  +  
Capecitabine  +  Oxaliplatino
Sun  et  al.  [55]

40 6.8 – 9.8

Bevacizumab  +  Sirolimus
Choo  et  al.  [57]

24 5.5 – 9.4

Table 12.1     Targeted  therapies  according  to  biological  pathways  and  clinical  benefit
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burdened  by  severe   toxicity  with  G3–4   toxicity  
[15].
Also  lapatinib,  another  tyrosine-­kinase  HER2-­  

and  EGFR-­inhibitor,  has  shown  poor  efficacy  on  
HCC,  obtaining  a  PFS  of  1.9  and  2.3  months  in  
the  studies  by  Bakaii-­Sab  et  al.  [16]  and  Ramana-­
than  et  al.  [17],  respectively.
Brivanib   is   a   tyrosine-­kinase   VEGFR-­   and  

FGFR-­inhibitor.  The  first  study  that  demonstrat-­
ed  its  efficacy  was  a  phase  II  study,  which  test-­
ed   its   antitumor   effect   in   first-­line   treatment   of  
HCC.  This  study  demonstrated  a  PFS,  a  TTP,  and  
an  OS  of   4.7,   5.4,   and   10  months,   respectively  
[18].  These  data  are  confirmed  in  a  recent  phase  
III   study   on   brivanib,   reported   in   EASL   2012  
proceedings  by  Llovet  et  al.  showed  a  greater  ef-­
ficacy   (OS   and  TTP  up   to   9.4   and   4.2  months,  
respectively)  than  placebo  arm  [19].  Brivanib  is  
also  effective  in  second-­line  treatment  in  patients  
treated  with  Sorafenib  and  Talidomide,  achieving  
TTP   (according   to   mRECIST   criteria)   and   OS  
by  6.9  and  9.79  months.  Besides,   it  has  a  good  
safety   profile,   with   few   side   effects.   Its   effect  
on  IV  collagen,  which  could  be  a  good  response  
predictor   factor,   has   been   demonstrated   [20].  
Raoul   et   al.   [21]   conducted  a  phase   II   study  of  
brivanib  in  patients  with  advanced  or  metastatic  
HCC  who  had  no  prior  systemic  therapy  or  one  
prior  regimen  of  an  angiogenesis  inhibitor.  96  pa-­
tients  were  enrolled,  55  in  cohorts  with  no  prior  
systemic  therapy,  median  OS  was  10  months  and  
median  TTP  was  2.8  months.  Therefore,  Brivanib  
appears   to   have   activity   as   both   first-­line   and  
second-­line   postsorafenib   systemic   treatment   in  
HCC.  Linifanib  is  a  tyrosine-­kinase  inhibitor  ac-­
tive  on  VEGF,  PDGF,  and  c-­kit.  To  date,  a  phase  
II  study  has  enrolled  44  patients  and  has  shown  a  
PFS  of  16  weeks  and  a  TTP  and  an  OS  of  5.4  and  
9.7  months,  respectively  31  %  [22].
Sunitinib,   a  multi-­targeted   receptor   tyrosine-­

kinase   inhibitor  active  on  VEGF,  has   shown   its  
efficacy  in  phase  II  studies  with  a  PFS  and  an  OS  
of  3.9  months  (95  %  CI,  2.6–6.9  months)  and  9.8  
months   (95  %  CI,  7.4  months).  Moreover,   IL-­6,  
SDF-­1-­alfa,   scKIT,   and   circulating   progenitor  
cells   (CPC)   high   levels   correlate   with   a   worse  
prognosis  [23].

Better   effects   have   been   shown   by   Faivre  
et   al.  with   a   5.3  months  TTP   (95  %  CI   2.7–7.9  
months)  and  an  8.0  months  OS  (95  %  CI  4.4–13  
months)   [24].  A  cooperative  Swiss   study  on  45  
patients  has   shown  a  33  %  PFS  12  of  Sunitinib  
(95  %  CI  20–47  %)  [25
3.5  months  TTP  and  an  8.4  months  OS  [26].  Even  
this  inhibitor  shows  significant  side  effects,  such  
as  thrombocytopenia  and  intestinal  bleeding.
Cedranib,  a  tyrosine-­kinase  inhibitor  active  on  

VEGF,  showed  a  5.8  months  OS  (95  %  CI  3.4–
7.3  months)  as  well  as  a  2.8  months  TTP  (95  %  
CI  2.3–4.4  months)  [27].
Conversely,  there  are  other  molecules  directed  

against  the  extracellular  domain.
The   first   drug   is   cetuximab,   an   anti-­EGFR  

monoclonal   antibody,   in   phase   II   studies,   has  
demonstrated  poor  activity  against  HCC,  obtain-­
ing  a  PFS  of  1.4  months  [28].
The  second  one,  bevacizumab,  an  anti-­VEGF  

monoclonal  antibody,  has  demonstrated  efficacy  
in  HCC  patients,  with  an  improvement  up  to  6.9  
months   of   PFS.   However,   this   efficacy   is   lim-­
ited  by  high   toxicity  such  as  bleeding  and  deep  
venous  thrombosis,  which  may  worsen  the  liver  
function  in  already  cirrhotic  patients  [29].
It   has   been   demonstrated   that   bevacizumab  

significantly   reduces   VEGF   serum   levels   and  
increases   circulating   endothelial   cells   (CEC),  
showing  a  high  OR  in  about  14  %  patients  (6  of  
43   patients).   Moreover,   patients   with   low   IL-­6  
and   IL-­8   levels   at   baseline  had  a  better  disease  
control   (DCR),  so  high   levels  of   these   interleu-­
kins  at  baseline  would  be  predictor  factors  of  low  
PFS  [30].

PI3K/Akt/mTOR-Mediated Pathway

PI3K/Akt/mTOR-­mediated   pathway   starts   its  
signal   transduction   through   the   activation   of  
phosphatidylinositol   4,5   phosphate   (PIP2)   by  
PI3K-­mediated   phosphorylation.   PIP2   becomes  
phosphatidylinositole   3,4,5   triphosphate   (PIP3),  
which  binds  and  activates  serine/threonine  kinase  
Akt.   Phosphatase   and   tensin   homolog   (PTEN)  
blocks   PIP3K,   because   is   a   lipidic   phosphatase  
which  dephosphorylates  PIP3.  So  PTEN  inactiva-­
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tion  for  gene  deletion  increases  PIP3  levels,  with  
subsequent   higher   levels   of   active   Akt,   which  
inhibits  apoptosis  and  prompts  cell  proliferation  
[31].  Since  the  RAS/RAF/MAPK  pathway  is  the  
main  target  of  sorafenib,  a  subsequent  activation  
of  PI3K/AKT/mTOR  pathway  could  explain  re-­
sistance  development.  A  higher  activation  of  Akt  
and  a   lower  expression  of  PTEN  were  found  in  
40–60  %  of  HCC  [32].  Even  mTOR  overexpres-­
sion  has  been  reported  in  15–40  %  of  HCC  [33].  
To   date,   some   targeted   drugs   for   this   pathway  
have   been   identified,   such   as   RG7321,   a   PI3K  
inhibitor  and  perifosins,  Akt   inhibitor,  but   these  
are   still   under   preclinical   investigation.   mTOR  
inhibitor  including  everolimus  (RAD001),  siroli-­
mus,  temsirolimus,  reached  clinical  investigation  
for  HCC   [34–36].   It   seems   really   interesting   to  
test  the  synergistic  effects  of  rapidly  accelerated  
fibrosarcoma  (RAF)  and  mTOR  inhibitors  on  the  
control   of   HCC   progression.   Some   preclinical  
studies  started  to  test  this  relevant  topic  [37].  The  
mTOR  everolimus,  at  a  10  mg/day  dose,  showed  
a  3.8  months  PFS  (95  %  CI  2.1–4.6  months)  and  
an   8.4   months   OS   (CI   3.9–21.1   months)   [34];;  
similar   results   were   obtained   by   another   study  
showing  a  16  weeks  PFS  (CI.11–21  weeks)  and  a  
33.4  weeks  OS  (CI  9.2–57.6  weeks)  [35].  Siroli-­
mus,  a  mTOR  inhibitor,  has  proven  to  be  effica-­
cious  either  on  cholangiocarcinoma  or  on  HCC,  
with  an  OS  by  6.5  months  (range  0.2–36  months)  
in  one  study  [38],  as  well  as  a  15.3  weeks  TTP  
and  a  6.6  months  OS  in  another  one  [39].

Wnt/β-catenin-Mediated Pathway

-­
membrane   receptors,   which   belong   to   Frizzled  
family.   These   receptors   need   a   signal   protein  
called  dishwelled,  which  regulates  the  multifunc-­

cell–cell  adhesion  and  gene  regulation.  This  kind  
of  Frizzled  receptor  bounds  contemporarily  a  co-­
receptor  which   is   related   to  LDL-­LRP  receptor.  

which  binds  to  cadherins  for  cell–cell  adhesion.  

-­

-­
radation   with   subsequent   storage   in   cytoplasm  

-­
cleus  binds  to  LEF-­1/TC  complex,  a  gene  regula-­
tor,  and  shifts  Groucho,  a  corepressor,   resulting  
in   coactivation   of   target   genes,   such   as   c-­myc,  
cyclin   D1,   and   survivin,   involved   in   mRNA  
translation,   cell   cycle   and   dedifferentiation,   so  
that  cell  proliferation  and  survival  is  favored.  The  

is   induced   by   various   molecular   alterations   in  
HCC.  These   include  gain-­of-­function  mutations  

of-­function  mutations   of   negative   regulators   of  

and  APC   genes,   epigenetic   events   that   change  
the  expression  profiles  of  pathway  components,  
as  a  consequence  of  a  deregulated  interaction  be-­
tween   tumor   cells   and   their  microenvironment.  
Several   strategies   have   been   proposed   to   target  

-­

ligand  and  the  Frizzled  receptor;;  targeting  the  de-­
struction  complex;;   targeting  the  catenin/Lef-­Tcf  
transcriptional   complex   [40,   41].  Alterations   in  
various  genes  could  activate  this  cascade,  includ-­
ing  mutations  of  APC  promoter  [42],  mutation  of  

-­
tion)  [43],  deletions  and  point  mutations  of  axin-­
1  [44],  and  dishwelled  overexpression.  There  are  
not  any  drugs  developed  that  act  against  this  bio-­
logical  pathway.

Hedgehog-Mediated Pathway

Even   though   this   oncogenic   pathway   is   well  
known,   specific   targeted   therapies   were   not  
found.  In  liver  carcinogenesis,  hedgehog  proteins  
are   included   in   a   family   of   signal   molecules,  
which  are  normally  bound  to  cholesterol,  limiting  

get   free,   they   bind   the   transmembrane   receptor  
Patched,  which  activates  another  membrane  pro-­
tein,  Smoothened,  triggering  its  signal  to  nucleus.  
Through  this  way,  some  genes  involved  in  protein  
synthesis  and  cell  cycle  regulation,  induce  dedif-­
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ferentiation   and   promote   cell   proliferation   and  
survival   [45].   Recently   a   drug,   NVP-­LDE225,  
has  been  developed  in  preclinical  studies  to  target  
this  pathway  [46].

Combination Therapy

For  this  reason,  some  researchers  tried  to  design  
new  therapeutic  protocols  including  both  mono-­
therapy   regimens   and   combinations   with   cyto-­
toxic   drugs,   such   as   5-­fluorouracil,   octreotide,  
and  doxorubicin.  Recent  clinical  studies  evaluat-­
ing  these  regimens  achieved  a  limited  benefit  in  
terms  of  TTP.  Anyway,  by  these  treatments,  high-­
er  liver  toxicity  was  observed,  including  increase  
of   transaminases,   bilirubin,   and   hemorrhagic  
events,   all   factors   related   to  LC  prognosis   [47–
49].  For  this  reason,  it  is  mandatory  to  accurately  
evaluate   liver   function   and   the   stage   of   cirrho-­
sis  when  sorafenib  is  combined  with  a  cytotoxic  
agent.  There  are  few  studies  about  the  association  
therapy.  In  a  study  by  Thomas  et  al.,  PFS  is  3.3  
months  [50],  while  Kaseb  et  al.  report  that  the  er-­
lotinib-­bevacizumab  association  increases  PFS  to  
7.2  months  [51].  However,  this  association  is  not  
effective  in  second-­line  treatment  in  sorafenib  re-­
fractory  patients,  showing  a  1.5  months  PFS  [52].  
Due   to   its   high   efficacy   profile,   the   effects   of  
adding   bevacizumab   to   gemcitabine-­oxaliplatin  
treatment   (GEMOX-­B)   or   to   capecitabine   have  
been   recently   evaluated.   Compared   to   bevaci-­
zumab  monotherapy,  GEMOX-­B  does  not  define  
a   better   PFS   (5.3  months);;   bevacizumab   added  
to  capecitabine  does  not  either  improve  PFS  and  
OS,  which  are  2.7  and  5.9  months,  respectively,  
[53]  versus  6.9  months  PFS  with  bevacizumab  in  
monotherapy  [54].  The  bevacizumab  association  
with  capecitabine-­oxaliplatin  shows  the  same  ef-­
ficacy  of  bevacizumab  in  monotherapy  in  terms  
of  PFS  and  OS,  which  are  6.8  and  9.8  months,  re-­
spectively  [55].  The  comparison  between  TACE  
+   sorafenib   and  TACE  +  bevacizumab   efficacy  
shows   the   same   good   results   with   a   PFS   of   6  
months  in  about  65  %  and  1  year  in  about  25  %  
of  patients;;  however,  these  data  have  low  statisti-­
cal  power  because  the  study  was  conducted  in  a  
small  population  (  n  =  25)  [56].  To  date,  a  unique  

phase  I  study  exists  on  bevacizumab  +  sirolimus  
association  which  does  not  evidence  an  improved  
efficacy,   showing   a   PFS   and   an  OS   of   5.5   and  
9.4   months,   respectively   [57].   These   studies  
about  bevacizumab   in  HCC  suggest   that   in   this  
setting  it  has  better  efficacy  in  monotherapy  than  
in  combination  with  chemotherapy.  These  results  
are  opposed   to   those  obtained  for  other  cancers  
and   need   to   be   explained   by   specific   studies  
about  biological  bases.
There  are  many  ongoing  trials  (phase  I–II)  that  

are  evaluating  the  combination  of  sorafenib  with  
other   target   agents,   such   as   anti-­EGFR   TKIs,  
monoclonal  antibodies,  and  mTOR  inhibitors.

Conclusions

Since  the  discovery  of  sorafenib  and  the  demon-­
stration  of  its  efficacy  against  HCC  many  strides  
have  been  made   in   the  systemic   therapy  of   this  
malignancy.   In   fact,   the   discovery   of   new   bio-­
logical   pathways   has   allowed   the   development  
of  new  drugs  active  against  HCC  with  selective  
mechanisms   that   reduce   the   progression   of   this  
cancer.   This   allowed   leading   the   way   toward  
personalized   therapy   to   the   patient.   Although  
many   of   these   drugs   have   demonstrated   clini-­
cal  efficacy  in  terms  of  PFS,  TTP,  and  OS,  most  
of   them   have   a   limited   clinical   application   due  
to   the   high   percentage   of   side   effects.  Also   the  
stage   of   the   underlying   liver   disease  may   limit  
the  use  of  targeted  therapy  in  HCC  patients.  Most  
of   these   patients   are   cirrhotic,   and   this   disease  
can  reduce  the  function  of  the  liver  parenchyma  
thus   reducing   the   clinical   applicability   of   these  
drugs.  Another  weapon  available  for  clinicians  is  
the  opportunity   to  choose  whether   to  apply   tar-­
geted   therapy   as   monotherapy   or   combination  
therapy.  The  latter  could  be  a  great  chance  since  
in  HCC  many  pathogenic  pathways  are  involved.  
Currently,  sorafenib  is  the  only  targeted  therapy  
on   label  and  active  against  HCC.  Indeed,   it  has  
demonstrated  high  profiles  of  OS,  TTP,  and  PFS  
compared   to   other   therapies.   Conversely,   the  
combination  therapy  achieving  the  best  outcomes  
includes   erlotinib   and   bevacizumab.   However,  
until  now  this  combination  has  shown  low  clini-­
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cal  safety  profiles  being  burdened  with  numerous  
side  effects.  So  nowadays  an  optimal  staging   is  
important  to  allow  the  patient  to  decide  the  best  
personalization  of   therapy.  Much  work   remains  
to  be  done  to  assess  the  role  of  targeted  therapy  
in  the  adjuvant,  neoadjuvant,  and  metastatic  set-­
ting,   to   determine   the   optimal   combination   of  
treatments,  either  tandem-­targeted  agents  or  with  
conventional  cytotoxins,  and  evaluate  the  role  of  
sequential  versus  concurrent  therapy.
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Salvage Targeted Therapy in mCRC

A  great   portion   of   colorectal   cancer   (CRC)   pa-­
tients  develop  distant  metastases,  which  are  not  
resectable.  These   patients   are   suitable   for   first-­
line  systemic  chemotherapy,  with  the  aim  to  pro-­
long  survival  and  even  improve  the  quality  of  life  
in  most  cases.
Nowadays,  there  are  many  regimens  approved  

for  the  treatment  of  metastatic  CRC  (mCRC).  For  
this  reason,  the  main  challenge  for  oncologists  is  
represented  by  the  choice  of  the  best  combination  
of  drugs  for  each  patient,  taking  into  account,  es-­
pecially   the   relationship   between   the   costs   (in  
terms   of   toxicity   and   economic   resources)   and  
the  benefits  expected  from  the  chosen  treatment.  
This  choice   is  difficult  because   the  major   inter-­
national   organizations   of   oncologists   (National  

Comprehensive   Cancer   Network   (NCCN),   Eu-­
ropean  Society   for  Medical  Oncology  (ESMO),  
and   American   Society   of   Clinical   Oncology  
(ASCO))   use   the   same   schedules   of   treatment,  
but   propose   different   algorithms   according   to  
the   results   of   some   questionable   studies.   For  
these  reasons,  there  is  an  absolute  need  to  iden-­
tify  quickly  a  sequence  of  treatments  as  much  as  
possible  uniquely,  able  to  ensure  the  best  possible  
outcomes  for  our  patients.
Recently,  the  treatment  of  unresectable  mCRC  

includes  several  drugs  used  in  combination  regi-­
men  or  as  monotherapy.  The  first  important  drug  
developed   was   5-­fluorouracil.   The   introduction  
of   new   cytotoxic   agents   into   clinical   practice,  
such  as  irinotecan  and  oxaliplatin  has  improved  
the  response  rate  (RR),  progression-­free  survival  
(PFS),  and  overall  survival  (OS)  from  15–20  %,  
5–6,   and   10–12  months   to   30–40  %,   8–10,   and  
20–24  months,  respectively  [1,  2].
The   addition  of   targeted   agents   to   such   che-­

motherapy   regimens  has  helped   to  substantially  
improve  survival  in  mCRC  patients.
The   targeted   drugs   approved   for   mCRC   in-­

clude   three   groups:   monoclonal   antibodies  
(mAbs)   against   VEGF   (bevacizumab)   and   epi-­
dermal   growth   factor   receptor   (EGFR)   (cetux-­
imab   and   panitumumab),   recombinant   fusion  
proteins  against  angiogenic  factors  (aflibercept),  
molecules  that  inhibit  the  tyrosine  kinase  recep-­
tors  located  on  the  cancer  cell  membrane  (TKIs,  
such  as  regorafenib)  (Table  13.1).
As  regards  antiangiogenic  agents,  the  process  

of  angiogenesis   is  one  of   the  fundamental  steps  

Antonio  Russo  and  Antonio  Galvano  equally  contributed  
to  this  work
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necessary  for  growth  and  tumor  development.  In  
particular,   it   is   the  process  by  which  new  blood  
vessels   are   formed   from   preexisting   vessels,   a  
key  step   in   the  spread  of   tumors.   In  addition,   it  
is  precisely  for   these  reasons   that   the   inhibition  
of  angiogenesis  is  one  of  the  most  interesting  and  
possible   anticancer   strategies,   through   the   inhi-­
bition  of  VEGF  and   its   signaling  pathway.  The  
family  of  VEGF  consists  of  at   least  five  known  
ligands,  VEGF-­A,  VEGF-­B,  VEGF-­C,  VEGF-­D,  
and  placental  growth  factor  (PGF)  and  three  re-­
ceptors,  VEGFR-­1,  2,  and  3  [3].
The  first  anti-­VEGF  mAb  has  been  developed  

against  VEGF-­A,  which  is  the  main  promoter  of  
angiogenesis.  The   first  of   these  drugs   to  be  ap-­
proved   in   combination  with   chemotherapy  was  
bevacizumab,  a  humanized  mAb.  It  is  the  mech-­
anism  of   action  consists  of   the   sequestration  of  
VEGF  from  the  circulation  thus  preventing  bind-­
ing  to  its  receptor  [4].
This   drug   induces   the   regression   of   newly  

formed  malignant   vessels,   the   normalization   of  
vascular  architecture,  the  inhibition  of  neovascu-­
larization,   and   tumor  growth.  Bevacizumab  has  
shown  its  efficacy  in  combination  with  standard  
chemotherapy  compared  to  chemotherapy  alone.  
However,   it   does   not   have   efficacy   as   a   single  
agent   [5].  This  phenomenon   is   probably  due   to  
its  action  on  tumor  vessels,  and  it  would  seem  to  
be  reflected  in  a  better  diffusion  of  the  other  che-­
motherapeutic  agents  into  the  tumor  structure  [6].
As   regards   toxicity,   for   all   the   antiangiogenic  

drugs,   there   are   common   side   effects,   which   in-­
clude   hypertension,   arterial   thromboembolism,  
bleeding,   proteinuria,   wound   healing   complica-­

tions,   voice   changes,   and   rarely,   intestinal   perfo-­
rations  and  reversible  posterior  leukoencephalopa-­
thy.  All   these   effects   are   treatable   and   reversible  
with  appropriate  treatment  or  drug  discontinuation.
Another  group  of  targeted  agents  include  anti-­

EGFR  mAbs.  EGFR  regulates  the  signaling  path-­
ways  involved  in  cell  differentiation,  cell  prolif-­
eration,  and  angiogenesis,  and  it  is  overexpressed  
in  about  60–75  %  of  CRCs  [7].
EGFR  pathway  is  mediated  by  the  binding  of  

ligand   to   the   receptor.  This   receptor   activates   a  
cascade  of  critical  signaling  pathways,  including  
the  RAS-­RAF-­MEK-­ERK  and  PI3K-­Akt-­mTOR  
pathways,   which   involve   several   cellular   func-­
tions  and  cancer  cell  survival  ([8,  9];;  Fig.  13.1).
Currently,  there  are  anti-­EGFR  two  molecules  

approved   for   the   treatment   in   various   lines   of  
chemotherapy  for  mCRC  patients:  cetuximab,  a  
chimeric  immunoglobulin  G  (IgG)1  and  panitu-­
mumab,  a  fully  human  IgG2  antibody.
The  main  help  in  the  difficult  choice  of  these  

regimens   comes   from   the   research   of   prognos-­
tic  and  predictive  factors.  Among  the  predictive  
factors   for   the   treatment  of  mCRC  patients,   the  
most  studied  and  validated  include  the  genes  be-­
longing  to  the  RAS  family  (H-­RAS,  NRAS,  and  
KRAS).  In  addition,  BRAF  seems  to  have  a  pre-­
dictive   role,   although  more   scientific   evidences  
are  available  to  support  it  as  prognostic  factors.
Recent   findings   have   shown   that   the   muta-­

tions  in  KRAS  and  NRAS  codons  12,  13,  and  61  
result  in  constitutive  activation  of  the  RAS-­RAF-­
ERK   pathway,   which   then   results   in   resistance  
to  anti-­EGFR  therapy  in  approximately  35–40  %  
of  CRC  tumors.  Thus,  KRAS  status  became  the  

Table 13.1     Summary  of  trials  comparing  the  combination  of  standard  chemotherapy  (CT)  +  targeted  drug  with  stan-­
dard  chemotherapy  alone
Trials Targeted  drugs  vs.  CT  

comparison
Number  of  patients Biomarkers Outcomes  (months)

PFS OS
Crystal Folfiri  Cetuximab  vs.  folfiri 1198 8.9  vs.  8.0 19.9  vs.  18.6

267 11.4  vs.  8.4 28.4  vs.  20.2
Prime Folfox4  Panitumumab  vs.  

folfox4
1096 10.0  vs.  8.6 23.9  vs.  19.7

512 10.1  vs.  7.9 26.0  vs.  20.2
E3200 Folfox4  Bevacizumab  vs.  

folfox4
829 ND 7.3  vs.  4.7 12.9  vs.  10.8

Velour Folfiri  Aflibercept  vs.  folfiri 1226 ND 6.9  vs.  4.6 13.5  vs.  12.0
TML  (ML  18147) CT  Bevacizumab  vs.  CT 820 ND 11.2  vs.  9.8 5.7  vs.  4.1
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most  important  predictive  biomarker  for  mCRC.  
In  the  meantime,  some  evidence  suggest  a  role  of  
KRAS  mutations   to   identify   those  patients  with  
poor  prognosis  [10–12].
However,   a   pooled   analysis   of   refractory  

cetuximab-­treated  mCRC  suggested   that  not   all  
KRAS  mutations  are  equal  in  their  ability  to  con-­
fer   resistance   to   anti-­EGFR   therapy,   showing   a  
clinical  benefit  by  cetuximab   in  patients  with  a  
Gly13Asp  KRAS  mutation  in  codon  13  [13,  14].
This   charming   biological   hypothesis,   how-­

ever,   seems   finally  waned   in   the   light  of   recent  
phase  II  study  result  presented  at  the  2014  ASCO  
Annual  Meeting  in  which  no  benefit  was  demon-­
strated  in  a  cohort  of  patients  with  this  particular  
mutation  [15].
NRAS  is  a  gene  closely  related  to  KRAS  and  

its  mutations  are  present  in  approximately  3–5  %  
of  patients  with  CRC.  Even   the  state  of  mutant  
NRAS  is  shown  to  be  related  to  a  lower  response  
to   an   anti-­EGFR   mAb.   In   particular,   it   seems  
that  when   patients  with   additional  mutations   in  
exons  2,  3,  and  4  of  NRAS  and  in  exons  3  and  
4   of   KRAS   are   excluded   from   the   population  
of   patients  without   exon   2   of  KRAS  mutations  
(wild-­type),  the  results  of  effectiveness  are  better,  

assuming  that  mutations  of  RAS  may  be  assumed  
as  a  biological  negative  predictive  marker  of  ef-­
ficacy  for  the  treatment  with  anti-­EGFR  agents  in  
mCRC  patients  [16–20].
BRAF  is  another  gene  involved  in  the  genesis  

of  resistance  to  anti-­EGFR  drugs  and  its  mutant  
status  (V600E)  is  present  in  approximately  10  %  
of  CRC  cases.  Both  NRAS  and  BRAF  mutations  
appear   to   be   mutually   exclusive   in   respect   of  
KRAS  status.  BRAF  mutational  status  is  consid-­
ered  important  both  as  a  prognostic  factor  and  as  
a  predictor  for  anti-­EGFR  response,  although  the  
first  one  appears  predominant.
PIK3CA  mutations  have  been  reported  in  ap-­

proximately  15–20  %  of  CRC  and  in  20  %  are  co-­
expressed  in  KRAS  mutant  CRC.  The  mutations  
were  found  in  exons  9  and  20,  although  it  is  the  
latter   that   was   associated   with   increased   resis-­
tance  to  anti-­  EGFR  (Fig.  13.2).
Because   the   number   of   biomarkers   of   resis-­

tance   to   anti-­EGFR-­based   treatment   is   increas-­
ing,  in  the  next  few  years  a  proper  way  has  to  be  
found   to   identify   those   patients  who   can   really  
benefit  by  an  anti-­EGFR  strategy.
Skin  alterations,  in  all  their  forms  (acneiform  

eruptions,  xerosis,  nail  changes,  hairy  alterations,  

Fig. 13.1    EGFR  pathway  and  corresponding  alterations  in  the  molecules  involved  in  transduction  signaling
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hyperpigmentation,   and   telangiectasia)   are   the  
most   common   examples   of   skin   toxicity,   pres-­
ent  in  about  80  %  of  the  patients  enrolled  in  the  
main   registration   studies,  demonstrating   that   its  
grading   was   positively   correlated   with   the   ef-­
fectiveness   of   treatment   [21–24].  Among   other  
class-­specific   toxicity   hypomagnesemia,   infu-­
sion-­related   reactions  and  hepatic  abnormalities  
could  also  be  mentioned  for  a  potential  predictive  
role  of  drug  response  [25,  26].
All  the  findings  from  clinical  trials  on  targeted  

therapy  allow  the  proposal  of  an  algorithm  to  se-­
lect  the  best  treatment  sequence.  On  the  basis  of  
the  results  in  terms  of  PFS  and  OS  from  the  major  
clinical  studies,  molecular  profile  seems  the  main  
tool  to  guide  the  assignment  of  each  mCRC  pa-­
tient  to  the  right  treatment.
The  main  conditioning  factor  in  the  first-­line  

treatment  choice  is  clearly  the  mutational  status  
of  KRAS  and  NRAS  genes.  The  absence  of  both  
KRAS   and   NRAS   mutations   (H-­RAS   results  
wild  type  in  more  than  99  %  of  cases)  allows  to  
define   a   new   subset   of  mCRC  patients   defined  
as  “All-­RAS  wild-­type”  particularly  sensitive  to  
the   action  of   anti-­EGFR  mAbs   in   addition   to   a  
standard  chemotherapy  doublet.
This   benefit   results   from   the   analysis   of   the  

CRYSTAL  study  (FOLFIRI  plus  cetuximab)  and  
PRIME   study   (FOLFOX   plus   panitumumab).  
CRYSTAL  study  results  were  favorable  to  FOL-­

FIRI   plus   cetuximab   when   compared   to   FOL-­
FIRI  alone   improving  significantly  OS  (median  
survival,  23.5  vs.  20  months;;  hazard  ratio  (HR),  
0.796;;   p  =  0.0093)   in   the  KRAS  wild-­type   sub-­
group  but  not  in  the  KRAS  and  BRAF  wild-­type  
subgroup,   confirming   the   probable   only   poor  
prognostic   role  of   the  BRAF  mutant  status   [23,  
27].  At  the  ASCO  2014  Annual  Meeting,  the  ret-­
rospective  efficacy  data  of  the  All-­RAS  wild-­type  
subgroup  were   presented.   New  RAS  mutations  
resulted  in  about  15  %  of  patients,  based  on  the  
data   coming   from   the   same   analysis   conducted  
on  the  PRIME  study  (see  below),  confirming  the  
advantage  in  OS  (28.4  vs.  20.2  months)  for  this  
subgroup  of  patients  [28].
Moreover,   panitumumab   has   been   evaluated  

in  first-­line  setting  by  the  PRIME  study,  in  which  
a  standard  FOLFOX  regimen  was  tested  with  or  
without  panitumumab  in  patients  with  mCRC  no  
previously  treated,  showing  a  modest  advantage  
in   PFS   only   for   the  KRAS  wild-­type   subgroup  
(9.6  vs.  8  months  HR  0.80,  p  =  0.02)  but  not   in  
terms  of  OS  (23.9  vs.  19.7  months),  suggesting  
that  panitumumab  should  have  a   lower  efficacy  
compared  to  cetuximab  [29].  Furthermore,  a  det-­
rimental   effect   was   observed   in   KRAS  mutant  
patients,  who   received   panitumumab   in   combi-­
nation  with  FOLFOX-­4  compared  to  FOLFOX-­4  
alone  arm,  like  in  the  OPUS  trial,  with  no  signifi-­
cant  difference  in  PFS  between  patients    receiving  

Fig. 13.2    Distribution  of  gene  mutations  playing  prognostic  and  predictive  roles  for  treatment  with  anti-­EGFR  agents
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panitumumab   plus   irinotecan-­based   chemother-­
apy   (FOLFIRI)   and   those   receiving   FOLFIRI  
alone  in  the  second-­line  treatment  trial  [30].  The  
negative   effect   of   panitumumab   in   addition   to  
FOLFOX  was  highlighted  in  a  population  of  pa-­
tients  without  mutation   in  exon  2  of   the  KRAS  
gene,  but  those  patients  could  have  mutations  in  
the   other  RAS   genes.  A   test   of   interaction  was  
performed   within   a   recent   retrospective   analy-­
sis  of  the  PRIME  study  that  analyzed  the  results  
based  on  the  new  discoveries  on  the  role  of  muta-­
tions  in  the  RAS  genes,  and  it  showed  that  there  
was  a  difference  in  OS  between  patients  mutant  
for  RAS  and  those  who  were  All-­RAS  wild-­type,  
suggesting   that   this   subset   of   mutations   could  
contribute  to  a  worse  outcome  [31].  Indeed,  All-­
RAS  wild-­type  patients  had  a  higher  OS  of  ap-­
proximately  5.8  months  compared  to  mutant  RAS  
and  also  the  severity  of  adverse  events  associated  
with   panitumumab–FOLFOX4   in   the  wild-­type  
group  and  mutant  RAS  subgroups  were  similar  to  
the  previously  reported  safety  findings  for  KRAS  
in  the  PRIME  trial  [29].
In   conclusion,   deeming   retrospective   analy-­

ses   as   exploratory   because   of   some   limitations  
(alpha  error  calculation,  ITT  population),  the  au-­
thors   conclude   that   probably  RAS  mutations   in  
addition   to  KRAS  exon  2  mutations   could  pre-­
dict  a  lack  of  response  to  anti-­EGFR  therapy  in  
mCRC  patients  and  that  the  pooled  trials  or  me-­
ta-­analyses  of  anti-­EGFR  therapy  are  needed  to  
confirm   these   findings.  From   the   results   above,  
there   is   a   widespread   idea   that   the   priority   for  
first-­line  treatment  in  mCRC  patients  must  be  a  
combination  of  a  doublet  of  standard  chemother-­
apy  (FOLFOX  or  FOLFIRI)  plus  an  anti-­EGFR  
mAb  (panitumumab  or  cetuximab,  respectively)  
as   standard   treatment   suggested.   Indeed,   as   re-­
gards   the  use  of  bevacizumab  in  first-­line   treat-­
ment,   it   was   evaluated   in   addition   to   irinote-­
can   or   oxaliplatin-­containing   regimens,   but   for  
all   phase   III   trials   available,   bevacizumab   has  
never  granted  a  clear  advantage   in   terms  of  OS  
but  only  in  PFS  [32–34].  As  a  consequence,  for  
KRAS  or  NRAS  (RAS)  mutant  mCRC  patients  
who   cannot   receive   an   anti-­EGFR   antibody,   an  
oxaliplatin-­based  doublet  with  bevacizumab  (not  
FOLFIRI  because  of   the   lack  of  phase  III  stud-­

ies   comparing   FOLFIRI   +   bevacizumab   versus  
FOLFIRI  alone)  represents  a  good  option  for  de-­
laying  disease  progression  and  thus  reducing  the  
risk  of  death.
After   a   first-­line   progression,   the   choice   of  

a   second-­line   treatment   depends   on   the   clinical  
condition   of   the   patient   and   on   the   drugs   that  
have   been   used   as   a   first-­line   regimen.   On   the  
basis   of   these   preliminary   considerations,   for  
All-­RAS   wild-­type   patients   progressing   after   a  
first-­line  FOLFIRI  plus  cetuximab,   the  best  op-­
tion   available   seems   to   be   an   oxaliplatin-­based  
doublet   plus   bevacizumab   (capecitabine   plus  
oxaliplatin   (CAPOX)   or   FOLFOX   +   bevaci-­
zumab).  This   indication   is   based   on   the   results  
from  the  phase  III  E3200  study,  in  which  an  ad-­
vantage   in   terms   of  OS   (12.9   vs.   10.8  months)  
was  reached  in  the  experimental  arm  (FOLFOX    
4  +  bevacizumab),   if   compared   to   a   standard  
control   arm   (FOLFOX4   alone)   [35
for   those   patients   progressing   after   a   first-­line  
FOLFOX  +  panitumumab  regimen,  the  main  op-­
tion  seems  to  be  the  combination  of  the  standard  
FOLFIRI  regimen  with  aflibercept,  as  evidenced  
by  the  results  of  the  VELOUR  trial.  Aflibercept  
is  a  soluble  fusion  protein  of  the  human  extracel-­
lular   domains   of  VEGFR-­1   and  VEGFR-­2   and  
the  Fc  portion  of  human  IgG.  Aflibercept  binds  
to  both  VEGF-­A  and  PlGF  with  a  higher  affinity  
than  mAbs  and  essentially  renders  the  VEGF-­A  
and  PlGF  ligands  unable  to  bind  and  activate  cell  
receptors.  Aflibercept  was  engineered  to  optimize  
pharmacokinetic  properties  while  still  maintain-­
ing  the  potent  VEGF  blocking  activity  compared  
with  that  demonstrated  by  other  anti-­VEGF  anti-­
bodies   [36].  Aflibercept  was   tested   in  combina-­
tion  with  a  FOLFIRI  standard  regimen  versus  a  
FOLFIRI   alone   regimen   (VELOUR   trial)   [37],  
adding  a  significant  increase  in  terms  of  OS  (13.5  
vs.   12.1   months;;   HR   0.81).   For   these   reasons  
aflibercept   can   be   considered   a   new   treatment  
option  in  combination  with  FOLFIRI,  above  all  
for   those   RAS   mutant   patients   in   progression  
after   oxaliplatin-­based   chemotherapy   (the   sub-­
group  analysis  revealed  that   this  advantage  was  
not  statistically  significant  in  patients  undergone  
first-­line   bevacizumab-­containing   regimen)   or  
with  symptomatic  disease  [38].  In  the  view  of  its  
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antiangiogenic  mechanism   of   action   aflibercept  
is  also  an  example  of  rechallenge  after  a  progres-­
sion  from  a  prior  antiangiogenic  containing  che-­
motherapy.  It  is  interesting  to  note  that  the  results  
are   very   similar   to   those   reported   by   the   study  
TML  as   regards  OS   and  PFS,  with   an   increase  
in   toxicity   of   chemotherapy-­associated   adverse  
events:  diarrhea,  stomatitis,  fatigue,  neutropenia,  
neutropenia,  and  complicated  [39].
An  important  clinical  question  is  whether  or  not  

it  is  appropriate  to  deliver  bevacizumab  with  other  
chemotherapeutic   agents   in  patients  with  mCRC  
progressing  from  a  first-­line  treatment  containing  
bevacizumab.   The   feeling   that   the   topic   would  
be  of  great   interest   to  be   investigated  was  given  
by   the   initial   data   of   the   BRiTE   study,   a   large  
prospective   observational   study,   whose   results  
suggested   that   continuing   VEGF   inhibition   by  
bevacizumab  beyond  an  initial  progression  could  
play   an   important   role   by   improving   the   global  
success  of  therapy  [40].  Bevacizumab  beyond  pro-­
gression  was  mainly   explored  by   the  TML   trial,  
in  which   820   patients  who  were   progressing   up  
to  3  months  after  discontinuing  first-­line  bevaci-­
zumab  plus  chemotherapy  were  assigned  to  a  dif-­
ferent  schedule  of  treatment  with  or  without  beva-­
cizumab,  showing  a  benefit  of  the  continuation  of  
bevacizumab  in  both  PFS  (5.7  vs.  4.1  months)  and  
OS   (11.2  vs.   9.8  months,  HR  0.81).  A   subgroup  
analysis   in   this   study  also  showed   that   these  ad-­
vantages  were   particularly   evident   for   those   pa-­
tients  with  a   first-­line  PFS  >  9  months   (HR  0.73;;  

41].  This  benefit  was  further  
confirmed  by  a  small  randomized  phase  II  Italian  
trial   (BEBYP   trial—PFS,   HR:   0.65,   p  =  0.0062)  
whose  results  in  OS  are  currently  immature  [42].  
Therefore,   these   data   support   the   idea   that   con-­
tinuing   bevacizumab   beyond   progression   by  
changing   only   the   chemotherapy   regimen   leads  
to  better  outcomes.  This  fact  could  be  suggested,  
also  considering  that  it  would  represent  a  further  
line  of  targeted  therapy  into  the  global  strategy  of  
continuum  of  care  giving  a  profound  rationale  to  
suggest   this   approach   even   for   first-­line   therapy  
in   RAS  mutant   progressing   patients.  As   regards  
the  cetuximab-­based  rechallenge,  no  confirmatory  
data  are  available  after  the  positive  report  of  small  
experiences  [43].

As  a  result  of  all  these  available  treatment  op-­
tions,  the  choice  of  second-­line  treatment  in  pa-­
tients  with  mutant  RAS  must   take   into   account  
the  duration  of  first-­line  containing  bevacizumab  
treatment.   Indeed,   if   it   is   quite   short,   a   better  
therapeutic  option  could  be   to  use  aflibercept  +  
FOLFIRI  instead  of  continuing  bevacizumab.
By  the  addition  of  these  new  agents,  patients  

with  mCRC   have   now   earned   numerous   thera-­
peutic   opportunities   for   the   treatment   of   their  
disease.  In  particular,  the  achieved  improvement  
in  clinical  benefit  that  is  directly  responsible  for  
an   improvement   of   the   performance   status   too.  
As  a  logical  consequence,  those  patients  in  pro-­
gression  after  a  second-­line  chemotherapy,  who  
are  still  fit,  could  benefit  from  a  further  chemo-­
therapeutic   treatment.   In   the   field   of   biological  
therapies,   a   new   molecule   has   been   provided.  
It   has   recently   been   approved   in   this   setting   of  
patients,  which   encloses   about   40  %  of   patients  
with   mCRC.   Regorafenib   is   a   tyrosine   kinase  
inhibitor  that  inhibits  VEGFR-­1,  VEGFR-­2,  and  

FGFR-­1,   RET,   and  BRAF   [44].   Because   of   its  
strong  antiproliferative  and  antiangiogenic  activ-­
ity,   regorafenib   has   been   indicated   in   the   treat-­
ment  of  mCRC  patients.   It   is  based  on   the  data  
coming  from  the  CORRECT  study,  a  randomized  
controlled  phase  III  study,  in  which  patients  were  
randomized  to  regorafenib  or  placebo  in  chemo-­
refractory  patients  [45].  However,   the  results  of  
this  study  showed  in  the  experimental  arm  only  
a  modest  but  significant  benefit  in  OS  and  a  low  
RR  (1  %)  compatible  with  the  action  of  delaying  
tumor  growth  rather  than  the  tumor  response  it-­
self.  The  drug  was  weighed  down  by  heavy  tox-­
icity  attributable  to  the  more  frequent  hand-­foot  
skin   reaction,   fatigue,   hypertension,   diarrhea,  
and  skin  rash.  This  discussion  has  been  provid-­
ed   an   overview   about   the  most   valid   therapeu-­
tic   alternatives   available   today   in   the   treatment  
of  mCRC.  If  an  oncologist  has  to  treat  particular  
situations  it  would  be  a  reasonable  option  to  re-­
sort  to  suboptimal  and/or  underpowered  chemo-­
therapy.  An   important  consideration  we  have   to  
do  about  the  performance  status  role.  For  elderly  
or  unfit  patients,  bevacizumab  has  demonstrated  
its  efficacy  when  added  to  fluoropyrimidines,  in  
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particular  with   the  oral   analogous   capecitabine.  
The   findings   about   this   regimen   strengthen   the  
theory  that  bevacizumab  improves  the  action  of  
classical  chemotherapeutics  into  the  tumor  struc-­
tures.   It   is   not   clear  whether   the   small   benefits  
justify  the  high  cost  of  the  drugs.  Anyway,  in  re-­
spect  of  these  new  available  data  about  the  high  
safety  of  this  combination  with  few  recorded  side  
effects,  it  would  be  considered  a  reasonable  alter-­
native  especially  for  elderly  patients  (AVEX  and  
MAX  trials)  [46–48].
On  the  other  hand,   in  an  effort   to  ensure   the  

highest   response   in   younger   patients   with   an  
optimal   performance   status,   the   results   of   the  
randomized   phase   III   TRIBE   study   were   re-­
cently   disclosed.   This   study   evaluated   the   role  
of  bevacizumab  in  first-­line  treatment  for  mCRC  
patients   by   a   triplet   chemotherapy   compared  
with   the   standard   schedule   for   this   setting   as  
FOLFIRI  plus  bevacizumab.  The   results  of   this  
study   showed   a   significant   advantage   for   the  
triplet   chemotherapy   in   terms   of   PFS   (12.1   vs.  
9.7  months)  with  a  significant  incremental  toxic-­
ity,  such  as  diarrhea,  stomatitis,  and  neutropenia.  
At  the  2014  ASCO  Annual  Meeting,  the  updated  
analysis  was  presented  according  to  the  RAS  mu-­
tational  status.  All-­RAS  wild-­type  patients  treat-­
ed  with  FOLFOXIRI  plus  bevacizumab  as  first-­
line  treatment  achieved  a  PFS  and  median  OS  of  

patients  with  mutant  RAS  showed  no  difference  
in   PFS   but   had   a   significantly   reduced  OS.  Of  
note,  B-­RAF  mutant  patients  (about  8  %  mCRC  
patients),  who  commonly  have  a  life  expectancy  
by  no  more  than  1  year,  achieved  an  OS  by  about  
19.1  months  through  the  combination  of  bevaci-­
zumab  and  FOLFOXIRI.  This  finding  suggested  
a  possible   role   for   this  combination   in   this  par-­
ticular  setting  of  patients  [49].
A   question   that   could   easily   arise   from   this  

discussion  is  what  drug  represents  the  best  option  
for  mCRC  patients  among  anti-­VEGF  and  anti-­
EGFR   agents   nowadays.  By   a   careful   analysis,  
we  could  suppose  that  some  useful  considerations  
could  be  derived  from  indirect  comparisons  more  
than   from   studies  with   direct   comparison.  This  
is   currently   a   very   active   and   important   line   of  
research,  which  led  in  the  recent  past  to  the  pub-­

lication  of  several  articles  on  this  topic.  Bevaci-­
zumab  was   tested   in   first-­line   treatment  against  
cetuximab  with  a  head-­to-­head  randomized  phase  
III  study  (FIRE-­3)  in  patients  with  KRAS  wild-­
type  both  in  combination  with  FOLFIRI  regimen,  
aiming   to   establish   the   best   therapeutic   choice  
between  anti-­VEGF  and  anti-­EGFR  agents.  The  
recently  published  data,  however,  do  not  clarify  
definitively   this   question   by   demonstrating   a  
questionable   significant   benefit   for   cetuximab  
in  OS  (28.7  vs.  25  months)   in   the  absence  of  a  
benefit  in  PFS,  both  secondary  endpoints  of  the  
study.  The  primary  endpoint  was  the  RR,  that  re-­
sulted  in  no  significant  modifications  in  favor  of  
cetuximab  (62    vs.  58  %,  p  =  0.183)  [50].  A  recent  
update  of  data  on  the  basis  of  the  mutational  sta-­
tus  of  the  genes  of  EGFR  pathway  was  presented  
at  the  2014  Gastrointestinal  Cancers  Symposium.  
The  researchers  observed  that  ORR  and  OS  with-­
in  the  RAS  wild-­type  patients’  group  was  higher  
in  the  FOLFIRI  plus  cetuximab  arm,  suggesting  
that  the  exclusion  of  patients  with  RAS  mutations  
identifies  a  new  population  which  seemed  more  
likely  to  benefit  from  cetuximab  [51].  This  topic  
was  also  discussed  by  other  experiences  recently  
published  like  the  PEAK  and  CALGB  trials.  Es-­
pecially  from  the  latter,  which  is  a  large  trial  with  
more  than  1100  patients,  a  possible  solution  for  
this  important  question  is  awaited,  since  PFS  was  
chosen  as   the  primary  endpoint.  However,  even  
in   this   case   the   data   presented   only   partially   at  
the  2014  ASCO  Annual  Meeting  revealed  no  dif-­
ference  with  regard  to  the  primary  endpoint  be-­
tween  the  use  of  an  anti-­EGFR  or  anti-­VEGF  in  
a  population  of  selected  patients  with  wild-­type  
KRAS.  The  publication  of  the  definitive  study’s  
results   with   the   retrospective   RAS   analysis   is  
awaited  to  reach  any  definitive  conclusions  ([52,  
53];;  Table  13.2).

Systemic Therapies for Patients with 
Initially Resectable Liver Metastases

Approximately,   50  %   of   CRC   patients   are   di-­
agnosed   with   metastases   confined   to   the   liver.  
Surgical  approach,  whenever  possible,  does  not  
just  guarantee  a   cure   since  about  70  %  of   these  
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  patients  will  a  recur  [54]  and  5  years  OS  is  around  
30–40  %  [55,  56].
For  these  reasons,  the  combination  of  surgery  

and  chemotherapy  should  be  considered  the  main  
multidisciplinary  approach   to   reduce  recurrence  
risk  and  to  increase  OS.  This  aim  was  tested  for  
different   chemotherapy   options   both   in   pre-­,  
peri-­,  and  postoperative  settings.

Pre- and Perioperative Chemotherapy
As  regards  the  first  approach,  its  advantages  are  
partially   similar   to   those   of   other   neoadjuvant  
chemotherapy   regimens,   such   as   to   facilitate  
the  removal  of  large  masses  in  case  of  good  re-­
sponse  or  to  test  the  sensitivity  to  chemotherapy  
used  or  also  to  determine  a  pathological  response  
that   is  considered  a  strong  predictor  of  survival  
outcome   after   the   combination   of   surgery   and  
chemotherapy  [57,  58].  Following  the  advantage  
in   terms  of  delay  of  disease   recurrence  demon-­
strated   by   the   European   Organisation   for   Re-­
search  and  Treatment  of  Cancer  (EORTC)  40983  
intergroup   trial—the   EPOC   trial,   the   next   step  
has  been  to  validate  whether  the  addition  of  tar-­
geted  drugs  could  provide  an  advantage  only  in  
patients   with   liver   disease   who   are   candidates  
for   surgery   [59].   This   was   the   aim   of   the   new  
EPOC  trial  [60],  in  which  cetuximab  was  added  
to  chemotherapy  regimens  (FOLFOX,  FOLFIRI,  
XELOX,   XELIRI)   to   improve   PFS   in   KRAS  
wild-­type  patients.  In  the  latter  study,  the  inclu-­
sion   criteria   did   not   provide   limitation   for   the  
number   of   liver   metastases   (EPOC   trial  <=  4),  
resulting   in   a   PFS   in   favor   of   chemotherapy  
alone   (HR   1.94;;   p  =  0.030).   No   significant   dif-­
ference  was  observed  in  OS,  whereas  a  subgroup  
analysis  confirmed  the  trend  of  distrust  in  using  
cetuximab   plus   oxaliplatin-­based   chemotherapy  

raising  the  concern  for  a  probably  different  inter-­
action  with  irinotecan  and  oxaliplatin.  These  data  
confirm  that  at  this  time  anti-­EGFR  mAbs  do  not  
haveto  be  used   in  patients  with   resectable   liver  
metastases.  The  use  of  an  anti-­VEGF  in  pre  peri-­
operative    liver  limited  disease  is  evaluated  first  
with  the  phase  II  BOXER  trial,  in  which  a  cohort  
of  patients  with  liver-­limited  disease  were  treated  
with  XELOX  plus  bevacizumab  and  resulted  in  a  
78  %  RR,  with  no  grade  4  toxicities  related  to  the  
surgery,   even   though   the   use   of   antiangiogenic  
drugs  is  historically  linked  to  a  risk  of  bleeding/
thromboembolism/delay   in   wound   healing   that  
do  not   recommend  surgery  until  4–6  weeks   the  
end  of  treatment  [61–65].
Moreover,  as  demonstrated   in   the  first  BEAT  

trial,  bevacizumab  seemed   to  have  an   important  
role  before  surgery  to  improve  R0  liver  metasta-­
sis  resections  rate  safely  (173  out  of  225  patients,  
76.9  %),   in   patients   originally   deemed   unresect-­
able.   This   finding   provides   a   rationale   to  make  
prospective  randomized  trials  evaluating  the  use  
of  bevacizumab  before  resection  of  liver  metasta-­
ses.  Grade  3/4  bleeding  and  wound-­healing  events  
were  reported  in  0.4  and  1.8  %,  respectively  [63].
Other   two  important  prospective  randomized  

trials  study  have  investigated  the  use  of  bevaci-­
zumab  in  this  context.  In  the  TRIBE  study  (triplet  
plus  bevacizumab),   authors   analyzed   secondary  
R0-­resection  rate  as  secondary  endpoint  and  did  
not  demonstrate  a  trend  for  R0-­resection  rate  (15  
vs.  12  %;;  p  =  0.327)  despite  of   a   significant   im-­
provement   in   RR   (65   vs.   53  %   p  =  0.006)   [49].  
Recently  published  data  of  the  OLIVIA  trial  con-­
firmed  significant  differences   in  ORR  consider-­
ing   only   the   subgroup  R0  without   a   significant  
increase  in  toxicity  of  grade  G3–4  including  neu-­
tropenia  and  diarrhea  [66].

Table 13.2     Summary  of  trials  comparing  different  targeted  drugs  +  standard  chemotherapy
Trials Targeted  drugs  comparisona Number  of  

patients
Biomarkers Outcomes  (months)

PFS OS
Fire-­3 Cetuximab  vs.  bevacizumab 592 10.3  vs.  10.4 28.8  vs.  25
CALGB  80405 Cetuximab  vs.  bevacizumab 1142 10.4  vs.  10.8 29.9  vs.  29
Peak Panitumumab  vs.  bevacizumab 285 10.9  vs.  10.1 34.2  vs.  24.3

170 13  vs.  9.5 41.3  vs.  28.9
a  Each  treatment  arm  includes  chemotherapy  plus  target  drug
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Postoperative or Adjuvant Chemotherapy
A  pooled  analysis  of  two  prospective  randomized  
trials  [67]  resulted  in  a  marginal  statistical  benefit  
in  PFS  for  systemic  5-­fluorouracil  (5-­FU)-­based  
chemotherapy  after   resection  of   colorectal   liver  
confined   metastases   (HR   1.32;;   CI   95  %:   0.95  
1.82;;  p  =  0.0095)  [68,69].  Even  standard  chemo-­
therapy   regimens  were   analyzed   in   this   setting.  
Irinotecan-­based   regimens   did   not   show   any  
clinically  significant  advantage  if  compared  with  
5-­fluorouracil  [70].  No  randomized  studies  eval-­
uated  oxaliplatin.  Nevertheless,  the  combination  
containing  oxaliplatin,  5  fluorouracil,  and  folinic  
acid  (FOLFOX)  is  now  widely  used  in  the  United  
States   [71].  Other  options   like   adjuvant  hepatic  
artery  infusion  therapy  with  5-­FU  or  floxuridine  
have  been  proposed  as  standard  therapy  for  this  
subset  of  patients,  but  because  of  lacking  results  
in  long-­term  OS,  this  approach  has  not  been  ac-­
cepted  yet  as  a  valid  therapeutic  option  [72].
The  role  of  biological  therapies  in  this  setting  

has  been  evaluated  in  the  Dutch  study  HEPATICA  
closed  prematurely,  in  which  patients  undergoing  
resection   of   liver   metastases   were   randomized  
to  6  months  of  chemotherapy  plus  12  months  of  
bevacizumab  or  6  months  of  CAPOX  chemother-­
apy  alone.  The  results  had  shown  no  statistically  
significant   advantage   in   terms   of   disease-­free  
survival  (DFS)  at  2  years  (70  vs.  52  %)  in  the  in-­
tervention  group,  placing  high  hopes  for  a  longer  
follow-­up  [73].

Combining Anti-VEGF and Anti-EGFR

The   interesting   results  of   targeted  agents   in   the  
treatment   of   patients   with   mCRC,   in   terms   of  
OS,   PFS,   resection   rate   of   synchronous   and  
metachronous  metastases,  and  symptom  control  
rate,  prompted  the  design  of  studies  on  the  com-­
bination  of  multiple  targeted  drugs.  Most  of  these  
studies  have   just  been  completed,  a   lot  of   them  
are  ongoing.  Despite  a  strong  rationale,   there   is  
insufficient  evidence  to  support  a  greater  clinical  
impact   of   targeted   combination   regimens   com-­
pared  to  the  standard  regimen.  Among  the  most  
important   experiences,   panitumumab   advanced  
colorectal   cancer   evaluation   (PACCE)   trial   did  

not  show  any  improvement  in  RR  when  panitu-­
mumab  was  added  to  FOLFOX  plus  bevacizum-­
ab  in  first-­line  setting.  This  study  was  terminated  
early   because   those   patients   randomized   to   the  
panitumumab  arm  experienced  a  higher  toxicity  
rate.  As   a   consequence   of   this   increased   toxic-­
ity,  clinical  benefit  in  terms  of  PFS  was  impaired  
compared  to  the  control  arm  [74].
The  CAIRO-­2   trial   evaluated   the  efficacy  of  

XELOX  plus   bevacizumab  with   or  without   the  
addition  of  cetuximab,  and  the  results  confirmed  
the  data  of  PACCE  trial  showing  a  lower  PFS  for  
the  combination  of  the  targeted  drugs  but  point-­
ing   out   a   trend   toward   a   reduced   incidence   of  
grade   3   oxaliplatin-­related   neurotoxicity   in   pa-­
tients  receiving  the  XELOX  regimen  along  with  
the  dual  biologic  combination  [75].
Because  of  these  preliminary  results,  the  third  

80405  which  included  the  combination  of  beva-­
cizumab  and  cetuximab  with  FOLFOX  or  FOL-­
FIRI  was  closed  [76].
Based  on  the  positive  results  from  studies   in  

which  these  drugs  were  used  alone,  many  expec-­
tations  were  placed  in  the  trials  that  evaluated  the  
use  of   these  molecules   in   combination.  Despite  
the  strong  scientific  rationale,  the  results  showed  
no  clinical  benefit  of  the  combination  of  an  anti  
VEGF  and  and  anti-­EGFR  in  this  setting  of  pa-­
tients  [77].
In   conclusion,   the   results   of   these   studies  

show   that   currently   the   dual-­targeted   therapy  
should  not  be  used  in  combination  with  cytotoxic  
chemotherapy  if  not  within  a  clinical  trial.  It  has  
been   available  with   the   results   of   the  DREAM  
trial/OPTIMOX   3   in   which   the   use   of   bevaci-­
zumab  +  erlotinib  (an  anti-­EGFR  tyrosine  kinase  
inhibitor)  has  been  compared  with  bevacizumab  
alone  in  700  patients  as  maintenance  therapy  after  
a  first-­line  standard  regimen  (FOLFIRI  +  bevaci-­
zumab,  XELOX2  +  bevacizumab,  mFOLFOX7  
+  bevacizumab)  delivered  for  6–12  cycles  [78].  
Although  the  study  was  weighed  down  by  more  
than  40  %  of  drop-­outers,  encouraging  results  in  
terms  of  PFS  would  show   that   the  combination  
of  EGFR  and  VEGF-­targeted  agents  has  not  been  
dead  yet  but  it  has  to  be  evaluated  in  more  clini-­
cal  trials.
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The Development of New Targeted 
Agents

In  spite  of  the  huge  amount  of  resources  invested  
in   cancer   research,   nowadays   only   a   few   new  
molecules  have  been  approved  for  the  treatment  
of  metastatic  CRC.  Furthermore,   there  are  only  
few   agents   used   in   randomized  phase   III   trials.  
These   include   ramucirumab,   a   specific   VEGF-­
directed  therapy,  brivanib,  and  perifosine,  which  
represent  further  new  strategies  for   intracellular  
signal  blockade.
Ramucirumab   is   a   human   mAb   directed  

against   VEGFR-­2,   which   is   considered   to   be  
the   main   vascular   endothelial   growth   factor  
(VEGFR)  isoform,  which  mediates  the  process  of  
tumor  angiogenesis,  blocks  the  binding  of  VEGF  
to  its  receptor  [79].  As  with  other  VEGF-­directed  
therapies,   the  main   side   effects   associated  with  
ramucirumab   include   hypertension,   thrombotic  
events,  proteinuria,   and  bleeding   [80].  The  cur-­
rent  planned  phase  III  study  of   ramucirumab   in  
mCRC,   which   has   not   started   yet   the   patients’  
enrollment,   will   investigate   its   role   as   second-­
line   treatment   in   combination   with   FOLFIRI  
[81].  Recently,  the  results  of  a  phase  II  study  of  
ramucirumab   in   the   first-­line   setting   in   combi-­
nation  with  FOLFOX6   therapy  were  published.  
The  study  tested  ramucirumab  for  PFS,  objective  
RR,  OS,  and  safety.  The  authors  found  that  ramu-­
cirumab  may   enhance   the   efficacy   of  modified  
FOLFOX-­6   chemotherapy   with   an   acceptable  
safety  profile  in  mCRC  [82].
Despite   the   negative   results   reported   to   date  

for  dual  biologic  therapy  with  bevacizumab  and  
cetuximab  in  mCRC,  a  phase  II  study  evaluating  
the  combination  of  cetuximab  and  ramucirumab  
is  under  development  [83].
Brivanib   is   a   novel   oral   receptor   TKI   that  

inhibits   in   particular   the   VEGF   and   fibroblast  
growth  factor  (FGF)  signaling  pathways  [84,  85].
The   importance   of   the   study   of   these   mol-­

ecules  in  this  tumor  arose  from  new  discoveries  
concerning  the  mechanisms  of  resistance  to  anti-­
VEGF  agents.  Namely,   this   resistance   seems   to  
be  related  to  the  increased  expression  of  FGF  and  

that  brivanib  would  be  able  to  restore  the  sensi-­
tivity   to  anti-­  VEGF  agents   in   resistant  patients  
by   now   and   also   facilitate   its   interactions   with  
anti-­EGFR   antibody   therapies,   as   demonstrated  
in  preliminary  studies  in  in  vivo  tumor  xenograft  
models  [86 88].
The  activity  of  brivanib  has  been  investigated  

in   various   phase   I/II   and   especially   in   a   phase  
III  study  that  evaluated  cetuximab  plus  brivanib  
alaninate   versus   cetuximab   plus   placebo   in   pa-­
tients  with  metastatic,   chemotherapy-­refractory,  
wild-­type  KRAS  CRC  patients,  with  an  increase  
of  G3–4  toxicity  in  the  experimental  arm  (78  vs.  
53  %).  The  only  advantages  were  showed  up   in  
modest  benefit  in  PFS  and  ORR.  Despite  the  pos-­
itive  effects  on  PFS  and  objective  response,   the  
use  of  brivanib  was  not  to  recommend  in  clinical  
practice   because   of   its   poor   tolerability   profile  
[89].
In   addition   to   combination   studies   with   ce-­

tuximab,  future  studies  will  evaluate  brivanib  in  
combination  with  bevacizumab  in  the  metastatic  
setting  of  CRC  patients.
Perifosine   is   an   oral   alkylphospholipid,   that  

inhibits   several   key   signal   transduction   path-­
ways,   including   Akt   and   NF-­kB.   This   signal  
transduction  pathway  was  deemed  crucial  in  the  
genesis  of  many  malignancies.  The  inhibition  of  
the  NF-­kB  pathway  could  be  able  to  restore  the  
cell  sensitivity  to  5-­FU  as  demonstrated  in  exper-­
iments  in  vivo  and  in  vitro  [90,  91].
As   with   brivanib,   perifosine   may   have   ef-­

ficacy   in   combination   with   currently   approved  
targeted  agents  in  mCRC,  as  well  as  potential  for  
single-­agent  activity.  Its  efficacy  has  been  inves-­
tigated  in  several  phase  II  and  phase  III  studies.  
In  particular,  the  preliminary  results  of  X-­PECT  
study  are  now  available.  It  is  a  randomized  phase  
III   study   comparing   capecitabine   alone   versus  
capecitabine   plus   perifosine   in   terms   of   OS   in  
those   patients   who   have   undergone   an   average  
of  at  least  four  prior  lines  of  chemotherapy.  The  
endpoint  of  this  study  was  not  met,  even  consid-­
ering  the  stratification  by  KRAS  status  [92].
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Targeted Therapies in Adjuvant 
Treatment

The   high   antitumor   activity   by   targeted   agents  
in   the  metastatic   setting,   as   highlighted   by   the  
improvement   of   RRs,   prompted   the   design   of  
numerous   clinical   trials   to   evaluate   their   pos-­
sible   role   in   the   adjuvant   setting.   Two   studies  
has  investigated  the  usefulness  of  bevacizumab  
in   combination   or   as   monotherapy   in   patients  
with   stage   II   and   III   colon   cancer:   the  Nation-­
al  Surgical  Adjuvant  Breast   and  Bowel  Project  
(NSABP)  C-­08   trial   and   the   international  mul-­
ticenter   AVANT   trial   [93–95].   Although   these  
studies   have   produced   promising   early   results,  
neither  of  them  showed  a  significant  benefit  for  
the   experimental   arm  containing   the   antiangio-­
genic  agent  [96].
Ongoing   studies   are   evaluating   the   role   of  

bevacizumab  in  this  setting,  as  for  example,  the  
QUASAR-­2  trial.  As  consequence,  bevacizumab  
should  not  be  used  in  the  adjuvant  setting  if  out-­
side  of  clinical  trials.
In  addition,  the  role  of  anti-­EGFR  agents  in  the  

adjuvant   setting  has  been  studied   in   several   tri-­
als.  Even  for  these  drugs,  the  results  were  disap-­
pointing.  Cetuximab  was  evaluated  in  the  United  
States  National  Cancer  Institute  Intergroup  Study  
N1047   trial   [97],   and   after   a  median   follow  up  
of  28  months,   this   study  has  stopped   for  a   lack  
of  clinical  benefit  at  the  interim  analysis,  without  
considerations  about  KRAS  and  BRAF  status.  Of  
note,  when   this  study  started,   there  was  no  suf-­
ficient   information   about   the   importance   of   the  
mutational  status  of  these  genes  and  as  a  conse-­
quence   either   the   KRAS/BRAF   wild-­type   and  
mutant  patients  were  included.
Also   the  Pan-­European  Trials   in  Alimentary  

Tract  Cancer  (PETACC8  tested  cetuximab  in  the  
adjuvant   setting   without   any   promising   result,  
probably   due   to   a   shorter   period   of   cetuximab  
treatment   because   of   its   toxicity   or   because   of  
the  detrimental  association  of  oxaliplatin-­based  
chemotherapy  plus  an  anti-­EGFR  antibody  [31,  
98].   Sub   group   analysis   and   long-­term   interim  

analysis  are  planned  in  the  next  few  years.  Stud-­
ies   containing   the   combination   of   FOLFIRI  
plus  cetuximab  were  interrupted  as  soon  as  the  
results  of  PETACC  3   trial  were  available   [99].  
These  data  showed  that  irinotecan  was  not  an  ac-­
tive  drug  compared  to  a  combination  of  folinic  
acid   and   5-­fluorouracyl   in   the   adjuvant   setting  
[100].
According  to  these  findings,  no  targeted  thera-­

pies  are  actually  indicated  for  use  in  the  adjuvant  
setting.  The  inclusion  of  patients  in  clinical  trials  
for  adjuvant   treatment   is  encouraged   to  explore  
the  real  role  of  these  drugs  in  this  setting.

Conclusions

The  mCRC  is  still  a  condition  with  a  large  preva-­
lence  in  the  general  population.  In  recent  years,  
numerous  molecular  targeted  agents  were  added  
to  standard  chemotherapy  contributing  to  an  in-­
crease  of  OS  and  to  an  improvement  of  the  pallia-­
tion  of  symptoms  with  a  consequent  increase  in  
quality  of  life.  The  assessment  of  the  mutational  
status   of   the   key   genes   involved   in   the   signal  
transmission   of   proliferation   pathway   and   the  
identification  of  prognostic  and  predictive  factors  
of  response  to  these  new  drugs  represent  a  mile-­
stone   in   the   treatment  of   this  disease.   It   is  pos-­
sible  to  design  a  strategy  to  tailor  every  treatment  
based   on   the  molecular   profile   of   each   patient,  
providing  for  each  of  them  the  best  sequence  of  
treatment   available.  These   drugs   are   useful   not  
only  in  the  rescue  strategy  but  also  in  the  conver-­
sion   therapy   for   those   patients   with   potentially  
resectable   liver   metastases.   For   these   drugs,   a  
role   in   the  adjuvant  setting  has  not  been  shown  
yet.   Finally,   new   important  weapons   are   nowa-­
days  available  for  the  oncologists,  despite  further  
efforts  should  still  be  made  to  validate  the  prog-­
nostic  and  predictive  role  of  genes  potentially  in-­
volved  in  the  pathogenesis  of  this  disease.
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Introduction

Gastrointestinal   stromal   tumors   (GISTs)   com-­
prise  a  heterogeneous  group  of  the  most  common  
mesenchymal   neoplasms   of   the   gastrointestinal  
(GI)   tract.  GISTs   ranged   from   small   benign   le-­
sions  to  aggressive  malignant  tumors  which  may  
originate  anywhere  in  the  GI  tract,  but  the  most  
frequently  in  stomach  (~  70  %  of  cases)  and  small  
intestine  (~  20  %  of  cases;;  [115,  116,  161]).  Ap-­
proximately  20–25  %  of  gastric  and  40–50  %  of  
small   intestinal   GISTs   are   clinically   malignant  
[116].   Metastases   develop   mainly   in   the   liver  
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and   may   occur   even   after   more   than   10   years  
after  surgery  of  the  primary  lesion  which  brings  
the  necessity  of  a   long-­term  follow-­up  of  GIST  
patients   [116].  Epidemiological   studies   indicate  
mean  annual  GIST  incidence  of  10–15  cases  per  
million  people,  affecting  mainly  older  individuals  
at  the  median  age  of  55–65  years  [22,  111,  126,  
132].  GISTs  are  believed  to  arise  from  a  progeni-­
tor  related  to  the  interstitial  cells  of  Cajal  (ICC)  
which  are  the  pacemakers  for  peristaltic  contrac-­
tions   [76,   94,   123].  Approximately   85–95  %   of  
GISTs  are  immunopositive  for  KIT  (also  known  
as  CD117)  which  is  currently  used  for  routinely  
diagnosis  [162].  However,  recent  studies  showed  
that  DOG1  (discovered  on  GIST,  also  known  as  
TMEM16A,  ANO1),   is  more  sensitive  and  spe-­
cific  marker  than  KIT  [90,  107,  122].  Other  well-­
established   immunohistochemical  markers   used  
for  differential  diagnosis  are  CD34  (hematopoi-­
etic  progenitor   stem  cell  antigen),   smooth  mus-­
cle  actin   (SMA),  S100  protein,  desmin   (muscle  
cell   marker),   and   vimentin   (mesenchymal   cell  
marker;;   [117,   121,   165])   or   recently   described  
carbonic   anhydrase   II   [138].   Cytogenetically,  
both  benign  and  malignant  GISTs  are  character-­
ized  mainly  by  chromosomal  losses  of  14q,  22q,  
and  1p.  Additional  genomic  alterations  present  in  
metastatic  GISTs  involve  losses  of  chromosomes  
13q,  15q,  18,  and  a  partial  deletions  of  11p  and  9p  
(including  tumor  suppressor  genes  CDKN2A  and  
CDKN2B),  as  well  as  gains  of  5p,  8q,  and  17q  [7,  
53,  54,  68,  93,  114,  200].
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Oncogenic Mutations in GISTs

The  first  report  linking  GISTs  with  the  activating  
mutations  in  receptor  tyrosine  kinase  (RTK)  KIT  
gene  was  published  by  Hirota  et  al.  [76],  proving  
that  mutated  KIT  protein  was  constitutively  acti-­
vated  without  binding  the  KIT  ligand,  stem  cell  
factor   (SCF).   Since   then,   the   mutational   status  
of  KIT  and  other  members  of  type  III  transmem-­
brane  RTK  family  has  been  extensively  investi-­
gated  in  GISTs.  Activating  mutations  in  the  gene  
encoding   platelet-­derived   growth   factor   recep-­
tor  A   (  PDGFRA),   a  kinase   sharing  a  high   level  
of  homology  with  KIT  have  been  also  found  in  
GISTs  [71].  Both  genes  are  located  at  4q12  prob-­
ably  having  evolved  as  a  duplication  of  an  ances-­
tral  gene  [172].  Advances  in  the  understanding  of  
molecular  events  underlying  GIST  tumorigenesis  
made  KIT  and  PDGFRA  oncoproteins  the  essen-­
tial  diagnostic  and  therapeutic  targets  and  lead  to  
the  paradigm  for  genotype-­driven  targeted  thera-­
py  (see  below;;  [4]).

It   is   well   documented   that   75–80  %   of   spo-­
radic  GISTs  harbor  KIT-­activating  mutations  and  
5–8  %  of  sporadic  GISTs  carry  PDGFRA-­activat-­
ing  mutations  [95].  The  most  frequent  mutation  
site  in  KIT
of  all  mutations  in  GISTs)  where  in-­frame  dele-­
tions   or   point  mutations  may   occur.   Less   com-­
mon  primary  mutation  sites  in  KIT
end  of  exon  11  typically  exhibiting  internal  tan-­
dem  duplications   (ITDs)   and   exon   9,  where   an  
insertion  of  two  amino  acids  (p.A502_Y503dup)  
is  often  reported.  The  most  common  mutation  in  
PDGFRA   is   the   p.D842V   substitution   in   exon  
18.  KIT   and  PDGFRA   mutations   in   GISTs   are  
mutually  exclusive  and  they  are  early  oncogenic  
events  in  GISTs  development  [5,  23,  26,  27,  37,  
55,  71,  95,  151,  167,  174,  201].  Interestingly  KIT  
exon  9  duplication  is  most  frequently  observed  in  
intestinal  GISTs  while  PDGFRA  exon  18  muta-­
tions  are  most  often  found  in  tumors  localized  in  
stomach  [95,  97,  99,  200].  Figure  14.1  shows  a  
schematic  diagram  of  the  most  common  KIT  and  

Fig. 14.1    Activating  mutations  of  KIT  and  PDGFRA  described  in  human  primary  GISTs
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PDGFRA  mutation  sites.  Table  14.1  summarizes  
the  most  important  molecular  features  of  GISTs  
according   to   the  KIT   and  PDGFRA   mutational  
status.
Approximately   10–15  %   of   GISTs   do   not  

present  detectable  mutations  neither   in  KIT   nor  
PDGFRA—these  tumors  are  often  called  “wild-­

from  mutant  ones   in   terms  of  morphology,  KIT  
expression  and  tumor  localization.  They  are  also  
characterized   by   uncontrolled   KIT   activation  
via   yet   unknown  mechanisms   [49].  Notably,   in  

BRAF   p.V600E  mu-­
tation   is   detected   [1,   33,   77,   125].   In   addition,  

defects   in   the   succinate   dehydrogenase   (SDH)  

GISTs  [79,  123].
Activating   mutations   of   KIT   and   PDGFRA  

lead   to   the   kinase   conformational   changes,   di-­
merization   and   subsequent   autophosphorylation  
of   tyrosine   residues  causing  constitutive  activa-­
tion  of  the  downstream  effectors  in  the  phospha-­

activated  protein  kinase  (MAPK),  Janus  kinase/
signal  transducers  and  activators  of  transcription  
(JAK/STAT)  and  RAS  pathways,   leading   to   in-­
creased  cell  proliferation  and  inhibition  of  apop-­
tosis  [33,  50,  150].

Table 14.1     Molecular  classification  of  RTK-­naïve  GISTs
KIT  mutations  (75–80  %  of  sporadic  GISTs)
Exon  11  (deletions,  substitutions,  
duplications/insertions)

Most  common  mutation  in  sporadic  GISTs  (65–70  %);;
Present  in  tumors  localized  in  all  GI  sites;;
Best  response  to  imatinib;;
Reported  also  in  familial  GISTs

Exon  9  (A502_Y503dup) More  common  in  GISTs  originating  from  small  bowel/colon;;
Intermediate/dose-­dependent  response  to  imatinib;;
Good  response  to  sunitinib

Exon  13  (K642E) Present  in  tumors  localized  in  all  GI  sites;;
Observed  clinical  responses  to  imatinib;;
Reported  in  familial  GISTs;;
More  often  as  secondary  mutations  in  imatinib-­resistant  tumors

Exon  17  (D816V,  D820Y,  N822K,  
Y823D)

Present  in  tumors  localized  in  all  GI  sites;;
Observed  clinical  responses  to  imatinib  (except  p.D816V);;
Reported  in  familial  GISTs;;
More  often  as  secondary  mutations  in  ima/sun-­resistant  tumors

PDGFRA  mutations  (5–10  %  of  sporadic  GISTs)
Exon  12  (V561D) Present  in  tumors  localized  in  all  GI  sites;;

Observed  clinical  responses  to  imatinib
Exon  14  (N659K) Only  few  cases  described  in  literature;;

More  common  in  GISTs  originating  from  stomach
Exon  18  (substitutions,  deletions) More  common  in  GISTs  originating  from  small  bowel/colon;;

Often  related  to  indolent  clinical  behavior;;
p.D842V  is  the  most  common—resistant  to  ima/sun;;
Other  exon  18  mutations  are  sensitive  to  imatinib

KIT/PDGFRA  wild-­type

Frequent  in  pediatric  GISTs;;
Poor  response  to  imatinib,  better  to  sunitinib;;
Typical  for  GISTs  related  to  neurofibromatosis  type  1  or  Carney’s  triad  
(gastric  GIST  +  pulmonary  chondromas  ±  paraganglioma);;
In  some  cases  associated  with:
  IGF1R  overexpression
  BRAF  mutation  (p.V600E)
  SDHs  mutations

Ima  imatinib,  sun  sunitinib
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Markers of Progression in the GIST 
Management

The   treatment   of   choice   in   primary,   resectable,  
localized  GISTs  is  radical  surgery  with  negative  
margins.   However,   approximately   40–50  %   of  
the  patients  develop  recurrent  or  metastatic  dis-­
ease   after   potentially   curative   operations   [115,  
154].  Identification  of  the  risk  factors  for  recur-­
rence  after  primary  surgery  is  crucial  for  reliable  
prognosis,   follow-­up   schedule   and   recognition  
of  patients  who  may  potentially  benefit  from  the  
adjuvant  therapy.  The  main  criteria  of  aggressive  
behavior  of  GIST  are  based  on   the  presence  of  
invasion   of   surrounding   structures   and/or   me-­
tastases  (overtly  malignant  cases),  as  well  as  on  
primary  tumor  site,  size  and  mitotic  index  [116].  
Several   risk   stratification   systems   have   been  
proposed  in  the  recent  years.  A  Consensus  Con-­
ference  held  at  the  National  Institutes  of  Health  
(NIH)  in  2001  provided  the  first  evidence-­based  
definition  and  a  practical  scheme  for  the  risk  as-­
sessment   in   the   clinical   course   of   this   disease.  
The  risk  categorization  was  based  on  evaluation  
of  the  tumor  size  and  mitotic  rate  (evaluated  per  
50   high-­powered   fields;;  HPF)   as   the  most   reli-­
able  prognostic  factors  [56].  Additional  analysis  
in   patients   with   primary   tumor   after   complete  
macroscopic   resection   confirmed   the   signifi-­
cance   of   tumor   anatomic   location   as   the   inde-­
pendent  prognostic  factor.  Miettinen  and  Lasota  
created   the   classification   for   risk   assessment   in  
gastric,  duodenal,  and  intestinal  GISTs  (NCCN-­
AFPI;;  National  Comprehensive  Cancer  Network-­
American   Forced   Institute   of   Pathology;;   [116,  
118–121])   which   constituted   the   basis   for   new  
staging  system  of  American  Joint  Committee  on  
Cancer   (AJCC;;   [51]).   It   combines   the  principal  
features  (i.e.  size,  site  and  mitotic  index)  and  re-­
flects   the   fact   that   gastric  GISTs   show   a  much  
lower   rate   of   aggressive   behavior   than   jejunal  
and  ileal  GISTs  of  comparable  size  and/or  mitotic  
rate  [116,  120,  121].  Recently,  it  was  established  
that  tumor  rupture  (spontaneous  or  iatrogenic)  is  
an  additional  important  risk  factor  strongly  asso-­
ciated  with   the   increased   recurrence   rates   [153,  
155].  Therefore,   in  2008,  Joensuu  proposed  an-­
other   simplified   classification   system   based   on  

four  prognostic  factors  (tumor  size,  site,  mitotic  
count,   and   the   presence   of   tumor   rupture;;   [81,  
87,  156]).   In  addition   to   the  clinicopathological  
factors,  KIT  and  PDGFRA  mutational  status  may  
have  a  prognostic  significance  in  primary  GISTs;;  
however,  at  present,  insufficient  data  exist  to  in-­
corporate   the   kinase  mutation   status   into   strati-­
fication   of   the   risk   of   primary   tumors.   Several  
studies   indicated   more   favorable   prognosis   for  
patients  carrying  exon  11  point  mutations  or  in-­
sertions  as  well  as  PDGFRA  exon  18  mutations,  
whereas  tumors  harboring  KIT  exon  11  deletions  
especially  involving  codons  557  and/or  558  or  in  
homozygous  state,  as  well  as  KIT  exon  9  duplica-­
tions  were   associated  with  more   aggressive  be-­
havior  of  GISTs  [2,  96,  98–101,  110,  192,  201].

Introduction of Imatinib Mesylate  
in the Therapy of GISTs

Classic  cytotoxic  chemotherapy  is  an  ineffective  
method  of  treatment  in  advanced  GISTs.  Also,  ra-­
diotherapy  has  a  limited  value  in  the  management  
of  GISTs,  mainly  due  to  the  tumor  location  sur-­
rounded  by  dose-­limiting  vital  organs.  Recurrent  
and/or  metastatic   and/or  unresectable   cases  had  
a  very  poor  prognosis  until  the  beginning  of  the  
twenty-­first  century,  when  advances  in  the  under-­
standing   of   the  molecular   background   of  GIST  
pathogenesis  have  resulted  in  the  development  of  
a  treatment  approach  which  has  become  a  model  
of   targeted   therapy   in   oncology.   The   introduc-­
tion   of   imatinib  mesylate   [Gleevec™,  Glivec®;;  
Novartis],  a  small-­molecule  selective  inhibitor  of  
RTK,  has  revolutionized  the  therapy  of  advanced  
(inoperable   and/or   metastatic)   GISTs.   Imatinib  
mesylate,   previously   known   as   STI571   (signal  
transduction  inhibitor),   is  a  derivative  of  2-­phe-­
nylaminopyrimidine   which   competitively   binds  
to   the  ATP  binding  site  and   inhibits  phosphory-­
lation   of   kinase   substrates   which   leads   to   the  
growth  inhibition  in  affected  cells  [32,  67,  130]
(Fig.  14.2).   Initially,   it  was  applied   in   the   treat-­
ment  of  chronic  myelogenous  leukemia  (CML),  
to  specifically  inhibit  the  tyrosine  kinase  activity  
of  BCR-­ABL  fusion  oncoprotein  [47].  Moreover,  
in  pre-­clinical  studies,  imatinib  has  been  demon-­
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strated  to  inhibit  the  activity  of  KIT,  PDGFRA/B,  
ABL,  and  ARG  (ABL-­related  gene)  tyrosine  ki-­
nases  [134,  163].  Imatinib  is  administered  orally  
with   98  %   bioavailability   and   metabolized   by  
hepatic   cytochrom   P450   isoforms   including  
CYP3A4;;   therefore,   other   drugs   administered  
concomitantly   may   cause   changes   in   its   phar-­
macokinetics  and  vice  versa  [181].  Imatinib  was  
first  applied  to  a  GIST  patient  with  multiple  met-­
astatic  lesions  in  2001  resulting  in  an  impressive  
response  [83].

Imatinib Mesylate in the Targeted 
First-line Therapy of Advanced GISTs

Imatinib  mesylate  at  initial  dose  of  400  mg  daily  
has  quickly  become  the  first  line  standard  treat-­
ment  of  patients  with  metastatic,  recurrent  and/or  
inoperable  GISTs   [32].  Results  of   several  clini-­
cal  trials  (Phase  I/II  EORTC  62001,  US/Finland  
Phase  II   trial,  phase  III  EORTC  62005,  and  US  
S0033)  confirmed   the  high  efficacy  of   imatinib  
in  the  treatment  of  GISTs  in  the  majority  of  pa-­
tients  with  inoperable/metastatic  disease  [12,  13,  
39,  102,  185,  187]  (Table  14.2).  As  compared  to  
the  historical  data  with  estimated  10–19  months  
of   median   survival   in   patients   with   advanced  
disease,   currently   the   survival   dramatically   im-­
proved  with  median  overall  survival  (OS)  reach-­
ing  approximately  5–6  years  (with  approximately  
40  %  surviving  currently  8  years)  and  median  pro-­
gression-­free  survival  (PFS)  in  the  range  of  2–3  
years.  About  two-­thirds  of  GIST  patients  achieve  
an  objective  response  during   imatinib   treatment  
with  a  standard  dose  of  400  mg  daily,  and  further  
20  %  of  patients  show  durable  disease  stabiliza-­
tion  [39,  153,  158,  188].  Yet,  the  complete  remis-­
sions   are   rare.  Two   large,   parallel,   very   similar  
international   studies  comparing  a  standard   ima-­
tinib  dose  of  400  mg  daily  with  a  high-­dose  of  
800  mg  daily  have  demonstrated  similar  response  
rates  and  overall  survival  for  both  imatinib  doses,  
but  better  PFS  in  the  high-­dose  arm  [143,  188].  
This   trend   for   the   improvement   of   PFS   in   the  
high-­dose  arm  was  confirmed   in   the  meta-­anal-­
yses  of   these   trials   (hazard  ratio  [HR]  0.89,   log  
rank  p  =  0.04;;  [184]).  Response  to  imatinib  does  
not   always   result   in   the   immediate   decrease   of  
the   tumor   size   but   rather   in   the   inhibition   of  
growth  and  apoptosis  of  tumor  cells  [182].  It  may  
be  visualized  with  functional   imaging,  either  as  
the  disappearance  of  metabolically  active  regions  
using  positron  emission  tomography  (PET)  or  as  
hypoattenuation  on   computed   tomography   (CT;;  
Fig.  14.3)—methods  recommended  in  the  Choi’s  
criteria  of  assessing  treatment  response  [24].  Fi-­
nally,  a  randomized  trial  conducted  by  the  French  
Sarcoma  Group   has   demonstrated   that   imatinib  
therapy   should  be   continued   as   long   as   clinical  
benefits   of   therapy   are   observed,   even   after   ra-­

Fig. 14.2   Mechanisms  of  KIT  activation  and  its   inhibi-­
tion   by   imatinib.  a  KIT   is   activated   by   the   ligand   SCF  
(stem  cell   factor)   in  normal  conditions  or  becomes  con-­
stantly   activated   by   a   gain-­of-­function   mutation   which  
causes   KIT   dimerization,   binding   of   adenosine   triphos-­
phate  (ATP)  and  autophosphorylation  of  selected  tyrosine  
residues  which  subsequently  leads  to  the  substrate  phos-­
phorylation  and  activation  of  downstream  signaling  path-­
ways.  b  Imatinib  (IM)  binds  to  the  inactive  conformation  
of  tyrosine  kinase  domain  1  or  2  and  prevents  binding  of  
ATP.  There  are  three  imatinib  contact  points—two  in  ty-­
rosine  kinase  domain  1  and  one  in  tyrosine  kinase  domain  
2  (marked  by  the  triangles)
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diologically  assessed  complete   response,  as   ter-­
mination  of   treatment   results   in   a   rapid  disease  
progression  [14].
Completed  trials  demonstrated  that  imatinib  is  

generally  well  tolerated  up  to  a  dose  of  800  mg/
day;;  however,  the  majority  of  patients  reported  at  
least  mild  or  moderate  treatment-­related  adverse  
events  (grade  1  or  2).  The  most  common  adverse  
events   include   edema   (especially   periorbital),  

fatigue,   nausea,   diarrhea,  musculoskeletal   pain,  
rash,   anemia,   and   granulocytopenia   [25,   183]
[67];;  Table  14.3.
Recently   emerging   issue   is   the   surgical   re-­

moval   of   disease   remnants   during   imatinib  
therapy,  which  may   lead   to   complete   remission  
in  selected  GIST  patients  after   the  achievement  
of   partial   response.   This   policy   appears   attrac-­
tive  especially  in  the  fact  that  it  can  theoretically  

Table 14.2     Summary  of  the  results  of  clinical  trials  in  advanced  GISTs  treated  with  imatinib
Study  name;;  phase  and  
patients  number,  (reference)

Objective  response Stable  
disease  
(%)

Disease  
progression

Overall  
survival

Progression-­
free  survivalPartial  

response  
(%)

Complete  
response  
(%)

EORTC  62001;;  I  (  n  =  36)  
[185]

54 0 37 8  % n/a n/a

US  B2222;;  II  (  n  =  147)  [39] 67 1 16 12  % Median  57  
months

Median  time  to  
progression
24  months

EORTC  62002;;  II  (  n  =  27)  
[187]

67 4 18 11  % n/a 73  %  (1-­year)

Intergroup  S0033;;  III  
(  n  =  746)  [13]
400  mg  daily 45 3 27 25 78  %  (2-­year) 50  %  (2-­year)
800  mg  daily 45 3 26 26 73  %  (2-­year) 53  %  (2-­year)
EORTC  62005;;  III  (  n  =  946)  
[188]

Median
19  months

400  mg  daily 45 5 32 13  % 69  %  (2-­year) 44  %  (2-­year)
800  mg  daily 48  % 6  % 32 9  % 74  %  (2-­year) 52  %  (2-­year)
n/a  not  available

Fig. 14.3    Computed   tomography   images  demonstrating  
response  to  imatinib  therapy  in  advanced  GIST  with  liver  
metastases;;   characteristic   decrease   of   lesion   density   is  

observed  (a—before  imatinib  therapy,  b—after  maximal  
response  to  imatinib  therapy).  a  4/09/2001;;  b  11/03/2003
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prolong  durable  remission,  as  the  excision  of  the  
tumor   is   performed   before   the   development   of  
imatinib  resistance,  and  thus  the  risk  of  resistant  
clone  selection  is  reduced.  The  optimal  time  for  
the  implementation  of  surgical  treatment  is  prob-­
ably   the   moment   of   disease   stabilization   with-­
out   further   response   to   imatinib  after  observing  
radiological   observation   of   the   maximal   initial  
remission—usually  it  corresponds  to  the  interval  
between  6th  and  the  18th  month  from  the  onset  of  
imatinib  therapy  [152].  Several  series  of  patients  
treated   surgically   during   imatinib   therapy  were  
published;;   however,   according   to   the   European  
Society  of  Medical  Oncology  (ESMO)  consensus  
guidelines   the   surgical   therapy   during   imatinib  
treatment  remains  individualized  option,  without  
formally   confirmed   survival  benefit   in   random-­
ized  trial  [176].
KIT  and  PDGFRA  mutational  status  strongly  

correlates   with   the   response   and   PFS   in   GIST  
patients   treated   with   imatinib.   Heinrich   et   al.  
examined  127  patients  with  advanced  GISTs  en-­
rolled  into  phase  II   trial  and  found  that  patients  
with   tumors   carrying   the   most   common   KIT  
exon   11  mutation   showed   the   highest   response  

rate  (83.5  %)  and  the  longest  PFS.  Patients  with  
tumors  harboring  KIT  exon  9  mutations  demon-­
strated  response  rate  at  approximately  45  %  and  

-­
est   rates   of   response   to   imatinib   and   the   short-­
est  PFS  [72].  Other  studies  have  confirmed  that  
mutational   status   predicts   the   clinical   response  
to  imatinib  [35].  In  general,  patients  with  tumors  
harboring  KIT  exon  11  mutations  show  the  best  
clinical  response  to  imatinib  with  the  highest  rate  
of  objective  responses  (70–85  %  of  patients)  and  
the  longest  OS  and  PFS  (Table  14.4).  However,  
it   has   been   demonstrated   that   not   all  KIT   exon  
11  mutants  response  to  imatinib  therapy  equally  
well.   Debiec-­Rychter   et   al.   [37]   suggested   that  
the   involvement   of   codons   in   the   distal   part   of  
KIT   exon   11   translates   into   worse   response   to  
the   therapy   in   comparison  with   tumors   bearing  
mutations   in   the   proximal   part   of   the   exon.   It  
is   possible   that   mutations   inducing   conforma-­
tional  changes,  such  as   large  deletions  or   inser-­
tions  may  reduce  the  affinity  of  KIT  for  imatinib  
and  moderate   drug   efficacy   [37,   72].  As   far   as  
tumors  carrying  KIT   exon  9  mutations  are  con-­
cerned,   approximately   15–30  %   of   these   cases  

Table 14.3     The  most   common   adverse   events   during   imatinib   therapy   in   advanced  GISTs   (based   on   phase   I–III  
clinical  trials)
Adverse  event All  grades  (%) Grade  3  or  4  (%)
Fluid  retention  or  edema 55–74 0.9–2.9
Eyelids 40–48 0
Extremities 20–37.5 0
Nausea 44–52 0.7–1.4
Diarrhoea 12.5–45 2.0
Muscle-­skeletal  pain,  muscle  cramps 39 0-­1.3
Fatigue 30–67.8 0–5.9
Skin  rash 31 2.7–4.3
Headache 19–31 0
Abdominal  pain 25 0
Meteorism 21 0
Vomiting 12.9–26.4 0.7
Loss  of  apetite 26 1.9
Bleeding 10.8–12.9 2.7–4.8
Dyspepsia 10.9 0
Anemia 9–89 2.0–7.0
Neutropenia 6.8 4.8
Leucopenia 4.8–34.0 1.4–2.7
Thrombocytopenia 5.9 1.5
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demonstrate  primary  resistance  to  imatinib  ther-­
apy  [155].  However,  the  results  of  EORTC-­ISG-­
AGITG  62005  trial  and  combined  meta-­analysis  
of  S0033  and  EORTC-­ISG-­AGITG  62005  trials  
demonstrated   that   GIST   patients   carrying   KIT  
exon  9  mutations  benefit  from  the  higher  dose  of  
imatinib  (median  PFS  18  vs  6  months  for  doses  
of  800  mg  and  400  mg  daily,   respectively;;   [37,  
113,  137,  165,  184].  It  is  assumed  that  KIT  exon  
9  p.A502_Y503dup  disrupts  the  antidimerization  
motif  in  the  extracellular  KIT  domain,  leading  to  
spontaneous  receptor  homodimerization  and  ac-­
tivation  of   related  kinase   receptors,   the   activity  
of  which  might  be  more  effectively  modulated  by  
the  higher  dose  of  imatinib.  The  influence  of  the  
higher  dose  may  be  also  indirect  and  associated  
with  the  inherent  biological  differences  of  GISTs  
harboring  KIT   exon   9   and   exon   11   mutations.  
Based   on   these   observations,   the   NCCN   and  
ESMO   recommended   that   the   dose   of   800  mg/
day  should  be  used  as  a  standard  treatment  in  the  
subgroup  of  patients  with  advanced  GISTs  carry-­
ing  KIT  exon  9  mutations  [20,  43].  Both  clinical  
and  laboratory  studies  demonstrated  that  tumors  
with  PDGFRA   exon   18   p.D842V  mutation   are  
resistant  to  imatinib  therapy,  similarly  to  approxi-­

PDGFRA-­mu-­
tant  GISTs  show  variable  response  [27,  37,  75].

Adjuvant Therapy with Imatinib

Post-­operative  recurrence  of  moderate  and  high-­
risk  GISTs  is  commonly  observed;;  therefore,  the  
idea  of  adjuvant  therapy  with  imatinib  after  pri-­
mary  surgery  has  been  evoked  to  prevent  or  delay  
the  recurrence  and  to  prolong  patient’s  survival.  
In  2008,  imatinib  has  been  registered  for  use  in  
adjuvant   therapy,   in   patients   after   resection   of  
primary  GIST  at  significant  risk  of  relapse  based  
on  the  published  results  of  clinical  trials  demon-­
strating  substantial  reduction  of  the  risk  of  recur-­
rence  but  without  definite  guidance  as  to  optimal  
duration  of  treatment  [38].
The   role   of   imatinib   therapy   in   the   adjuvant  

setting   has   been   evaluated   in   several   phase   II  
and  III  clinical  trials,   i.e.,  ACOSOG  Z9000  and  
Z9001   (conducted   by   the  American   College   of  
Surgeons   Oncology   Group);;   SSGXVIII/AIO  
(conducted  by  the  Scandinavian  Sarcoma  Group  
and   the   Sarcoma   Group   of   the  Arbeitsgemein-­
schaft   Internistische   Onkologie   XVIII);;   RTOG  
S0132  (conducted  by  the  Radiation  Therapy  On-­
cology   Group)   and   EORTC   62024   (conducted  
by  the  European  Organization  for  Research  and  
Treatment   of   Cancer)   (Table   14.5).   Data   from  
the  ACOSOG  Z9001  phase  III  study,  comparing  
1-­year   adjuvant   therapy  with   imatinib   400  mg/

Table 14.4     The  correlation  of  tumor  genotype  (  KIT  mutations)  and  response  to  imatinib  therapy  in  GIST  patients  in  
clinical  trials

B2222  Phase  II  (  n  =  127)  
(%)  [72]

EORTC-­AustralAsian  Phase  
III  (  n  =  363)  (%)  [37] Phase  III  (  n  =  428)  [75]

Objective  responsea

KIT  exon  11 83b 70b 64%b

KIT  exon  9 48 35 38%
0 25 37%

Disease  progression
KIT  exon  11 4.7 3.2 n/a
KIT  exon  9 17.4 17.2 n/a

55.6 19.2 n/a
n/a  data  not  available,  RECIST  Response  Evaluation  Criteria  in  Solid  Tumors
a  Defined  as  complete  or  partial  radiological  response  according  to  RECIST  (Response  Evaluation  Criteria  in  Solid  
Tumors;;  [177])
b  Statistically  significant  difference  between  KIT  exon  11  versus  KIT  exon  9  and  patients  without  KIT  mutations
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day   to  placebo   in  patients  after  R0   resection  of  
GISTs  at   least  3   cm   in  diameter,   have   shown  a  
significant   reduction   in   the   risk   of   recurrence  
from  17  to  2  %  at  1  year  (20  months  of  follow-­up;;  
p  =  0.0001),  with  a  hazard  ratio  of  0.35.  The  treat-­
ment  was  well  tolerated;;  however,  no  significant  
impact   on   overall   survival   has   been   observed,  
thus   implying   that   adjuvant   imatinib   rather   de-­
lays   than  prevents   the   relapse.  The  major   clini-­
cal  benefit  of  adjuvant  therapy  was  limited  to  the  
group  of  patients  at  high-­risk  of  relapse  accord-­
ing  to  NCCN-­AFIP  criteria  [11,  38].
Data   from   the  SSGXVIII/AIO   trial,   compar-­

ing   12   versus   36   months   of   adjuvant   imatinib  
treatment   after   resection   of   GIST   with   a   high  
risk   of   recurrence,   were   presented   in   2011   at  
the   47th  Annual  Meeting   of   the  American   So-­
ciety  of  Clinical  Oncology  (ASCO).  The  results  
showed  significant  improvement  in  the  36-­month  
arm  compared  to  the  12-­month  arm,  both  in  re-­
currence-­free   survival   (5-­year   RFS:   65.6  %   vs  
47.9  %;;  p  <  0.0001)   and  overall   survival   (5-­year  
OS:  92.0  %  vs  81.7  %;;  p  =  0.01).  The  best  results  
were  obtained  for  patients  harboring  KIT  exon  11  
mutations.  Imatinib  was  generally  well  tolerated  
with  anemia,  periorbital  edema,  fatigue,  nausea,  
diarrhea,   leucopenia,   and  muscle   cramps   as   the  
most  common  adverse  events.  More  patients  dis-­
continued  imatinib  therapy  in  the  3-­year  arm  as  
compared  to  the  1-­year  arm,  without  features  of  
GIST   recurrence   (26  %  vs   12  %;;  p  <  0.001;;   [82,  
85,  86]).  Based  on  these  data,  FDA  and  EMA  rec-­
ommended  36  months  of  treatment  with  imatinib  
after  surgery  for  adult  patients  with  CD117-­posi-­
tive  GISTs  with  the  high  risk  of  relapse.
Ongoing  EORTC  62024   trial,  which  aims   to  

compare  2-­year  imatinib  adjuvant  treatment  with  
observation   only,  will   provide   data   on   imatinib  
resistance  upon  rechallenge  after  disease  relapse  
in   the   intermediate   and   high-­risk   patients   who  
have  undergone  the  resection  of  primary  tumor.
Mutational   status  also  has  a  predictive  value  

for  clinical  response  to  imatinib  adjuvant  therapy  
and  may  help   to   tailor   the   treatment   to  patients  
with  more  sensitive  mutations,  such  as  KIT  exon  
11  mutants,  or  to  exclude  patients  with  imatinib-­
resistant  mutations,  such  as  PDGFRA  p.D842V  
mutation.  Although  controversial  in  the  adjuvant  

setting,  patients  with  metastatic  GISTs  harboring  
mutations  in  KIT  exon  9  may  benefit  from  ima-­
tinib  dose  increase  up  to  800  mg/day.  Thus,  KIT  
and   PDGFRA   genotyping   in   GISTs   should   be  
mandatory  also  in  the  adjuvant  setting  [21,  29].

Neoadjuvant Therapy with Imatinib

In  selected  cases  of  locally  advanced  GISTs,  the  
strategy  of  neoadjuvant  imatinib  therapy  has  be-­
come  a  common  approach  recommended  both  by  
the   European   and  US   guidelines   [20,   43].   Pre-­
operative   imatinib   treatment   gives   the   opportu-­
nity  to  increase  resectability  of  locally  advanced  
GIST  and  to  avoid  mutilating  surgery  by  decreas-­
ing   tumor  volume.  Devitalized   tumor  facilitates  
its  resection,  which  results  in  less  post-­operative  
morbidity,  less  blood  transfusions,  and  lower  risk  
of   tumor   rupture.   The   duration   of   neoadjuvant  
treatment   should   be   limited   to   the  maximal   re-­
sponse  to  therapy  (usually  6–12  months  after  start  
of  imatinib  when  no  further  response  is  observed  
in  two  consecutive  imaging  examinations—care-­
ful   response   assessment   should   be   undertaken  
not  to  miss  the  best  timing  for  surgery;;  [3,  15]).
Only  few  formal  phase  II  trials  in  locally  ad-­

vanced  GISTs  with  pre-­operative  imatinib  treat-­
ment  were   performed   (Table   14.6).   The   results  
of  Radiation  Therapy  Oncology  Group  (RTOG)  
0132/American   College   of   Radiology   Imaging  
Network  (ACRIN)  6665  phase  II  trial  confirmed  
safety  of  this  approach  and  high  rate  of  relapse-­
free   survival   in   the   long-­term   observation   after  
surgery.  The  results  of  this  study  may  have  also  
lead   to   the  discovery  of  gene  expression   signa-­
tures   associated   with   response   to   imatinib   as  
predictor  factors  [147].  In  a  group  of  53  patients  
with  locally  advanced  GISTs  and  difficult  tumor  
localization,   pre-­operative   imatinib   allowed   for  
organ-­sparing  resection   in   the  majority  of  cases  
[52,  191].  In  a  series  of  161  patients  analyzed  by  
EORTC   Soft   Tissue   and   Bone   Sarcoma   Group  
(STBSG)   study,   only   two   patients   demonstrat-­
ed   disease   progression   during   the   neoadjuvant  
therapy.  The  5-­year  disease  specific  survival  rate  
was  95  %,  which  is  significantly  better  than  in  the  
case  of  unresectable  localized  GISTs  treated  with  
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imatinib  only  [158].  Goh  et  al.  analyzed  response  
rates   and   the   outcomes   of   37   patients  with   ad-­
vanced  GISTs  treated  with  neoadjuvant  imatinib  
followed   by   surgical   resection.   They   observed  
that   the  R0   resection   after   neoadjuvant   therapy  
was  possible   in  33   (89  %)  of  patients,  with  sig-­
nificant  post-­operative  complications  reported  in  
only  four  patients  [65].
Pre-­operative   therapy  with   imatinib   is  a   safe  

option,  which   should   be   considered   in   the   case  
of  problems  with  margin-­free  resection  or  techni-­
cally  difficult,  localized  primary  tumors  (e.g.,  in  
rectum,   duodenum,   and   gastroesophageal   junc-­
tion)  with  a  high  risk  of  post-­operative  complica-­
tions   or   in   unavoidable   necessity   of  mutilation.  
Pre-­operative   biopsy   and   KIT/PDGFRA   geno-­
typing  is  required  when  planning  the  neoadjuvant  
therapy   to   exclude   potentially   primary   resistant  

PDGFRA  p.D842V  
mutants).  Importantly,  imatinib  therapy  in  locally  
advanced  potentially  resectable  tumors  does  not  
replace  the  surgical  resection  of  GIST  as  patients  
treated   with   imatinib   alone   (without   surgery)  
have   worse   outcomes   similar   to   the   metastatic  
cases   [15].  According   to   the  current  guidelines,  
after   neoadjuvant   therapy,   the   adjuvant   therapy  
with  imatinib  should  be  implemented.

Present  indications  for  pre-­operative  imatinib  
treatment   in   GISTs   include   locally   advanced  
tumor,  amenable  only  to  mutilating  surgery  (e.g.,  
abdomino-­perineal   resection,   pelvic   eviscera-­
tion);;  when  negative  resection  margins  over  the  
organ  of  origin  are  difficult  to  obtain;;  and  when  
function-­sparing   resection   and   minimizing   the  
extent   of   surgery   can   be   possible   after   tumor  
shrinkage  (e.g.,  wedge  resection  instead  of  total  
gastrectomy  with  splenectomy,  local  excision  in-­
stead  of  pancreatoduodenectomy;;  [159]).

Imatinib Resistant GISTs

There   are   different   clinical   and   biological   fac-­
tors  predicting  initial  and  late  resistance  to  ima-­
tinib.   From   the   molecular   point   of   view,   pri-­
mary  resistance  to  imatinib  has  its  origins  in  the  
KIT/PDGFRA  mutational  status.  Although  early  
resistance  may   be   observed   in   association  with  
all  mutation   types,   it   is   the  most   often   seen   in  
KIT  exon  9  mutants,  PDGFRA  exon  18  p.D842V  
mutants   [37,  113,  165,  188,  203].  Early  disease  
progression  within  the  first  6  months  of  imatinib  
treatment  may  be  also  caused  by  the  lack  of  mu-­
tations  in  both  kinase  genes  [73].  It  has  been  also  

Table 14.6     Clinical  trials  of  neoadjuvant  treatment  with  imatinib  in  GISTs
Study Eligibility  criteria Number  of  patients Study  design End  points  and  results
Phase  II  RTOG-­
S0132/ACRIN  
6665

Locally  advanced  

metastatic/recurrent  
(group  B)  potentially  
resectable  GIST  
KIT+

Group  A  =  30
Group  B  =  22
n  =  52

Pre-­operative  imatinib  
600  mg  daily  for  8–12  
weeks,  then  resection  
and  post-­operative  
imatinib  for  2  years;;  
non-­randomized,  open  
study

2-­year  PFS:  80.5  %;;  objec-­
tive  response  rate:  6  %;;  
2-­year  OS:  92.3  %;;  5-­year  
RFS:  57  %;;  5-­year  OS:  
77  %;;  R0  resection  in  65  %  
patients;;  post-­operative  
morbidity  29  %  grade  3  and  
16  %  grade  4,  4  %  grade  5

Phase  II  APOL-­
LON  CST1571-­
BDE43

Locally  advanced  
histologically  con-­
firmed  GIST  KIT+

n  =  40 Pre-­operative  imatinib  
400  mg  daily  for  6  
months;;  non-­random-­
ized,  open  study

Primary  end-­point:  ORR;;  
secondary  end-­points:  
resectability  R0  and  organ-­
sparing  resection,  TTP,  OS,  
safety

Phase  II  in  MD  
Anderson  Can-­
cer  Center

-­
logically  confirmed  
KIT+

n  =  19 Pre-­operative  imatinib  
600  mg  for  3,  5  or  
7  days  and  post-­
operatively  for  2  years;;  
randomized  study

1-­year  DFS  =  94  %
2-­year  DFS  =  87  %

DFS  disease  free  survival,  ORR  objective  response  rate,  OS  overall  survival,  RFS  recurrence-­free  survival,  TTP  time  
to  progression
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proposed  that  the  individual  imatinib  metabolism  
resulting   in   certain   imatinib   plasma   level   may  
correlate  with  the  early  resistance  [42].  Distinct  
mechanisms   are   involved   in   the   late   resistance  
to   imatinib  therapy.  Secondary  resistance  in  pa-­
tients  with  limited  or  multifocal  disease  progres-­
sion,  who  initially  responded  to  the  therapy,  is  re-­
lated  to  the  acquisition  of  additional  KIT  or  PDG-­
FRA  mutations   in  approximately  60  %  of  cases.  
Secondary  mutations  are  found  the  most  often  in  
exons   encoding   the  ATP  binding   site   of   the   ki-­
nase  domain  (exons  13  and  14)  or  the  kinase  ac-­
tivation  loop  (exons  17  and  18).  These  mutations  
result  in  the  conformational  changes  in  the  kinase  
domains  which  prevents  drug  molecule  binding  
to  the  enzymatic  pocket  of  the  receptor  or  favors  
the   kinase   activated   state   [6,   72,   73,   106,   165,  
166,  182].  For  instance,  a  common  secondary  KIT  
exon  13  p.V654A  mutation  decreases   the   bind-­
ing   affinity   between   imatinib   and   the   receptor.  
Val654   forms  hydrophobic  bonds  with   imatinib  
while  Ala654  in  the  mutant  oncoprotein  does  not  
form   these   bonds   [148,   149].  Another   frequent  
secondary  mutation  is  KIT  exon  14  T670I,  often  
called  the  “gatekeeper”  mutation.  Thr670  forms  
a  hydrogen  bond  with   imatinib  which  stabilizes  
drug  molecule   and   thus   allows   the  molecule   to  
enter   a   hydrophobic   pocket   but   Ile670   cannot  
form  such  a  bond  [66,  149].  In  addition,  second-­
ary  mutation  in  KIT  exon  17  encoding  activation  
loop  domain,   such  as  p.D816V,  changes   the  ki-­
nase   domain   conformation  making   the   receptor  
unable  to  bind  imatinib  molecule  [18].  Cases  of  
imatinib-­resistant  GISTs  associated  with  the  ac-­
quisition  of  PDGFRA   p.D842V  mutation   in   tu-­
mors  harboring  primary  PDGFRA  exon  12  muta-­
tions  were  also  reported  [27,  36,  73].  Secondary  
mutations  more  frequently  develop  in  tumors  har-­
boring  primary  mutations  in  KIT  exon  11  rather  
than  exon  9  (73  %  vs  19  %;;  p  =  0.0003),  probably  
because  patients  with  initially  imatinib-­sensitive  
tumors  have  been  treated  for  longer  periods,  pro-­
viding   both   the   selection   pressure   and   time   for  
the   emergence   of   imatinib   resistant   clones   [75,  
88,  194].  The  problem  of  secondary  mutations  is  
additionally  complicated  by  the  fact  that  multiple  
resistant  clones  can  develop  in  the  course  of  ther-­

apy.  In  some  cases,  multiple  secondary  KIT  mu-­
tations  may  be  detected  with  a  distinct  mutation  
in  each  separate  anatomical  site  in  a  patient  with  
progressive  disease  [73,  106,  193,  194].  Besides  
the  acquisition  of  secondary  KIT/PDGFRA  muta-­
tions,  the  other  mechanisms  of  late  resistance  to  
imatinib  include:  (1)  KIT  genomic  amplification  
and   overexpression   outweighing   inhibitory   ca-­
pacity  of  imatinib;;  (2)  activation  of  alternative  re-­
ceptor  tyrosine  kinases,  loss  of  KIT  expression  in  
previously  KIT-­positive   tumors  or   development  
of  multidrug  resistance;;  (3)  functional  resistance  
in  kinase-­expressing  tumors;;  (4)  pharmacokinet-­
ics   disturbances   (e.g.,   overexpression   of   drug-­
efflux   pump   leading   to   decreased   intratumoral  
imatinib   levels;;  high  blood   level  of  alpha1-­acid  
glycoprotein   binding   and   inactivating   imatinib;;  
increased  clearance  of  imatinib  over  time  causing  
decreased   systemic   concentrations   of   imatinib;;  
[66,  106,  194]).

Treatment Options for Imatinib 
Resistant GISTs

The   spectacular   response   to   imatinib   therapy   is  
time-­limited   and   followed   by   the   development  
of   secondary   resistance   (after   initial   stabiliza-­
tion  or   response)   in   the  majority  of  patients.   In  
the   pivotal   US-­Finland   B2222   phase   II   study,  
5  %  of  patients  demonstrated  primary  resistance  
to  imatinib  and  in  another  14  %  of  patients  early  
resistance  occurred,  and  within  2–3  years  of  ima-­
tinib   treatment   approximately   40–50  %   of   pa-­
tients   progressed   showing   secondary   resistance  
to   imatinib   [39].   Initial  or  primary   resistance   is  
considered  as  disease  progression  during  the  first  
3–6  months  of  imatinib  therapy.  Further  progres-­
sions   are   considered   as   late   or   secondary   resis-­
tance.   There   are   several   therapeutic   strategies  
in  patients  showing  progression  during  imatinib  
treatment,  such  as  escalation  of  the  dose  of  ima-­
tinib   to   800  mg/day,   surgical   removal   of   focus  
progression-­lesions,  and  therapy  with  registered  
second-­line   drug   sunitinib  malate   (multi-­target-­
ed   tyrosine  kinase   inhibitor  with  antiangiogenic  
properties;;  Fig.  14.4;;  [3,  40]).
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active   against   a   broad   spectrum   of   tyrosine   ki-­
nases:   KIT   and   PDGFRA/B,   vascular   endothe-­
lial  growth  factor  receptors  (VEGFRs)-­1,  -­2,  and  
-­3,   FMS-­like   tyrosine   kinase-­3   (FLT3),   colony  
stimulating  factor  1  receptor  (CSF-­1R),  glial  cell-­
line  derived  neurotrophic   factor   receptor   (Rear-­
ranged  during  Transfection  [RET];;  [92])  and  to  a  
lesser  extent   fibroblast  growth  factor   receptor-­1  
(FGFR-­1;;  [112]).  Sunitinib  was  approved  multi-­
nationally  for  the  treatment  of  imatinib-­resistant  
or  -­intolerant  GISTs,  since  it  demonstrated  a  sig-­
nificant  antitumor  and  antiangiogenic  activity  in  
the  clinical  setting.  Two  phase   II,  one  phase   III  
and  one  “treatment-­use”  trials  have  investigated  
the  activity  of  sunitinib  in  GIST  patients  after  the  
failure  of  prior  imatinib  treatment,  and  all  these  
trials  have  shown  the  significant  activity  of  suni-­
tinib   in   this  population  of  patients  (Table  14.7).  
The  objective  clinical  benefit  was  achieved  in  ap-­
proximately  60  %  of  GIST  patients  who  received  
sunitinib  after  failure  of  imatinib  therapy.  Median  
PFS  time  on  sunitinib  is  6–8  months  [40,  63,  109,  
144].  In  a  phase  I/II  study  sunitinib  was  admin-­
istered  to  97  patients  who  demonstrated  progres-­
sion   or   intolerance   when   treated   with   imatinib  
[73,  128].  Patients  received  25,  50,  or  75  mg  of  
sunitinib  per  day  in  different  schedules  and  8  %  

In  the  case  of  GIST  progression  during  stan-­
dard-­dose   imatinib   therapy,   the  commonly  used  
strategy   is   to   increase   of   the   imatinib   dose   to  
800  mg/day.  Approximately  one-­third  of  the  pa-­
tients  whose  tumor  progressed  on  400  mg  initial  
dose  demonstrate  partial   response  or  stable  dis-­
ease  after  a  dose   increase   to  800  mg/day  [139].  
The  results  of  this  approach  may  depend  on  the  
primary  mutational  status,  because  patients  with  

KIT  
exon  9  mutations  seem  to  be  more  likely  to  ben-­
efit   from   such   strategy.   In   addition,   the   deter-­
mination  of  plasma   imatinib  concentration  may  
serve   as   a   valuable   parameter   for   optimal   dose  
selection.   It   has   been   demonstrated   that   in   pa-­
tients  with  advanced  GISTs  imatinib  trough  level  
is  associated  with  the  clinical  benefit  [42].  In  the  
case  of  limited  progression  (such  as  “node  within  
a  mass”  pattern),   if   other  metastatic   lesions   are  
still   sensitive   to   imatinib,   surgical   resection,   or  
ablation  of  the  resistant  tumor  may  be  performed.

-­
tolerance  to  imatinib,  second-­line  standard  treat-­
ment  using  monotherapy  with   alternative  RTK-­
targeting   inhibitors   is   recommended.   Sunitinib  
malate   (Sutent®,   SU11248;;   Pfizer)   is   an   oral  
multitargeted  tyrosine  kinase  inhibitor,  which  is  

Fig. 14.4    Algorithm  for  GISTs  patients’  management
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of   them  experienced  partial  responses  and  70  %  
of   patients   showed   stabilization   of   disease.   In  
37  %   of   patients,   stabilization   lasted   for   more  
than   6   months.   The   median   survival   was   19.8  
months   (95  %   confidence   interval   [CI]   13.6–
25.8)  with  58  %  of  patients  surviving  more  than  
1  year.  Placebo-­controlled  phase  III  trial  showed  
the   median   time   to   tumor   progression   for   pa-­
tients  treated  with  sunitinib  more  than  four  times  
longer   than   that   for   patients   receiving   placebo  
(27.3   vs   6.4   weeks;;   p  <  0.0001;;   [40]).   Patients  
were  randomized  (2:1)  to  receive  either  sunitinib  
or   placebo   orally,   on   a   regimen   of   4  weeks   on  
treatment  followed  by  4  weeks  off  (4/2  schedule)  
50  mg  once  per  day,  which   is   considered   to  be  
the  highest   tolerated  dose.  Partial   response  was  
observed   in   6.8  %   of   sunitinib-­treated   patients  
and   in   none   of   placebo-­treated   patients   [40].   It  
has  been  also  demonstrated  that  many  advanced  
GIST   patients   benefit   from   sunitinib   therapy  
(mainly  due  to  stabilization  of  disease  according  
to  RECIST,  not  Choi   criteria)  with  OS  exceed-­
ing  1.5  years   [157].  However,  as  with   imatinib,  
complete   radiological   responses   are   extremely  
rare  and  responses  are  time-­limited.  The  biologi-­
cal  and  pharmacological  results  (such  as  rebound  
phenomenon   documented   by   PET   scan)   have  
stimulated  the  exploration  of  a  continuous  dosing  
schedule,  which   theoretically   could   prevent   the  
decrease  of   tumor   suppression  during   rest   peri-­
ods,  perhaps  resulting  also  in  a  better  antitumor  
efficacy.  The  results  of  multicenter  phase  II  trial  
have  indicated  that  the  continuous  regimen  with  a  
lower  daily  dose  (37.5  mg)  may  be  equally  effec-­

tive  and  possibly  better  tolerated  [63].  The  most  
common   treatment-­related   adverse   events   dur-­
ing   sunitinib   therapy   include   fatigue,   diarrhea,  
skin   discoloration,   nausea,   mucositis,   arterial  
hypertension,  hand  and  foot  syndrome  (palmar–
plantar   erythrodysesthesia),   impairment   of   left  
ventricular   ejection   fraction,   and   hypothyroid-­
ism  [40,  144]  (Table  14.8).   Importantly,  arterial  
hypertension  is  not  only  the  common  side  effect  
observed   during   sunitinib   treatment   but   it   also  
serves  as  a  predictive   factor  of   sunitinib  antitu-­
mor  efficacy  in  renal-­cell  carcinoma  (RCC)  and  
GIST  patients,  as  it  influences  both  the  PFS  and  
OS  [146,  157].  In  vitro  studies  have  determined  
that   sunitinib  metabolism   is  mediated  primarily  
by   the   cytochrome   P450   CYP3A4   isoenzyme;;  
therefore,   an   extreme   caution   should   be   under-­
taken  when  it  is  necessary  to  administer  sunitinib  
in  combination  with  known  inhibitors  or  inducers  
of  CYP3A4  [108].
KIT   mutational   status   appears   to   serve   as   a  

predictor  of  tumor  response  to  sunitinib  as  well.  
Unlike   imatinib,   tumors   initially   (prior   to   ima-­
tinib   treatment)  harboring  KIT   exon  9  mutation  
or  wild-­type  GISTs  have  a  higher  chance   to   re-­
spond   to   sunitinib.   Moreover,   GISTs   carrying  
KIT  exon  9  mutations  appear  to  be  more  sensitive  
to  sunitinib  than  those  with  primary  KIT  exon  11  

cases  (e.g.,  in  pediatric  GISTs)  is  also  clear.  How-­
ever,  patients  with  PDGFRA  mutations   (mainly  
p.D842V)  do  not  respond  to  sunitinib  treatment  
[142,  157].  In  a  phase  I/II  trial  of  sunitinib  con-­
ducted   in   patients   with   imatinib-­resistant   tu-­

Table 14.7     Summary  of  the  results  of  clinical  trials  evaluating  second-­line  therapy  of  advanced  GISTs  with  sunitinib
Phase;;  patients  number  Regiment  
(reference)

Partial  response  
(%)

Stable  disease Disease  
progression

Median  time  to  pro-­
gression  (months)

I/II;;  n  =  97
50  mg/day  4  weeks  on—2  weeks  off  
(continuation  study);;  [109]

8 70 22 7.8

II;;  n  =  60
37.5  mg/day  continuous  dosing  [63]

12 62 8 Median  progression-­
free  survival  35.1  
weeks

III;;  n  =  312
50  mg/day  4  weeks  on—2  weeks  off;;  [40]

19 58 7 6.8

n  =  1,091
50  mg/day  4  weeks  on—2  weeks  off  
“treatment-­use”  [128]

14 63 22 37  weeks
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mors,  the  partial  response  rate  was  significantly  
higher   in   patients  with  GISTs   carrying   primary  
KIT   exon   9  mutations   than   those  with   exon   11  
mutations  (37  vs  5  %).  In  addition,  patients  with  
KIT
times   longer  PFS  and  doubled  OS  compared   to  
patients  with  KIT   exon  11  mutations   [75].  Bio-­
chemical   profiling   of   secondary   kinase   muta-­
tions  revealed  in  vitro  sensitivity  of  KIT  exon  13  
and   14  mutations   to   sunitinib,  while   secondary  
KIT   exon   17   and   18  mutations   remained   resis-­
tant  to  sunitinib  [70,  142].  The  observation  was  
confirmed  by  the  clinical  studies  that  sunitinib  is  
not  active  against  most  imatinib-­resistant  second-­
ary  mutations  affecting  KIT  activation  loop  [74,  
75].  On  the  other  hand,   the  utility  of  secondary  
mutation   analysis   is   very   challenging   because  
imatinib-­resistant  GISTs  are  very  heterogeneous  

with  multiple  clones  having  different  secondary  
mutations  within  the  same  or  different  nodule  [6,  
62,  106,  194].
Regorafenib  (BAY  73-­4506;;  Bayer)  is  an  oral  

multikinase   inhibitor   of   angiogenic   (VEGFR-­1,  
VEGFR-­3   and   TIE2),   stromal   (PDGFRB   and  
FGFR)  and  oncogenic  (KIT,  RET  and  BRAF)  re-­
ceptor  tyrosine  kinases  [64,  165,  196],  which  has  
been  recently  approved  in  the  third-­line  therapy  
after  imatinib  and  sunitinib  failure.  Regorafenib  
demonstrated  encouraging  KIT  inhibitory  activ-­
ity  in  vitro  on  imatinib-­resistant  KIT  double  mu-­
tants,  which  carried  exon  11  mutation  and  second-­
ary  mutations,  including  p.T670I  and  p.V654A  in  
ATP-­binding  pocket  or  p.D816G,  p.N882K,  and  
p.Y832D  in   the  activation   loop  [196,  197].  The  
results   of   a   phase   II   trial   showed   clinical   ben-­
efit   in   73  %   of  GIST   patients   following   failure  

Table 14.8     The  most  common  adverse  events  during  sunitinib  therapy  in  advanced  GISTs  (based  on  phase  I–III  clini-­
cal  trials  and  post-­registration)
Adverse  event All  grades  (%) Grade  3  or  4  (%)
Hand  and  foot  syndrome 13.0–21.4 0–5.4
Skin  rash 13.0–15.2 0–0.8
Yellowish  skin  discoloration 25.3 0
Arterial  hypertension 13.0–43 0–7.0
Hypothyroidism 5.8–62.0 0.4
Loss  of  apetite 7.1–33.0 0.4–5.0
Headache 10.5 0.8
Diarrhoea 29.0–40.0 0–5.1
Nausea 24.0–31.0 0–2.0
Stomatitis 16.0–19.1 0.8
Vomitings 16.0–24.0 0.4–2.0
Dyspepsia 12.5 0.8
Abdominal  pain 11.7–33.0 2.3–11.0
Meteorism 5.8 0
Gastro-­esophageal  reflux 5.8 0
Pain  of  extremities 8.2 0.4
Joint-­muscle  pain 5.8–12.0 0.8–1.0
Anemia 12.8–58.0 4.0–5.5
Neutropenia 9.3–43.0 6.2–10.0
Thrombocytopenia 8.9–36.0 2.7–5.0
Fatigue/malaise 34–52.5 0–9.7
Mucositis 11.7 0
Decrease  of  left  ventricle  ejection  fraction 5.1–10.0 0.4–1.0
Bleedings  (all)
including:  epistaxis

3.0–18.0
2.0–7.0

0–7.0
0

Xerostomia 6.0 0
Dysgeusia 11.0–21.0 0
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of  imatinib  and  sunitinib  with  median  PFS  of  10  
months  [64].  The  phase  III  study  of  regorafenib  
in   metastatic   or   unresectable   GIST   patients  
whose  disease  had  progressed  despite  prior  treat-­
ment  with  at  least  imatinib  and  sunitinib  showed  
significant  improvement  of  PFS  for  patients  who  
received   regorafenib   as   compared   to   patients  
who  received  placebo  (4.8  months  vs  0.9  months,  
respectively;;  hazard   ratio  0.27;;   [44]).  The  most  
common   regorafenib-­related   adverse   events   at  
grade   3/4  were   arterial   hypertension,   hand-­foot  
skin  reaction  and  diarrhea.

Experimental Therapy of Imatinib- 
and Sunitinib-resistant GISTs

Alternative Kinase Inhibitors

If   dose   escalation   with   imatinib   and   sunitinib/
regorafenib   therapy   fails,   clinical   trials   with  
novel   agents   alone   or   in   combinations   may   be  
considered.  The  future  management  of  GISTs  is  
likely   to   be   altered   not   only   by   the   availability  
of  novel  drugs,  but  also  by  better  understanding  
of  biological  mechanisms  underlying  response  to  
the  certain   type  of   therapy.  The  first  strategy   in  
the  treatment  of  advanced  GISTs  refractory  to  the  
standard  therapy  is  the  application  of  agents  that  
inhibit   a   broad   spectrum   of   kinases   (including  
KIT)   and   that   exhibit   inhibitory   effects   against  
imatinib-­resistant  mutants.  Numerous   new  gen-­
eration  RTK   inhibitors,  other   than   imatinib  and  
sunitinib,   are   currently   available   (Table   14.9)  
and  most  of  them  affect  a  broad  range  of  tyrosine  
kinases,   thus   they  may  overcome   the   resistance  
to  the  standard  targeted  therapy.  RTK  inhibitors  
which   have   demonstrated   antitumor   activity   in  
imatinib-­naïve   and   imatinib-­resistant   GISTs   in-­
clude  nilotinib  (AMN107),  masitinib  (AB1010),  
sorafenib   (BAY43-­9006),   vatalanib   (PTK787/
ZK222584),  dasatinib  (BMS-­354825),  motesan-­
ib  (AMG706),  cediranib  (AZD2171;;  [46]),  pona-­
tinib  (AP24534),  and  midostaurin  (PKC412).
Pre-­clinical  studies  on  cell  lines  carrying  mu-­

tations   sensitive   and   resistant   to   imatinib   have  
shown  that  nilotinib  (AMN107;;  Tasigna;;  Novar-­
tis)   inhibits  growth  of   these  cells  more  potently  

than   imatinib.   Moreover,   nilotinib   intracellular  
concentrations  are  7–10-­fold  higher  than  those  of  
imatinib  in  the  analyzed  cell  lines  [142
et   al.   [195]   demonstrated   that   nilotinib   inhibits  
growth  of  KIT  exon  11  p.V560del  and  KIT  exon  
13  p.K642E  mutant  Ba/F3  cells  as  effectively  as  
imatinib.  It  has  been  also  shown  that  nilotinib  is  
a  potent   inhibitor  of  KIT  p.V560G  mutant  cells  
[195],  but   is  not  effective  against   the  gatekeep-­
er  KIT   exon  14  single   (  KIT  p.T670I)  or  double  
(  KIT 70].  
Moreover,   nilotinib   induced   cell   growth   inhibi-­
tion  in  imatinib-­resistant  KIT  p.V560del/V654A  
and  KIT  p.V559D/D820Y  mutant  cells  at   lower  
concentrations  than  dasatinib  and  sorafenib  (see  
below;;  [70]).  The  results  of  a  phase  I  study  with  
nilotinib   alone   or   in   combination  with   imatinib  
have  shown  its  relevant  activity  in  imatinib-­resis-­
tant  GISTs  with  more  than  two-­thirds  of  patients  
exhibiting  disease  stabilization  and  with  the  me-­
dian  time  to  progression  in  the  third-­line  therapy  
of  about  6  months  [189].  However,  the  advanced  
phase  III  studies  of  the  third  and  first-­line  treat-­
ment  with   nilotinib   have   been   stopped   recently  
as  the  results  did  not  show  any  significant  benefit  
from  the  use  of  nilotinib  as  compared  to  the  stan-­
dard  therapeutic  options.
Another  potent  KIT  inhibitor  masitinib  mesyl-­

ate  (AB1010;;  AB  Science)  has  shown  greater  in  
vitro  activity  and  selectivity  than  imatinib  by  the  

KIT,  human,  and  murine  KIT  with  activating  mu-­
tations  in  the  juxtamembrane  domain  and  recom-­
binant   PDGFRA   [48].  Masitinib  was   evaluated  
in  the  first-­line  setting  in  patients  with  advanced  
GISTs  in  a  small  phase  II  trial  [17,  102].  Prelimi-­
nary  data  suggested  that  the  progression-­free  sur-­
vival  with  masitinib  (PFS  rates  of  59.7  %  [95  %  
CI:  37.9;;  76.0]  and  55.4  %  [95  %  CI:  33.9;;  72.5]  
at  2  and  3  years,  respectively)  in  treatment-­naïve  
GISTs   may   be   longer   than   with   imatinib.   The  
OS  at  2  and  3  years  was  stable  at  89.9  %  (95  %  
CI:  71.8;;  96.6)   [102]).  Furthermore,  masitinib’s  
selective   inhibition   of   KIT   and   PDGFRA   but  
not  ABL  kinase  was  hypothesized   to  cause   less  
cardiotoxicity   than   imatinib  and,  at   least   in   this  
small  study,  there  were  no  reports  of  cardiotoxic-­
ity  with  masitinib  [92,  102].  Preliminary  results  
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of   another   phase   II   study   evaluating   masitinib  
in   imatinib-­resistant  GISTs  patients   showed   the  
promising   2-­year  OS   rate   of   53  %  with   a   good  
safety  profile  of  the  drug.
Sorafenib  (BAY  43-­9006,  Nexavar;;  Bayer)  is  

a   multitargeted   inhibitor   of   selected   RTKs,   in-­
cluding  VEGFR-­2,  VEGFR-­3,  PDGFRB,  BRAF,  
and  KIT.  The  results  of  a  study  evaluating  in  vitro  
activity  of  sorafenib  in  KIT  mutant  cells  demon-­
strated   the   inhibition   of   imatinib-­resistant   KIT  
p.T670I  gatekeeper  mutation  in  the  GIST  model,  
thus  suggesting  its  clinical  activity  in  cases  with  
acquired   resistance   [69].  The   results  of   a  phase  
II   trial   examining   sorafenib   in   38   patients  with  
imatinib-­   and   sunitinib-­resistant   GISTs   showed  
that   five   patients   (one   imatinib-­resistant   and  
four   imatinib-­   and   sunitinib-­resistant)   demon-­
strated   partial   response   and   further   21   patients  
(three   imatinib-­resistant   and   18   imatinib-­   and  
sunitinib-­resistant)  demonstrated  stabilization  of  
disease.  Grade  3/4  toxicities   included  hand-­foot  
syndrome,  hypertension,  diarrhea,  hypophospha-­
temia,  GI  bleed,  rash,  thrombosis,  GI  perforation,  
fatigue,  and  anemia.  Median  PFS  was  3.4  months  
in   the   group   resistant   to   imatinib   only   and   5.2  
months  in  the  group  resistant  to  both  agents.  Me-­
dian  OS  was  13.6  and  10.5  months,  respectively.  
These  data  demonstrated  that  sorafenib  has  defi-­
nite   activity   in   imatinib-­   and   sunitinib-­resistant  
GISTs  and  gives  a  prolonged  disease  control   in  
selected   patients   [19,   127].   Based   on   these   re-­
sults,   several   studies   evaluating   regorafenib   (a  
sorafenib-­derived  compound)  in  GISTs  were  un-­
dertaken.
Vatalanib   (PTK787/ZK222584;;   Bayer   and  

Novartis)   is   another   orally   bioavailable   small  
molecule   multitargeted   RTK   inhibitor   active  
against  VEGFR-­1,  -­2,  and  -­3,  KIT,  and  PDGFRB  
[199].  This   agent  was   tested   in   a   phase   II   trial  
in   the   treatment   of   imatinib-­resistant  metastatic  
GISTs  and  demonstrated  a  clinical  benefit   (par-­
tial   response   or   stable   disease)   in   10   of   15   pa-­
tients  with  a  median   time   to  progression  of  8.5  
months  [84].
Also,   dasatinib   (BMS-­354825;;   Sprycel;;  

BMS)  is  a  novel  oral  small  molecule  ATP-­com-­
petitive  tyrosine  kinase  inhibitor  exhibiting  activ-­
ity  against  BCR-­ABL,  the  Src  family  of  kinases,  

KIT  and  PDGFRA  [45,  164,  178].  Interestingly,  
it   has   been   estimated   that   dasatinib   is   325-­fold  
more  potent  than  imatinib  against  cells  express-­

132].  In  vitro  studies  showed  

well   as   juxtamembrane   and   activation   loop  
imatinib-­resistant   mutant   KIT   isoforms   includ-­

and  p.D816Y  [45,  164].  Furthermore,  it  has  been  
demonstrated  that  dasatinib  may  successfully  in-­
hibit   the   imatinib-­resistant   PDGFRA   p.D842V  
mutant  isoform  [45].  However,  a  phase  II  study  
in   imatinib-­   and   sunitib-­refractory   advanced  
GIST  patients  did  not  confirm  significant  activity  
of  dasatinib   [179].  Dasatinib  was  also   tested  as  
the  first-­line  treatment  of  GISTs  but  the  recruit-­
ment  was  stopped  early  due  to  the  high  toxicity  
of  the  drug.
Motesanib   (AMG   706;;   Amgen)   is   another  

small  molecule  orally  bioavaliable   that  potently  
inhibits  VEGFR-­1,  -­2,  -­3,  KIT,  and  to  a  lesser  ex-­
tent  RET  and  PDGFR.  Similarly  to  sorafenib  and  
vatalanib,  motesanib  has  the  potential  to  enhance  
the  clinical  benefit  of  KIT  or  PDGFR  inhibition  
by  affecting  angiogenesis,  regarding  its  ability  to  
target  VEGF  receptors.  The  antiangiogenic  activ-­
ity  of  motesanib  was  demonstrated  to  contribute  
to  the  reduction  of  tumor  growth  in  a  pre-­clinical  
xenograft   model   of   breast   cancer   through   de-­
crease  in  neovascularization  [30,  141].  In  a  phase  
II   study   on  motesanib,   the   clinical   benefit   was  
achieved  in  62  %  of  102  patients  with  a  median  
PFS  estimated  at  4  months  [10].
Staurosporine   derivative   and   protein   kinase  

C   inhibitor   additionally   affecting   VEGFR-­2,  
PDGFRA/B,   KIT   and   FLT-­3,   called   midostau-­
rin  (PKC412,  Novartis),  was  also   tested  against  
imatinib-­resistant  GISTs  both   in   in   vitro   and   in  
vivo   studies.   This   agent   was   demonstrated   to  
be   active   in  GISTs   harboring   imatinib-­resistant  
PDGFRA   p.D842V,   gate-­keeper   KIT   p.T670I,  
KIT  p.V654A,  and  KIT  p.D816V  mutations  [36].
Since   the   insulin-­like  growth   factor  1   recep-­

tor  (IGF1R)  is  overexpressed  in   the  majority  of  
wild-­type  GISTs  (including  pediatric  GISTs;;  [16,  
28,  78,  134]),   it  was  proposed  as  a  novel  thera-­
peutic   target.  Recent   in   vitro   studies   confirmed  
that   GIST   cells   are   sensitive   to   the   IGF1R   in-­

!..bbaaddaallaammeennttii@@ttiinn..iitt



184 P. Rutkowski et al.

with  imatinib  [136,  175].
Oncogenic   signaling   in   GISTs   is   sustained  

mainly   via   phosphoinositide   3-­kinase/mamma-­
lian  target  of  rapamycin  (PI3K/AKT)  rather  than  
RAS/MAPK,  which  are  both  activated  by  mutat-­
ed  forms  of  KIT  and  PDGFRA  [9].  Phosphoryla-­
tion/activation  of  the  downstream  proteins  these  
signaling   pathways   leading   to   uncontrolled   cell  
proliferation  and  survival  as  well  as  inhibition  of  
proapoptotic   signaling   [140].   Several   PI3K   in-­
hibitors  such  as  GDC0941  (Genentech),  BYL719  
(Novartis),  BKM120  (Novartis),  or  PI3K/mTOR  
dual   inhibitors   BEZ235   (Novartis)   were   suces-­
fully   tested   in   vitro   and   in   vivo   using   different  
GIST  models  [58,  105].  Floris  et  al.  showed  that  
combination  of  GDC-­0941  and  imatinib  has  ex-­
tensive   antitumor   efficacy   in   GIST   xenograft,  
inducing  more  substantial  apoptosis  and  durable  
effects   compared   to   imatinib   alone.  This   effect  
was   sustained   even   after   treatment   withdrawal  
[58].
Moreover,   agents   listed   above   are   tested   in  

combinations   to   target   different   pathways   in-­
volved   in   GIST   pathogenesis.   Usually   such  
combinations   include  one  RTK   inhibitor  affect-­
ing  KIT  with:  (1)  other  RTK  inhibitors  targeting  
a  broader  range  of  KIT  mutations  and  acting  on  
other  tyrosine  kinases,  (2)  inhibitors  of  VEGFR  
decreasing  the  interstitial  fluid  pressure  in  tumors  
resulting  in  enhanced  drug  uptake  and  synergistic  
effect  of  therapy  [198],  (3)  agents  targeting  KIT  
and   PDGFRA   downstream   effector   pathways  
(especially,   PI3K/AKT/mTOR   pathway),   (4)  
conventional   chemotherapeutics   since   the   com-­
pounds   inhibiting  KIT  and  VEGFR  may  poten-­
tially  sensitize  tumor  cells  to  the  cytotoxic  drugs.  
It  is  obvious  that  resistant  tumors  have  more  than  
one   target;;   therefore,   the   systemic   treatment   in  
such  cases  should  be  multitargeted.  Several  drug  
combinations  have  been  the  subject  of  early  clin-­
ical  testing:  (1)  imatinib  with  oblimersen  (inhibi-­
tor  of  antiapoptotic  protein  BCL-­2),  (2)  imatinib  
or   sunitinib  with   perifosine   (KRX-­0401,   a   syn-­
thetic  alkylphospholipid  targeting  cell  membrane  
signal   transduction   pathways   and  AKT   activa-­
tion),   (3)   imatinib  with  everolimus  (RAD001—
an   oral   inhibitor   of   the   mammalian   target   of  

rapamycin   (mTOR)  which   is   a   downstream   ef-­
fector  in  the  PI3K/AKT  pathway;;  [186]),  and  (4)  
sunitinib  with   vandetanib   (ZD6474—an   antian-­
giogenic  compound  and   inhibitor  of  VEGFR-­2,  
EGFR,  and  RET;;  [202]).  Successful  induction  of  
growth  arrest  and  apoptosis  of  GIST-­T1  cells  in  
association  with  inhibition  of  KIT  and  its  down-­
stream   effectors   in   PI3K/AKT/mTOR   pathway  
caused  by  the  synergistic  activity  of  sunitinib  and  
vandetanib  provide  a  strong  rationale  for  further  
investigation  of  such  combinations  [202].  How-­
ever,  Sambol  et  al.  [160]  have  demonstrated  that  
the  efficacy  of  another  novel  agent  called  flavo-­
piridol  (a  cyclin-­dependent  kinase  inhibitor)  in  a  
GIST882  cell  line  carrying  KIT  exon  13  p.K642E  
mutation,   which   induced   apoptosis   and   down-­
regulation   of  KIT  more   potently   than   imatinib,  
but  the  combination  of  flavopiridol  and  imatinib  
was  essentially  equivalent  to  flavopiridol  alone.
Recent   development   of  monoclonal   antibod-­

ies  against  PDGFRA  and  VEGFR  contributed  to  
the   introduction  of  a  new  direction  in   the  GIST  
therapy.   These   antibodies   are   currently   being  
tested   in   two   clinical   studies   in   patients   with  
metastatic  or  unresectable  GISTs:  a  phase  II  trial  
evaluating   human   anti-­PDGFRA   monoclonal  
antibody   called   olaratumab   (IMC-­3G3)   in   pre-­
viously  treated  patients  and  a  phase  III  study  of  
imatinib  with  or  without  anti-­VEGFR  monoclo-­
nal  antibody  bevacizumab  (NSC-­704865).

Alternative Targets and Their 
Antagonists

A  novel  promising  strategy  for  treating  GISTs  re-­
sistant   to   tyrosine  kinase   inhibitors   (TKIs)  may  
be  the  application  of  drugs  leading  to  the  onco-­
protein   degradation.   Both   KIT   and   PDGFRA  
are   stabilized   and   protected   from   proteasome-­
mediated   degradation   by   the  molecular   chaper-­
one  heat  shock  protein  90  (HSP-­90;;  [61]).  There  
are   several   compounds   with   HSP-­90   inhibitor  
activity  which   are   currently   tested   in   the   clini-­
cal  trials  involving  TKI-­resistant  GIST  patients,  
such   as   IPI-­504,   IPI-­493,   STA-­9090,  AUY922,  
AT-­13387,   and   BIIB021   (CNF2024).   It   has  
been   demonstrated   that   the   inhibition   of   HSP-­
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90  causes  loss  of  KIT  expression  on  cell  surface  
and   loss   of   KIT   phosphorylation,   especially   in  
cells  with  mutated  KIT  [8,  103,  131].  However,  
HSP-­90   inhibition   induces  KIT   degradation   re-­
gardless  of  specific  activating  mutations,  as  all  of  
KIT  isoforms  need  HSP-­90  for  their  stabilization.  
Bauer  et  al.  [8]  have  shown  that  HSP-­90  inhibi-­
tor   17-­allylamino-­18-­demethoxy-­geldanamycin  
(17-­AAG)   affected   both   imatinib-­sensitive   and  
imatinib-­resistant   KIT   oncoproteins   with   their  
downstream  effectors  and  repressed  proliferation  
in  several  different  GIST  cell  lines.  In  vivo  exper-­
iments  proved  that  retaspimycin  (17-­allylamino-­
17-­demethoxygeldanamycin   hydroquinone   hy-­
drochloride,   IPI-­504,   Infinity   Pharmaceuticals,  
Inc.)  alone  resulted  in  tumor  regression,  prolifer-­
ation  arrest,  and  induction  of  tumor  necrosis.  The  
treatment   effects   were   enhanced   by   combining  
IPI-­504  with   imatinib   or   sunitinib   [59].   Deme-­
tri  et  al.  presented  early  data  from  a  phase  I  trial  
evaluating   retaspimycin   an   intravenous   com-­
pound  inhibiting  HSP-­90  which  is  a  highly  solu-­
ble  hydroquinone  hydrochloride  derivative  of  17-­
AAG  with   favorable  pharmaceutical  properties.  
Retaspimicyn  administration   resulted   in  disease  
remission  on  PET  imaging,  CT  and  in  pathologi-­
cal  examination  of  patients  with  metastatic  TKI-­
resistant  GISTs  [41,  173,  180,  190].  IPI-­504  was  
also   demonstrated   to   suppress   the   proliferation  
of  GIST  cells  carrying  PDGFRA  p.D842V  muta-­
tion   [45].  Despite   the   fact   that   recently  a  phase  
III   trial   evaluating   the   efficacy   of   IPI-­504   in  
  advanced  GIST  patients,  resistant  to  imatinib  and  
sunitinib   treatment,  was   terminated  prematurely  
due   to   the  unexpected   liver   toxicity,  which  was  
also  shown  in  preclinical  experiments  [59],  other  
compounds  with  HSP-­90   inhibition   activity   are  
still  under  study.  IPI-­493  (Infinity)  has  been  stud-­
ied  in  mouse  xenograft  model  by  Floris  et  al.  [60]  
showing   that   as   a   single   agent   it   has   consistent  
antitumor  activity  and  induces  KIT  down-­regula-­
tion  in  GISTs  with  heterogeneous  KIT  mutations.  
In  addition,  IPI-­493  synergizes  with  TKIs  that  are  
commonly  used  for  the  treatment  of  advanced  or  
imatinib  resistant  GISTs.  The  antitumor  response  
of  IPI-­493  is  particularly  enhanced  in  combina-­
tion  with  sunitinib  [60].  Another  HPS90  inhibitor,  
a  non-­geldanamycin  derivative,  AT13387  shows  

an   effectiveness   against   both   imatinib-­sensitive  
and   imatinib-­resistant   GISTs.  AT13387   inhibits  
cell  proliferation  and  KIT  signalling  ablation   in  
both   in  vitro   and   in  vivo  models.  The  drug  was  
well   tolerated   in  vivo,  also   in  combination  with  
imatinib  [169,  170].  AT13387  is  currently  being  
evaluated  in  the  clinic  in  a  phase  II  GIST  trial  in  
combination  with  imatinib.
Promising   preclinical   data   were   demonstrat-­

ed   regarding   the   activity   of   histone   deacety-­
lase   (HDAC)   inhibitor   panobinostat   (LBH589)  
in   human   GIST   mouse   xenograft   model   [57].  
Human  HDAC  family  is  a  well-­recognized  anti-­
cancer  target  which  plays  a  key  role  in  the  control  
of   transcriptional   regulation   [31,  34,  91].  Pano-­
binostat   affects   HDAC,   modulates   expression  
of   cell   cycle   proteins,   induces   cell   cycle   arrest,  
apoptosis,  and  influences  the  angiogenesis-­relat-­
ed  genes  [57,  129].   It  was  shown  that   the  com-­
bination  of  panobinostat  with  imatinib  enhanced  
the   therapeutic  effect   in  GIST  xenograft  model,  
as  well   as   the   proapoptotic   effect   in  GIST   cell  
lines,   what   may   constitute   promising   strategy  
for  overcoming  the  resistance  to  imatinib  during  
treatment  of  advanced  GISTs  [57,  129].
GIST  cells  are  often  characterized  by  overex-­

pression   of   prosurvival   Bcl-­2   family   members  
such  as  Bcl-­2,  Bcl-­xL,  and  Mcl-­1  [171].  In  vitro  
studies  proved  that  ABT737,  a  BCL-­2  family  in-­
hibitor,   showed   antiproliferative   and   apoptotic  
effects  alone  and  in  combination  with  imatinib  in  
GIST  cell  lines—direct  engagement  of  apoptotic  
cell   death  may  be   an   effective   approach   to   cir-­
cumvent  imatinib-­resistance  in  GISTs  [145].
One  of  the  major  challenges  in  the  therapy  of  

advanced  GISTs  is  the  individualization  of  treat-­
ment   which   seems   to   become   possible   in   the  
nearest  future.  The  first  and  most  crucial  param-­
eter,  serving  as  a  predictive  factor  for  the  choice  
of   therapeutic   agent,   is   the  mutational   status  of  
the   primary   tumor.   In   general,   patients   bearing  
KIT   exon   11  mutations   are  more   likely   to   ben-­
efit   from   imatinib   treatment   than   patients   with  
KIT  exon  9  mutations,  PDGDRA  p.D842V  mu-­

known  that  patients  harboring  KIT  exon  9  muta-­
tions  should  receive  higher  than  standard  dose  of  
imatinib  to  increase  their  chances  for  prolonged  
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PFS.   Similarly,   imatinib-­treated   patients   carry-­
ing  a  point  mutation/deletion  at  KIT  codons  565  
or  579  have  worse  outcomes  as  compared  to  the  
patients   harboring   exon   11   mutation   at   a   dif-­
ferent   site.   Personally   tailored   therapy   in   these  
imatinib-­refractory  GISTs  should  be  based  on  the  
understanding   of   individual   molecular   mecha-­
nisms  of  resistance,  such  as  the  secondary  muta-­
tions  and  their  sensitivity  to  specific  agents.  For  
instance,   the   presence   of   a   KIT   p.T670I   gate-­
keeper  mutation  in  resistant  GISTs  may  indicate  
sorafenib  or  sunitinib  as  the  next  therapeutic  op-­
tion,  whereas  other  secondary  mutations  may  be  
more  susceptible  to  nilotinib  or  PKC412.  On  the  
other  hand,  sunitinib  is  less  active  against  tumors  
with  secondary  KIT  exon  17  and  18  mutations  as  
compared   to  exon  13  or  14  mutations.  Of  note,  
although  novel  small  molecule  kinase  inhibitors  
are   potent   against   different  KIT/PDGFRA   mu-­
tants,   essentially   they   are   imatinib   alternatives  
and   they  do  not   effectively   inhibit   all   imatinib-­
resistant  molecular  alterations.  Therefore,  novel  
approaches   targeting   pathways   downstream   of  
KIT  and  PDGFRA  regardless  of  the  specific  mu-­
tational   activation  mechanisms,  or   affecting   the  
oncoprotein  stability,  are  worth   further  explora-­
tion.
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Introduction

Around  65,000  patients  are  diagnosed  every  year  
with  kidney  cancer  in  the  United  States  and  this  
disease,   representing   4–5  %   of   all   new   cancer  
diagnosis,   causes  nearly  12,000  deaths   [1].  Ap-­
proximately   25–30  %   of   patients   with   kidney  
cancer   are   diagnosed   with   locally   advanced   or  
metastatic  disease  and  one-­third  of  patients  with  
local   disease   who   undergo   surgery   will   recur.  
Renal   cell   carcinoma   (RCC)   arises   from   the  
renal   epithelium   and   represents   the   most   com-­
mon   form  of  kidney  malignancy.  Although  his-­
torically   considered   as   a   single   entity,  we   have  
recently  learned  that  RCC  includes  a  number  of  
different  tumor  subtypes  that  occur  in  the  kidney  
(clear   cell,   papillary,   chromophobe,   etc.).   Each  
one   has   different   genetics   and  molecular   basis,  
a   particular   clinical   course,   and   distinctive   re-­
sponse  to  the  available  treatments  [2].  Tradition-­
ally,  therapeutic  options  for  advanced  RCC  have  
been  limited  to  cytokines  that  provide  responses  
in   the   range   of   10–15  %  with   a  median   overall  
survival  (OS)  of  10–12  months  and  notable  tox-­
icity  [3].  However,  in  the  last  decade,  parallel  to  

substantial  advances  in  the  understanding  of  the  
molecular   biology   of   clear   cell   RCC   (ccRCC),  
several  targeted  agents  have  been  developed  for  
this   disease   leading   to   a   relevant   improvement  
in   treatment   outcomes.   Currently,   patients  with  
advanced  RCC  can  achieve  median  survivals  ex-­
ceeding  the  2-­year  mark  [4].

Molecular Biology of Kidney Cancer

Clear Cell Renal Cell Carcinoma

ccRCC  can  be  sporadic  (95  %)  or  familial  (4–5  %)  
[5].  Mutations  in  the  Von  Hippel–Lindau  (VHL)  
gene  are  associated  with   the  homonymous   syn-­
drome,  characterized  by  an  increased  risk  of  sev-­
eral  medical   disorders  with   a   characteristic   hy-­
pervascularization,  such  as  retinal  angiomas,  he-­
mangioblastomas,  and  also  ccRCC.  Patients  with  
VHL  syndrome  have  40–60  %  risk  of  developing  
ccRCC   in   their   lifetime.  Abnormal   function   of  
the  VHL  gene  (either  by  mutation  or  by  methyla-­
tion)  has  been  also  found  in  approximately  90  %  
of  the  sporadic  forms  of  ccRCC  [6],  pointing  out  
the   relevance  of   this  gene   in   the   tumorogenesis  
of  this  particular  histological  subtype.  Moreover,  
understanding   the  VHL   gene   pathway   has   pro-­
vided  the  foundation  for  the  development  of  tar-­
geted  therapies  in  ccRCC.
The   VHL   gene   encodes   a   protein   (pVHL)  

that  regulates  the  levels  of  a  transcription  factor  
named  hypoxia-­inducible  factor  (HIF)  that  regu-­
lates   cellular   response   to   oxygen   availability.  
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Under   normoxic   conditions,   HIF   is   eliminated  
by   ubiquitinization   when   interacts   with   pVHL.  
Under   low  oxygen   conditions   or   in   the   case   of  
defective  pVHL  function,  there  is  an  accumula-­
tion   of   HIF,   which   activates   the   transcription  
of  genes   involved   in  adaptation   to  hypoxia  and  
closely   related   to   tumorogenesis.  These   include  
angiogenesis   factors,   such   as   vascular   endothe-­
lial   growth   factor   (VEGF),   cell   growth   factors  
such   as   transforming   growth   factor   alpha   and  
beta   (TGF   alpha–beta),   platelet   derived   growth  
factor  (PDGF),  and  genes  that  promote  glycoly-­
sis  [7].  Many  of  the  current  targeted  therapies  for  
ccRCC   act   on   the   products   of   these   genes   and  
their  cognate  receptors.

Papillary Type I Renal Cell Carcinoma

Hereditary   papillary   renal   cell   carcinoma  
(HPRC)  is  an  inherited  disease  with  a  high  risk  
of  developing  bilateral   type   I  papillary  RCC.   It  
is  associated  with  an  activating  mutation  in  MET  
gene  on   chromosome  7.  MET   seems   to  be   less  
frequently  mutated   than  VHL  in  sporadic  RCC,  
with  an  estimate  of  around  10  %  of  the  cases  [8].  
MET  encodes  a  protein  that  is  a  cell  surface  re-­
ceptor   of   hepatocyte   growth   factor   (HGF).  The  
activation  of  this  receptor  by  binding  HGF  pro-­
motes  binding  of  second  messenger  molecules  as  
GRB2,  GAB1,  or  PI3K  and   triggers  cell  prolif-­
eration  pathways.  The  MET  mutation  causes  per-­
manent  activation  of  the  tyrosine-­kinase  domain  
of  the  receptor,  without  ligand  HGF  stimulation.  
MET  overexpression  confers  a  growth  advantage  
but   additional   steps  might   be   necessary   for   the  
development  of  papillary  RCC  tumors  [9].  Based  
on  this,  MET  and  their  regulators  could  represent  
appropriate  treatment  targets  in  RCC,  especially  
in  papillary  type  I  tumors.

Papillary Type II RCC

The  familial  form  of  papillary  type  II  RCC  is  part  
of  a  syndrome,  namely,  Hereditary  Leiomyoma-­
tosis   RCC   (HLRCC)   that   confers   an   increased  
risk   of   this   unusual   aggressive   kidney   cancer  

and  uterine  and  cutaneous  leiomyomas  [10].  The  
inactivating  mutation  involved  in  this  syndrome  
affects  the  fumarate  hydratase  (FH)  gene,  which  

inactivated,  levels  of  fumarate  increase  and  pre-­
vent  HIF  degradation  by  hydroxylation.  HIF  ac-­
cumulation,   as   already   noted   above,   promotes  
transcription  of  genes   related   to   tumorogenesis.  
This   is   the   basis   of   the   therapeutic   approaches  
targeting  the  HIF  pathway,  in  both  ccRCC  and  in  
papillary  type  II  tumors.

Chromophobe Renal Cell Carcinoma

Inherited  inactivating  mutation  of  the  Birt–Hogg–
Dube   (BHD)   gene   on   the   short   arm   of   chro-­
mosome  17   leads   to  a   syndrome   that  bears   this  
name,  characterized  by  increased  risk  for  differ-­
ent  types  of  renal  tumors,  such  as  chromophobe  
RCC  (33  %),  hybrid  oncocytic  neoplasms  (50  %),  
ccRCC   (10  %),   or   oncocytoma   (7  %)   [11].  This  
syndrome  has   characteristically   the   presence   of  
fibrofolliculomas   (85  %),  which  are  benign  hair  
follicle  tumors,  and  pulmonary  cysts  (>  85  %)  as-­
sociated   with   spontaneous   pneumothorax.   This  
germ  line  BHD  gene  mutation  is  found  in  around  
90  %   of   BHD-­affected   family   members   [12];;  
however,   it   seems   to   be   rare   in   sporadic   chro-­
mophobe  RCC   [13].  BHD  gene  encodes   a  pro-­
tein,  namely,  folliculin,  which  interacts  with  two  
proteins   (FNIP1  and  FNIP2)   and  binds  AMPK.  
This   complex   down-­regulates   mTOR   activity.  
Therefore,   when   folliculin   is   defective,   it   exist  
an   increased  activity  of  mTOR  pathway,   result-­
ing   in   HIF   up-­regulation   [14].   Therefore,   from  
a  mechanistic  perspective,  both  mTOR  and  HIF  
pathways   are   considered   therapeutics   targets   in  
this  type  of  renal  tumor,  and  has  been  shown  in  
animal  models.

Clinical Development  
of VEGF-Targeted Therapy in RCC

Once   the   molecular   bases   of   RCC   have   been  
reviewed,   we   will   present   the   current   targeted  
agents  for  the  treatment  of  this  disease.
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Targeting the Ligand: Anti-VEGF 
Antibody

VEGF-­mediated   activity   in  RCC  can  be   target-­
ed   through   different   strategies.   Those   include  
blocking   the   ligand   itself   through   the   adminis-­
tration   of  monoclonal   antibodies   and   inhibiting  
the  tyrosine-­kinase  activity  of  the  cognate  recep-­
tor   (vascular   endothelial   growth   factor   receptor  
[VEGFR])  with  small  molecules.  Recently,  drugs  
with  a  combined  effect  have  also  been  developed  
and  will  be  shortly  described.

Bevacizumab
Bevacizumab  is  an  intravenously  (i.v.)  adminis-­
tered   recombinant   human  monoclonal   antibody  
directed   against   VEGF.   This   compound   binds  
and   neutralizes   all   biologically   active   isoforms  
of  VEGF  [15].  Bevacizumab  was  the  first  of  its  
class  to  demonstrate  activity  in  the  treatment  of  
advanced  RCC.  A   randomized  phase   II   trial,   in  
which   116   patients   with   treatment-­refractory  
metastatic   ccRCC   were   randomized   to   receive  
placebo,  low-­dose  (3  mg/kg),  or  high-­dose  bev-­
acizumab   (10  mg/kg)   i.v.   every   2  weeks,   dem-­
onstrated   that   the   superiority   of   this   antibody  
and  opened  the  field  of  anti-­angiogenics  for  the  
treatment  of  metastatic  RCC  [16].  Later  on,  two  
multicenter   international   phase   III   studies,   one  
in  North  America  (CALGB  90206  trial)  and  one  
in  Europe  (AVOREN  study),   investigated  beva-­
cizumab   in   combination  with   interferon   alfa-­2a  
(IFN)  versus  IFN,  in  the  first  line  setting  [17,  18]  
(Table  15.1).
Both   evaluated   the   same   doses   of   bevaci-­

zumab   (10  mg/kg   every   2  weeks   i.v.)   and   IFN  
alfa-­2a  (9  MU  three  times  weekly  subcutaneous)  
but  differed  slightly  on  the  populations  that  were  
included   and   the   use   of   placebo.   The   CALGB  
90206  allowed  inclusion  of  patients  without  cy-­
toreductive  nephrectomy  and  did  not  use  placebo  

in  the  IFN  alone  arm.  In  both  studies,  progression  
free  survival  (PFS)  was  significantly  longer  with  
bevacizumab  plus  IFN  than  with  IFN  monother-­
apy.   In   addition,   the   experimental   arm   showed  
trends  towards  a  longer  overall  survival  (OS)  but  
not  reaching  statistical  significance  [19,  20].
These  OS   results   could   be   explained   by   the  

fact   that   the   European   trial   patients   in   the   pla-­
cebo–IFN   arm   were   allowed   to   cross   over   to  
the  bevacizumab  arm  and  more  than  50  %  of  the  
patients   in  each  arm  who  discontinued  received  
subsequent  therapy.  In  the  CALGB  90206  study,  
crossover  was  not  permitted  but  the  patients  who  
received   IFN   received   subsequent   therapy.   In  
terms  of  response  rate  (RR),  both  studies  showed  
a  significant  increase  in  objective  RR  in  the  ex-­
perimental  arm  (25.5  vs.  13.1  %,  p  <  0.0001  and  
31  vs.  13  %,  p  <  0.0001  in  the  American  and  Eu-­
ropean  studies,   respectively).  Main   toxicities  of  
Bevacizumab   plus   IFN   included   fatigue,   asthe-­
nia,  anorexia,  hypertension  and  proteinuria.
Based  on  these  results,  Bevacizumab  plus  in-­

terferon   alfa-­2a  was   approved   by   the  European  
Medicines   Agency   (EMA)   in   November   2007  
and   by   the   US   Food   and   Drug  Administration  
(FDA)   in   August   2009   for   the   first-­line   treat-­
ment  of  metastatic  renal  cell  carcinoma  (mRCC)  
patients  with   good   or   intermediate   risk   accord-­
ing  to  Memorial  Sloan  Kettering  Cancer  Center  
(MSKCC)  classification.
Recently,  bevacizumab  has  been  investigated  

in  combination  with  mTOR  inhibitors  (Temsiro-­
limus   and   everolimus)   in   mRCC   with   additive  
toxicity  and  no  clear  benefit  [21–24].

Targeting the Receptor: Small- 
Molecules Blocking VEGFR Activity

An   alternative   approach   to   direct   inhibition   of  
VEGF   is   blocking   the   activity   of   its   cognate  

Table 15.1     Randomized  clinical  trials  testing    the  combination  of  IFN  and  bevacizumab  in  mRCC
Bevacizumab-­IFN  vs  IFN AVOREN  (  n  =  649) CALGB  90206  (  n  =  732)
PFS 10.2  vs  5.5  months,  HR  0.63,  p  >  0.001 8.5  vs  5.2  months,  HR  0.71,  p  <  0.0001
ORR 31  vs  13  % 25.5  vs  13.1  %
OS 23.3  vs  21.3  months,  HR  0.86,  p  =  0.129 18.3  vs  17.4  months,  HR  0.86,  p  =  0.07
PFS  progression  free  survival,  ORR  overall  response  rate,  OS  overall  survival,  HR  hazard-­ratio
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receptors.   Several   tyrosine-­kinase   inhibitors  
(TKIs)   have   been   developed   in   this   setting   to  
treat  advanced  RCC  and  are  here  presented.

Sorafenib (BAY 43-9006)
Sorafenib  is  an  oral  multikinase  inhibitor  that  in-­
hibits  VEGFR  1–3,  platelet-­derived  growth  fac-­
tor  receptor  (PDGFR),  stem  cell  factor  receptor,  
c-­Kit,  and  the  serine–threonine  kinase  Raf-­1.
The   activity   of   sorafenib   in   advanced   RCC  

was   demonstrated   in   the   phase   III   Treatment  
Approaches   in  Renal  Cancer  Global  Evaluation  
Trial   (TARGET)   study.  An   international   phase  
III  randomized,  double  blind,  placebo-­controlled,  
trial   of   single-­agent   sorafenib   in   905   cytokine-­
refractory  mRCC  patients  with   favorable  or   in-­
termediate  MSKCC   risk   score   for   survival.   Pa-­
tients  received  continuous  oral  sorafenib,  400  mg  
twice  daily  or  placebo.  Few  objective  responses  
were  observed  (10  vs  2  %,  p  <  0.001)  but  a  PFS  
advantage   (median   5.5   vs   2.8   months,   hazard  
ratio   (HR)   0.44,   95  %   CI   0.35–0.55,   p  <  0.01)  
was  obtained  [25].   Improvement   in   the  primary  
endpoint  of  OS  did  not  reach  significance  in  the  
intent-­to-­treat   analysis.   However,   after   censor-­
ing  the  placebo  patients  who  crossed  over  to  the  
sorafenib  arm,  there  was  an  increased  overall  sur-­
vival  with   sorafenib   (17.8   vs   14.3  months,  HR  
0.78,  p  =  0.029)  [26].  On  the  other  hand,  a  small  
randomized   phase   II   study   of   sorafenib   versus  
IFN   alfa-­2b   (  n  =  189)   in   the   first-­line   setting  
failed  to  demonstrate  a  PFS  advantage  over  IFN  
(5.6  vs  5.7  months,  respectively)  [27].  The  most  
common  grade  3  or  4   treatment   related  adverse  
events   (AEs)   associated   with   Sorafenib   were  
hand-­foot-­syndrome   (86  %),   fatigue   (5  %),   dys-­
pnea  (4  %),  and  hypertension  (4  %).
Sorafenib  was   approved   by   the   FDA   in  De-­

cember  2005  and  by   the  EMA  in  July  2006  for  
the  treatment  of  patients  with  cytokine-­refractory  
advanced  RCC.
Sorafenib   has   also   been   recently   investigat-­

ed   in   second-­line   after   progression   to   another  
TKI   (Sunitinib)   in   a  multicenter   phase   III   trial  
(INTORSECT)   in   which   512   mRCC   patients  
with   progressive   disease   after   sunitinib   were  
randomized  to  receive  the  mTOR  inhibitor  tem-­
sirolimus  (  n  =  259)  or  sorafenib  (  n  =  253).  There  

was  no   statistically   significant  difference   in   the  
primary  endpoint  (PFS  4.2  vs  3.9  months,  respec-­
tively)  but  a  benefit  in  OS  in  favor  of  sorafenib  
was  observed   (12.27  vs  16.6  months,  HR  1.31,  
CI  95  %  1.05–1.63)   [28].  Sorafenib   is   also   cur-­
rently  being  evaluated  in  sequential  and  adjuvant  
setting   in   other   trials   (ASSURE   trial:  Adjuvant  
Sorafenib   or   Sunitinib   for   Unfavorable   Renal  
Carcinoma;;  NCT00326898).

Sunitinib (SU11248)
Sunitinib   is   an   oral   multitargeted   receptor   TKI  
that   inhibits   VEGFR   1–3,   PDGFR,   c-­Kit,   and  
FMS-­like   tyrosine   kinase-­3   (Flt3).   Two   initial  
phase  II  trials  of  sunitinib  in  mRCC  patients  who  
had  failed  previous  immunotherapy  obtained  an  
objective  RR  of  45  %,  a  PFS  of  8.4  months  and  
an  OS  of  22.3  months  in  168  evaluable  patients  
[29].  These  encouraging  results  led  to  a  random-­
ized  phase   III   study   that  compared  single-­agent  
sunitinib  versus  IFN-­2a  in  750  systemically  un-­
treated   patients   with   mRCC.   Patients   received  
oral  sunitinib,  50  mg  once  daily  in  6-­week  cycles  
(4  weeks  on  treatment  followed  by  a  2-­week  rest  
period)   or   subcutaneous   IFN-­2a   thrice   weekly,  
escalated   in   weekly   increments   from   3   to   6   to  
9  MU).  This  trial  demonstrated  a  statistically  sig-­
nificant   advantage   in   objective  RR   (39   vs   8  %,  
p  <  0.001)   and   PFS   (11   vs   5  months,   HR   0.54,  
p  <  0.001)   for   sunitinib   treated  patients  and  was  
consistent   across   patient   subgroups,   although  
only   7  %  were   poor   prognostic   as   per  MSKCC  
risk   classification.   In   addition,   quality   of   life  
(QoL)  was  superior  with  sunitinib  than  with  IFN-­
2a  and  scores  indicated  clinically  significant  dif-­
ferences  (  p  <  0.001)  [30].  A  final  survival  analy-­
sis   of   these   patients   was   reported   suggesting   a  
trend   for   improved   median   OS   with   sunitinib  
therapy  (26.4  vs  21.8  months;;  HR  0.82,  95  %  CI  
0.67–1.00;;  p  =  0.051)   [31].  The   survival   benefit  
may  have  been  diluted  by  crossover  of  more  than  
50  %   of   placebo-­assigned   patients   to   sunitinib  
and/or  other  VEGFR   inhibitor   therapy.   In  addi-­
tion,   a   separate   exploratory   analysis   of   patients  
who  did  not  receive  post-­study  cancer  treatment  
showed   that   the  median  OS   time  with  sunitinib  
was   double   than   with   IFN-­2a   (28.1   months   vs  
14.1   months,   respectively;;   p  =  0.003).   The   OS  
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seen   with   sunitinib   in   this   trial   was   more   than  
double  the  OS  reported  in  previous  trials  involv-­
ing  cytokines,  increasing  from  13  to  26  months.  
The  most  common  grade  3  treatment  related  AEs  
in   this   trial   were   hypertension   (12  %),   fatigue  
(11  %),  diarrhea   (9  %),  hand  and   foot   syndrome  
(9  %),  and  hypothyroidism  (14  %).
Sunitinib  was  approved  by  the  FDA  in  Janu-­

ary   2006   based   on   responses   in   patients   with  
mRCC  who  had  failed  cytokine  therapy  and  re-­
ceived   full  approval   in  February  2007   from   the  
FDA  and  EMA  based  on  results  obtained  in  the  
first-­line   treatment   of   patients   with   locally   ad-­
vanced  or  mRCC.
Sunitinib   has   emerged   as   a   standard   of   care  

for   patients   with   untreated   mRCC   and   is   cur-­
rently   being   investigated   in   a   number   of   ongo-­
ing  clinical  trials  to  assess  efficacy  of  sequential  
treatment  and  its  efficacy  in  the  adjuvant  setting  
after  surgery  (ASSURE  trial:  Adjuvant  Sorafenib  
or   Sunitinib   for   Unfavorable   Renal   Carcinoma  
[NCT00326898];;  STRAC  Trial:  Sunitinib  Treat-­
ment   of   Renal   Adjuvant   Cancer   (S-­TRAC):   a  
randomized  double  blind  phase  III  study  of  adju-­
vant  sunitinib  vs  placebo  in  subjects  at  high  risk  
of  recurrent  RCC  [NCT00375674]).

Pazopanib (GW786034)
Pazopanib  is  a  second-­generation  orally  adminis-­
tered  multitargeted  TKI  that  inhibits  VEGFR1-­3,  
PDGFR  and   c-­kit   and   is   the   third   oral  VEGFR  
inhibitor   to   achieve   regulatory   approval   status  
in  the  United  States  and  Europe  based  on  results  
from   a   randomized,   double-­blind,   placebo   con-­
trolled  phase  III  study  of  single-­agent  pazopanib  
in   435   patients,   including   cytokine-­pre-­treated  
and  treatment-­naïve,  with  locally  advanced  and/
or  mRCC.  The  majority  of  patients  were  of  good  
or   intermediate   risk  according   to  MSKCC  clas-­
sification.   Patients   received   continuous   oral  
pazopanib,   800   mg   daily   (  n  =  290),   or   placebo  
(  n  =  145)   once   daily.   Patients   who   progressed  
on   placebo   were   eligible   to   receive   open-­label  
pazopanib.   There   was   a   significant   increase   in  
PFS  with   pazopanib   compared  with   placebo   in  
the   entire   population   (median   PFS   9.2   vs   4.2  
months,   respectively,  HR  0.46,  p  <  0.0001),   and  
in   the   cytokine-­pretreated   (7.4   months   vs   4.2  

months,  HR  0.54,  p  <  0.001)  and  treatment-­naïve  
(11.1  months  vs  2.8  months,  HR  0.40,  p  <  0.0001)  
subpopulations  as  well  as  a  significantly  higher  
ORR  (30  %  vs  3  %,  p  <  0.0001)   [32].  Pazopanib  
led  to  a  significantly  longer  PFS  time  regardless  
of  MSKCC  risk  score,  age,  sex,  or  performance  
status  and  QoL  with  pazopanib  did  not  differ  sig-­
nificantly  from  that  with  placebo.  In  a  recent  sur-­
vival  data  update,  there  was  no  difference  in  OS  
for  pazopanib-­assigned  and  placebo-­assigned  pa-­
tients  (median  OS  22.9  vs  20.5  months,  HR  0.91,  
p  =  0.22)   but   54  %   of   the   latter   received   pazo-­
panib  after  progression  [33].  Pazopanib  was  ap-­
proved  by  the  FDA  in  October  2009  for  the  first-­
line  treatment  of  patients  with  advanced  RCC.
Pazopanib   has   been   compared   with   suni-­

tinib   as   first-­line   therapy   for   advanced  RCC   in  
the  phase  III  COMPARZ  study.  This  is   the  first  
“face-­to-­face”   randomized   comparison   of   two  
approved  VEGF-­targeted  therapy  in  this  setting.  
Over  1000  patients  with  mRCC  were  randomized  
to  receive  either  pazopanib  or  sunitinib  as  first-­
line  therapy.  The  study  had  a  non-­inferiority  de-­
sign  and  aimed  to  exclude  a  difference  >  25  %  in  
the  HR,  being  the  primary  endpoint  PFS.  The  re-­
sults  showed  a  median  PFS  of  9.5  and  8.4  months  
for   sunitinib   and   pazopanib   (HR   1.47   CI   95  %  
0.89–1.21),   respectively,   suggesting   that   pazo-­
panib  is  non-­inferior  to  sunitinib.  Interestingly,  a  
different   safety  profile  between  both  drugs  was  

-­
drome  were  more   frequent  with   sunitinib,   diar-­
rhea,  and  hepatotoxicity  were  more  frequent  with  
pazopanib  [34].
A  complementary  phase  II  randomized  study  

(PISCES)  evaluated  169  treatment  naïve  patients  
with   a   novel   primary   endpoint:   patient   prefer-­
ence.   Patients   received   blinded   treatment   with  
pazopanib  for  10  weeks  with  a  2-­week  washout  
period  before  50  mg  of   sunitinib   for  10  weeks,  
or  vice  versa.  Following  the  double  blind  phase  
(total   of   22   weeks),   patients   were   allowed   to  
continue   on   treatment   based   on   which   agent  
they  preferred.  About   70  %  of   patients   reported  
preferring   treatment   with   pazopanib,   22  %   pre-­
ferred  sunitinib,  and  8  %  had  no  preference.  This  
study  was  not  designed  to  assess  efficacy  [35].
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Based  on  these  data,  pazopanib  represents  an-­
other  valid  option  along  with  sunitinib  and  bev-­
acizumab-­INF  in  the  first-­line  setting  in  mRCC.  
Pazopanib  is  also  being  evaluated  as  second-­line  
therapy  in  mRCC  patients  previously  treated  with  
VEGF-­targeted  therapy  in  a  single  arm  phase  II  
study   (NCT00731211)   and   also   in   the   adjuvant  
setting  (PROTECT  trial).

Axitinib (AG013736)
Axitinib  is  a  potent,  selective,  second-­generation  
inhibitor  of  VEGFR1-­3  that  inhibits  the  receptor  
activity   at   sub-­nanomolar   drug   concentrations.  
Axitinib   has   a   greater   relative   potency   when  
compared  with  first  line  VEGFR  inhibitors  and  a  
less  “promiscuous”  mechanism  of  action  [36].  In  
a  phase  II  open-­label,  single-­arm  study,  axitinib  
monotherapy  was   evaluated   in  52  patients  with  
cytokine-­refractory  mRCC.  The  ORR  was  44  %.  
The  median  time  to  progression  was  15.7  months  
and  the  median  OS  time  was  29.9  months  [37].  
A   subsequent   phase   II,   open-­label,   single-­arm  
trial   assessed   the   activity   of   axitinib   in   62   pa-­
tients  who  had  received  prior  sorafenib.  MSKCC  
risk  status  was  not  determined  in  this  population.  
Treatment   with   axitinib   achieved   22.6  %   ORR  
with  a  median  PFS  time  of  7.4  months  and  me-­
dian  OS  time  was  13.6  months  [38].  After  dem-­
onstrating  clinical  activity  in  these  two  phase  II  
studies,   axitinib  was   evaluated   in   a   second-­line  
open-­label,  randomized  phase  III  trial  (the  AXIS  
study).   In   this   trial,   723   patients   with   mRCC  
who  progressed  despite   initial   systemic   therapy  
including   sunitinib   (54  %),   cytokines   (35  %)  
and   bevacizumab-­IFN   or   temsirolimus   (11  %)  
were  randomized  to  receive  either  axitinib  5  mg  
twice   daily   or   Sorafenib   at   standard   dose.  Ax-­
itinib   dose   escalation   up   to   10   mg   twice   daily  
was   allowed   in   the   absence   of   hypertension   or  
other   grade   3   toxicities.   The   primary   endpoint,  
PFS,   was   significantly   better   for   axitinib   than  
sorafenib   regardless   of   prior   treatment   (median  
PFS  for  all  patients  was  6.7  vs  4.7  months,  HR  
0.67,  p  <  0.001;;  HR  0.74  after  prior  sunitinib,  HR  
0.46  after  cytokine).  Responses  were  seen  more  
often  after  axitinib  than  sorafenib  (19.4  vs  9.4  %,  
p  <  0.001)  [39].  The  most  common  toxicities  as-­
sociated   with   axitinib   included   hypertension,  

diarrhea   and   fatigue.   Based   on   these   results,  
the  FDA  approved   axitinib   for   the   treatment   of  
mRCC   patients   in   the   second-­line   setting.   In   a  
recent   survival   data   update   of   the  AXIS   study,  
there  was  no  difference  in  overall  survival  for  the  
whole  group:  20.1  to  19.2  months  for  axitinib  and  
sorafenib  (  p  =  0.3744)  [40].
Axitinib  has  also  being  evaluated  in  the  first-­

line   setting   versus   sorafenib,   and   results   have  
been  recently  communicated.  The  study  had  90  %  
power   to  detect   a  78  %  PFS   improvement   from  
5.5   months   with   sorafenib   to   9.8   months   with  
axitinib,  corresponding  to  a  HR  of  0.561  (over-­
all   one-­sided     =  0.025).   Although   numerically  
axitinib  provided  better  PFS,  this  study  failed  to  
achieve  statistically  the  primary  endpoint.  In  the  
overall   study  population  median,  PFS  was  10.1  
versus  6.5  months  with  axitinib  versus  sorafenib  
(HR  adjusted  for  PS,  0.767;;  95  %  CI  0.559–1.053;;  
one-­sided  p  =  0.0377).  Objective  RR  with  axitinib  
versus  sorafenib  was  32.3  %  versus  14.6  %  (one-­
sided  p  =  0.0006  adjusted  for  PS)  [41].

Tivozanib (AV-951)
Tivozanib  is  another  second-­generation  oral  pan-­
VEGFR-­TKI  that  was  investigated  in  a  phase  II  
randomized,  placebo-­controlled,  discontinuation  
trial   of   272   patient’s   naïve   to   VEGF-­targeted  
therapy.  Patients  received  Tivozanib  1.5  mg  daily  
in   4-­week   cycles   (3   weeks   on   treatment   and   1  
week  off).  The  ORR  was  25.4  %  and  the  median  
PFS  11.8  months;;   a   subgroup   analysis   of   these  
data   suggested   that   patients   with   ccRCC   and  
prior   nephrectomy   appear   to   respond   better   to  
tivozanib,  with  an  ORR  of  29.6  %  and  a  median  
PFS  time  that  was  not  reached  [42].  These  results  
led  to  a  bigger  trial  named  TIVO-­1.  The  TIVO-­1  
is  a  phase  III  randomized,  open-­label  multicenter  
trial  that  compared  tivozanib  versus  sorafenib  in  
517   mRCC   patients.   Approximately,   one-­third  
of   them  had   received  citokines  previously.  Me-­
dian  PFS  was  11.9  months  versus  9.1  months  for  
tivozanib  and  sorafenib,  respectively  (HR  =  0.79,  
95  %   CI   0.639–0.993;;   p  =  0.042).   A   more   pro-­
nounced  difference  in  median  PFS  was  seen  with  
treatment-­naive   patients   (12.7   vs   9.1   months,  
respectively;;   HR   0.76;;   95  %   CI   0.580–0.985;;  
p  =  0.037)   and   the   response   rate   was   33   versus  
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23  %,  p  =  0.014,   respectively.   Patients  who   pro-­
gressed   on   sorafenib  were   subsequently   treated  
with  tivozanib,  which  could  have  confounded  the  
overall  survival  measurement.  Hypertension  and  
dysphonia   were   more   common   with   tivozanib  
while  diarrhea  and  hand  and  foot  syndrome  were  
more   frequent   with   sorafenib.   The   incidence  
of   fatigue  was   low  with   both   drugs.   Tivozanib  
showed  a   favorable   toxicity  profile  with  <  10  %  
of  patients  developing  common  terminology  cri-­
teria   for   adverse   events   (CTCAE)  grade  3   or   4  
adverse   events   [43].   In   conclusion,   a   favorable  
risk-­benefit   profile  was   demonstrated   for  Tivo-­
zanib  by  a  clinically  meaningful  and  statistically  
significant   prolongation   of   PFS   and   improve-­
ment  in  ORR  over  sorafenib.  However,  the  trial  
showed   a   non-­significant   trend   toward   worse  
overall  survival  among  patients  assigned  to  Tivo-­
zanib  after  all  patients  had  been  followed  for  at  
least  2  years  raising  some  concern  and  leading  to  
a  negative  evaluation  by  FDA  that  declined  ap-­
proval  of  this  compound.

Mechanistic Target of Rapamycin 
(mTOR) Inhibitors

The  mechanistic  target  of  rapamycin  (mTOR)  is  
a  serine–threonine  kinase  that  exists  in  two  func-­
tionally  distinct  multiprotein  complexes,  TORC1  
and   TORC2.   The   TORC1   complex   includes  
mTOR   and   regulatory-­associated   protein   of  
mTOR  (RAPTOR),  regulates  cell  cycle  progres-­
sion,   protein   translation,   and   several   aspects   of  
metabolism.  On  the  other  hand,  the  TORC2  com-­
plex   includes  mTOR  and   rapamycin   insensitive  
companion   of   mTOR   (RICTOR)   and   regulates  
the   activity   of   the   kinase  AKT.  Different   drugs  
targeting   this   pathway   have   been   developed   in  
renal   cell   cancer   therapeutics.   Two  TORC1   in-­
hibitors   (Temsirolimus   and   Everolimus)   have  
received  regulatory  approval  for  use  in  advanced  
RCC  in  first  and  second  line,  respectively,  based  
on  positive  results  from  two  randomized  phase  III  
trials   [44,   45].  Other   compounds   targeting  pos-­
sible  mechanisms  of  resistance/escape  to  TORC1  
inhibition,  such  as  PI3K  and  TORC2  activation,  
have  been  recently  developed  and  are  in  different  

RCC  for  this  family  of  drugs  as  follows.

Temsirolimus (CCI-779)

Temsirolimus   (sirolimus   42-­ester   2,2-­bis   hy-­
droxymethyl  propionic-­acid)  is  an  mTOR  inhibi-­
tor,   administered   IV   and   rapidly   converted   into  
its  major  metabolite   sirolimus.   Sirolimus   binds  
the  protein  FKBP12  and  exerts  its  anticancer  ef-­
fect   through   inhibition  of   the  TORC1  complex.  
Early  in  the  clinical  development  of  temsirolimus  
activity  in  RCC  patients  was  observed  leading  to  
posterior  phase  II  disease  oriented  trials  that  con-­
firmed   activity   and   defined   25  mg   in   a  weekly  
basis  as  the  recommended  dose  for  further  testing  
[46,  47].  A  pivotal  phase  III,  randomized,  open-­
label   study   compared   IFN,   temsirolimus,   and  
temsirolimus  in  combination  with  IFN  in  patients  
with   previously   untreated   advanced   RCC   who  
had   at   least   three   of   six   protocol-­specified   risk  
factors  for  short  survival.  The  primary  endpoint  
was  OS.  This  study  was  positive  favoring  the  arm  
of  temsirolimus  alone  with  a  median  OS  of  10.9  
months.  Temsirolimus  was  overall  well  tolerated.  
Main   toxicities   were  metabolic   and/or   hemato-­
logical.   Differently   from   other   big   trials   in   ad-­
vanced  RCC,   this  study  included  about  20  %  of  
patients  with  non-­clear  cell  histology  and  temsi-­
rolimus  also  demonstrated  benefit  in  this  popula-­
tion  [44].  Currently,  temsirolimus  was  approved  
in  2007  by  the  FDA  and  EMA  for  first-­line  treat-­
ment  of  mRCC  with  poor  prognosis  criteria.  It  is  
also  considered  a  valid  option  for  the  treatment  of  
patients  with  non-­clear  cell  RCC.

Everolimus (RAD001)

Everolimus   is   an   orally   administered   inhibi-­
tor  of  mTOR.  Different  phase   I   studies  defined  
a  daily  oral  dosing   schedule  of  10  mg  continu-­
ously   and   revealed   remarkable   activity   in   vari-­
ous  solid  malignancies  with  a  favorable  toxicity  
profile   [48].  Later  on,  everolimus  was   tested   in  
an   uncontrolled   phase   II   trial   in   patients   with  
advanced  RCC  who  had  been  previously  treated  
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with  cytokines,  and  showed  a  high  proportion  of  
durable  disease  stabilization  or  tumor  shrinkage  
[49].   Those   results   prompted   an   international,  
multicentre,  double-­blind,   randomized  phase  III  
trial   (RECORD1),  where   everolimus  was   com-­
pared  with  placebo  for  the  treatment  of  metastatic  
RCC  patients  whose  disease  had  progressed  on  
treatment  with  VEGF   receptor  TKIs   (sunitinib,  
sorafenib   or   both).   Patients   were   randomly   as-­
signed   in   a   2:1   fashion   to   receive   everolimus  
10  mg  once  daily  (  n  =  272)  or  placebo  (  n  =  138).  
The   study   primary   endpoint   was   PFS   assessed  
by   independent  central   reviewer,  and  secondary  
endpoints  included  OS  and  safety.  The  results  of  
the  second  interim  analysis  revealed  a  significant  
difference   in   PFS   (4.0   vs   1.9  months)   favoring  
the   everolimus   arm   and   the   trial  was   halted.  A  
recent   update   of   this   study   has   been   published  
confirming  the  benefit  of  everolimus  in  this  pop-­
ulation   [median  PFS  of   49  vs   1.9  months;;  HR,  
033;;  p  <  0.001].  Stomatitis,  rash,  and  fatigue  were  
the  most  commonly  reported  adverse  events,  but  
were  mostly  mild  or  moderate  in  severity.  Pneu-­
monitis   (any   grade)   was   detected   in   22   (8  %)  
patients  in  the  everolimus  group,  of  whom  eight  
had  pneumonitis  of  grade  3  severity.  No  statisti-­
cally  significant  differences  in  OS  were  observed  
[14.8  months  (everolimus)  vs  14.4  months  (pla-­
cebo);;  HR,  0.87;;  p  =  0.162].
Everolimus  was  approved  in  2009  by  the  FDA  

and  EMA  for  the  treatment  of  mRCC  after  pro-­
gression  to  VEGF  targeted  therapies.

New Generation PI3K-AKT-mTOR 
Agents

Double PI3K-mTOR Inhibition: 
NVPBEZ235

New   drugs   targeting   PI3K   and  mTOR   are   cur-­
rently   in   clinical   development.   NVPBEZ235   is  
a  new,  orally  bioavailable  imidazoquinoline  that  
exert  its  anticancer  effect  through  blocking  of  the  
ATP-­binding  domain  of  PI3K  and  mTOR  thereby  
inhibiting  both  TORC1  and  TORC2.  Pre-­clinical  
studies  have  demonstrated  that  this  double  inhibi-­
tion  is  superior  to  only  TORC1  blocking  leading  

to  clinical  studies  where  BEZ235  is  being  tested  
either  as  a  single  agent  or  in  combination  (Stud-­
ies:  NCT01453595;;  NCT01482156).  Results  are  
eagerly  awaited  [50].

AKT Inhibition: Perifosine

Two  phase  II  trials  (Perifosine-­228  and  231)  have  
been   conducted   testing   the   efficacy   and   safety  
of  a  novel  AKT  inhibitor,  perifosine,  in  patients  
with  advanced  RCC  who  had  failed  on  previous  
VEGF   targeted   therapy  and/or  mTOR  inhibitor.  
Efficacy  data  reported  is  similar  to  that  of  other  
already   tested   second   line   agents.   The   median  
PFS  was  around  14  weeks  in  both  studies  and  re-­
sponse  rate  ranged  from  4  to  10  %  and  30  to  46  %  
of   stabilizations.   Perifosine   was   well   tolerated  
with  scarce  grade  3  and  4  events.  Most  common  
toxicities   included   nausea,   diarrhea,   musculo-­
skeletal  pain,  and  fatigue.  Given   its  mechanism  
of  action  and  toxicity  profile,  it  could  be  worthy  
a  further  evaluation  of  perifosine  in  combination  
with  other  currently  available  drugs  for  advanced  
RCC  [51].

Upcoming Agents in Renal Cell Cancer

There  are  a  number  of  agents  in  development  in  
advanced   RCC   therapeutics.   These   molecules  
could  be  classified  based  on  their  mechanism  of  
action:
1.     Last  generation  anti-­angiogenics:  Cediranib,  
Dovitinib,   AMG-­386   (Trebananib),   Afliber-­
cept,  and  Regorafenib.

2.     Met   inhibitors:  Foretinib,  AMG102,  and  Ti-­
vantinib.

Last Generation Anti-Angiogenics

Cediranib
Cediranib   is   an   orally   available,   high-­potent  
VEGFR   inhibitor   with   activity   against   VEGF  
receptors   1–3.   Two   studies   (one   European   and  
one   North-­American)   have   reported   activity  
of   this   compound   in   mRCC.   First,   a   phase   II,  
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randomized,   double-­blind,   parallel-­group   study  
compared   the   efficacy   of   cediranib   versus   pla-­
cebo  in  patients  with  metastatic  ccRCC  who  had  
not  been  treated  with  VEGFR  inhibitors.  Patients  
were  randomized  (3:1)  to  cediranib  45  mg/day  or  
placebo.  The  primary  objective  was  comparison  
of  tumor  size  change  from  baseline  to  12  weeks  of  
therapy.  Secondary  objectives  included  response  
rate  and  duration,  progression-­free  survival  (PFS)  
and   safety,   and   tolerability.  Crossover  was   per-­
mitted.   Seventy-­one   patients   were   randomized  
(53   to  cediranib/18   to  placebo).  After  12  weeks  
of   therapy,   there  was  a   significant  difference   in  
mean  percentage  change  from  baseline  in  tumor  

(+  20  %)   arms   (  p  <  0.0001).   Eighteen   patients  
(34  %)  achieved  a  partial   response  on  cediranib  
and   almost   half   [25   (47    %)]   experienced   stable  
disease.   Cediranib   treatment   was   also   effective  
at  prolonging  PFS  compared  with  placebo  [me-­
dian  PFS  1.1  vs  2.8  months).  The   toxicity  pro-­
file  was  quite  consistent  with  a  VEGFR   inhibi-­
tor   with   diarrhea   (74  %),   hypertension   (64  %),  
fatigue  (58  %),  and  dysphonia  (58  %)  as  the  most  
frequent  adverse  event  [52].  Another  single-­arm  
phase   II   trial   conducted   by   a  Canadian   consor-­
tium  tested  cediranib  at   the  same  dose  and   in  a  
similar   population   in   44   patients.   The   primary  
endpoint  was  objective   response  and   secondary  
objectives  included  clinical  benefit  rate,  duration  
of   response,   PFS,   OS,   and   safety.   Thirty-­eight  
percentage   of   the   patients   in   this   trial   achieved  
a   partial   response   and   the   clinical   benefit   rate  
reached  85  %.  Median  PFS  was  8.9  months  (95  %  
CI:  5.1–12.9);;  and  median  OS  was  28.6  months  
(95  %   CI:   18.2–37.3   months).   Consistent   with  
the  previous  study  the  most  frequent  grade  3  or  
higher  AEs  included  hypertension,  fatigue,  hand-­
foot  syndrome,  and  diarrhea  [53].  These  very  en-­
couraging  results  open  a  window  of  launching  a  
phase   III   trial   in   this  setting,  although  probably  
using   lower   doses   such   as   30  mg  would  make  
adhesion  to  treatment  easier  based  on  long-­term  
toxicity  profile.

Dovitinib
Dovitinib  is  an  oral  agent  able  to  inhibit  the  ty-­
rosine   kinase   domain   of   VEGFR   and   FGFR  

receptors.   In   a   phase   II   trial   of   pre-­treated   pa-­
tients  with  advanced  RCC,  the  median  PFS  and  
OS   were   6.1   and   10.2   months,   respectively.  
This   led   to   the   launch   of   an   open-­label,   ran-­
domized,   multi-­center,   phase   III   study   to   com-­
pare   the   safety   and  efficacy  of  dovitinib  versus  
sorafenib   in   patients  with  metastatic  RCC  after  
failure   to   VEGF-­targeted   and   mTOR   inhibitor  
therapies  (the  GOLD  trial;;  TKI258-­A2302).  Re-­
cently,  data  from  the  first  interpretable  results  of  
this   trial   have   been   published,   confirming   that  
the  GOLD  study  did  not  meet   the  primary  end-­
point.  Median  PFS  based  on  central  review  was  
not   statistically  different  between   the   two   treat-­
ment   arms   (log-­rank   test   stratified   by  MSKCC  
risk  group;;  p  =  0.063;;  one-­sided  with  alpha-­level  
=  0.0248)  with  an  estimated  14  %  risk  reduction  
in   the   dovitinib   arm   compared   to   the   sorafenib  
arm.  Median  PFS  was  3.7  (3.5–3.9  months)  and  
3.6  (3.5–3.7  months)  for  dovitnib  and  sorafenib,  
respectively.  There  were  no  differences  in  other  
secondary  end-­points   such  as  OS  or  PFS  based  
on   investigator’s   radiology   review.   Therefore,  
the  third  line  setting  in  mRCC  remains  an  unmet  
need   in   genitourinary  oncology   [54].  Other   on-­
going  studies  with  this  compound  are  testing  the  
role  of   this  molecule   in   first   line  mRCC  and   in  
combination   with   other   drugs   (NCT01791387  
and  NCT01714765).

AMG-386 (Trebananib)
The  Tie/angiopoietin  via  is  an  alternative  mech-­
anism   of   angiogenesis   parallel   to   the   VEGF/
VEGFR   pathway.   AMG-­386   is   a   recombinant  
peptide-­Fc  fusion  protein  that  binds  angiopoietin  
1   and   angiopoietin   2,   blocking   their   interaction  
with   the   Tie   2   receptor.   In   a   tumor   xenograft  
mouse   model,   treatment   with  AMG-­386   inhib-­
ited   tumor   growth   [55]   and,   in   clinical   studies,  
AMG-­386   showed   antitumor   activity   and   good  
safety  profile  [56].  There  is  data  of  this  molecule  
in   combination   with   sorafenib   and   other   mol-­
ecules.  AMG-­386  plus  sorafenib   induced   tumor  
response  in  29  %  of  the  patients  with  RCC  previ-­
ously  treated  [57].  Currently,  there  are  a  number  
of   phase   II   studies   ongoing,   testing  AMG-­386  
in   combination   with   sunitinib   and   sorafenib   in  
patients   with   advanced   RCC   in   the   first-­   and  
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second-­line  setting   (ClinicalTrials.gov   identifier  
NCT  00853372  and  NCT  00467025).

Aflibercept
Aflibercept   (also   known   as   VEGF-­Trap),   is   a  
recombinant   protein   composed   of   two  VEFGR  
domains   fused   with   the   Fc   protein   of   human  
IgG1.  Thus,  aflibercept  binds  circulating  VEGF  
and   other   pro-­angiogenic   factors   such   as   PlGF,  
preventing   its   action   on   their   cognate   receptors  
[58].   Phase   I   studies   confirmed   that   aflibercept  
was  safe  and  well  tolerated,  and  the  recommend-­
ed  phase   II  dose  was  established  at  4  mg/kg   in  
a  weekly  fashion.  Preliminary  antitumor  activity  
was  seen  in  various  tumor  types  including  RCC  
[59].  These  data  has  led  to  the  implementation  of  
a  phase  II  study  to  evaluate  aflibercept  in  meta-­
static   or   unresectable   RCC   previously   treated  
with  TKIs  which  is  currently  recruiting  patients  
(NCT  00357760).

Regorafenib
Regorafenib   is   an   oral   multitargeted   TKI.   This  
compound  inhibits  VEGF  receptors  that  are  also  
blocked   by   first-­   and   second-­   generation  TKIs,  
such   as  VEGFR1-­3,   PDGFR-­beta,   and  KIT.   In  
addition,  it  has  inhibitory  activity  on  other  recep-­
tors  that  are  considered  as  “escape  mechanisms”  
and  that  could  be  involved  in  anti-­angiogenic  re-­
sistance,  such  as  TIE2,  FGFR,  and  other.  Phase  
I   studies   defined   its   toxicity   profile   and   deter-­
mined  the  recommended  phase  II  dose  as  160  mg  
per  24  h   for  3  weeks   in  a  4-­week  cycle.  More-­
over,   promising   preliminary   antitumor   activity  
was  observed,  including  patients  with  RCC  [60].  
The   results   of   a  phase   II   study   in  patients  with  
advanced  RCC  and  no  previous   treatment  have  
been   recently   communicated   revealing   remark-­
able  activity  but  also  significant  toxicity.  Around  
40  %  of  the  patients  achieved  a  partial  response;;  
nevertheless,  drug-­related  serious  adverse  events  
occurred   in  up   to  35  %  of   the  patients.  Grade  3  
treatment  related   toxicities  were  common;;  most  
frequently,   hand   and   foot   skin   reaction   (33  %),  
diarrhea   (10  %),   renal   failure   (10  %),   fatigue  
(8  %),  and  hypertension  (6  %).  Two  patients  had  
grade   4   treatment-­related   adverse   events:   two  
cardiac   ischemia,   one   hypomagnesaemia,   and  

one  pain   in   the  chest.  Four  patients  died  during  
study   treatment   or  within   30   days   of   last   dose,  
of  which   two  were   deemed   likely   to   be   related  
to  the  study  drug  [61].  This  toxicity  profile  will  
determine  future  development  of  this  compound.

MET Inhibitors

Foretinib
Foretinib   is   an   small-­molecule   TKI   which   acts  
blocking   in   vitro   several   receptors   involved   in  
angiogenesis,  such  as  MET,  VEGFR-­2,  PDGFR-­
beta,  Tie-­2,  RON,  kit,  and  FLT  3;;  in  the  case  of  
the  first  two  receptors,  such  antiangiogenic  activ-­
ity  has  also  been  demonstrated  in  vivo,  resulting  
in   stopping   tumor   growth   in   xenograft   models  
[62].  Up-­regulation  of  MET  has  been  described  
in   patients   after  VEGF-­inhibitory   therapy,   as   a  
mechanism  of   resistance   to   this   treatment   [63].  
In  the  phase  I  study  of  foretinib  in  humans  with  
advanced  solid  tumors,  four  patients  with  sporad-­
ic  papillary  RCC  were  included  and  two  of  them  
achieved  a  maintained  partial  response.  The  rec-­
ommended  dose  of  foretinib  was  240  mg,  given  
on  the  first  5  days  of  a  14-­day  cycle.  Reversible  
elevations   in   serum   aspartate   aminotransferase  
and  lipase  were  the  dose-­limiting  toxicities  [64].  
A   phase   II   study   in   patients  with   hereditary   or  
sporadic   papillary  RCC  has   been   recently   pub-­
lished,   demonstrating   some   antitumor   activity  
(ORR  13.5  %  and  median  PFS  of  9.3  months)  and  
also  a  high  predictive  value  of  the  presence  of  the  
germline  MET  mutation  [65].

AMG 102
AMG102   is   a  mononuclear   antibody   IgG2   that  
neutralizes   fully   human  hepatocyte   growth   fac-­
tor   (HGF).   This   growth   factor   is   the   ligand   of  
the   MET   receptor   and   is   involved   in   multiple  
cellular   functions   including   proliferation   and  
survival.  In  pre-­clinical  studies,  HGF  antagonist  
inhibited   tumor   xenograft   growth   [66]   showing  
antitumor   activity.   Forty   patients   were   treated  
in  a  phase  I  study  with   this  compound  and  five  
of   them  had  RCC.  Overall,   remarkable   activity  
and  a  favorable  safety  profile  were  reported.  One  
patient  with  RCC  achieved  a  tumor  stabilization.  
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Suitable   treatment  schedule   is   to  be  determined  
[67].  Due  to  the  high  selectivity  of  AMG  102  for  
the  MET  ligand  HGF,  the  toxicity  profile  is  better  
than  other  MET   inhibitors.  This  makes  AMG  a  
good  candidate  for  combination  studies  with  cy-­
totoxics  [68]  and  with  other  targeted  agents,  such  
as   bevacizumab   [69].   Several   phase   II   studies  
have  been  completed  to  determinate  the  clinical  
activity  of  AMG  102  in  several  tumor  types.  An  
RCC  trial  with  61  patients  revealed  44  %  disease  
control  rate  [70].

ARQ 197 (Tivantinib)

ARQ  197  is  an  oral  non-­ATP  competitive  selec-­
tive  MET   inhibitor.   Pre-­clinical   studies   showed  
in  vitro   and   in  vivo  growth   inhibition   [71].  The  
clinical  studies  conducted  included  patients  with  
RCC.  Tivantinib  was  well  tolerated  and  exhibited  
antitumor   effect.   The   recommended   dose   of   ti-­
vantinib  for  evaluation  in  phase  II  trial  is  360  mg  
twice  a  day   [72].  There   is  a  phase   II   study   that  
is   recruiting   patients   with  mRCC   to   be   treated  
with   tivantinib  plus  erlotinib  or   tivantinib  alone  
(NCT01688973).  The  primary  endpoint  is  over-­
all  response  rate.

Cabozantinib
Cabozantinib   is   a   potent   oral   TKI   of   MET,  
VEGFR2,  and  RET  which  in  pre-­clinical  studies  
has  showed  a  decrease  of  tumor  invasiveness  and  
metastasis   compared  with   other   drugs   targeting  
VEGF   pathway   without   MET   inhibition   [63].  
In  a  phase  I  trial,  85  patients  were  included,  two  
of   them   with   renal   cancer   [73].   The   results   of  
a  phase   II   trial  with  25  patients  with   refractory  
mRCC  treated  with  cabozantinib  was  presented  
at   the   2012   ASCO   annual   meeting,   showing  
28  %  of   partial   responses   and   a  median  PFS  of  
15  months.  The  recommended  dose  of  cabozan-­
tinib  was  140  mg  daily.  Toxicities   included  hy-­
pophosphatemia,  hiponatremia,  fatigue,  diarrhea,  
and  hypertension  [74].  Currently,  it  has  been  de-­
signed  a  phase  II  trial,  not  yet  recruiting,  which  
will   compare   cabozantinib   versus   sunitinib   in  
previously   untreated   locally   advanced   or  meta-­
static   kidney   cancer,   whose   primary   endpoints  

are  progression  free  survival  and  overall  survival  
(NCT  identifier  01835158).

Conclusions

1.   Parallel  to  remarkable  advances  in  the  knowl-­
edge   of   the   molecular   biology   or   renal   cell  
cancer   in   the   last   decade,   multiple   targeted  
agents   have   been   developed,   and   others   are  
entering  clinical  development.

2.   Elements   related   to   angiogenesis   and   their  
regulatory  mechanisms  remain  the  most  vali-­
dated  targets.

3.   Several  drugs  have   reached   the  clinical  with  
remarkable   success,   doubling   the   historical  
survival  times  of  patients  with  mRCC.

4.   Emergent   treatment   strategies   include   the  
dual  blocking  of  elements  of  the  PI3K-­AKT-­
mTOR  pathway  and  MET  inhibition.
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Introduction

Melanoma   is   the   most   serious   and   aggressive  
form  of  skin  cancer  and  the  sixth  most  common  
cancer  in  North  America.  The  incidence  of  mela-­
noma  has  been  continuously  increasing  in  the  last  
decades,  and  faster   than  any  other  cancers.  It   is  
estimated   that   76,100  Americans   will   be   diag-­
nosed  with  melanoma  and  9710  will  die  from  the  
disease  in  2014  [1].
Melanoma  is  a  high-­grade,  poorly  differentiat-­

ed  malignant  tumor  of  melanin  pigment-­produc-­
ing  cells  (melanocytes)  with  poor  prognosis  in  the  
metastatic  stage,  accounting  for  more  than  70  %  
of   the   skin   cancer   related   deaths.   Melanomas  
may   arise   from   the   mucosal   epithelium   cover-­
ing  the  respiratory,  alimentary,  and  genitourinary  
tracts   (55,  24,   and  18  %  of   cases,   respectively),  
all  of  which  contain  melanocytes,  as  well  as  from  
the   skin.  Mucosal  melanomas   are   rare,   account  
for  approximately  1  %  of  all  melanomas  and  gen-­
erally  carry  a  worse  prognosis  than  those  arising  
from  cutaneous  sites.  Rare  sites  of  origin  include  
the  urinary  tract,  gall  bladder,  and  small  intestine.  

However,  due  to  the  rarity  of  mucosal  melanoma,  
the  understanding  of  these  malignancies  and  their  
optimal  clinical  management  remains  limited  [2].  
Instead,  there  are  four  major  subtypes  of  invasive  
cutaneous  melanoma:  superficial  spreading,  nod-­
ular  melanoma,   lentigo  maligna,   and   acral   len-­
tiginous.  For  patients  with  cutaneous  melanoma,  
the  prognosis  is  related  to  the  location  and  depth  
of  the  primary  tumor,  and  the  presence  or  absence  
of  locoregional  and  distant  metastatic  disease  [3].
Malignant  melanoma  arises  from  the  neoplas-­

tic   transformation  of  epidermal  melanocytes  re-­
sulting  from  complex  interaction  between  genet-­
ic  and  environmental  factors  [4,  5].  Sun  exposure  
is  widely  considered  as  the  critical  environmental  
risk   factor   for   cutaneous   malignant   melanoma,  
which  originates  as  a  consequence  of  deleterious  
interactions  between  ultraviolet   (UV)  radiations  
and  the  melanocyte  genome  [6].  In  fact,  UV  ra-­
diations   may   contribute   to   melanoma   develop-­
ment  through  combined  genotoxic  and  mitogenic  
effects  in  melanocytes.
Melanoma  is  the  most  dangerous  form  of  skin  

cancer   in   the   white   population,   being   largely  
resistant   to   conventional   therapies   at   advanced  
stages.   The   management   of   patients   with   ad-­
vanced  melanoma   represents   a   significant   chal-­
lenge   considering   that,   historically,   chemother-­
apy   and   immunologic   therapies   have   produced  
only  modest  results  in  the  treatment  of  metastatic  
melanoma.   Patients  with  metastatic  melanomas  
have  a  median  survival   rate   that   typically   rang-­
es  from  6  to  10  months  [7].  Although  new  lines  
of   targeted   therapy   and   immunotherapy   were  
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introduced   recently,   clinical   responses   are   still  
either  too  transient  or  limited  to  restricted  subsets  
of  patients  as  it  is  hard  to  target  the  elusive  meta-­
static  phenotype.  Currently,  prevention  and  early  
detection   represent   the   only   effective   strategies  
to   reduce   the   incidence   of   this   tumor.   Despite  
improvements  in  early  melanoma  diagnosis,  the  
5-­year   survival   rate   remains   low   in   advanced  
disease  [8].  Understanding  the  molecular  mecha-­
nisms  underlying   this   disease  might   be   the  key  
factor   for   the  development  of  novel   therapeutic  
strategies.

Molecular Biology of Melanoma

Tumor   growth   is   the   result   of   genetic   and/or  
epigenetic   alterations   in   key   genes,   regulating  
processes   such   as   apoptosis,   proliferation,   cell  
cycle,   survival,   senescence,   and   DNA   damage  
repair.   These   changes   lead   to   the   synthesis   of  
biologically  modified  proteins  by  promoting  an  
increase  of   the   tumor  progression.  At   the   initial  
stage,  the  genetic  modifications  can  be  germline  
and   the  detection  of  cancer   susceptibility  genes  
plays  a  key  role  to  identify  and  monitor  patients  
at  risk  of  developing  melanoma.  For  this  reason,  
the  prognosis  is  closely  associated  with  the  early  
diagnosis.
An   increasing   understanding   of   melanocyte  

biology   and   melanoma   pathogenesis   is   leading  
to  the  development  of  targeted  therapies  and  the  
potential  for  major  improvements  in  the  care  of  
patients  with   advanced  melanoma.  This   section  
provides   an   overview  of   the   key   genes   and   as-­
sociated  pathways  involved  in  the  acquisition  of  
the  malignant  melanoma  phenotype.

Genetic Risk Factors

The  melanomas   are   genetically   and   phenotypi-­
cally   heterogeneous   tumors   harboring   various  
genetic  alterations,  as  revealed  by  recent  clinical,  
epidemiological,   and   genetic   studies.   In   2005,  
Curtin   et   al.   [9]   proposed   a  molecular   classifi-­
cation   based   on   the   sites   where   the   melanoma  
occurs,   the   genetic   alterations   and   the   sun   ex-­

posure  history.  BRAF,  NRAS,  and  KIT  are   three  
well-­known   oncogenes   involved   in   melanoma  
pathogenesis.   A   high   frequency   of   activating  
BRAF  mutations  (80  %)  was  detected  in  nevi,  in-­
dicating  that  these  alterations  occur  early  during  
melanoma  progression,  leading  to  the  activation  
of  the  cell  proliferation  followed  by  induction  of  
senescence   [10].   Recent   evidence   showed   that  
the  BRAF  V600E  mutation  was  found  in  the  ma-­
jority   of  melanomas   [11].  Targeting   of  mutated  
BRAF  kinase  has  recently  been  shown  to  signifi-­
cantly   improve  overall  survival  of  patients  with  
metastatic   melanoma,   highlighting   the   impor-­
tant  role  of   this  oncogene  in  melanoma  biology  
[12].  Mutations  in  BRAF  were  significantly  more  
common  in  melanomas  located  in  areas  without  
chronic  sun-­induced  damage.  Melanomas  arising  
in   chronically   sun-­damaged   skin,   mucosal   sur-­
faces,  and  acral  skin  were  characterized  by  wild-­
type  BRAF   and   wild-­type  NRAS,   but   exhibited  
alterations  in  KIT  and,  frequently,  increased  copy  
number  of  the  genes  encoding  for  cyclin-­depen-­
dent  kinase  4  (CDK4)  and  cyclin  D1  (CCND1),  
downstream   components   of   the   RAS–BRAF  
pathway  [9].
The   initial  mediator   of   senescence   seems   to  

be   p16INK4a,   which   blocks   the   CCND1/CDK4  
complexes  and  inhibits  cell  proliferation.  More-­
over,  although  KIT  mediates  the  cell  cycle  activ-­
ity,   its  effect   seems   to  be   limited   to  a  subset  of  
melanomas.  PTEN  phosphatase  loss  activates  the  
PI3K/AKT   signaling   pathway   by   overcoming  
the  BRAFV600E-­mediated  senescence.  Therefore,  
PTEN  loss  could  evade  senescence  mediated  by  
p16INK4   loss,   promoting  melanoma   progression  
via  the  PI3K/AKT  cascade.  Indeed,  the  deregula-­
tion  of  PI3K/AKT  pathway   is  considered  a   late  
event   in   melanoma   progression   [13].  AKT   ac-­
tivation  was  detected   in  about  60  %  of  sporadic  
melanomas  thereafter  to  gene  amplification  or  to  
inactivation  of  PTEN,  which  negatively  regulates  
the   PI3K/AKT  pathway   [14,   15].  The   presence  
of  both  PTEN  and  BRAF  mutations  has  been  re-­
ported  in  17  %  of  melanomas  ([16];;  Fig.  16.1).
Also,   several   studies   identified   less   frequent  

mutations  in  other  genes,  such  as  PREX2  (phos-­
phatidylinositol-­3,4,5-­trisphosphatedependent  
Rac   exchange   factor   2),   encoding   for   a   nega-­
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tive   regulator   of   PTEN   [17],  PPP6C,   encoding  
for   a   serine/threonine   phosphatase,   and   RAC1,  
encoding   for   a   GTPase   of   the   RAS   superfam-­
ily.   Noteworthy,   melanomas   that   were   mutated  
for   both   BRAF   and  NRAS   exhibited   more   fre-­
quent   mutations   in   PPP6C,   while   melanomas  
that   were   wild-­type   for   both   BRAF   and  NRAS  
showed  more   frequent  mutations   in  RAC1   [18,  
19].   Furthermore,   germline   mutations   in   the  
genes   encoding   for   CDK4   and   CDKN2A   (cy-­
clin-­dependent   kinase   inhibitor   2A),   involved  
in  regulation  of  the  cell  cycle,  have  been  shown  
to   confer   a   high  malignant  melanoma   risk   [20,  
21].  In  addition,  the  identification  of  genetic  vari-­
ants  with  low/intermediate  allele  frequency  con-­
ferring   a  moderate   risk   of   cancer   represents   an  
important   scientific   approach   to   discover   novel  
melanoma-­predisposing   genes   [22].   Therefore,  
frequent   germline   allelic   variants   in   the  Casp8,  
MTAP,   MATP,   MC1R   (melanocortin   1   recep-­
tor)   and   ASIP   genes   have   been   identified   as  
low-­risk   susceptibility   genes   or   as  modifiers   of  
high-­risk  susceptibility  genes  [23,  24].  Recently,  
an  increase  of  the  risk  of  developing  melanoma  
was  associated  with  a  germline  mutation   in   the  
MITF   (microphthalmia-­associated   transcription  
factor)  gene,   involved   in   control  of  melanocyte  
homeostasis   [25–28].   Functional   genomic   stud-­
ies  showed  that  MITF  regulates  the  transcription  
of  several  genes  involved  in  DNA  replication  and  
repair,   though   the   molecular   mechanisms   have  
remained  to  be  elucidated  yet  [29].  These  genes  
are   involved   in  melanoma   progression   by   con-­
ferring   metastatic   genome   stabilization   during  
the  metastatic  process  [30].  Recently,  in  addition  

to   the   commonly  mutated   genes  BRAF,  NRAS,  
PTEN,  TP53  and  p16,  new  oncogene  candidates  
such  as  MAPK1/2,  ERBB4,  GRIN2A,  MMP8  and  
GRM3  were   identified  [31–33].  Their  particular  
role  in  melanoma  biology  is  currently  under  in-­
vestigation   through   in   vitro   and   in   vivo   experi-­
ments,  but  requires  further  validation  in  clinical  
studies.  In  the  future,  these  new  gene  candidates  
could  provide  more  individualized  treatment  ap-­
proaches  for  metastatic  melanoma  patients  [34].

The RAS/RAF/MEK/ERK Signaling 
Pathway

In  recent  years,  the  most  important  advance  has  
been   the   discovery   that   the   mitogen   activated  
protein   kinase   (MAPK)   cascade   is   the   pivotal  
signaling   pathway   in   melanoma   progression  
and  development.   In   fact,   the  novel   therapeutic  
approaches  rely  on  the  inhibition  of  some  mem-­
bers  of  this  cascade.  BRAF  and  MEK  molecular  
pathways  appear   to  be  key  players   in   this  field.  
The   RAS/RAF/MEK/ERK   cascade   is   activated  
by   various   receptors,   including   c-­KIT,   FGF   re-­
ceptor,   and   c-­MET.   Dysregulation   of   signaling  
can   occur   at   various   levels,   from   alterations   at  
the  receptor  level  to  changes  in  the  intracellular  
signaling  cascade,  resulting  in  aberrant  cell  pro-­
liferation  and/or  apoptosis  [35].  The  RAS  family  
is  made  up  of  small  G  proteins  divided  into  three  
different   isoforms:   NRAS,   HRAS,   and   KRAS.  
The  members  consist  of  a  catalytic  domain  that  
mediates   the   guanine   nucleotide   binding   and  
hydrolysis   and   of   an   hypervariable   region   con-­

Fig. 16.1    Distribution  of  somatic  gene  mutations  in  melanoma  patients
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taining  the  membrane  targeting  domain  required  
for   its   activation.  Mutations   in  NRAS,   the  most  
common  in  melanoma,  were  detected  in  33  %  of  
primary  and  26  %  of  metastatic   tumors,  and  are  
correlated  with  sun  exposure  and  nodular  lesions  
[36,  37].  The  most  frequent  NRAS  mutations  are  
substitutions  of  glutamine  at  position  61  by  a  ly-­
sine   or   an   arginine   (Q61K,  Q61R)   [38].  HRAS  
point  mutations  have  only  been  found  in  benign  
lesions  that  does  not  progress  to  melanoma  [39].  
No  mutations   of  KRAS   have   been   described   in  
melanoma.
The   family   of   serine/threonine   kinases   RAF  

consists   of   three   isoforms,   ARAF,   BRAF,   and  
CRAF  (RAF-­1),  activated  by  the  small  GTPases  
RAS.  Activating  mutations  in  BRAF  are  present  
in  approximately  40–60  %  of  advanced  melano-­
mas   [40,  41].   In  80–90  %  of  cases,   this  activat-­
ing  mutation  consists  of   the  substitution  of  glu-­
tamic  acid  for  valine  at  amino  acid  600  (V600E  
mutation)  with  most  of  the  remainder  consisting  
of  an  alternate  substitution  (lysine  for  valine)  at  
the  V600  locus  (V–K)  that  accounts  about  16  %  
of   mutations   in   melanoma   [42–44].   The   latter  
and   other   less   common   mutations   were   found  
at   slightly   higher   rates   in   melanomas   arising  
in   older   patients.  Advanced   melanomas   with   a  
mutation  in  BRAF  appear   to  have  some  clinical  
differences   that   are   associated  with   a  more   ag-­
gressive   clinical   course.   Patients   with   BRAF  
mutations  are  younger  and  have  greater  number  
of  nevi.  Current  results  from  melanoma  cohorts  
showed   that  NRAS   and  BRAF  mutations  are  al-­
most  always  mutually  exclusive  [45–47],  indicat-­
ing  that  the  occurrence  of  each  mutation  may  be  
specific   to   certain   subtypes   of   melanoma   [46].  
The  V600E  mutation  creates  a  constitutively  ac-­
tive  status  for  BRAF,  independent  of  a  previous  
activation   by   RAS   and   upstream   extracellular  
stimulus,  determining  an  increased  proliferation  
and  promoting  a  checkpoint  for  malignant  trans-­
formation.   However,   BRAF   requires   the   coop-­
eration  of  other  determinants  to  drive  melanoma  
progression.  BRAF  can  regulate  various  aspects  
of   the   cell   survival.  Activated   BRAF   promotes  

-­
sitizes  cells  to  apoptosis[48].  BRAF  can  also  con-­
trol  cell  growth  by  regulating  p27kip1  levels  [49].  

Recently,  NRAS/BRAF  signaling  activation  was  
shown  to  mediate  the  epithelial-­to-­mesenchymal  
transition  (EMT)  in  advanced  melanoma  [50].
BRAF   together  with   other   two   isoforms   ac-­

tivates   via   phosphorylation   a   second   protein  
known   as   mitogen-­activated   protein   kinase  
(MEK),  which  in  turn  activates  downstream  ex-­
tracellular   signal-­regulated   kinase   (ERK).   The  
ERK  signaling  pathway  can  regulate  various  mol-­
ecules  important  for  tumorigenesis,  survival,  and  
senescence.   Conversely,   the   inhibition   of   RAS,  
BRAF,  or  MEK  blocks  ERK  activity  and  inhibits  
the  growth  of  melanoma  cells  both   in  vitro  and  
in  vivo  [51].  In  wild-­type  BRAF  or  NRAS  cells,  
ERK  activation   is   low  in  comparison   to  mutant  
cells  and  can  control  proteins  involved  in  extra-­
cellular   adherence,   cell  motility,   and   angiogen-­
esis  [52].  In  melanoma  cells,  ERK  can  inhibit  the  
cell  cycle  regulator  p27kip1  and  also  alter  in  vitro  
invasion  capability  by  regulating  the  production  
of  matrix  metalloproteinase-­1  (MMP-­1)  [53,  54].

Current and Emerging Approaches  
in Melanoma Treatment

After  melanoma  diagnosis,  the  next  step  is  to  de-­
termine  the  tumor  stage,  the  extent  of  its  spread  
and   its   aggressiveness.   Staging   is   important   to  
plan   the   most   appropriate   treatment.   Surgical  
excision   is   the   treatment  of  choice   for  early   lo-­
calized   cutaneous  melanoma   and   is   curative   in  
most  cases.  Therefore,  an  appropriate  excision  is  
important  to  lessen  the  risk  of  a  local  recurrence.  
Although  patients  with   localized  disease  can  be  
treated   successfully   with   surgical   resection   in  
the  majority  of  cases,  some  individuals  develop  
disseminated  disease   [55].  The   recurrence   rates  
remain   high   for   stage   III   disease,  with   relapse-­
free  survival  rates  of  63,  32,  and  11  %  for  stages  
IIIA,  IIIB,  and  IIIC,  respectively.  The  prognosis  
for  melanoma  patients  with  distant  metastases  is  
poor,  and  the  vast  majority  of  those  with  stage  IV  
melanoma  will  die  from  disease  [56].The  identi-­
fication  of  specific  oncogenic-­driving  mutations  
and  the  evolving  knowledge  of  the  molecular  bi-­
ology  of  melanoma  have  led  to  notable  advances  
in  the  treatment  of  metastatic  melanoma.  It  aims  
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to  prolong  survival,  to  block  the  spread  of  metas-­
tases  and  to  prevent  the  development  of  new  sites  
of   disease.   Approaches   that   can   provide   clini-­
cally  important  benefits  for  appropriately  chosen  
subsets  of  patients  with  metastatic  melanoma  can  
include   surgical   excision,   immunotherapy,   tar-­
geted  inhibition  of  the  MAP  kinase  pathway,  and  
radiation  therapy  to  sites  of  metastases,  depend-­
ing  upon   the   localization  and   the  extent  of  me-­
tastases.  Although   cytotoxic   chemotherapy  was  
widely  used  prior  to  the  development  of  targeted  
therapies,  it  does  not  have  an  established  role  for  
patients  with  metastatic  melanoma  [57].  Instead,  
the   radiation   therapy   may   be   used   to   reduce  
tumor  mass,   to   prevent   recurrence,   and   to   treat  
those  sites  of  metastases,  such  as  brain,  which  are  
difficult  to  be  treated  by  surgery  [58].  There  are  
three  main  categories  of  drug  treatment:  chemo-­
therapy,   targeted   therapy,   and   immunotherapy.  
This  section  provides  an  overview  of  current  and  
emerging   treatment   options   for   melanoma   pa-­
tients  (Table  16.1).

Chemotherapy

Conventional  chemotherapy  is  based  on  the  use  
of  alkylating  agents  such  as  fotemustine,  dacar-­
bazine,  and  temozolomide  which  trigger  cytotox-­
ic  effects  able   to   inhibit  or  slow  the  cancer  cell  
growth   by   blocking   cell   replication.   However,  
these   drugs   showed   objective   response   rates   of  
approximately  10–15  %,  with  no  improvement  of  
overall  survival  [59,  60].  Other  cytotoxic  agents,  
including  taxanes,  have  been  tested  in  melanoma  
with  response  rates  similar  to  that  of  dacarbazine.  

Trials   of   polychemotherapy   and   combinations  
with  cytokines,  in  the  1980s  and  1990s,  yielded  
better   response   rates   for   multi-­agent   regimens,  
but   no   improvement   in   overall   survival.  There-­
fore,   cytotoxic   chemotherapy   generally   is   not  
used   as   the   initial   treatment   for   patients   with  
advanced   disease   [60].   More   recent   researches  
have  led  to  the  development  of  immunotherapy,  
using  an  anti-­CTLA4  monoclonal  antibody,  and  
to  targeted  therapies  (BRAF  or  MEK  inhibition),  
which  prolong  progression  free  and  overall  sur-­
vival  compared  with  chemotherapy.  Thus,   these  
cytotoxic   drugs   are   actually   used   for   patients  
harboring  non-­BRAF  mutated  melanomas  or  for  
patients   who   developed   resistance   to   previous  
treatments.

New Targeted Therapies in Melanoma

Targeted  therapy  is  a  form  of  treatment  in  which  
drugs   (or   other   substances)   are   developed  with  
the  aim  of  destroying  cancer  cells  by  leaving  nor-­
mal  cells  intact.  These  drugs  are  designed  to  in-­
terfere  with  the  specific  molecules  that  drive  the  
growth  and  spread  of  the  tumor,  and  are  associ-­
ated  with  fewer  side  effects  compared  to  chemo-­
therapy  and  radiation  therapy.
The   recent   characterization   of   the   molecu-­

lar   alterations   in  melanoma   led   to   the   develop-­
ment   of   personalized   targeted   therapies,   which  
have   revolutionized   the   treatment   for   advanced  
melanoma.  These  treatment  options  are  designed  
to   target   tumors   according   to   their   molecular  
diversity   and   activated   intracellular   signaling  
pathways   [61].   The   BRAF/MEK/ERK   signal-­

Table 16.1     Summary  of  the  clinical  development  for  melanoma  patients
Class Drug Target Clinical  research  

advancement
Positive  Outcomes FDA  approval

Targeted  therapy Vemurafenib BRAF Phase  III RR,  PFS,  OS Yes
Dabrafenib BRAF Phase  III RR,  PFS Yes
Trametinib MEK Phase  III RR,  PFS,  OS Yes
Selumetinib MEK Phase  II – No
Imatinib KIT Phase  II RR No

Immunotherapy Ipilimumab CTLA-­4 Phase  III OS Yes
Nivolumab PD-­1 Phase  I RR No
Lambrolizumab PD-­1 Phase  I RR,  PFS No
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ing  pathway  has  attracted  considerable  attention  
as  a  target  for  anticancer  therapy,  due  to  its  high  
frequency  of  mutations  and  its  important  role  in  
melanoma   [57].   Furthermore,   less   frequent   ac-­
tivating  KIT  mutations  were  detected  in  a  small  
portion  of  patients  (15–20  %)  with  acral  lentigi-­
nous   or  mucosal  melanomas   [62,   63]   and  with  
melanoma  arising  in  areas  of  chronic  skin  damage  
[64].  For  this  reason,  there  are  two  main  classes  
of   agents   used   in   targeted   therapies   for   mela-­
noma:   (1)   drugs   targeting  melanoma   cells  with  
alterations  in  the  BRAF/MEK  signaling  pathway  
(BRAF  and  MEK   inhibitors)   and   (2)  drugs   tar-­
geting  melanoma  cells  with  alterations  in  the  c-­
KIT  gene.  Three  agents  have  showed  significant  
clinical  benefit  and  have  been  approved  for  use  in  
patients  with  BRAF  mutations:  the  BRAF  inhibi-­
tors,  vemurafenib  and  dabrafenib,  and  the  MEK  
inhibitor  trametinib  ([65,  66];;  Fig.  16.2).
Other   pathways   have   also   been   investigated  

in  melanoma  to  identify  new  potential  targets  for  
therapy.
Some  researchers  argued  that  the  PI3K–AKT–

mTOR  pathway  could  be  involved  in  melanoma  
genesis.   Indeed,   AKT3   could   be   deregulated  

and  PTEN  decreased  in  melanomas,  as  reported  
above.  Pre-­clinical  studies  showed  that  rapamy-­
cin,  an  mTOR  inhibitor,  decreases  the  prolifera-­
tion   of   melanoma   cells   [67].   These   molecular  
alterations   seem   to  play  a   role   in   the   resistance  
to  BRAF  and  MEK  inhibitors.  However,  the  use  
of  the  mTOR  inhibitors,  temsirolimus  and  evero-­
limus,   in   melanoma   patients   has   not   shown   a  
significant  activity  [68,  69].  These  controversial  
results  from  pre-­clinical  and  clinical  studies  may  
be  attributed   to   a  hyper-­activation  of  AKT  as   a  
compensatory  mechanism.
Tumor  angiogenesis  has  also  been  involved  in  

melanoma  proliferation  and  progression.  Bevaci-­
zumab,  the  anti-­VEGF  monoclonal  antibody,  was  
studied  both  alone  and  in  combination  with  che-­
motherapy   or   interferon-­alpha-­2b.   Even   though  
some   responses  were   observed,   it   has   not   been  
demonstrated  yet  whether  VEGF-­targeted  thera-­
py   plays   a   role   in   improving   clinical   outcomes  
[70–74].

BRAF Inhibitors
About   half   of   all   melanomas   harbor   activat-­
ing  mutations   in   the  BRAF  gene.  As  mentioned  

Fig. 16.2    Biological  effects  of  targeted  therapy,  BRAF,  MEK,  and  KIT  inhibitors,  in  the  intracellular  pathways
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before,  the  two  most  commonly  observed  BRAF  
mutations  are  V600E  and  V600K,  which  account  
for  95  %  of  these  mutations.  These  changes  pro-­
duce  an  altered  BRAF  protein  that  drives  mela-­
noma  cells  to  grow  and  divide  quickly  [43].  The  
presence  of  a  V600  mutation  predicts  responsive-­
ness  to  BRAF  and  MEK  inhibitors  as  they  are  not  
likely   to   act   in  melanomas   harboring   the  wild-­
type  BRAF  gene  [75].
The  first  agent  developed  to  target  oncogenic  

BRAF   in   melanomas   was   sorafenib   (BAY   43-­
9006),  a  multikinase  inhibitor  that  inhibits  BRAF  
(wild-­type  or  V600E),  but  also  PDGFR,  VEGFR,  
and  c-­KIT  [76,  77].  As  a  monotherapy,  sorafenib  
showed   limited   clinical   activity   and   proved   to  
be  inefficient  in  the  treatment  of  unresectable  or  
metastatic  melanoma.  This  lack  of  activity  is  like-­
ly  explained  by  lack  of  specificity  for  BRAF  [78].
    During  the  last  decade,  many  BRAF  inhibi-­

tors  have  been  discovered  and  most  of  them  ex-­
hibited   potent   antitumor   activity,   especially   on  
tumors   that  harbor  V600E  mutations,  with   little  
cross-­reactivity  for  wild-­type  BRAF  and  CRAF  
[79].   Some   of   these   compounds   have   been   en-­
tered  clinical  trials  and  displayed  encouraging  re-­
sults.  The  best  validated  drugs  that  appear  to  have  
the  highest  affinity  for  the  catalytic  domain  of  the  
BRAF  kinase,  exhibiting  unprecedented  survival  
benefits  in  advanced  melanoma,  are  vemurafenib  
and  dabrafenib.  Clinical  trials  have  demonstrated  
that   the  first  potent  and  effective  drug   targeting  
mutated   BRAF   in   melanoma   was   vemurafenib  
[80,  81].  Vemurafenib  is  a  potent  inhibitor  that  
selectively  binds  to  mutant  BRAF  proteins  con-­
taining   V600E   amino   acid   substitutions,   pre-­
venting   constitutive   activation   of   the   MAPK  
pathway,   and   resulting   in   antitumor   effects   of  
cell  proliferation  inhibition  and  apoptosis  induc-­
tion  [82,  83].  This  drug  was  approved  by  the  US  
Food  and  Drug  Administration  (FDA)  in  2011  for  
the   treatment  of  BRAFV600E  mutant  melanomas  
that  cannot  be  removed  by  surgery  and  only  for  
those   patients  who   have   tested   positive   for   the  
BRAF  mutation   [84].   In   phase   1   and   2   clinical  
trials,  vemurafenib  showed  an  objective  response  
rate     >  50  %   in   patients   suffering   from   mela-­
noma.  These   results  were  confirmed   in  a  phase  
3  clinical   trial,  which  compared  vemurafenib  to  

dacarbazine.  It  showed  an  improvement  of  both  
response   rate   (RR)  and  survival  outcomes,  pro-­
gression-­free  survival  (PFS)  and  overall  survival  
(OS)   [85].  Based   on   these   results,   vemurafenib  
was  approved  by  FDA  in  2011  in  those  patients  
with  BRAF  V600E  mutation.  The  most  common  
side  effects  are  joint  pain,  fatigue,  hair  loss,  rash,  
itching,   sensitivity   to   the   sun,  and  nausea.  Less  
common  but  serious  side  effects  can  occur,  such  
as  heart  rhythm  problems,  liver  function  test  im-­
pairment,   severe   allergic   reactions,   and   severe  
skin  or  eye  side  effects   [86].  Some  people  may  
develop  new   skin   cancers   called   squamous   cell  
carcinomas.  These  cancers  are  usually  less  seri-­
ous  than  melanoma  and  they  can  be  definitively  
treated  by  surgery  [87].
Despite   these   excellent   results,   a   subset   of  

BRAFV600E-­mutant   patients   was   found   initially  
resistant   to   vemurafenib   (intrinsic   resistance)  
and  most  of   the  others  developed  secondary  re-­
sistance.  Almost  all   tumors  showed  reactivation  
of   the  MAP  kinase   pathway   or   upregulation   of  
parallel  signaling  pathways  with  increased  ERK  
phosphorylation  at  the  time  of  resistance  and  re-­
stored   cell   survival   [88].   The   MAPK   pathway  
may   also   be   activated   when   BRAFV600E   splice  
variants   lacking   the   RAS-­binding   domain   de-­
velop.   These   variants   dimerize   in   the   absence  
of   RAS   activation   by   reactivating   the   pathway  
[89].   Both   PTEN   and   cyclin   D1   are   involved  
in   mechanisms   of   intrinsic   resistance.   Patients  
whose  tumors  exhibit  both  BRAF  mutations  and  
PTEN  dysfunction  showed  a  lower  response  rate  
than  dabrafenib.  In  addition,  cell  lines  with  both  
cyclin  D1  amplification  as  well  as  BRAF  muta-­
tion  do  not  undergo  apoptosis  when  exposed   to  
BRAF  inhibitors  [90,  91].  Different  mechanisms  
involved   in   acquired   and   secondary   resistance  
have  been  reported  [92].  Multiple  genetic  chang-­
es  may  contribute   to   this  event,  and   research   is  
currently   ongoing   to   further   clarify   patterns   of  
resistance   to   improve   the   clinical   outcome   of  
the   patients   [93].   Insights   into   mechanisms   of  
resistance   aim   to   potential   drug   combinations  
to  overcome  this  important  clinical  problem,  by  
promoting   the  concept  of  dual   inhibition  of   the  
MAPK  pathway.  In  this  perspective,  other  BRAF  
inhibitor  agents  are  developing  [94].
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Dabrafenib  is  another  new  generation  BRAF  
inhibitor  showing  significant  activity  in  patients  
with  advanced  melanoma  compared  with  dacar-­
bazine   chemotherapy   both   in   terms   of   RR   and  
PFS.  The  difference   in  OS  was  not   statistically  
significant.   Dabrafenib   was   approved   by   the  
FDA   in  2013   for   the   treatment  of  patients  with  
advanced  melanoma   containing   the  BRAFV600E  
mutation.  This  drug  is  not  indicated  for  the  treat-­
ment  of  patients  harboring  wild-­type  BRAF,  but  
only  for  those  patients  who  have  tested  positive  
for  the  BRAF  mutation  [93].  Dabrafenib  belongs  
to  the  same  class  of  vemurafenib,  working  with  
a  similar  efficiency,  but  it  seems  to  be  more  ef-­
ficient   in  melanomas  with  brain  metastasis   [95,  
96].   Like   vemurafenib,   dabrafenib   decreases  
phosphorylated   ERK   and   causes   cell   cycle   ar-­
rest.  In  pre-­clinical  studies,  dabrafenib  has  dem-­
onstrated   to   be   almost   20   times  more   selective  
at   inhibiting  BRAFV600E-­mutants   than  wild-­type  
BRAF   in   several   cancer   cell   lines.   In   addition,  
dabrafenib  shows  inhibitory  effects   in  cell   lines  
containing  other  activating  BRAF  mutations,  in-­
cluding  V600K  and  V600D  [97].
Since   dabrafenib   and   vemurafenib   appear   to  

have  similar  clinical  activity,  the  choice  between  
two  agents   likely  relies  on  other   factors   includ-­
ing   their   toxicity  profiles.  Common  side  effects  
include   thickening   of   the   skin   (hyperkeratosis),  
headache,   fever,   joint   pain,   non-­cancerous   skin  
tumors,  hair  loss,  and  hand-­foot  syndrome  (red-­
ness,  pain,  and  irritation  of   the  hands  and  feet).  
Although  it  also  can  cause  squamous  cell  carci-­
nomas  of  the  skin,  these  may  occur  less  often  than  
with  vemurafenib.  Some  other  more  serious  side  
effects   that   can   occur   with   dabrafenib   include  
severe   fevers,   dehydration,   kidney   failure,   eye  
problems,   and   increased  blood  glycemic   levels.  
However,   unlike   the   vemurafenib,   dabrafenib-­
does  not  induce  photosensitivity  [87].

MEK Inhibitors
As  mentioned  before,  downstream  of  RAF  in  the  
MAPK  cascade,  there  are  the  MEK  and  ERK  ki-­
nases.  Since  RAF  moves  from  the  cytoplasm  to  
the  cell  membrane  during  cellular  signaling,  the  
new  activated  complex  triggers  the  signal  cascade  
via  consecutive  phosphorylations  through  MEK1  

and  MEK2.  This,   in   turn,   activates  ERK  1   and  
2  which  are  able   to  enter   the  nucleus  and  inter-­
act  with  several  transcription  factors  to  promote  
cellular  growth  and  differentiation  [98].  Multiple  
in  vitro  studies  demonstrated  that  mutated  BRAF  
signaling   is  mediated   via  MEK   and  ERK   [99].  
Therefore,   inhibition  of  MEK   is   another  option  
for   targeting   the   MAPK   pathway   and   several  
studies  are  currently  evaluating  the  role  of  MEK  
inhibitors   in   patients   with   BRAF-­mutant  meta-­
static  melanoma  [100].  MEK  inhibition  is  asso-­
ciated  with  improved  response  rate,  progression-­
free  survival,  and  overall  survival  in  patients  with  
BRAF-­mutated  metastatic  melanoma.
Pre-­clinical   studies   of   the   MEK   inhibitor,  

PD0325901,  and  its  precursor,  CI-­1040,  showed  
direct  inhibition  of  ERK  in  cell  lines  and  reduced  
tumor   growth   in   animal  models,   but   they  were  
not  brought  forward  due  to  their  toxicity  in  early  
phase  trials  [101,  102].
Selumetinib  was  the  first  allosteric  selective  

MEK  inhibitor  to  be  evaluated  in  a  phase  II  clini-­
cal   trial   in   patients   with   metastatic   melanoma.  
This  agent  determined  a  12  %  objective  response  
rate   in   patients   with   BRAF   mutant   tumors,  
whereas  no  response  was  observed  in  wild-­type  
tumors,  enhancing  the  importance  of  selecting  a  
specific  patient  population  [103].
Trametinib   and   MEK162   are   potent,   highly  

specific  inhibitors  of  MEK1/MEK2  that  provide  
responses  in  20  %  of  the  melanomas  harboring  a  
BRAF   mutation   [104,   105].  MEK162   showed  
activity  in  patients  with  advanced  melanoma  and  
a  NRAS  mutation.  MEK  inhibition  showed  effi-­
cacy  in  NRAS-­mutated  patients,  for  whom  there  
is  no  specific  targeted  therapy  [104].
Trametinib   was   recently   approved   by   the  

FDA  for  the  treatment  of  patients  with  unresect-­
able   or   metastatic   melanoma   harboring   BRAF  
V600E   or   V600K   mutations,   because   in   the  
phase  III  METRIC  trial  it  achieved  a  significant  
improvement   of   RR,   PFS,   and   OS   when   com-­
pared   to   dacarbazine   or   paclitaxel.   It   is   not   in-­
dicated   for   the   treatment   of   patients   who   have  
received   previously   a   BRAF   inhibitor   therapy  
[106].   Common   side   effects   include   rash,   diar-­
rhea,  and  swelling.  Rare  but  serious  side  effects  
can   include   heart   damage,   loss   of   vision,   lung  
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side   effects,   and   skin   infections.   Combination  
therapy  with  a  BRAF  inhibitor  may  improve  the  
efficacy  and  reduce  BRAF  inhibition-­associated  
side  effects,  including  skin  toxicity  [107].  There  
are   no   clinical   trials   comparing   vemurafenib,  
dabrafenib,  and  trametinib  with  each  other,  how-­
ever,  data  suggest  that  the  BRAF  inhibitors,  ve-­
murafenib  and  dabrafenib,  are  more  active   than  
the  MEK  inhibitor   trametinib.  The  combination  
of   dabrafenib   and   trametinib   appears   to   have   a  
superior   response  rate  and  progression  free  sur-­
vival  than  dabrafenib  alone  with  less  skin  toxic-­
ity,   however,   comparison   of   the   efficacy   of   the  
combination   with   dabrafenib   alone   awaits   the  
completion   of   ongoing   phase   III   trials   [108].  
Moreover,   there   are   no   randomized   trials   that  
compare  targeted  therapy  with  immunotherapy.

c-KIT Inhibitors
A   small   portion   of   melanomas   exhibit   activat-­
ing  c-­KIT  mutations  that  help  them  develop  and  
grow.  These  changes  are  more  common  in  mela-­
nomas  that  arise  in  certain  parts  of  the  body  (acral  
or   mucosal   melanomas).   Some   drugs   used   for  
the   treatment  of  other  cancers,  such  as   imatinib  
mesylate  and  nilotinib,  are  known  to  target  cells  
with  changes  in  c-­KIT.  The  KIT  receptor  tyrosine  
kinase  is  a  transmembrane  protein  consisting  of  
extracellular  and  intracellular  domains.  Most  KIT  
mutations  are  located  in  exon  11,  which  encodes  
for  the  juxtamembrane  domain,  and  in  exon  13,  
which  encodes  for  a  kinase  domain  [64].   In   the  
subgroups  of  patients  with  melanoma  on  chronic  
sun  damaged  skin,  acral   lentiginous  or  mucosal  
melanoma  the  incidence  of  KIT  mutations  or  am-­
plification  is  up  to  25  %  [109].  It  has  been  dem-­
onstrated  in  vitro  that  imatinib  mesylate  inhibits  
proliferation  and  induces  apoptosis  in  melanoma  
cells  with   hyperactivation   of   c-­KIT.  These   bio-­
logical  effects  go  through  the  increase  of  p27KIP  
and  inhibition  of  the  ERK,  PI3K/AKT,  and  STAT  
signaling  pathways  [110].  For  patients  without  a  
BRAF  V600  mutation  but  with  a  KIT  mutation,  
the   use   of   a  KIT   inhibitor  may   provide   an   im-­
portant   treatment  option.  Phase   II   studies  using  
imatinib   in   unselected   groups   of   patients   with  
advanced  melanoma  showed  no  clinical  efficacy  
[111,  112].  However,  phase  II  clinical  trials  per-­

formed  on  patients  with  c-­KIT  mutations  showed  
objective  response  rates   in  33  %  of  cases   [113].  
Furthermore,  results  from  a  phase  II  trial  showed  
that  imatinib  could  be  effective  when  tumors  har-­
bor  KIT  mutations,  but  not  if  KIT  only  is  ampli-­
fied  [114].

Immunotherapy

Several  evidences  reported  that  melanoma  is  an  
immunogenic   tumor   but   metastatic   melanoma  
cells   have   developed   mechanisms   to   escape  
from   immunosurveillance   and   to   survive.   Im-­
munological  strategies  based  on  the  use  of  drugs  
with  effects  on   immune  system   to   stop  or   slow  
the   growth   of   cancer   cells   could   improve   the  
prognosis  of  metastatic  melanoma  [115].  The  ap-­
proaches  that  have  allowed  to  provide  clinically  
important  benefit  for  patients  with  disseminated  
melanoma   in   appropriately   selected  patients   in-­
clude   immunotherapy   with   high-­dose   interleu-­
kin-­2   (IL-­2),   immunotherapy   with   ipilimumab,  
a   monoclonal   antibody   targeting   cytotoxic   T-­
lymphocyte   antigen-­4   (CTLA-­4),   and   immuno-­
therapy  with  monoclonal  anti-­PD-­1  antibody.
In  1998,  the  FDA  approved  the  use  of  the  im-­

mune   molecule   IL-­2   as   a   treatment   option   for  
advanced  melanoma.  IL-­2  was  first  identified  as  
a  T  cell  growth  factor  in  1976.  Subsequently,  re-­
combinant  IL-­2  was  shown  to  have  potent,  dose-­
dependent  immunomodulatory  and  antitumor  ac-­
tivity  in  a  number  of  murine  tumor  models  [116].  
These   observations   led   to   the   development   of  
high-­dose  IL-­2  regimens  for  clinical  use.  IL-­2  is  a  
form  of  immunotherapy  that  has  allowed  to  help  
some   people   with   metastatic   melanoma   when  
administered  in  high  doses,  leading  to  complete  
disappearance  of  the  disease  or  tumor  growth  ar-­
rest  for  a  prolonged  period.  However,  high  dose  
IL-­2  can  cause  serious  side  effects,  including  low  
blood   pressure,   irregular   heart   rhythms,   accu-­
mulation  of   fluid   in   the   lungs,   fever,  and  rarely  
death.  For  this  reason,  treatment  with  high  dose  
IL-­2   is   generally   reserved   for   younger   patients  
who  have  good  heart  and  lung  function  [117].
Conversely,   the   immune  molecule   interferon  
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adjuvant  immunotherapy,  or  in  combination  with  
other  agents  used  for  treatment  of  advanced  mel-­
anoma.  However,  most  of  clinical  trials  based  on  
this   immune  system  activation  did  not   translate  
into  clinically  significant  objective  response  rates  
and  any   improvement   in  overall   survival   [118].  
This  led  to  the  targeting  of  T-­cell  signaling  path-­
ways,   initially  CTLA-­4   and  more   recently   pro-­
grammed   death   1   (PD-­1)   and   its   ligand   PD-­L1  
(Fig.  16.3).

Immunotherapy Targeting CTLA-4
CTLA-­4  is  expressed  on  the  surface  of  activated  
CD4  +  and  CD8  +  T-­cells  and  binds  B7  molecules  
on  antigen-­presenting  cells  (APC),  repressing  T-­

cell  activation.  After  T-­cell  activation,  CTLA-­4  is  
recruited  to  the  plasma  membrane  where  it  plays  
an  autoregulatory  role,  attenuating  T-­cell  activa-­
tion  and  proliferation,  thereby  maintaining  effec-­
tive  antitumor  immunity  [119].
Ipilimumab,   a   novel   antibody   blocking  

CTLA-­4,  is  a  fully  human  immunoglobulin  that  
inhibits   this   negative   feedback,   potentiating   the  
T-­cell-­mediated   immune   response.   No   drug   or  
combination  of  drugs  showed  an  impact  on  over-­
all   survival   until   2011,   when   ipilimumab   was  
approved  for  clinical  use  by  the  FDA  following  
the   publication   of   results   of   a   pivotal   phase   III  
trial   [120].  Major  weaknesses   of   this   treatment  
were  the  low  rate  of  objective  response  (10  %),  a  

Fig. 16.3   Mechanism  of  action  of  immunotherapy,  anti-­CTLA-­4,  and  anti-­PD-­1  monoclonal  antibodies,  in  melanoma
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small  percentage  of  patients  achieving  long-­term  
disease   control,   and   the   serious   side   effects.   It  
was  first  compared  to  the  gp100  peptide  vaccine  
with  an  improvement  of  OS  by  3.6  months.  Then  
it   was   added   to   dacarbazine   and   this   combina-­
tion  was  compared   to  dacarbazine  alone  with   a  
subsequent   improvement  of  OS  by  2.1  months.  
These  findings  suggest  that  ipilimumab  exerts  its  
function  against  melanoma  regardless  a  peptide-­
mediated   vaccination.   However,   the   effects   of  
ipilimumab  on  OS  seem  to  not  only  be  mediated  
by   tumor   responses,   but   also   perhaps   by   pro-­
longed  stable  diseases,  regression  after  an  initial  
progression  and  regression  of  target  lesions  in  the  
presence  of  new  lesions.  Ipilimumab  toxicity  dif-­
fers  from  that  of  other  antibody-­based  therapies  
[121].  These  are  mainly  immune-­related  adverse  
effects.  The  most   common   of   them   include   ef-­
fects   in   the  gastrointestinal   tract,  skin  and  liver.  
The   initial   observation   of   toxic   deaths  was   not  
reported   in   the  most   recent   phase   III   trial  with  
dacarbazine,  since  the  toxicity  management  pro-­
tocols  were  standardized  for  this  drug  [122,  123].  
Tremelimumab,  the  other  anti-­CTLA-­4  antibody  
in  clinical  development,  did  not  show  a  statisti-­
cally   significant   survival   rate   in   its   pivotal   tri-­
als,  although  this  result  may  have  been  affected  
by   the   availability   of   ipilimumab   in   the  United  
States  at  the  time  of  that  trial  [124].

Immunotherapy Targeting PD-1  
and PD-L1
The   programmed   death   1   (PD-­1)   receptor,   ex-­
pressed   at   the   surface   of   activated  T   cells,   is   a  
negative   regulator   of  T   cells   [125].   It  was   first  
isolated  in  1992  by  Ishida  and  Honjo  and  initially  
cloned  as  a  molecule  overexpressed  in  apoptotic  
cells  [126].  Its  role  as  a  negative  regulator  of  the  
immune  response  was  demonstrated  and  studied  
in  PD-­1   knockout  mice  that  showed  a  variety  
of   autoimmune   diseases   [127].   Unlike   CTLA-­
4,  PD-­1   receptor   ligand   (PD-­L1)   is  directly  ex-­

receptor,  the  T  cell  ability  to  target  the  tumor  cell  
is  inhibited.  The  difference  between  the  CTLA-­4/
B7  and  PD-­1/PD-­L1  interactions  is  linked  to  the  
phase  of  T-­cell   response:   the  priming  phase   for  
the   first   one   and   the   effector   phase   for   the   lat-­

ter.  According   to   this   difference,   it   was   argued  
that  PD-­1  blockade  could  prevent  tissue  damage.  
Anti-­PD-­1   and   anti-­PD-­L1   antibodies   directly  
activate  cancer-­specific  T  cells  [128].  Nivolumab  
(also  known  as  BMS-­936558)   is   a   fully  human  
anti-­PD-­1   antibody   being   explored   in   lung,  
melanoma,  and   renal  cancers,  demonstrating  an  
approximately   30  %   objective   response   rate   in  
melanoma.   Interestingly,   tumor   PD-­L1   expres-­
sion  might  provide  a  basis  for  selecting  patients  
for  the  treatment,  as  none  of  patients  with  tumors  
negative   for   PD-­L1   showed   a   response.   Inter-­
stitial   pneumonitis   is   the  most   serious   immune  
complication  of  this  agent,  with  deaths  resulting  
from  this  complication.   Immune   toxicities  were  
seen  with  these  agents  but  at  a  lesser  rate  and  re-­
duced  severity  compared  to  other  immunomodu-­
lating  molecules  such  as  ipilimumab  [129].
The   anti-­PD-­L1   antibody   MDX-­1105   (also  

known  as  BMS-­936559)  exhibited  objective  re-­
sponses  (17  %)  in  melanoma.  Thus  far,  both  the  
response  and  toxicity  rates  were  lower  than  those  
reported   with   anti-­PD-­1   antibodies   [130].   Re-­
cently,  monoclonal  anti-­PD-­1  antibody  lambroli-­
zumab  (MK-­3475)  was  evaluated  in  metastatic  or  
unresectable  melanomas.  Objective  response  rate  
was  obtained  in  38  %  of  patients  and  the  respons-­
es  were  durable  in  the  majority  of  patients  [131].

Conclusions

Recent   advances   in   the  molecular  biology   field  
have  allowed  for  the  development  of  treatments  
able   to   improve,   for   the   first   time,   the   overall  
disease-­free   survival   of   metastatic   melanoma  
patients.  Advances  in  the  use  of  immunotherapy  
and  targeted  therapy  have  been  shown  to  poten-­
tially  improve  survival  and  have  become  the  pre-­
ferred   approaches   for  most   patients  with  meta-­
static  melanoma.  However,  clinical  responses  are  
still   either   too   transient   or   limited   to   restricted  
patient  subsets.  The  complete  cure  of  metastatic  
melanoma   therefore   remains   a   challenge   in   the  
clinic.  For  instance,  new  molecular  targets  need  
to  be  identified  to  help  the  subset  of  patients  who  
do   not   harbor   BRAF   mutations   and   overcome  
the  limitations  of  the  current  therapeutic  agents.  
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Moreover,  combinations  of  targeted  therapies  are  
required  and  are  being  studied  to  prevent  or  delay  
the  resistance  mechanisms.
In   the   last   few   years,   the   treatment   strategy  

for  patients  with  metastatic  malignant  melanoma  
has   been   changed   by   the   results   of   clinical   tri-­
als  on  BRAF  inhibitors  and  immunomodulators.  
Therefore,   actually   oncologists   can   treat   a   half  
of  melanoma  patients  with  BRAF  inhibitors   in-­
stead   of   chemotherapy   as   they   harbor   a   BRAF  
activating  mutation.  For  the  other  ones  who  are  
BRAF  wild-­type,  ipilimumab  represents  the  best  
option,  so  that  the  use  of  chemotherapy  is  limited  
to  those  patients  refractory  to  targeted  therapy.
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Introduction

Historically,   the   treatment   of   advanced   or  met-­
astatic   prostate   cancer   patients   was   based   on  
hormonal   treatment.  Unfortunately,   virtually   all  
patients   will   progress   to   hormones,   and   in   this  
scenario,  the  combination  of  docetaxel  and  pred-­
nisone   is   considered   as   the   standard   first-­line  
chemotherapy.   Recently   published   results   sup-­
port  the  use  of  other  different  drugs  such  as  ca-­
bazitaxel  (CBZ),  abiraterone  (AA),  enzalutamide  
(ENZ),  and  radium  223  in  these  patients.  More-­
over,  in  recent  years,  there  are  a  large  number  of  
new  therapies  with  different  mechanisms  of  ac-­
tion  for  patients  with  metastatic  prostate  cancer.
In  this  chapter,  we  review  new  alternatives  of  

treatment   for   patients   with   metastatic   prostate  

cancer,   including   new   androgen-­directed   strate-­
gies,  non-­AR-­mediated  therapies,  immunothera-­
py,  and  bone  targeted  treatments.

Targeting Androgen Receptor (AR)-
Associated Signaling in the Treatment 
of Prostate Cancer

Although   androgen-­deprivation   therapies   typi-­
cally  result  in  a  rapid  response  in  metastatic  pa-­
tients,  almost  all  of   them  finally  develop  a  pro-­
gressive  disease,   resistant   to   hormonal   depriva-­
tion.  Most  of  the  secondary  hormone  manipula-­
tion  techniques  despite  achieving  castrate  levels  
of   testosterone   only   provide   temporary   disease  
control,  and  on  average,  after  12–18  months,  the  
malignant   cells   become   resistant   to   treatment,  
with   a   reported   median   overall   survival   of   ap-­
proximately  30  months  [41].

prostate   cancer   (CRPC)   as   patients  with   serum  
castration   levels   of   testosterone   (testosterone  
<  50  ng/dl  or  <  1.7  nmol/l),  PSA  and/or   clinical  
progression  to  castration,  and  progression  despite  
anti-­androgen  withdrawal  for  at  least  4–6  weeks  
[72].
Several  treatment  options  have  been  described  

for  these  patients  with  metastatic  (m)  CPRC.  Up-­
regulated   androgen   receptor   (AR)   expression  
and  autonomous  synthesis  of  androgens  by  neo-­
plastic  prostate  epithelium  (either  de  novo  from  
cholesterol   or   through   metabolism   of   adrenal  
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precursors)  are   important  contributors   to  CRPC  
growth  (Fig.  17.1)  [12,  51].  Different  mechanism  
of   resistance   to   treatment   have   been   described:  
(1)   increased  expression  of  androgen  synthesis-­
related  genes,  including  CYP17A1,  AKR1C3,  and  
HSD17B3;;  (2)  up-­regulation  of  AR  transcription  
and   the   development   of   splice   variants;;   (3)   an-­
drogen   receptor  mutation;;   and   (4)   other   altera-­
tions.
Here,  we   review  some  of   the  drugs  with  ac-­

tivity  in  patients  with  castration-­resistant  prostate  
cancer  (Table  17.1).
Abiraterone   acetate   (AA)   is   a   novel,   se-­

lective,   irreversible,   and   potent   inhibitor   of  
17-­[alpha]-­hydroxylase/17,20-­lyase   (CYP17),   a  
critical   enzyme   in   testosterone   synthesis,   there-­
by   blocking   androgen   synthesis   by   the   adrenal  
glands  and  testes  and  within  the  prostate  tumor.  
This  enzymatic  activity  has   recently  been  dem-­

onstrated  to  further  reduce  testosterone  levels  in  
the   blood   to   undetectable   range   (<  1   ng/dl)   and  
it  is  suggested  to  reduce  de  novo  intratumor  an-­
drogen  synthesis.  Recently,  abiraterone  has  dem-­
onstrated  activity   in  castration  resistant  prostate  
cancer  patients  before  and  after  docetaxel  admin-­
istration.   In   the   COU-­AA-­301   phase   III   study,  
1,195  patients  who  failed  to  first  or  second  lines  
of   chemotherapy   (at   least   one   docetaxel-­based  
regimen)  were  randomized  to  receive  abiraterone  
1,000  mg  daily  plus  prednisone  5  mg  bid  versus  
placebo  plus  prednisone  [17,  23].  Primary  objec-­
tive   was   overall   survival   (OS),   and   secondary  
objectives  were  time  to  PSA  progression,  radio-­
graphic   progression-­free   survival   (rPFS),   and  
PSA  response.
Median   survival   in   patients   treated   with  

abiraterone   was   15.8   months   in   comparison  
with   11.2   months   in   placebo   treated   patients  

Fig. 17.1    Interaction  between  testosterone  and  its  receptor  in  the  prostate  cell
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(  p  <  0.0001).   Patients   treated   with   abiraterone  
also  obtained  higher  PSA  response   rate   (29.5  %  
vs  5.5  %;;  p  <  0.0001).
In   the   pre-­docetaxel   setting,   COU-­AA-­302  

phase  III  study  has  evaluated  the  clinical  benefit  
of  AA  versus  prednisone  in  mildly  symptomatic  
or  asymptomatic  chemo-­naïve  patients  with  pro-­
gressive  metastatic  CRPC  [65].  About  1,088  pa-­
tients  were  randomized  1:1  to  AA  1,000  mg  plus  
prednisone  5  mg  bid  versus  placebo  plus  predni-­
sone.  In  an  interim  analysis  with  55  %  of  the  re-­
quired  events,  overall  survival,  radiographic  PFS  
and  secondary  endpoints  all  favored  the  AA  arm.  
Overall   survival   was   not   reached   for  AA   com-­
pared  to  27.2  for  placebo,  respectively  (HR  0.75;;  
95  %  CI  0.61–0.93),  although  the  p  value  (0.01)  
did  not  reach  the  pre-­specified  alpha  level  for  the  
interim  analysis  (0.0035).  Radiographic  PFS  was  
16.5  and  8.3  months  for  AA  and  placebo,  respec-­
tively  (HR  0.53;;  95  %  CI  0.45–0.62;;  p  <  0.0001).
In  both   studies,   abiraterone  presented  an  ex-­

cellent  tolerance  profile  although  it  needs  admin-­
istration  of  prednisone  to  prevent  the  toxicity  de-­
rived  from  the  excess  of  mineralocorticoids  due  

to  the  CYP17  blockade.  Most  frequent  grade  3–4  
toxicity  was  edema  and  fluid  retention  (<  3  %  se-­
vere),   hypokalemia   (<  4  %),   hypertension   (4  %)  
and  hypertransaminemia  (3–5  %)[17,  65].
Orteronel   (TAK-­700),  a  non-­steroidal  selec-­

tive   inhibitor   of   17,20-­lyase,   suppresses   andro-­
gen   production   and   appears   to   have   less   effect  
on  cortisol   synthesis,   allowing  steroid-­free  dos-­
ing.  According  to  phase  II  study  results,  orteronel  
produced  PSA  responses  in  52  %  of  patients,  with  
manageable   toxic   effects,   making   it   attractive  
for   long-­term   use   [26].   Based   on   these   results,  
two  phase   III   studies  are  exploring   the  efficacy  
of   orteronel   plus   prednisone   versus   prednisone  
alone  in  men  with  either  chemotherapy-­naive  or  
docetaxel-­treated  metastatic  CRPC.
In  the  ELM-­PC5  trial,  1,099  mCRPC  patients  

who  failed  to  docetaxel-­based  therapy  were  ran-­
domized  2:1  to  continuous  28-­day  cycles  of  oral  
orteronel  400  mg  BID  +  prednisone  5  mg  BID,  or  
placebo  [20].  Primary  endpoint  was  overall  sur-­
vival,  and  secondary  endpoints  were  radiographi-­
cal  progression-­free  survival,  50  %  or  more  PSA  
decrease  at  12  weeks,  pain  response  at  12  weeks  

Table 17.1     Novel  hormonal  treatments  in  castration  resistant  prostate  cancer  patients
Drugs Study Setting Treatment  arms Results
Abiraterone  [65] Phase  III  

COU-­AA-­302
Pre-­docetaxel Abiraterone  +  Prednisone  

vs  Prednisone
OS:  NR  vs  27.2
HR  0.75  (95  %  CI  
0.61–0.93)

Enzalutamide  [5] Phase  III
PREVAIL

Pre-­docetaxel Enzalutamide  vs  Placebo OS:  32.4  vs  30.2
HR  0.70  (95  %  CI:  
0.59-­0.83)

Abiraterone  [23] Phase  III
COU-­AA-­301

Post-­docetaxel Abiraterone  +  Prednisone  
vs  Prednisone

OS:  15.8  vs  11.2
HR  0.74  (95  %  CI  
0.64–0.86)

Enzalutamide  [73] Phase  III
AFFIRM

Post-­docetaxel Enzalutamide  vs  Placebo OS:  18.4  vs  13.6
HR  0.63  (95  %  CI  
0.53–0.75)

Orteronel
(TAK-­700)  [20]

Phase  III Post-­docetaxel Orteronel OS:  17  vs  15.2
HR  0.886  (95  %  CI:  
0.73–1.06)

Galeterone  (TOK-­
001)  [91]

Phase  II CRPC
(M0  or  M1)

Galeterone PSA  response  in  
43–71  %  patients

ARN-­509  [61] Phase  I/II CRPC  (M1) ARN-­509 PSA  response  in  46  %  
patients

ODM-­201  [25] Phase  I/II CRPC(M1) ODM-­201 SD  in  60  %  post-­che-­
motherapy  patients

CI   confidence   interval,  CRPC   castration   resistant   prostate   cancer,  HR   hazard   ratio,  M0   no  metastatic   disease,  M1  
metastatic  disease,  NR  not  reached,  OS  overall  survival,  Pts  patients,  SD  stable  disease
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and  safety.  The  study  was  terminated  for  failing  
to   meet   its   primary   endpoint.   Median   OS   was  
17.0  months  (95  %  CI  15.2,  19.9)  in  patients  re-­
ceiving   orteronel   versus   15.2  months   (95  %  CI  
13.5,  16.9)  in  those  receiving  placebo  (HR:  0.886  
[95  %   CI:   0.739,   1.062];;   p  =  0.1898).   Median  
rPFS  was  significantly  improved  in  the  orteronel  
arm  versus   the  placebo  arm:  8.3  months  versus  
5.7  months   (HR:   0.76   [95  %  CI:   0.653,   0.885];;  
p    =  0.00038).  Main   drug-­related   adverse   events  
included  nausea  (30  %),  vomiting  (23  %),  fatigue  
(17/11  %),  and  diarrhea  (16/9  %).
Galeterone  (TOK-­001)  is  another  inhibitor  of  

CYP17.  In  addition  to  its  activity  against  CYP17,  
it  also  competitively  blocks  androgen  binding  at  
the  AR  and  downregulates  AR  expression  in  cell  
lines   [95].   In   the   phase   I  ARMOR-­1   study,   49  
patients  with  chemotherapy  naive  non-­metastatic  
CRPC   received  galeterone   (650–2600  mg)  plus  
prednisone;;   PSA   reductions   of   30  %   or   great-­
er  were   seen   in   49  %   of   patients,  with   22  %   of  
them  having   a   50  %  or   greater   decline   in   PSA.  
ARMOR-­2   is   an   open   label,   two-­part   phase   II  
trial   that   evaluates   safety   and   efficacy   of   SDD  
galeterone  in  four  populations  of  CRPC  patients.  
Twenty-­eight   patients   were   enrolled   in   part   1.  
There  were  four  grade  3  adverse  events;;  PSA  re-­
sponse  was  seen  in  43–71%  of  patients  [91].
Enzalutamide   (MDV3100)   is   an   androgen-­

receptor  and  signaling  inhibitor  chosen  for  clini-­
cal  development  based  on  the  activity  in  prostate  
cancer   models   with   overexpression   of   the   an-­
drogen   receptor   [37,  93].  Enzalutamide   inhibits  
nuclear   translocation   of   the   androgen   receptor,  
DNA  binding,  and  coactivator  recruitment.  Com-­
pared   to   the   currently   available   antiandrogen  
agents  enzalutamide  has  a  greater  affinity  for  the  
receptor,   induces   tumor   shrinkage   in   xenograft  
models  (in  which  conventional  agents  only  retard  
growth),  and  has  no  known  agonistic  effects.
In   the   double-­blind,   placebo-­controlled   AF-­

FIRM   trial,   1,199  men  with   castration   resistant  
prostate   cancer   after   chemotherapy   were   ran-­
domly   assigned   in   a   2:1   ratio,   to   receive   oral  
enzalutamide  at   a  dose  of  160  mg  per  day   (800  
patients)  or  placebo  (399  patients).  Corticoester-­
oids   administration   was   optional   in   both   arms.  
Enzalutamide  was  superior  to  placebo  in  the  pri-­

mary  end  point,  overall  survival  (HR  =  0.63  [0.53,  
0.75],  p  <  0.001)[72].  Enzalutamide  was  also  su-­
perior   over   placebo  with   respect   to   all   second-­
ary  end  points:   reduction   in  PSA   level  by  50  %  
or  more  (54  %  vs  2  %,  p  <  0.001),  the  soft-­tissue  
response  rate  (29  %  vs  4  %,  p  <  0.001),  the  quality  
of  life  response  rate  (43  %  vs  18  %,  p  <  0.001),  the  
time  to  PSA  progression  (8.3  vs  3.0  months;;  HR  
0.25;;   p  <  0.001),   radiographic   progression-­free  
survival  (8.3  vs  2.9  months;;  HR  0.40;;  p  <  0.001),  
and   the   time   to   the   first   skeletal-­related   event  
(16.7  vs  13.3  months;;  HR  0.69;;  p  <  0.001).
Enzalutamide  has  a  good  toxicity  profile,  with  

fatigue  (6  %  grade  3),  hypertension  (6.6  %),  and  
hot  flushes  (20  and  0  %  grade  3)  as  the  main  side  
effects;;  the  cardiac  events  were  observed  in  6  %  
of  patients  with  enzalutamide  versus  8  %   in   the  
placebo  arm.  Seizures  were  reported  in  five  pa-­
tients  (0.6  %)  receiving  enzalutamide  [73].
In  the  double-­blind,  placebo-­controlled,  PRE-­

VAIL   phase   III   study,   chemotherapy-­naive   pa-­
tients   with   mCRPC  were   stratified   by   site   and  
randomized   1:1   to   enzalutamide   160   mg/day  
or   placebo   [5].   OS   and   rPFS   were   co-­primary  
endpoints   and   analyzed   for   the   intent-­to-­treat  
population.  A   total  of  1,717  men  were   random-­
ized.   Median   OS   was   32.4   months   (95  %   CI  
31.5—upper  limit  not  yet  reached  [NYR])  in  the  
enzalutamide  arm  versus  30.2  months  (95  %  CI,  
28—upper  limit  NYR)  in  the  placebo  arm,  with  
a  30  %  reduction  in  risk  of  death  (OS:  HR  0.70;;  
95  %   CI:   0.59–0.83;;   p    <  0.0001).   Median   rPFS  
was  NYR  (95  %  CI:  13.8—upper  limit  NYR)  in  
the   enzalutamide   arm   versus   3.9  months   (95  %  
CI:  3.7–5.4)  in  the  placebo  arm,  with  an  8  %  re-­
duction  in  risk  of  rPFS  (HR  0.19;;  95  %  CI:  0.15–
0.23;;  p  <  0.0001).
ARN-­509   is   a   structural   analog   of   enzalu-­

tamide,  which  has  been  shown  to  have  similar  in  
vitro  but  greater  in  vivo  activity  [15].  ARN-­509  
is  currently  being  evaluated  in  phase  I–III  trials  
in  different  scenarios,  including  in  men  with  non-­
metastatic  CRPC,   as  well   as   in  men  previously  
treated  with  chemotherapy  and/or  abiraterone  ac-­
etate.  In  a  phase  I/II  trial,  46  %  of  patients  showed  
a  >  50  %  PSA  response  at  12  weeks,  with  a  good  
tolerance  to  the  drug  [61].

!..bbaaddaallaammeennttii@@ttiinn..iitt



23317 Targeted Therapies for Prostate Cancer

The   phase   III   SPARTAN   trial   evaluates   the  
efficacy  and  safety  of  ARN-­509  versus  placebo  
in  adult  men  with  high-­risk  non-­metastatic  cas-­
tration-­resistant   prostate   cancer.  Approximately  
1,200  participants  will  be  randomly  assigned   in  
a  2:1  ratio  to  receive  either  ARN-­509  or  placebo.  
This   study   is   currently  open   to   the   inclusion  of  
patients.
ODM-­201   is   a   novel   full   androgen   receptor  

inhibitor   for   CRPC   with   no  AR   agonist   activ-­
ity.  ODM-­201   has   a   high-­PSA   response   rate   in  
CYP17  inhibitor  (CYP17i)-­naïve  CRPC  patients  
in   the  phase   I/II  ARADES  study.  Patients  were  
enrolled   into   three   dose   levels   100,   200,   and  
700   mg   bid.   All   124   patients   had   progressive  
mCRPC;;   37   patients   were   pre-­chemo/CYP17i-­
naïve,   32   post-­chemo/CYP17i-­naïve,   and   55  
post-­CYP17i   [25].   In   54   post-­chemo   patients  
with   tissue   evaluable   disease,   the   response   rate  
was  6–10  %,  with  stabilization  disease  in  60  %  of  
patients.

Targeting Non-AR-Mediated Signaling

Besides  AR-­mediated  pathways,  several  alterna-­
tive  signaling  pathways  may  also  be  involved  in  
the  disease  progression  of  prostate  cancer.  Like  
other   solid   tumors,   prostate   cancers   are   often  
characterized   by   abnormalities   in   a   variety   of  
growth   factor   signaling   pathways   that   control  
cell  cycle  and  apoptosis.  As   these  pathways  are  
being   understood,   new   therapeutic   targets   are  
driving  the  development  of  new  agents  with  ac-­
tivity  against  advanced  disease.
Different  pathways  that  are  a  current  focus  for  

research  on  specific  agents  are  discussed  below  
(Tables  17.2  and  17.3).

Endothelins

Endothelins   are   peptides   produced   by   both   the  
tumor  and  the  microenvironment.  Endothelin-­1  
(ET-­1)  binds  to  the  endothelin-­A  receptor  (ET-­
A)   and  modulates  vasomotor   tone,  nociception,  
and   cellular   proliferation   in   a   variety  of   tissues  
[42].   Endothelins   facilitate   formation   of   blas-­

tic  metastases   in   pre-­clinical  models   producing  
growth   factors   and   enhancing   tumor   cells   pro-­
liferation.   Serum   ET-­1   concentration   is   higher  
in  patients  with  bone  metastases  than  in  patients  
with  localized  disease.  On  the  other  hand,  ET-­A  
is   overexpressed   in   castration-­resistant   prostate  
tumors.   For   this   reason,   ET-­1   and   its   receptors  
could  be  a  therapeutic  target  in  this  disease.
Two   orally   active   selective   inhibitors   of   the  

ET-­A  receptor,  atrasentan  and  zibotentan,  have  
been  extensively  studied  in  mCRPC  to  target  the  
supporting   environment   for   metastatic   growth.  
Based  on  the  phase  II  results  with  promising  data  
in   terms   of   PFS   and   even   OS,   multiple   phase  
III   trials   (single-­agent   and   combination   with  
docetaxel)  were  conducted  with  both  atrasentan  
[10,   54,   60]   and   zibotentan   [55,   24].  Unfortu-­
nately,   none   of   these   trials   showed   significant  
benefit  compared  with  placebo,  and  for  that  rea-­
son  these  agents  are  no  longer  being  actively  de-­
veloped.

Antiangiogenic agents

Antivascular  agents  have  been  also  tested  in  pros-­
tate  cancer  targeting  vascular  endothelial  growth  
factor  (VEGF),  related  tyrosine  kinase  pathways,  
and   other   novel   targets.   VEGF   expression   has  
been   found   in   localized   and  metastatic   prostate  
cancer  and  higher  plasma  VEGF  levels  have  been  
correlated  with  disease  severity.

Bevacizumab
Bevacizumab,  a  humanized  monoclonal  antibody  
directed   against   VEGF   has   been   tested   also   in  
prostate   cancer.   In   early  phase   II   studies,  beva-­
cizumab   was   evaluated   in   chemotherapy-­naïve  
patients  with  CRPC,  but  no  objective  responses  
were  seen,  although  there  was  a  PSA  reduction  in  
27  %  of  patients  [62].  As  first-­line  therapy,  beva-­
cizumab   in   combination  with   docetaxel/predni-­
sone  provided  no  OS  benefit,   though   there  was  
an  improvement  in  PFS  [40].

Aflibercept
Another   way   of   targeting  VEGF   is   by   binding  
its   receptors.   VEGF-­trap   is   a   fusion   protein   of  
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VEGF  receptor   that  binds  VEGF-­A,  and  blocks  
all  its  isoforms  and  also  placental  growth  factor  
(PIGF).  A  phase  III  study  with  aflibercept  recent-­
ly  has  been  reported  [90]  and  did  not  show  ben-­
efit  in  overall  survival  when  added  to  docetaxel/
prednisone  in  mCRPC  in  the  phase  III  VENICE  
trial.  Although   the   aflibercept   combination   had  
evidence   of   biologic   activity   compared   with  
docetaxel/prednisone   (median   decline   in   PSA:  
68.6  %  vs  63.5  %;;  objective  response  rate:  38.4  %  
vs  28.1  %),  aflibercept  increased  severe  toxicity,  
which  substantially  reduced  the  overall  treatment  
duration.
Results  from  the  VENICE  and  CALGB  90401  

trials   have   showed   similarities   between   an   im-­
provement   in   survival   and   an   increase   in   fatal  
treatment-­related  adverse  events  with  the  experi-­
mental  combinations.  And,  in  both  trials,  the  fatal  
events  were  mainly  infectious,  rather  than  vascu-­
lar  (Table  17.3).

Tasquinimod
Tasquinimod   is   a   quinoline-­3-­carboxamide   de-­
rivative   and   novel   immunomodulator   that   pro-­
motes  upregulation  in  prostate  cancer  of  thromb-­
spondin-­1,  an  inhibitor  of  angiogenesis  and  cell  
migration,  and  blocks  S100A9,  a  protein  that  has  
been   implicated   in   regulating   myeloid-­derived  
suppressor  cells  in  the  tumor  microenvironment  
[56,  97].
A   recent,   randomized,   phase   II   study  of   tas-­

quinimod   compared  with   placebo   in  more   than  
200  men  with  mCRPC   and  minimal   symptoms  
demonstrated   a   significant   clinical   benefit   with  
a  6-­month  PFS  of  69  %  versus  37  %  (  p  =  0.001),  
and   median   PFS   was   7.6   versus   3.3   months  
(  p  =  0.0042)   [58].  Based  on   the   favorable  phase  
II   trial   results,   a   large   phase   III   randomized,  

double-­blind  placebo-­controlled   study  was  con-­
ducted   in   asymptomatic   or  mildly   symptomatic  
mCRPC  patients  with  recruitment  recently  com-­
pleted  (NCT  01234311),  the  results  are  pending.
Additional   trials   are   currently   ongoing   with  

tasquinimod,   including   CATCH   trial   in   which  
tasquinimod  is  being  combined  with  cabazitaxel  
(NCT01513733).

Lenalinomide
Lenalinomide   is   a   thalidomide   analog  with   im-­
proved  tolerability  and  has  a  dual  activity;;  its  an-­
tiangiogenic  activity,  due  to  inhibition  of  VEGF  
and  fibroblast  growth  factor  secretion  from  tumor  
and  stroma  cells,  but  it  also  has  an  immunomod-­
ulatory   effect   by   stimulating   T-­cells   inhibiting  
T-­regulatory   cells   and   increasing  Natural  Killer  
cells  activity.
The   first   results   of   a   phase   II   trial   combin-­

ing   bevacizumab,   lenalidomide,   docetaxel,   and  
prednisone   in   CRPC   patients   were   presented  
at   the   2011  ASCO  Genitourinary   Cancer   Sym-­
posium,   the   combination  was   associated  with   a  
high-­response  rate,  showing  manageable  toxicity  
[35].   Unfortunately,   the   phase   III   trial   compar-­
ing   different   doses   of   lenalidomide   combined  
with  docetaxel–prednisone  versus  placebo  were  
stopped   and   did   not   meet   the   primary   end-­
point   of   survival   benefit   (MAINSAIL   study,  
NCT00988208).

Tirosin Kinases

Tyrosine  kinases  (TK)  are  key  enzymes  that  mod-­
ulate   several   intracellular   pathways   of   growth  
and  proliferation  of  tumor  cells.  The  most  studied  
in  prostate  cancer  are  sorafenib  and  sunitinib.

Table 17.3     Negative  phase  III  trials  with  targeted  therapies  and  docetaxel
Trials Treatment Results
VITAL  II GVAX  vaccine Poorer  survival  in  experimental  group

Atrasentan No  difference  in  progression-­free  survival  or  survival
ENTHUSE Zibotentan No  significant  difference  in  survival
MAINSAIL Lenalidomide No  survival  difference  (more  toxicity)
CALGB  90401 Bevacizumab No  survival  difference  (better  progression-­free  

survival)
READY Dasatinib No  difference  in  survival
VENICE Aflibercet No  survival  difference  (more  toxicity)

!..bbaaddaallaammeennttii@@ttiinn..iitt



23717 Targeted Therapies for Prostate Cancer

Sorafenib
Sorafenib  targets  RAF  kinase,  VEGFR-­2  and  plate-­

Clinical  experience  in  prostate  cancer  is  limited  to  
phase  II  studies.  One  of  them  with  mCRPC  patients  
in  first-­line  therapy  obtained  biochemical  response  
and   stable   disease,   with   no   partial   or   complete  
response  and  no  severe   (grade  4)  adverse  effects  
reported  [88].  Another  study  showed  an  important  
difference  between  PSA  evolution  and  radiologic  
response.  Median  PFS   and  median  OS  were   3.7  
and   28.3   months,   respectively.   These   findings  
show  sorafenib  may  be  an  active  drug  in  the  CRPC  
setting,  although  PSA  evaluation  does  not  seem  to  
be  the  ideal  way  to  test  its  efficacy  [16].

Sunitinib
Sunitinib  is  an  oral  tyrosine  kinase  inhibitor  with  

Some  phase   I   -­II   studies   explored   sunitinib   ac-­
tivity  (37.5  mg/d  on  days  1–14)  in  combination  
with  docetaxel  and  prednisone  in  first-­line  meta-­
static  CRPC  patients.  Objective  biochemical  RR  
was  56  %,  and  time  to  progression  (TTP)  was  42  
weeks.  This  regimen  was  well  tolerated  [105].  In  
another   phase   II   trial   with   a   standard   schedule  
of  50  mg/day,  4-­weeks-­on/2-­weeks-­off,  patients  
with   CRPC,   who   had   progressed   after   one   or  
two  chemotherapy  regimens  including  docetaxel,  
were   included;;  12.1  %  had  a  >  50  %  decrease   in  
PSA  levels  and  21.2  %  had  a  >  30  %  PSA  decline,  
with  a  median  PFS  of  19.4  weeks  [48].  However,  
the  phase  III  trial  comparing  sunitinib  and  pred-­
nisone  versus  placebo  was  early  stopped  due  to  
futility  in  an  interim  analysis  [86].

Chaperone Proteins

Chaperone   (heat-­shock   proteins)   plays   central  
roles   in  stress   responses  by  maintaining  protein  
homeostasis.   They   facilitate   intracellular   trans-­
port,   nuclear   translocation,   and   antiapoptotic  
properties  [102]  and  they  are  an  established  target  
for  anticancer  therapy  in  different  solid  tumors.
Two   cytoprotective   chaperones,   clusterin  

and  Hsp27  are  targets  in  current  clinical  trials  of  
CRPC.

Clusterin   is   a   stress-­induced,   cell   survival  
protein   overexpressed   in   several   solid   tumors  
including   CRPC   and   associated   with   disease  
progression  and  treatment  resistance  [104].  Clus-­
terin   expression   is   upregulated   in   patients  with  
prostate  cancer  who  have  received  androgen-­de-­
privation  therapy  (ADT)  [36].
Custirsen   (OGX-­011)   is   an   antisense  oligo-­

nucleotide   that   inhibits   translation   initiation   of  
clusterin   mRNA.   In   vitro,   custirsen   was   found  
to   resensitize   docetaxel-­refractory   prostate   can-­
cer  cell  lines  to  docetaxel  [87].  Custirsen  down-­
regulated  clusterin  expression  in  primary  prostate  
cancers   in  a  phase  I  study  [13].  Later,   in  a   ran-­
domized  phase  2  trial  of  first-­line  CRPC  (  n  =  82),  
Custirsen   in   combination   with   docetaxel   and  
prednisone  compared  with  standard  chemothera-­
py  alone  showed  an  improvement  in  OS  (23.8  vs  
16.9  months,  HR   0.61,  p  =  0.06)   although   there  
was   no   statistically   significant   improvement   in  
the  rate  of  PSA  decline,  objective  response  rate,  
and  PFS.  However,  on  multivariate  analysis,  pa-­
tients   treated  with   docetaxel   plus   custirsen   had  
51  %  lower  death  rate  than  patients  treated  with  
docetaxel  alone  (HR:  0.49;;  p  =  0.012)[14,  68].
Based  on  these  results,  custirsen  is  being  fur-­

ther  evaluated  in  two  large  randomized  phase  III  
trials.  These   two  trials  focus  on  survival.   In   the  
first  one,  custirsen  or  placebo  is  being  combined  
with  the  docetaxel  plus  prednisone  regimen  to  as-­
sess   the   effect   on   overall   survival   in  men  with  
castrate   resistant   prostate   cancer   (SYNERGY  
NCT01188187).  Results  of  this  trial  are  expect-­
ed  in  2014.  The  second  trial   is  a  comparison  of  
cabazitaxel/prednisone   alone   or   in   combination  
with   custirsen   for   second-­line   chemotherapy   in  
mCRPC  (AFFINITY  NCT01578655).  This  study  
is  currently  recruiting  participants.
Heat   shock   protein-­27   (Hsp27)   is   another  

stress-­induced   chaperone   protein   involved  with  
the  AR  and  treatment  resistance  [103].  OGX-­427  
is  a  second  generation  antisense  oligonucleotide  
against  Hsp27   in  phase   II   trials   in   combination  
with  abiraterone  in  mCRPC  and  in  combination  
with   prednisone   as   second-­line   mCRPC   treat-­
ment.
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Phosphoinositide-3-Kinase–Akt–
Mammalian Target of Rapamycin 
Pathway

Upregulation   of   the   PI3K   (phosphoinositide-­
3-­kinase)–Akt–mTOR  (mammalian  target  of  ra-­
pamycin)  pathway  has  been  detected   in  various  
tumors,  including  prostate  cancer  [50].  PI3K  ac-­
tivation   is   regulated  by   tumor   suppressor  phos-­
phatase  and  tensin  homolog  (PTEN),  and  loss  of  
PTEN  function  has  been   involved   in  androgen-­
independent   prostate   cancer   growth   [74].  Dele-­
tion   of   PTEN   has   been   associated   with   earlier  
disease  progression  in  patients  with  prostate  can-­
cer,  greater  AR  expression,  and  poor  clinical  out-­
come  [76].  Activated  PI3K  induces  Akt  to  phos-­
phorylate   and   activate  mTOR,  which   promotes  
cell  division.
Several   mTOR1   inhibitors   in   monotherapy,  

such   as   rapamycin,   temsirolimus,   or   everoli-­
mus   have   not   shown   significant   clinical   activ-­
ity,  suggesting  the  need  for  combination  studies.  
Everolimus  is  being  investigated  in  combination  
with   bicalutamide,   docetaxel,   and   bevacizumab  
in  phase  II  trials  [28].  Given  the  pre-­clinical  data  
for   AR   pathway   reciprocal   cross-­talk,   several  
early   phase   studies   are   evaluating   combination  
AR  and  PI3K/Akt/mTOR  blockade  [70].

IGF-1R Pathway

The   insulin-­like   growth   factor   I   receptor   (IGF-­
IR)   is  a   receptor   tyrosine  kinase  with  antiapop-­
totic   and   transforming   activities,   and   IGF-­1R-­
mediated  signaling  can  be  identified  during  sev-­
eral   stages   of   metastasis,   including,   migration,  
and   invasion   [96].   Expression   of   ligands   IGF-­I  
and  IGF-­II  was  higher  in  high-­grade  than  in  low-­
grade  tumors  [43].  Moreover,  in  a  meta-­analysis  
of   clinical   studies,   elevated   circulating   concen-­
trations  of  IGF-­1  were  associated  with  a  greater  
risk  for  prostate  cancer  [63].
Three   monoclonal   antibodies   against   IGF-­

1R   cixutumumab   (IMC-­A12),   ramucirumab  
(IMC-­1121B),  and  figitumumab  (CP-­751,871)  
are  being  assessed  in  mCRPC  patients.

Poly (ADP-ribose) polymerase

Poly  (ADP-­ribose)  polymerase  (PARP)  is  an  en-­
zyme  with  strong  affinity  for  DNA  single-­strand  
breaks  and  allows  DNA  repair.  Inhibition  of  this  
enzyme  leads  to  alterations  in  the  ability  of  DNA  
replication  to  occur,  causing  cell  death  [52].  Re-­
cent  pre-­clinical  evidence  demonstrates   that   the  
TMPRSS:ERG  gene  product  interacts  with  PARP,  
induces  DNA  damage,  and   is   required  for  ERG  
transcription  and  cell  invasion  [7].  Identification  
of  those  patients  harboring  a  TMPRSS:ERG  fu-­
sion  may  increased  benefit  from  PARP  inhibition  
with  either  agent.
Several   PARP   inhibitors   are   in   development  

in  CPRC  and  currently  there  are  two  phase  II  tri-­
als  ongoing  in  metastatic  CRPC  utilizing  Olapa-­
rib  (AZD  2281)  as  monotherapy  and  Veliparib  
(ABT-­888)  with  abiraterone/prednisone.

MET

MET   is   a   receptor   tyrosine   kinase   (RTK)   that  
binds  to  hepatocyte  growth  factor  (HGF)  and  sub-­
sequently   activates  multiple   signaling   cascades,  
including  PI3K  and  MAPK.  MET  has  roles  in  on-­
cogenic   signaling,   angiogenesis,   and  metastasis  
and   it   is  dysregulated   in  multiple  malignancies,  
including   prostate   cancer   [11,   101].   In   prostate  
cancer  cells,  androgen  deprivation  activates  MET  
signaling.  Activated  MET   is   particularly   highly  
expressed  in  bone.  Pre-­clinical  studies  have  sug-­
gested  that  MET  signaling  may  promote  survival  
of  prostate  cancer  cells
Cabozantinib   (XL184)   is   a   small   molecule  

receptor   tyrosine   kinase   (RTK)   inhibitor   of   he-­
patocyte  growth  factor  receptor  (MET),  vascular  
endothelial  growth  factor  receptor  2  (VEGFR2),  
and  RET  [98].
Cabozantinib   has   shown   preliminary   evi-­

dence  of  activity  against  bone  metastases  in  pa-­
tients   with   castration-­resistant   prostate   cancer.  
In   a   phase   II   randomized   discontinuation   trial,  
171   docetaxel-­pre-­treated   and   docetaxel-­naive  
patients   with   measurable,   progressive   mCRPC  
cancer   received   12   weeks   of   treatment   with  
cabozantinib.  After  the  initial  treatment,  patients  
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with  a  partial  or  complete  response  were  allowed  
to   continue   treatment   in   an   open   label   exten-­
sion.   Those   with   stable   disease   were   random-­
ized   to   cabozantinib   or   placebo,   while   those  
who   received  placebo  were  given  cabozantinib.  
Patients  with  progressive  disease  after  the  initial  
12  weeks  of  treatment  and  those  who  progressed  
on   cabozantinib   following   randomization   came  
off  protocol.
Although   only   5  %   of   patients  met   RECIST  

criteria  for  a  partial  response  at  12  weeks,  72  %  
had   regression   of   soft   tissue   lesions,   and   68  %  
of  evaluable  patients  had  improvement  on  bone  
scan.   Interestingly,  PSA  changes  were   inconsis-­
tent  and  independent  of  clinical  or  radiographic  
activity.  Among   the   31   patients  who  were   ran-­
domized   after   the   initial   12  weeks   of   cabozan-­
tinib  treatment,  progression-­free  survival  follow-­
ing  randomization  was  significantly  longer  with  
cabozantinib  compared  with  placebo  (24  versus  6  
weeks,  hazard  ratio  0.12).  Bone  turnover  markers  
(alkaline   phosphatase,   C-­terminal   telopeptide)  
decreased  57  %  in  evaluable  patients.  Subjective  
improvement   in  bone  pain  was   seen   in  67  %  of  
cases,   and   56  %   decreased   or   stopped   narcotic  
usage.  The  toxicities  observed  in  more  than  40  %  
of   cases   included   fatigue   (63  %),   decreased   ap-­
petite  (54  %),  diarrhea  (51%),  and  nausea  (49  %)  
[85].
Two  randomized,  phase  III  trials  of  cabozan-­

tinib   (60   mg/day)   have   been   initiated   in   men  
who   have   progressed   on   docetaxel   and   either  
abiraterone   or   enzalutamide   as   treatment   for  
bone  metastases   from  castrate   resistant  prostate  
cancer.  These   trials   are   being   conducted   in   un-­
selected  men  without  regard  for  c-­met  activity.
   The   COMET-­1   trial   compares   cabozantinib  
with/to  prednisone.  The  primary   endpoint  of  
this  trial  is  overall  survival.

   In  the  COMET-­2  trial,  patients  are  being  ran-­
domly  assigned  to  either  cabozantinib  or  to  a  
combination  of  mitoxantrone  plus  prednisone.  
The   primary   endpoint   is   confirmed   durable  
pain  response.

Src

Src   is   a  membrane   associated   protein   and   non-­
receptor   tyrosine   kinase   that   modulates   signal  
transduction   through   several   pathways,   includ-­
ing  the  PI3K,  focal  adhesion  kinase  (FAK),  and  
MAPK   resulting   in   regulation   of   cell   survival,  
proliferation,   and   angiogenesis   [47].   Src-­family  
kinases   play   a   role   in   invasion,   tumor   spread,  
chemomodulation,   and  malignant   bone   disease,  
which  are  all  important  for  prostate  cancer  con-­
trol,   both  of   the   tumors   itself   and   the  preferen-­
tial  site  of  metastasis  [22].  There  is  evidence  that  
Src-­family  kinases  play  an  important  role  in  the  
transition   from   androgen-­sensitive   to   castration  
resistant   disease   in   the   preclinical   setting   [92].  
And,  there  is  rationale  for  inhibiting  the  Src  and  
Src-­family  kinases  due  to  their  activity  that  is  in-­
creased  in  prostate  cancer,  and  the  role  they  play  
in   regulating  osteoclast  and  osteoblast   function.  
Thus,  adequate  inhibition  of  Src  and  Src-­family  
kinases  should  lead  to  tumor  growth  reductions,  
reductions   in   tumor   metastases,   reductions   in  
areas   of   bone   absorption   and   related   complica-­
tions,  as  well  as  tumor  angiogenesis.
There  are  several  Src  and  Src-­family  kinases  

inhibitors  that  are  being  investigated  at  different  
levels  as  follows.
Saracatinib   In   a   phase   2   study,   5   of   28   pa-­

tients   had   a   PSA   decline.   However,   no   patient  
achieved  and  30  %  decline.  The  median  PFS  was  
about  8  weeks.
Dasatinib   is   a   small-­molecule  multityrosine  

kinase  inhibitor  of  several  signaling  proteins,  in-­
cluding  receptor  tyrosine  kinases,  Src  family  ki-­
nases,  Bcr-­Abl,  c-­Kit,  PDGFR,  and  ephrins  [27].  
Dasatinib  has  shown  preclinical  activity  in  pros-­
tate  cancer  [53].  In  phase  II  monotherapy  trials  in  
48  men  with  mCRPC  before   chemotherapy,   no  
responses  were  seen  with  dasatinib  100  mg  daily,  
but   there  was   a   lack   of   progression   in   43  %   of  
patients  at  12  weeks  [99,  100].  Common  adverse  
events  of  Dasatinib  include  fatigue,  nausea,  diar-­
rhea,  headache,  and  anorexia.
In   phase   I/II   trials,   evaluating   dasatinib   in  

combination   with   docetaxel,   30  %   of   patients  
had   disappearance   of   lesions   on   bone   scan   and  
57  %  of  patients  had  a  durable  PSA  response  [1].  
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On  this  basis,  a  phase  III  trial  was  conducted,  in  
which   1,522  men  with  metastatic   castration   re-­
sistant  prostate  cancer  (mCRPC)  were  randomly  
assigned   to  either  dasatinib  with  docetaxel  plus  
prednisone   or   docetaxel   plus   prednisone   alone.  
Preliminary  results  presented  at  the  2013  ASCO  
Genitourinary   Symposium   found   no   improve-­
ment  in  overall  survival,  the  primary  endpoint  of  
the  trial,  with  a  median  follow-­up  of  19  months  
(median  21.5  vs  21.2  months,  HR:  0.99)  [2].

Immunotherapy

Prostate  cancer  disease  provides  a  test  system  to  
determine   the   efficacy  of   vaccines   for   different  
reasons.  This  cancer  is  a  tumor  that  grows  rela-­
tively  slowly,  recurrence  is  often  diagnosed  early,  
there  is  a  biological  marker  that  can  early  detect  
relapse   (PSA   doubling   time),   various   specific  
antigens  have  been  identified  and  characterized,  
and  vaccines  can  be  used  with  a  good  safety  pro-­
file   in   combination  with   anti-­androgen   therapy,  
chemotherapy,  or  radiotherapy  (Table  17.4).

Antibodies

Ipilimumab (Anti-CTLA4, MDX-010)
Ipilimumab   is   a   human   anti-­CTLA-­4  monoclo-­
nal   antibody   that   demonstrated   a   PSA   decline  

[82].  Most  common  adverse  events   (AEs)  were  
arthralgia,  malaise,  bone  pain,  pallor,  back  pain,  
constipation,  fatigue,  and  decreased  appetite.
In   a   phase   II   study   [79],   the   combination  of  

ipilimumab  with  docetaxel  was  tested:  ipilimum-­
ab  (23  patients)  versus   ipilimumab  and  a  single  
dose  of  docetaxel  75  mg/m2   (20  patients).  PSA  
responses  were  observed  in  6  patients  (3  in  each  
group)   and   52   serious   adverse   events   (SAEs)  
were  observed.  Five  of  these  52  SAEs,  were  con-­
sidered  to  be  related  to  ipilimumab  treatment:  ad-­
renal  insufficiency  (one  patient),  diarrhea,  colitis  
and  melena  (all   in  one  patient),  and  colitis  (one  
patient).

A   phase   I   dose-­escalation   trial   [94]   evalu-­
ated   ipilimumab-­GVAX   in   patients   with   meta-­
static  CRPC.  PSA  responses  >  50  %  were  seen  in  
7/28(25  %)  patients.  The  most  common  adverse  
events  were  injection-­site  reactions,  fatigue,  and  
pyrexia.  Two  patients  had  grade  3  hypophysitis  
and  one  patient  developed  grade  4  sarcoid  alveo-­
litis.
Another  phase  I  trial  [46]  tested  PROSTVAC-­

Ipilimumab   and   this   combination   did   not   seem  
to  exacerbate  the  immune-­related  adverse  events  
associated  with  ipilimumab.
The  addition  of  radiotherapy  as  a  potential  im-­

mune  enhancer  to  improve  clinical  responses  to  
ipilimumab  has  also  been  reported,  in  phase  I  and  
II  trials,  to  be  well  tolerated  [4,  77]

Prostate Specific Membrane Antigens and 
Antibodies (J591)
J591  is  a  monoclonal  antibody  that  binds  to  the  
external   domain   of   PSMA,   and   has   been   used  
in   combination   with   radionuclei   for   therapeu-­
tic   purposes.  After   a   phase   I   trial   [3]   of   177Lu-­
tetium-­labeled   J591   (177Lu-­J591)   that   reported  
biological   activity,   the   same   group   presented   a  
phase  II  study  (Tagawa  et  al.  2008)  with  30  pa-­
tients,  where  18   (60  %)  patients  had  progressed  
to  docetaxel  chemotherapy.  A  decline  >  50  %  and  
30  %  in  PSA  was  observed  in  10  and  30  %  of  pa-­
tients,   respectively.   The  most   common   adverse  
event  was  thrombocytopenia.
In  a  phase  I   trial  of  Yttrium-­90-­labeled  J591  

(90Y-­J591)  [49],  anti-­tumor  activity  was  observed  
in   two   patients,   who   experienced   85   and   70  %  
PSA   decline.   Thrombocytopenia   was   the   dose-­
limiting  toxicity.

Vaccines

Sipuleucel-T (APC8015, Provenge)
Sipuleucel-­T   contains   mature,   autologous   anti-­
gen-­presenting  cells  (APCs).  APCs  are  obtained  
from  the  patient  via  a  standard  leukapheresis  pro-­
cedure  approximately  2  days  before  each  sched-­
uled  infusion.  The  patient’s  APCs  are  co-­cultured  
with   a   recombinant   fusion   protein   (PA2024)  
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Agent Phase n Setting Target  antigen Comparison  
treatment

Primary  
endpoint

ClinicalTrials.
gov  identifier

Ipilimumab
Ipilimumab III 600 Asymptomatic  or  

minimally  symp-­
tomatic  metastatic  
CRPC

CTLA-­4 Placebo Overall  
survival

NCT01057810

Ipilimumab III 800 Metastatic
CRPC  prior  
treatment  with  
docetaxel

CTLA-­4 Placebo Overall  
survival

NCT00861614

Ipilimumab  
plus  leupro-­
lide  acetate

II 20 Neoadjuvant  
treatment

CTLA-­4 – Safety NCT01194271

Ipilimumab  
plus  andro-­
gen  depriva-­
tion  therapy

II 48 Metastatic  
non-­CRPC

CTLA-­4 – Safety NCT01377389

ProstVac
ProstVac  plus  
Ipilimumab

I 30 Asymptomatic  
metastatic  CRPC

CTLA4  PSA Safety NCT00124670

ProstVac  plus  
docetaxel/
prednisone

II 144 Metastatic  CRPC CTLA4  PSA Docetaxel/
Prednisone

Overall  
survival

NCT01145508

ProstVac  plus  
flutamide

II 65 Metastatic  CRPC CTLA4  PSA Flutamide Efficacy NCT00450463

Sipuleucel  T
Sipuleu-­
cel  T  plus  
abiraterone

II 60 Metastatic  CRPC APC8015 – Safety/
Efficacy

NCT01487863

Sipuleucel  T  
plus  andro-­
gen  depriva-­
tion  therapy

II 60 Non-­metastatic  
prostate  cancer  
and  rising  PSA  
after  androgen  
deprivation  
therapy

APC8015 – Safety/
Efficacy

NCT01431391

177Lu-­J591
177Lu-­J591 I 30 Metastatic  CRPC PSMA – Safety NCT00538668
177Lu-­
J591  plus  
docetaxel/
prednisone

I 30 Metastatic  CRPC PSMA – Safety NCT00916123

177Lu-­
J591  plus  
ketoconazole

II 140 Nonmetastatic  
CRPC

PSMA Ketocon-­
azole

Time  to  
radiologic  
progression

NCT00859781

CRPC  castration-­resistant  prostate  cancer,  CTL-­4  cytotoxic  T  lymphocyte  antigen,  n  patient  number,  PSA  prostate-­
specific  antigen,  PSMA  prostate-­specific  membrane  antigen

Table 17.4     Ongoing  clinical  trials  of  immunotherapy  for  patients  with  metastatic  castration-­resistant  prostate  cancer
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containing  prostatic  acid  phosphatase  (PAP)  and  
granulocyte  macrophage  colony  stimulating  fac-­
tor   (GM-­CSF).   The   activated,   antigen   loaded  
APCs  are  then  re-­infused  into  the  patient,  where  
they  stimulate  a  T-­cell  response  against  prostate  
cancer  cells  [75].  Results  from  phase  I  and  II  tri-­
als   revealed   an   increase   in  T-­cell  mediated   im-­
mune   responses   against   PAP   and   a   decrease   in  
the   serum  PSA   level  with   low   toxicity   [6,  8,  9,  
78].
Three   phase   III   trials   have   been   conducted  

with   this  vaccine   in  prostate  cancer.   In   the   first  
study   (D9901;;   [79,   80]),   127  men  with   asymp-­
tomatic  CRPC  were  randomized  (2:1)  to  receive  
either  Sipuleucel-­T   (  n  =  82)   or   placebo   (  n  =  45).  
The   primary   endpoint  was   the   time   to   progres-­
sion,  which  was  11.7  weeks  in  the  vaccine  group  
compared   with   10   weeks   in   the   placebo   group  
(  p  =  0.052).
A  similar  phase  III  study  (D9902A)  was   ini-­

tiated,   but   enrollment  was   stopped   after   98   pa-­
tients,  based  on   initial   results   in  D9901,  and  an  
integrated   analysis   of  D9901   and  D9902A  was  
reported   [34].  A   total  of  225  patients  were   ran-­
domized   to   Sipuleucel-­T   (  n  =  147)   or   placebo  
(  n  =  78).   The   results   showed   a   median   benefit  
in   overall   survival   of   4.3   months   for   Sipuleu-­
cel-­T   (23.2   vs   18.9   months),   translating   to   a  
33  %  reduction  in  the  risk  of  death  [hazard  ratio  
(HR)  =  1.50,  p  =  0.011].
Finally,   the   third  phase   III   trial   (IMPACT  or  

D9902B)  [38]  randomly  assigned  512  patients  to  
receive  either  Sipuleucel-­T  (341  patients)  or  pla-­
cebo  (171  patients)  in  a  2:1  patient  ratio.  Unlike  
previous  studies,  overall  survival  was  the  prima-­
ry  end  point.  A  relative  reduction  of  22  %  in  the  
risk  of  death  was  observed  as  compared  with  the  
placebo  group   (HR  =  0.78,  p  =  0.03),  which   rep-­
resents  an   increase  of  4.1  months   in   the  overall  
survival  for  the  Sipuleucel-­T  group  (25.8  vs  21.7  
months).  The  36-­month  survival  probability  was  
31.7  and  23.0  %  in  the  Sipuleucel-­T  and  placebo  
groups,   respectively.   Paradoxically,   no   benefit  
in  the  time  to  disease  progression  was  observed.  
Common  adverse  events  reported  in  the  Sipuleu-­
cel-­T  group  included  chills,  fever,  and  headache.  
On  April   29,   2010,   Sipuleucel-­T  was   approved  

by  the  FDA  for  the  treatment  of  patients  with  as-­
ymptomatic  or  minimally  symptomatic  CRPC.

GVAX
GVAX  is  a  vaccine  obtained  from  prostate  cancer  
cells   genetically   modified   to   secrete   GM-­CSF.  
Unlike  Sipuleucel-­T,  where  prostatic  acid  phos-­
phatase  is  the  antigen  source,  GVAX  uses  whole  
tumor  cells  as  antigens.
GVAX  was   shown   in   phase   II   studies   to   be  

immunogenic,   clinically   active,   and   generally  
well  tolerated.  In  an  initial  trial  [81,  82],  55  che-­
motherapy-­naïve  CRPC  patients  with  radiologic  
metastases   (  n  =  34)  or   elevated  PSA   levels  only  
(  n  =  21),   were   treated   with   two   different   doses  
(low-­dose   and   high-­dose).   Actual   median   sur-­
vival  was  compared  with  estimated  median  sur-­
vival  obtained  using  the  Halabi  nomogram  [31],  
a  pre-­treatment  prognostic  model.  The  metastatic  
group   showed   an   increased   median   survival,  
when   compared   to   predicted   values   of   26.2   vs  
19.5  months,   respectively.  The  median   survival  
for   high-­dose   and   low-­dose   treatment  was  34.9  
(  n  =  10)  and  24  months  (  n  =  24),  respectively.  Im-­
munogenicity  and  clinical  activity  were  dose-­de-­
pendent  as  reported  in  another  multicenter  phase  
I/II   trial   [32]   were   the  median   overall   survival  
was  35.0,  20.0  and  23.1  months  for  the  high,  me-­
dium,  and  low-­dose  groups,  respectively.
These   results   led   to   two   phase   III   studies.  

The  first   (VITAL-­1;;  [33,  34])  compared  GVAX  
to  docetaxel  plus  prednisone  (D  +  P)  in  asymp-­
tomatic  CRPC  chemotherapy-­naïve  patients.  The  
study  was  prematurely   terminated  based  on   the  
results  of  a  previously  unplanned  futility  analysis  
which  determined  that  the  study  had  less  than  a  
30  %   chance   of  meeting   its   predefined   primary  
endpoint  of  improvement  in  overall  survival.  The  
median  survival  was  20.7  months  in  the  GVAX  
group  and  21.7  months   in   the  D  +  P  group,  but  
these   differences   were   not   statistically   signifi-­
cant.
The   second   phase   III   trial   (VITAL-­2)   [83]  

compared  D  +  P  to  docetaxel-­GVAX  (D  +  G)  in  
CRPC   taxane-­naïve   symptomatic   patients.   The  
study   was   designed   to   enroll   600   patients,   but  
was   prematurely   terminated   after   performing   a  
futility  analysis  after  accrual  of  408  patients,  that  
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showed   a   higher   survival   in   the   standard   treat-­
ment   group   due   to   an   excess   of   deaths   in   the  
GVAX  group,  76  deaths  in  the  D  +  P  group  vs  85  
in  the  D  +  G  group  (HR  =  1.4,  p  =  0.02).

PROSTVAC-VF Vaccine (PSA-TRICOM)
PROSTVAC-­VF   [45]   is   a   recombinant   vaccine  
based  on  the  vaccinia  virus  and  a  fowl  pox  virus  
encoding   human   PSA   and   three   co-­stimulatory  
agents,   lymphocyte   function-­associated   antigen  
3  (LFA-­3),  ICAM-­1,  and  B7.1.  Both  vaccines  in-­
fect  antigen-­presenting  cells  (APCs)  resulting  in  
expression  of  proteins  on   the   surface  of  APCS.  
The  interaction  of  transduced  APCs  with  T-­cells  
promotes  a  targeted  immune  response  and  T-­cell-­
mediated   tumor   cell   destruction.   This   vaccine  
successfully   demonstrated   immunologic   activ-­
ity  with  a  low-­toxicity  profile  in  several  phase  I  
trials  [21,  29,  69].  These  positive  results  encour-­
aged  further  assessment  of  this  product  in  several  
phase  II  studies.
The   Eastern   Cooperative   Oncology   Group  

(ECOG)   published   a   phase   II   study   evaluating  
the  response  to  vaccinations  in  64  patients  with  
biochemical  progression  after   local   therapy  and  
different   schedules   [30].  At   19  months,   45.3  %  
of  the  patients  were  free  of  PSA  progression  and  
overall  time  to  PSA  progression  was  13.6  months.  
A  phase  II  study  [18],  based  on  the  same  popula-­
tion,  included  50  patients.  At  that  time,  the  results  
were  presented  only  29  patients  were  evaluated.  
Sixty-­six  percentage  of  patients  were  free  of  PSA  
progression  at  6  months  (primary  end  point).
A   phase   II   trial   analyzed   the   effect   of   PSA-­

TRICOM  with  or  without  GM-­CSF  in  32  patients  
with  metastatic  chemotherapy-­naïve  CRPC  [44].  
Twelve  of  32  patients  had  a  PSA  decline  (37.5  %)  
and  22  out  of  32  patients  had  a   longer   survival  
compared  to  those  predicted  based  on  the  Halabi  
score.
Finally,   a   randomized   double-­blind   phase  

II   trial  was  conducted   in  125  men  with  asymp-­
tomatic  CRPC  [39].  Similar  to  the  Sipuleucel-­T  
phase   III  study,   the  primary  end  point,  progres-­
sion-­free  survival,  was  not  met  (3.8  months  in  the  
PROSTVAC  group  and  3.7  months  in  the  control  
group),   but   the   treatment   was   associated   with  
a   44  %   reduction   in   the   risk  of   death   and   a   8.5  

month  improvement  in  median  OS  (25.1  vs  16.6  
months).

TG4010
MVA-­MUC1-­IL-­2   (TG4010)   is   a   recombinant  
modified   Vaccinia   Ankara   (MVA)   viral   vector  
encoding  MUC1  and  interleukin-­2  (IL-­2),  which  
has  shown  in  phase  I  trials  to  be  safe  [57,  64].  It  
has  not  been  investigated  in  CRPC,  but  was  as-­
sessed  in  a  randomized  phase  II  study  in  patients  
with  PSA  progression  after  local  treatment  [19].  
None   of   the   patients   showed   a   50  %  decline   in  
PSA   (primary   endpoint);;   however,   10   patients  
had  stabilized  PSA  for  over  8  months.

Bone-targeted therapy

Prostate   cancer   is   a   bone-­predominant   disease,  
and   there   are   two  classes  of   agents   in  develop-­
ment  and  those  affect  bone  resorption  and  radio-­
pharmaceuticals  [71].

Bisphosphonates

The  first  class  of  osteoclast-­targeted  agent  is  the  
bisphosphonates.  Their   activity   is   derived   from  
structural  similarity   to  pyrophosphate,  a  normal  

intravenously,  bisphosphonates  are   incorporated  
into  bone  matrix  by  binding  to  exposed  hydroxy-­
apatite  crystals.  This  binding  provides  a  barrier  to  
osteoclast-­mediated  bone  resorption  and  has  di-­
rect  inhibitory  effects  on  osteoblasts.  Zoledronic  
acid  is  the  most  potent  available  bisphosphonate,  
1,000  times  more  potent  in  vitro  than  clodronate  
[66,  67].

Denosumab

RANKL-­induced   signaling   plays   an   important  
role  in  osteoclast  regulation,  making  it  a  logical  
target  for  therapeutic  intervention.  Denosumab  is  
a  subcutaneously  administered  monoclonal  anti-­
body  with  a  high-­binding  affinity  for  RANKL.  It  
has  a  half-­life  of  more  than  30  days  at  its  highest    
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doses   and   can   produce   sustained   inhibition   of  
bone  turnover  markers  (e.g.,  NTx)  for  more  than  
6  months  in  certain  clinical  settings.

in   this   setting:   zoledronic   acid   and  denosumab.  
Zoledronic   acid   showed   a   significant   improve-­
ment   in   skeletal-­related   event   outcomes   when  
compared   to  placebo  (median   time   to   first  SER  
16  vs  10.5  HR  0.64).  It  became  standard  of  care.  
Recently,   denosumab   showed   an   improvement  
over   zoledronic   acid   (20.7   vs   17.1   RR   0.82.  
These   agents   have   activity   as  measured   by   im-­
provement  in  skeletal-­related  events  (Fizazi  et  al.  
2010).  Both  zoledronic  acid  and  denosumab  have  
been  shown  to  significantly  reduce  the  incidence  
of   skeletal   events,   such   as   pathologic   fractures  
and  spinal  cord  compression,   in  prostate  cancer  
patients  with  advanced  disease.  Intensive  osteo-­
clast   inhibition   with   monthly   denosumab   has  
been  shown  to  modestly  prolong  metastasis-­free  
survival   by   about   4   months   in   men   who   have  
progressed   on   first-­line   androgen-­deprivation  
therapy  [84].
Recently,   results   from   the  Zometa  European  

Study  (ZEUS),  presented  at  the  EAU  Congress,  
indicate  that  zoledronic  acid  is  not  better  for  pre-­
venting  bone  metastasis  in  high-­risk  prostate  can-­
cer  patients  than  standard  treatment.

Radiopharmaceuticals

The  last  agent  is  radium-­223  which  is  an  alpha-­
emitting  radiopharmaceutical  that  delivers  high-­
energy  irradiation  with  a  short  range,  and  there-­
fore   lower   penetration   into   surrounding   tissue  
than  beta-­emitting  radiopharmaceuticals  such  as  
samarium-­153  and  strontium-­89.  This  agents  his-­
torically  has  been  used  for  pain  relief;;  radium-­223  
not  only  does  it  appear  to  offer  pain  relief  but  also  
improve   survival.   These   are   data   from   a   study  
of   symptomatic,   heavily   pre-­treated   metastatic  
CRPC  patients   treated  with   radium-­223  or  with  
placebo,  with  an  improvement  in  survival  that  is  
similar  (considering  hazard  ratio)  to  chemothera-­
py,  and  even  approaching  some  of  the  newer  AR  
signaling  inhibitors.  The  effects  are  not  only  on  
survival  but  also  on  skeletal-­related  events,  with  

a  hazard  ratio  of  0.61.  Recently  Radium-­223  has  
been   approved   by   the   FDA   for   prostate   cancer  
with  bone  metastases  [58].

Conclusions

CRPC   is   a   heterogeneous   disease   with   differ-­
ent  signaling  pathways   involved  in  disease  pro-­
gression.  Several  potential  molecular  targets  for  
treating  CRPC,  including  those  that   inhibit  AR-­
mediated   and   non-­AR-­mediated   signaling   have  
been   identified.   In   recent   years,   novel   agents  
have  shown  promise   in  clinical   trials,   including  
agents  targeting  the  androgen  axis  (inhibitors  of  
androgen  production  and  novel  AR  antagonists)  
and  agents  with  other  targets  (Src,  IGF-­1R,  PI3K,  
PTEN,  mTOR,  MET,  and  clusterin).
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Abbreviations

AP-­1   Activator  protein  1

BM   Bone  microenvironment
BMSCs   Bone  marrow  stromal  cells
BPs   Bisphosphonates

CXCR-­4   Chemokine  receptor  type  4
DKK1   Dickkopf-­related  protein  1
DLX5   Distal-­less  homeobox  5

HGF   Hepatocyte  growth  factor
IGFBP5,   Insulin-­like  growth  factor  5
LRP   Low-­density   lipoprotein   receptor-­

related  protein  5/6

MMP-­1   Matrix  metalloproteinase-­1
MM   Multiple  myeloma
MSCs   Mesenchymal  stem  cells
NFATC1   Nuclear  factor  of  activated  T  cells
OPG   Osteoprotegerin
PAM   Pamidronate
PCs   Plasma  cells
PTHrP   Parathyroid  hormone-­related  protein
Runx2   Run-­related  transcription  factor  2
SDF-­1   Stromal-­derived  factor
SREs   Skeletal-­related  events
Src   Sarcoma
TK   Tyrosine  kinase

uNTX   Urinary  N-­telopeptide
VCAM-­1   Vascular  cell  adhesion  molecule-­1
VLA-­4   Cell  surface  molecule  very  late  anti-­

gen-­4
ZA   Zoledronic  acid

Introduction

Bone,  particularly  trabecular  bone,  is  one  of  the  
most  preferential  metastatic   target   sites   for  ma-­
lignancies  such  as  breast,  prostate,  and  lung  can-­
cers.  Skeletal  metastasis  frequently  leads  to  pain,  
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fractures   and   other   complications.   Crosstalk  
between  tumor  cells  and  bone  cells,  both  through  
direct  cell–cell  contact  and  through  soluble  fac-­
tors,   is   considered   critical   for   the   development  
and  progression  of  bone  metastases  [24,  55,  67,  
81,  131].
Depending  on  their  radiographic  appearance,  

bone  metastases  can  be  predominantly  osteolytic,  
involving  bone  destruction,  or  osteoblastic  char-­
acterized   by   increased   deposition   of   new  bone.  
The   lesion   phenotype   reflects   the   local   interac-­
tion  between  tumor  cells  and  the  bone  remodel-­
ing  system  [119].  Prostate  cancer  metastases  are  
typically  osteoblastic  [67],  whereas  breast  cancer  
metastases  are  usually  osteolytic  [60].  More  pre-­
cisely,  recent  observations  suggest  that  bone  me-­
tastases  represent  a  spectrum.  At  one  end,  osteo-­
lytic   lesions  are  associated  with   increased  bone  
resorption  and  reduced  osteoblast  (OB)  activity,  
but  an  attempt  at  bone  repair  is  often  also  present,  
whereas  bone  metastases  that  are  predominantly  
osteoblastic  also  show  an  enhanced  bone  resorp-­
tion.  Dysregulated  bone  resorption  by  osteoclasts  
(OCs)  is  necessary  for  the  establishment  of  me-­
tastases,   as   it   releases   growth   factors   from   the  
bone  matrix,   fueling   tumor  growth   [18,   41,   54,  
55,  60].
Tumor   cells   produce   chemokine   receptors,  

cell   adhesion  molecules   and   cell   surface   recep-­
tors   that   enable   them   to   home   to   the   bone   and  
attach  to  the  endosteal  surfaces  [131].  Although  
tumor  cells  secrete  proteolytic  enzymes  and  can  
directly  destroy  the  bone  matrix  in  vitro,  the  main  
mediators  of  bone  destruction  within  a  metastatic  
lesion  are  the  OCs  [60].  The  bone  matrix  is  a  rich  
deposit   of   growth   factors   that   are   released   into  
the  tumor  microenvironment  as  a  result  of  osteol-­
ysis.  These  factors  stimulate  the  growth  of  tumor  
cells  and  alter  their  phenotype,  thus  promoting  a  
vicious  cycle  of  metastasis  and  bone  pathology.  
Physical   factors  within   the   bone  microenviron-­
ment,   including   low   oxygen   levels,   acidic   pH,  
and   high   extracellular   calcium   concentrations,  
may  also  enhance  tumor  growth  [57,  119].
Tumor-­produced  parathyroid  hormone-­related  

protein  (PTHrP)   is  one  of   the   important  media-­

tors  of  the  osteolytic  process  occurring  in  meta-­
static   breast   carcinoma.   Transforming   growth  

matrix  and  is  released  as  a  result  of  osteoclastic  
bone   resorption,   promotes   osteolysis   by   stimu-­
lating  PTHrP  production  by  tumor  cells.  PTHrP  
then   stimulates   osteoclastic   bone   resorption   by  
increasing   OB   production   of   receptor   activator  
of   nuclear   factor-­kappaB   ligand   (RANKL)   and  
by  decreasing  their  production  of  osteoprotegerin  
(OPG)   [40,   60].   Cancer   cells   can   also   secrete  
multiple  other  cytokines  that  stimulate  osteoclas-­
togenesis  [119].
Furthermore,  there  is  evidence  that  osteolytic  

lesions  are  linked  with  impaired  OB  differentia-­
tion  and  activity  [13,  44,  45,  74]  and  elevated  OB  
apoptosis  [72].
In  contrast,  in  the  case  of  osteoblastic  metasta-­

sis,  OB  proliferation  and  matrix  deposition  have  
increased  [44,  45,  67,  130].  Prostate  cancer  cells  
alter  bone  homeostasis  by  secreting  factors  such  

directly  affect  OB  function,  as  well  as  prostate-­
specific   antigen   (PSA)   and   other   proteases   that  
influence  bone   formation   indirectly,  e.g.,  by   re-­
leasing  and  activating  growth  factors  present   in  
the   bone   microenvironment   [67,   90,   131].   The  
net  result   is   increased  OB  proliferation  and  dif-­
ferentiation,   leading   to   increased   deposition   of  
abnormal,  woven  bone.  OB   secreted   factors,   in  
turn,  promote  tumor  cell  survival  and  growth,  en-­
forcing  the  cycle  [19,  67,  80,  131].  Prostate  can-­
cer  cells  also  produce  factors   that  stimulate  OC  
activity  [54].  Indeed  different  prostate  cancer  cell  
lines  are  capable  of  causing  either  osteolytic  or  
osteoblastic  bone  metastases  in  immunocompro-­
mised  mouse  models  [30,  83,  115].  The  degree  of  
osteolytic  or  osteoblastic  capability  can  be  linked  
to  differences  in  the  cancer  cell  secretome,  more  
specifically—   to   the   secreted   factors   that   affect  
the  bone  microenvironment.  In  particular,  recent  
studies  show  that  cancer  cell-­secreted  DKK1  and  
NOG,  which  suppress  bone  formation  by  inhib-­

OBs,  are  crucial  determinants  of  osteolytic  me-­
tastasis  [22,  44,  46,  90,  100].
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Targeted Therapies for Bone 
Metastatic Solid Cancers

The  treatment  of  bone  metastases  aims  to  prevent  
further   progression   and   skeletal-­related   events  
(SREs),   relieve   the   bone   pain   and   improve   the  
patient’s  quality  of  life  (QOL).  A  multimodal  ap-­
proach,   including   collaboration   among   radiolo-­
gists,  pathologists,  hemato-­oncologists,  radiation  
oncologists,   nuclear   medicine,   and   orthopedic  
oncologists,   is   a   prerequisite   for   the   effective  
management   of   patients   with   bone   metastases  
[62].  Current  therapeutic  options  include  surgical  
intervention,   targeted   radiotherapy,   radioisotope  
treatment,  and  targeted  medical  treatments.
Surgical  management  relieves  bone  pain,  im-­

proves   neurological   functions,   and   inhibits   the  
local  tumor  growth  [62].  Radiotherapy  is  used  to  
relieve   bone   pain,   but   it   can   also   induce   tumor  
regression  and  bone  healing  [59].
Major  improvements  have  been  recently  made  

in  medical  treatments.  Thanks  to  acquisitions  on  
the   biology   of   bone   metastases,   new   therapies  
blocking   key   targets   for   the   establishment   and  
progression  of  secondary  bone  lesions  have  been  
developed.
Targeted   treatments   for   bone  metastases   can  

be   divided   into   tumor-­targeted   therapies   and  
bone-­targeted   therapies.   Owing   to   the   “vicious  
circle”  in  the  bone  microenviroment,  by  inhibit-­
ing   cancer   cell   growth  we   can  block   the   tumor  
stimulation   on   OC   differentiation   and   bone  
resorption.   Several   tumor-­targeted   therapies  
(chemo-­,   hormone-­,   target-­,   and   immuno-­thera-­
pies)  were  found  to  induce  a  bone  scan  objective  
response  or  improvement  in  bone  pain  in  patients  
with  bone  metastatic  cancer.  The  most  represen-­
tative   tumor-­targeted   therapies   with   proven   ef-­
ficacy   also   in   bone   localization   of   disease  will  
be   discussed   below.   Bisphosphonates   and   the  
RANKL  antibody  denosumab  are  the  only  bone-­
targeted  therapies  approved,  but  many  emerging  
bone  molecular   targets   are   under   investigation.  
Systemic  radionuclide  therapies  could  be  consid-­
ered  as  bone-­targeted  treatments  too.

Tumor-Targeted Therapies: The Example 
of Advanced Prostate Cancer

Hormonotherapy in Bone Metastatic 
Prostate Cancer
The  critical  role  of  androgens  for  prostate  cancer  
growth  was  established  in  1941  by  Charles  Hug-­
gins,  and  these  findings  established  androgen  de-­
privation  therapy  (ADT)  as  the  primary  treatment  
for   patients  with   advanced   prostate   cancer   [50,  
103].
Standard   approaches   include   orchiectomy,   a  

gonadotropin-­releasing   hormone   (GnRH)   ago-­
nist,   or   a   combination   of   a  GnRH   agonist   plus  
an   antiandrogen   (complete   androgen   blockade)  
[27].
Although  ADT   is   palliative   and  not   curative  

[121],   it   can   normalize   serum   levels   of  PSA   in  
over  90  %  of  patients  and  can  produce  objective  
tumor  responses  in  80–90  %  of  patients.  This  an-­
titumor  activity  can  improve  the  QOL  by  reduc-­
ing  bone  pain  as  well  as  the  rate  of  complications,  
such  as  pathologic  fracture,  spinal  cord  compres-­
sion,  and  ureteral  obstruction.
Patients  who  have  progressed  while  on  ADT  

are  said  to  have  castration-­resistant  disease.  Sec-­
ondary  hormone  manipulations  often  lead  to  clin-­
ical  benefit   after  progression  on  ADT,  although  
the  duration  of  such  effects  is  usually  limited.
A  number  of  options  are  available  for  second-­

ary   hormone   manipulation   following   failure   of  
initial  ADT  for  advanced  disease:  withdrawal  of  
antiandrogens  or  other  hormones,  administration  
of  antiandrogens,  estrogen,  and  progestins,  P450  
enzyme   inhibitors,   and   glucocorticoids.   Recent  
advances  have  demonstrated  that  androgen-­based  
pathways  continue  to  have  a  clinically  significant  
role  in  the  progression  of  castrate-­resistant  pros-­
tate   cancer.   In   addition   to   androgen   production  
by   the   adrenal   gland   and   the   testis,   several   en-­
zymes   involved   in   the   synthesis  of   testosterone  
and   dihydrotestosterone,   including   cytochrome  
P450   17   alpha-­hydroxysteroid   dehydrogenase  
(CYP17),   are   highly   expressed   in   tumor   tissue  
[78].
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Abiraterone  irreversibly  inhibits  the  products  
of  the  CYP17  gene.  Abiraterone  plus  prednisone  
in  men  who  had  previously  been   treated  with  a  
docetaxel-­containing  chemotherapy  significantly  
improved   overall   survival   (OS)   compared   with  
placebo  plus  prednisone  in  the  randomized  phase  
III  trial.  There  was  also  a  statistically  significant  
improvement   in   palliation   of   pain   due   to   bone  
metastases  and  a  statistically  significant  increase  
in  the  time  to  first  SRE  [68].  In  another  phase  III  
trial   that   included   chemotherapy-­naive   patients  
with  metastatic  castration-­resistant  prostate  can-­
cer,   the   clinical   benefit   of   abiraterone   in   terms  
of  radiographic  progression-­free  survival  (rPFS)  
and  OS  [96]  was  shown.
Some   metastatic   and   primary   prostate   tu-­

mors   retain   activation   of   the   androgen   receptor  
in  processes  that  are  entirely  independent  of  the  
androgen  ligand.  Several  mechanisms,  including  
upregulation   of   androgen   receptor   expression  
through   amplification   of   the   androgen   receptor  
gene   [25]   increased   sensitivity   of   androgen   re-­
ceptor  via  overexpression  of  nuclear  coactivators  
[39],  and  splice  variant  mutations  of  the  receptor  
[42,  122],  have  been  proposed  and  may  coexist.  
Small  molecule  antagonists  of   the  androgen   re-­
ceptor,  such  as  MDV3100,  are  being  developed  
and  have  demonstrated  promising  clinical  activ-­
ity.
On   the  basis   of   phase   I/II   study   results,   two  

phase   III   trials  were  drawn   to  MDV  3100  with  
placebo.   In   the  AFFIRM   trial,   1199   men   with  
castrate-­resistant   prostate   cancer   who   had   re-­
ceived  prior  docetaxel-­based  chemotherapy  were  
randomly  assigned  to  either  MDV3100  (160  mg  
per  day)  or  placebo  [101].  The  results  of  the  trial  
were   recently   published.   OS,   the   primary   end-­
point  of   the   trial,  was  significantly   increased   in  
patients  assigned  to  MDV3100  (median  18.4  ver-­
sus   13.6  months;;   hazard   ratio   (HR),   0.63).  The  
superiority   of   enzalutamide   over   placebo   was  
shown  with   respect   to   all   secondary   endpoints:  
the   proportion   of   patients   with   a   reduction   in  
the  PSA  level  by  50  %  or  more   (54  versus  2  %,  
p    <  0.001),  the  soft  tissue  response  rate  (29  versus  
4  %,  p  <  0.001),  the  QOL  response  rate  (43  versus  
18  %,  p  <  0.001),  the  time  to  PSA  progression  (8.3  
versus   3.0   months;;   HR,   0.25;;   p  <  0.001),   rPFS  
(8.3   versus   2.9   months;;   HR,   0.40;;   p  <  0.001),  

and   the   time   to   the   first  SRE   (16.7  versus  13.3  
months;;  HR,  0.69;;  p  <  0.001).
In  the  PREVAIL  trial,  asymptomatic  or  mini-­

mally  symptomatic  men  with  metastatic  prostate  
cancer   who   are   chemotherapy   naive   are   being  
randomly   assigned   to   MDV3100   or   placebo  
(Clinical  Trial  NCT01212991).

Biologic Therapy in Bone Metastatic 
Prostate Cancer
In  castration-­resistant  disease,  the  overall  impact  
of   cytotoxic   chemotherapy   is   limited,   and   this  
has  led  to  the  development  of  newer  approaches,  
as  biologic  therapy,  for  the  treatment  of  advanced  
prostate  cancer.
Cabozantinib   (XL184)   is   an   inhibitor   of  

c-­MET,  VEGFR2  and  RET,  receptor  tyrosine  ki-­
nases  (TKs)  that  are  frequently  activated  in  meta-­
static  processes.  In  particular,  XL184  has  shown  
preliminary   evidence   of   activity   against   bone  
metastases   in   patients   with   castration-­resistant  
prostate  cancer.
In  a  phase  II  randomized  discontinuation  trial,  

patients  with  measurable  progressive  metastatic  
prostate  cancer   treated  with  XL184  obtained  an  
objective   response   in  bone  metastases   and   sub-­
jective  improvement  in  bone  pain  [51].
At   the   2012   American   Society   of   Clinical  

Oncology   (ASCO)   meeting,   the   results   from  
the   subsequent   non-­randomized   expansion   co-­
hort   in   docetaxel-­pretreated   patients   were   pre-­
sented.   XL184   demonstrated   to   improve   bone  
scan   response   (BSR),   bone  pain   reduction  with  
a   decrease   of   markers   of   bone   resorption   (C-­
telopeptide   (CTX)   N-­telopeptide   (NTx)   and  
bone-­specific  alkaline  phosphatase  (bALP)).  The  
mechanism  explaining  the  activity  of  XL184  on  
bone  metastases  is  largely  unknown  and  all  these  
promising   results   are   awaiting   confirmation   in  
controlled  phase  III  trials.

Bone-Targeted Therapies

Bisphosphonates,  denosumab,  emerging  targeted  
treatments   (bone   anabolic   and/or   anticatabolic  
agents)   and   systemic   radionuclide   therapies  be-­
long  to  the  group  of  bone-­targeted  therapies.
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Bisphosphonates
Bisphosphonates   have   a   strong   affinity   to   bone  
hydroxyapatite   and   surfaces   undergoing   active  
remodeling.   Bone-­resorbing   OCs   internalize  
bisphosphonates,   leading   to   multiple   conse-­
quences   in   OCs.   Nitrogen-­containing   bisphos-­
phonates   (alendronate,   risedronate   and   zole-­
dronic  acid  (ZA))  inhibit  farnesyl  pyrophospha-­
tase,   an  enzyme   responsible   for   the  prenylation  
of   GTPases   that   are   essential   for   OC   function,  
structural   integrity   and   prevention   of   apoptosis  
[70,  92,  118].
Inhibition   of   farnesyl   pyrophosphatase   also  

results  in  the  accumulation  of  isopentenyl  diphos-­
phate  that  is  incorporated  into  a  cytotoxic  nucleo-­
tide  metabolite,  ApppI   [77].  Besides   the  effects  
on  OCs,   there   are   indications   for   direct   effects  
of  bisphosphonates  on  cancer  cells.  Bisphospho-­

cells,   modulate   tumor-­associated   macrophages  
and  inhibit  angiogenesis  [61,  73,  126].
Clinical   trial   data,   individually   and   in  meta-­

analysis,   have   established   that   in   women   with  
metastatic   breast   cancer   and   clinically   evident  
bone   metastases,   the   use   of   bisphosphonates  
reduces   the   frequency   SREs   by   approximately  
one-­third   when   compared   with   placebo   or   no  
bisphosphonate   therapy.   This   was   associated  
with   significant   delays   in  median   time   to  SRE,  
improvements  in  bone  pain  and  improvements  in  
global  QOL  [125].
Both   oral   (clodronate   and   ibandronate)   and  

intravenous   (ibandronate,   pamidronate   (PAM)  
and   ZA)   formulations   have   become   integral  
components  of   treatment   in  patients  with  breast  
cancer   and   bone   metastases.   In   the   USA,   only  
two  bisphosphonates,  PAM  and  ZA,  are  FDA  ap-­
proved   for   the  management   of  metastatic   bone  
disease  in  patients  with  breast  cancer.
ZA  is  also  approved  for  use  in  men  with  bone  

metastases  that  is  progressing  on  initial  hormone  
therapy   in   patients   with   bone   metastases   from  
prostate  cancer.  The  benefit  of  ZA  in  this  setting  
of  patients  was  demonstrated  in  a  phase  III  trial  
showing  a  significant  reduction  in  the  frequency  
of  SREs,  a  longer  median  time  to  develop  a  SREs  
and  lower  pain  and  analgesic  scores  [97].

In   a   placebo-­controlled   trial   of   773   patients  
with  skeletal  metastases  from  cancers  other  than  
breast  and  prostate  (including  non-­small  cell  and  
small  cell  lung,  renal  cell,  thyroid,  and  head  and  
neck  cancers),  comparing  ZA  versus  placebo,  pa-­
tients  who  were  randomly  assigned  to  ZA  had  a  
significant  reduction  in  the  number  of  SREs  (38  
versus   47  %)   and   a   significantly   longer   time   to  
the  first  event  (230  versus  163  days)  [94].
Finally,   bisphosphonates   significantly   de-­

crease  bone  turnover  and  increase  bone  mineral  
density  in  men  receiving  ADT  for  prostate  cancer  
[21,  47].

Denosumab
Given   the   fundamental   role   of   the   RANK–
RANKL   system   in   the  maturation   and   function  
of  OCs  and  thereby  in  the  development  of  bone  
metastasis,  inhibition  of  this  system  has  been  ex-­
tensively  investigated  as  a  therapeutic  tool  for  the  
treatment  of  osteolytic  metastasis.  Denosumab  is  
a  non-­cytotoxic  IgG2  monoclonal  antibody  with  
an   extremely   high   affinity   for   human   RANKL  
and   thereby   prevents   the   interaction   between  
RANK,  which  is  expressed  by  OCs,  and  RANKL  
produced  by  OBs.  Clinical  trials  in  breast  cancer  
patients  with  bone  metastases  have  demonstrated  
that  denosumab  reduces  SREs  and  bone  resorp-­
tion,  as  shown  by  the  reduced  levels  of  bone  turn-­
over  markers  N-­telopeptide   of   type   I   collagene  
(uNTX)   [7,   66].   Furthermore,   denosumab   sup-­
presses  bone  resorption  marker  in  a  manner  inde-­
pendent   of   prior   treatment  with   biphosphonate,  
and   also   in   patients  who   had   responded   poorly  
to  biphosphonate  treatment  [8].  A  phase  III  clini-­
cal  study  that  compared  denosumab  and  ZOL  in  
the  treatment  of  breast  cancer  patients  with  bone  
metastases,  revealed  that  denosumab  is  more  ef-­
fective  in  delaying  or  preventing  first  and  subse-­
quent  SREs.  The  overall  incidence  of  SREs,  the  
adverse  effects  of  renal  toxicity  and  osteonecro-­
sis  of  the  jaw  as  well  as  the  OS  of  patients  were  
similar  between  the  two  treatments  [111].
In  a  2012  meta-­analysis,  compared  to  bisphos-­

phonates,  denosumab  was  significantly  more  ef-­
fective  and  was  associated  with  reduction  in  the  
SRE  rate,  delays  in  time  to  SREs,  and  prolonga-­
tion  in  the  time  to  developing  bone  pain  (in  breast  
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cancer  patients  without  pain  at  baseline).  There  
was  no  difference  in  OS  [125].
Moreover,   denosumab   has   demonstrated   to  

significantly  delay  the  time  to  first-­on-­study  SRE  
compared   with   ZOL   bone   metastases,   also   in  
patients  with  castration-­resistant  prostate  cancer  
[31].
A  phase  III  trial  compared  denosumab  and  ZA  

in   1776   patients   with  multiple  myeloma   (MM)  
or  bone  metastases  from  a  solid  tumor  other  than  
breast   or   prostate   cancer   (40  %   non-­small   cell  
lung  cancer,  10  %  MM,  9  %  renal  cell  carcinoma,  
6  %  small  cell  lung  cancer,  and  5  %  other  tumor  
types)   [48].   Denosumab   was   not   significantly  
inferior  to  ZA  in  delaying  time  to  first-­on-­study  
SRE  (20.6  versus  16.3  months;;  HR,  0.84;;  0.95  %  
CI,  0.71  to  0.98;;  p  =  0.03).  However,  when  adjust-­
ed  for  multiple  comparisons  to  test  for  superiority,  
the  difference  was  no  longer  statistically  signifi-­
cant  (  p  =  0.06).  OS  and  disease  progression  were  
similar   between   the   two   groups.   In   a   subgroup  
analysis,  mortality  appeared  to  be  higher  with  de-­
nosumab  compared  with  ZA  in  patients  with  MM  
(HR  for  death,  2.26;;  95  %  CI,  1.13–4.50),  but  the  
number  of  patients  in  this  group  was  limited.
On   the   basis   of   these   and   other   data,   deno-­

sumab   has   been   approved   for   the   treatment   of  
patients  with  bone  metastases  from  solid  tumors,  
but  not  MM.
Importantly,   denosumab   induced   an   86  %  

tumor   response   rate   in   patients   with   giant   cell  
tumor   of   bone;;   this   type   of   tumor   consists   of  
RANK  expressing  OC-­like  giant  cells  and  mono-­
nuclear   (stromal)   cells   that   express   RANKL  
[116].
Recently,  the  ability  of  denosumab  to  prevent  

the  development  of  bone  metastasis  in  high-­risk  
prostate  cancer  patients  has  been  demonstrated.  
Indeed  some  have  hypothesized  that,  by  limiting  
bone   turnover   and   resorption,   denosumab   may  
make  bone  an  environment  that  is  less  amenable  
to  circulating  tumor  cells  remaining  and  clonally  
expanding.
In  a  phase  III  trial,  1432  men  with  nonmeta-­

static   castration-­resistant   prostate   cancer   were  
randomly  assigned  to  denosumab  or  placebo.  De-­
nosumab   increased   the   time   to   development   of  
first  bone  metastasis  by  a  median  of  4.2  months  

compared  with  placebo,   in  a  population  of  men  
deemed  to  be  at  high  risk  for  the  development  of  

months).  No  difference   in  OS  was  noted,   how-­
ever   (median   44   versus   45   months;;   HR,   1.01)  
[109].
To   determine   the   efficacy   of   denosumab   in  

men  at  greatest  risk  for  bone  metastases,  the  re-­
searchers  evaluated  bone-­metastasis  free  surviv-­

months.  Results  were  showed  at  the  2012  ASCO  
meeting.  Median  BMFS  in  the  placebo  group  of  

shorter  than  for  the  placebo  group  in  the  full  pop-­
ulation  (18.7  months  versus  25.2  months),   indi-­
cating  that  these  men  are  at  particularly  high  risk.  

denosumab   prolonged   BMFS   by   a   median   of  
7.2   months,   and   with   a   23  %   reduction   in   risk  
compared  with  placebo.  Patients  with  shortened  
PSADT  are  at  higher  risk  of  developing  bone  me-­
tastasis  and  denosumab  is  markedly  effective  at  
prolonging  BMFS  in  this  subset  of  patients  [98].
Finally,  denosumab   is   approved  drug   to  pre-­

vent   bone   loss   in  men   at   high   risk   for   fracture  
receiving  ADT  for  nonmetastatic  prostate  cancer  
[107,  108],  and  to  increase  bone  mass  in  women  
at  high   risk   for   fracture   receiving  adjuvant  aro-­
matase  inhibitor  therapy  for  breast  cancer  [28].

Bone Anabolic and Anticatabolic Agents
Breast   and   other   osteotropic   cancers   affect   the  
skeleton  not  only  through  increased  OC  activity,  
but   also  by   concurrently  defective  OB   function  
that   appears   strictly   related   to   both   growth   and  
treatment  of  tumors.  Therefore,  new  drugs  target-­
ing  both  OB  and  OC  deregulated  pathways  may  
be   essential   in   these   diseases   to   concomitantly  
exert   bone   anabolic   and   anti-­catabolic   thera-­
peutic  effects.  In  this  context,  a  number  of  com-­
pounds   are   currently   under   intensive   investiga-­
tion  in  both  preclinical  and  clinical  studies.

c-Src Inhibitors
The   Src   sarcoma   (src)   oncogene   encodes   for   a  
non-­receptor-­TK   involved   in   several   molecular  
pathways  including  those  signaling  for  cell  adhe-­

!..bbaaddaallaammeennttii@@ttiinn..iitt



25518 Targeted Therapies for Bone Metastases

sion,  proliferation  and  chemotaxis.  Activation  of  
the  c-­Src  pathway  has  been  reported  to  drive  the  
tumor   progression   of   prostate,   breast   and   other  
solid  cancers  [10],  while  it  regulates  both  OC  and  
OB  activities  in  the  physiology  of  bone  turn-­over.  
In  fact,  in  OCs,  src  signaling  is  essential  for  both  
differentiation   and   the   cytoskeleton   rearrange-­
ment,  necessary   for  bone   resorption,  whereas   it  
acts   as   a   negative   regulator   of   OB   maturation  
through   the   inhibition   of   run-­related   transcrip-­
tion  factor  2  (  Runx2)  gene  [132].  Recently,  it  has  
been   demonstrated   that   the   pathways   activated  
by  src  and  IL-­6  engage  a  functional  loop  induc-­
ing   the   expression  of   insulin-­like  growth   factor  
5  (IGFBP5),  a  c-­Src  activating  factor  that  main-­
tains  the  OBs  in  a  persistent  immature  condition  
[87].   Dasatinib,   a   functional   double   inhibitor  
affecting  both  src  and  Abl  families,  down-­regu-­
lates  OC  formation  and  its  bone  resorptive  func-­
tions  by  reducing  both  c-­Fos  and  nuclear  factor  
of  activated  T  cells  (NFATC1)  levels  as  well  as  

-­
mokine   receptor   for   macrophage   inflammatory  

-­
lates  OB  differentiation  by  priming   the   canoni-­

34].  A  combinatory  
treatment  of  dasatinib  with  docetaxel  in  patients  
with  prostate  cancer  showed  a  significant  reduc-­
tion  of  urinary  N-­telopeptide  (uNTX)  and  bALP  
[3],  whereas  in  a  parallel  study  enrolling  patients  
with  MM,  dasatinib  was  ineffective  on  OB  func-­
tion  while  modifying  the  expression  of  phenotyp-­
ic  OC  markers  [124].  In  a  phase  II  trial,  bosuti-­
nib,  a  Src/Abl  inhibitor,  demonstrated  promising  
efficacy  in  extending  the   time  to  progression   in  
patients  with   breast   cancer,   although   no   effects  
were   reported   on   bone   health   [14].   However,  
several  clinical  trials  are  presently  evaluating  the  
role  of  src  inhibitors  as  single  agents,  as  well  as  
in  combination  with  hormone  therapy  or  chemo-­
therapeutic  drugs  in  bone  metastasis.

Activin A

is  primarily  secreted  by  cells  of   the  OB  lineage  
including   not   only   bone   marrow   stromal   cells  
(BMSCs)   but   also   secreted   by  OCs.  This   cyto-­
kine  stimulates  OC  formation  by  synergic  effect  

with   RANKL   while   inhibiting   OB   differentia-­
tion  by  down-­regulation  of  distal-­less  homeobox  
5   (DLX5)   gene   expression   [33].   Its   serum   lev-­
els  have  been  described   to  be   increased   in  both  
breast  and  prostate  cancer  patients  with  bone  me-­
tastases   in  comparison   to  patients  with  no  skel-­
etal  involvement  [64].
Moreover,  RAP-­011,  a  murine  IgG-­Fc  fusion  

protein   resembling   the   soluble   activin   receptor  
type  IIA,  apparently  stimulates  bone  remodeling  
and   reduces   the   formation   of   osteolytic   lesions  
in  animal  models  of  MM  and  breast  cancer  [17].  
The  RAP-­011   human   analog,  ACE-­011,   is   cur-­
rently  under  clinical  investigation  for  similar  ef-­
fects   in   patients   with   MM.   Preliminary   results  
provide  evidence  that   this  drug  significantly   in-­
creases  the  levels  of  bone  regeneration  biomark-­
ers  with  a  concurrent  decrease  of  bone  pain  in  the  
absence  of  evaluable  toxicity  [1].  ACE-­011  also  
increases  hemoglobin  levels,  and  its  utilization  to  
treat  chemotherapy-­induced  anemia   is  presently  
being  evaluated  in  patients  with  either  breast  or  
non-­small  lung  cell  cancer.

TGF-β Receptor Inhibitors

matrix   and  plays   a   critical   role   in   bone   remod-­
eling   and   cancer   progression.   It   regulates   the  
expression   of   several   factors   involved   in   the  
pathogenesis  of  bone  metastases,  such  as   integ-­

-­
teinase-­1   (MMP-­1),   chemokine   receptor   type   4  
(CXCR-­4),   and   others   [91
which  is  largely  released  during  bone  resorption,  
stimulates  breast   cancer   cells   to  produce  osteo-­
lytic   factors,   including   IL-­11   and   PTHrP   [26].  
It   has   also   been   reported   that   the   inhibition   of  

OB   differentiation   by   priming   both   Runx2   and  
ephrin(Eph)B4   expression,   while   downregulat-­
ing   OC   maturation   through   EphB2   expression  
as  an  OC  inhibitor  [76].  Additional  studies  have  

pathway   attenuates   the   development   of   bone  
metastasis   from   breast   cancer   cells   [26],   while  
Takeuchi  and  co-­workers  proved  that   its   inhibi-­
tion   resulted   in   the   restraining  of  bone   lytic   le-­
sions  in  a  model  of  MM  bearing  SCID-­rab  mice  
[113].
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Polyphenols
Polyphenols  have  been  reported   to  exert  antitu-­
mor  properties  and  their  effects  have  been  exhaus-­
tively  evaluated  on  a  bone  metastatic  variant  of  a  
breast  cancer  cell  line,  namely  MDA-­MB-­435.  In  
fact,  their  inhibitory  activity  has  been  proven  on  
both  the  growth  of  the  primary  breast  tumor  and  
the  progression  of  metastatic  cancer  in  the  skel-­
eton.  Their   antitumor   activity   seems   to   be   sup-­
ported  by  pharmacodynamic  mechanisms  related  
to  modifications   of   the   tumor  microenviroment  
within   the   bone   rather   than   to   their   direct   sup-­
pression   of   the   tumor   [16].   Furthermore,   it   has  
also  been  shown  that  resveratrol  inhibits,  at  least  
partly,  OC  differentiation  by  impairing  RANKL  
signaling  and  concurrently  promoting  OB  differ-­
entiation  by  upregulating  the  nuclear  receptor  of  
1,25(OH)2D3  [9].  Taken  together,  these  findings  
strongly  suggest  that  the  polyphenols  can  be  use-­
ful   in   treating   bone  metastases   as  well   as   bone  
disease  in  MM.

Cytotherapy
Transplantation   of   mesenchymal   stem   cells  
(MSCs)   in  patients  with  osteogenesis   imperfect  
leads  to  an  increase  in  bone  mineral  density  with  
a   reduction   of   bone   fractures   [49].   In   view   of  
these  results,  an  analogous  model  of  cytotherapy  
has   also   been   proposed   for  myeloma   bone   dis-­
ease.  Intrabone  injections  of  MSCs  in  a  SCID-­rab  
model  of  MM  promotes  bone  formation  through  
activation  of  endogenous  OBs  and  suppression  of  
OC  activity.  Moreover,  it  has  been  reported  that  
by   restoring   OB   maturation,   MSCs   also   delay  
myeloma  cell  growth  in  bone  [65].  Further  stud-­
ies  are  required  to  improve  our  understanding  of  
MSCs/tumor  interactions  [58].

Integrins Inhibitors
Integrins   are   a   family   of   cell   surface   receptors  
that   primarily   mediate   interactions   of   normal  
cells  with  components  of  the  extracellular  matrix.  
They  form  heterodimeric  transmembrane  recep-­

abnormal  integrin  profile  compared  to  nontumor  
cells   [20,  23]  providing  an  opportunity   for  spe-­
cific  targeting.  Targeting  integrins  on  both  tumor  

and/or  host   cells  has  proven   to  be  effective  not  
only   in   blocking   local   cancer   progression,   but  
also  in  reducing  tumor  cell  detachment  from  their  
primary   site   in   preclinical  models   [56,   89].  Al-­
though  OCs  express  various  integrins,   it   is  now  
well  accepted  that  integrin  avb3  is  a  central  mol-­
ecule  for  OC  function  [29].  For  the  treatment  of  

an   attractive   target   because   of   its   expression   in  
tumor   and   angiogenic   cells,   its   role   in  OC   dif-­
ferentiation  and  function  and  its  role  in  tumor  cell  
homing  to  bone  [86,  106,  112].  There  is  preclini-­

including  peptides  (S247,  ATN-­161,  cilengitide)  
and   non-­peptidic   small   molecules   (PSK1404),  
successfully  block  osteolysis   and   tumor  growth  
in   animal   models   of   bone   metastasis   [4,   20].  
There  are  several  ongoing  clinical  trials  evaluat-­
ing   the   anticancer   effect   of   integrin   antagonists  
in  advanced  refractory  and  metastatic  cancers  but  
only  a  few  integrin  antagonists  are  being  evaluat-­
ed  in  patients  with  bone  metastatic  cancer.  Clini-­
cal  trials  of  function-­blocking  antibodies  are  also  
ongoing,   including  Vitaxin   (LM609),   a   human-­
ized  monoclonal  IgG1  antibody  against  the  extra-­

Vitaxin   had   substantial   anti-­angiogenic   effects  
in  preclinical  models  and  has  shown  direct  anti-­
tumor  effects  as  well  as  impaired  bone  resorption  
by  inhibiting  OC  attachment  to  the  bone  surface  
[38].
Another   integrin   involved   in   bone   tropism  

is  a5b1,  a  specific  receptor  of  fibronectin,  often  
up-­regulated  in  tumor  cells  that  undergo  epithe-­
lial–mesenchymal  transition  (EMT)  mainly  stim-­

71].  
a5b1  expression  on  leukemia,  prostate  and  breast  
cancer  cells  facilitates  their  interaction  with  bone  
marrow  stroma.  Thus,  therapeutic  targeting  avb1  
would  be  particularly  promising  for  the  treatment  
of  advanced  cancers  associated  with  skeletal  le-­
sions  as  potential  inhibitor  of  bone  colonization.  
Volociximab  is  a  chimeric  monoclonal  antibody  
that  blocks  the  a5b1  receptor  and  it  has  been,  cur-­
rently,  evaluated  in  two  phase  II  clinical  trials  in  
the  treatment  of  metastatic  renal  cell  carcinoma,  
in  advanced  epithelial  ovarian  cancer,  melanoma,  
NSCLC  and  pancreatic  cancer  (NIH  clinical  tri-­
als  database:  http://clinicaltrials.gov/).
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Cathepsin K inhibitors
Cathepsin  K  (cathK)  represents  the  key  enzyme  
responsible   for   osteoclastic   bone   resorption   ac-­
tively  participating   in   the  process  of  bone   turn-­
over.  This  cysteine  protease  plays  a  key   role   in  
bone  matrix  degradation  and  appears  to  be  a  lim-­
iting  step  in  osteoclastic  bone  resorption  [35].
Until  now,  a  role  for  cathepsin  K  in  bone  me-­

tastasis  has  been  mainly  attributed  to  its  ability  to  
effectively   degrade   native   collagen   I,   a   process  
necessary  for  the  expansion  of  tumour  within  the  
bone.  These   evidence   suggest   that   inhibition  of  
cathepsin  K  may  disrupt  two  processes  essential  
to   the   development   of   bone  metastases:   cancer  
cell  invasion  and  OC-­mediated  bone  resorption.  
Hence  the  role  of  cathK  in  bone  resorption  makes  
it  an  attractive  therapeutic  target  in  the  treatment  
of   those   disorders   involving   bone   loss,   such   as  
osteoporosis  and  bone  metastasis.
Nowadays,  several  small  molecule   inhibitors  

of  cathepsin  K  have  been  developed;;  due   to   its  
selectivity,   Odanacatib   is   the   only   cathepsin   k  
inhibitor   in   clinical   development   [36].  A   Phase  
II  controlled  study  on  women  with  breast  cancer  
metastatic   to   bone   randomized   to   receive   daily  
administration   of   odanacatib   or   zoledronic   acid  
showed  bone  remodeling  markers  reduction  (uri-­
nary  NTx)  after  4  weeks  treatment  [53].  Despite  
these   promising   results,   two   phase   III   trials   of  
odanacatib  that  were  initiated  in  breast  and  pros-­
tate   cancer  patients  with  MBD  were  closed  be-­
fore  their  completion  and  no  further  evaluation  is  
ongoing  in  the  oncology  setting.  However,  odan-­
acatib  is  still  under  investigation  in  phase  II–III  
trials  for  the  treatment  of  osteoporosis.

WNT Signaling Pathway Modulators
-­

bers   and,   in   association   with   low-­density   lipo-­
protein   receptor-­related   protein   (LRP)5/6,   trig-­

induces   activation   of   different   genes   involved  
in   osteoblastogenesis   [5,   43].   DKK-­1   binds   to  

resulting   in   b-­catenin   degradation   and   inhibi-­

upregulates  OPG  expression  and  downregulates  
RANKL   expression   [44],   suggesting   a   mecha-­

regulates  osteoclastogenesis.
Data   from   several   tumor   types   suggest   that  

DKK1  promotes  osteolytic  metastases,  and  may  
facilitate  the  conversion  of  osteoblastic  metasta-­
ses  to  an  osteolytic  phenotype  [45].
Elevated  levels  of  DKK-­1  were  first  described  

in   the   serum  and  bone  marrow  of  patients  with  
multiple  myeloma.  The  blockade  of  DKK-­1  using  
neutralizing  antibodies  resulted  in  a  decrease  of  
both   osteolysis   and   skeletal   tumor   growth   in   a  
severe   combined   immunodeficiency   (SCID)-­hu  
murine  model   of  multiple  myeloma.  Moreover,  
DKK-­1   antibody   treatment   led   to   a   significant  
increase   in  OB  number,  serum  human  osteocal-­
cin   level,   and   trabecular   bone,   indicating   that  
this  antibody  had  bone  anabolic  effects  [129].  A  
clinical   trial   combining   the   DKK1-­neutralizing  
antibody  BHQ880   and   zoledronate   in   relapsed/
refractory  myeloma  patients  is  currently  ongoing  
(NCT00741377).
Further   studies   are   therefore   required   to   ex-­

amine  the  importance  of  DKK-­1  as  a  therapeutic  
target  for  cancer  bone  metastasis.

Endothelin Receptor Antagonists
Endothelins   (ET-­1,   ET-­2,   ET-­3)   are   a   group   of  
21-­amino  acid  peptides  that  are  produced  in  a  va-­
riety  of  tissues,  where  they  act  as  modulators  of  
vasomotor   tone,   nociception,   cell   proliferation,  
and   hormone   production   [81].   Although   ET-­1  
can  act  alone  as  a  mitogen  for  a  number  of  can-­
cers,  its  effects  are  greatest  as  a  comitogen  with  a  
variety  of  growth  factors.  Two  endothelin  recep-­
tors,  ETA,  and  ETB,  are  found  in  humans.  ETA  
primarily  binds  with  ET-­1  and  ET-­2,  while  ETB  
binds  equally  with  all  three  endothelins  [52].
Prostate  cancer  cell  lines  are  characterized  by  

loss  of  ETB  and  increased  ET-­1  levels,  which  in-­
hibit  apoptosis  through  an  interaction  with  ETA  
[37].  The  ETA  receptor  is  expressed  to  a  greater  
degree   in  high-­grade  as  compared   to   low-­grade  
prostate  cancer  and  in  men  with  bone  metastases  
[37].  ET-­1  is   thought   to  alter   the  balance  of  os-­
teoblasts   and  osteoclasts   to   favor   the  new  bone  
formation  that  is  characteristic  of  prostate  metas-­
tases  [81],  and  also  to  mediate  metastasis-­related  
bone  pain  [63].
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The   orally-­active   ETA   receptor   antagonists  
atrasentan  and  zibotentan  have  been  extensively  
studied  in  advanced  prostate  cancer.
However,  phase  III  trials  did  not  demonstrate  

a  statistically  significant  benefit  from  atrasentan,  
also  when  in  combination  with  docetaxel  [15,  82,  
88].
Similar   resuls   were   obtained   phase   III   trials  

that  were  drawn  to  investigate  the  efficacy  of  Zi-­
botentan   in   men   with   castrate-­resistant   prostate  
cancer  and  bone  metastases.  Phase  III  trials  in  pa-­
tients  with  non-­metastatic  castrate-­resistant  pros-­
tate  cancer  (NCT00626548)  and   in     combination  
with  docetaxel  (NCT00617669)  are  ongoing  [84].  
The   studies   cited   have   been   published,   more-­
over   these   trials   have      recently   been      evaluated  
by  a  meta-­analysis,   thus   the  bibliographic  voice    
should  be  referred  to  this  meta-­analysis.

Systemic Radionuclide Therapies
Men  with  extensive  multifocal  painful  bone  me-­
tastases   and   those   with   persistent   or   recurrent  
pain  despite  receiving  external  beam  RT  to  maxi-­
mal  normal  tissue  tolerance  may  achieve  pallia-­
tion  of   their  symptoms  by  treatment  with  bone-­
targeted  radioisotopes.
A  prerequisite  for  treatment  with  these  radio-­

isotopes  is  the  presence  of  uptake  on  bone  scan  
due   to  metastatic  disease  at   the  sites   that  corre-­
late  with  pain.  Although  these  radioisotopes  are  
appropriate  for  other  histologic  tumor  types  with  
osteoblastic   bone   metastases,   they   are   mainly  
used   in  men  with  advanced  prostate  cancer  and  
women  with  breast  cancer  since  these  cancers  are  
often  characterized  by  a  high  ratio  of  bone  to  soft  
tissue  metastases.
Two   classes   of   bone   targeted   radioisotopes  

have  been  used:  beta  emitters  and  alpha  emitters.
The   beta   emitters   samarium-­153   and   stron-­

tium-­89  are  approved  for  use  in  men  with  meta-­
static   prostate   cancer.   Retreatment   with   radio-­
isotopes   such   as   samarium-­153   is   feasible   if  
clinically   indicated,   once   bone  marrow   toxicity  
has  resolved.  The  alpha-­emitting  radioisotope  ra-­
dium-­223  (Alpharadin)  may  offer  significant  ad-­
vantages  because  of  its  more  localized  deposition  
of  radiation.  Radium-­223  has  been  demonstrated  
to  improve  survival  and  decrease  skeletal-­related  

events   but   is   not   yet   approved   for   general   use  
[99].
In  a   randomized  phase   III   trial   it  was  evalu-­

ated   radiopharmaceuticals   and   zoledronic   acid  
in  the  palliation  of  osteoblastic  metastases  from  
lung,  breast,  and  prostate  cancer.  The  result  were  
presented  at  the  last  ASCO  meeting:  the  addition  
of  Sr89  or  Sm153  did  not  result  in  a  difference  in  
SREs,  OS,  or  QOL  [102].

Myeloma Bone Disease (MBD): 
Approaches of Target Therapy

MM  is  part  of  the  trio,  with  prostate  and  breast  
cancers,   that   promotes   severe   skeletal   devasta-­
tion.  MBD  is  characterized  by  osteolytic  lesions  
that   rarely  heal  while  usually  producing   severe  
SREs   such   as   pathologic   fractures,   spinal   cord  
compression  and  chronic  bone  pain,  resulting  not  
only   in  severe  morbidity  but  also   in  a  dramatic  
increase   in  mortality.   In  contrast  with  other  os-­
teotropic  cancers  where  bone  destruction   is   ac-­
companied  by  local  new  bone  formation  to  ten-­
tatively  repair  the  skeleton  lesions,  MBD  repre-­
sents  a  typical  osteolytic  disease  with  concurrent  
reduction   of  OB   function   in   terms   of   both  OB  
numbers   and   repairing   activity.   In   this   context,  
the  bone  microenvironment  (BM)  plays  a  major  
role  in  the  deregulation  of  the  OB–OC  axis,  in-­
cluding  the  interactions  between  stromal,  endo-­
thelial,  immune,  and  bone  cells  and  the  extracel-­
lular  matrix  components  such  as  osteopontin  and  
fibronectin.   All   these   components   constitute   a  
neoplastic  unit  which  supports  both   tumor  pro-­
gression  and  the  related  bone  destruction    [127]  
(Fig.  18.1).
MM  plasma  cells  (PCs)  act  by  increasing  the  

expression   of   osteoclastogenic   factors   such   as  
-­

regulated  OPG  expression  by  OBs  while,  by  the  
expression   of   the   heparan   sulfate   proteoglycan,  
syndecan-­1   (CD138),   they   disactivate   OPG  
through   its   internalization  and   subsequent   lyso-­
somal   destruction,   resulting   in   an   imbalance   of  
the  RANKL/OPG  ratio  [110].
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MMPCs  that  stimulates  osteoclastogenesis  inde-­
pendently   from   the  OPG/RANKL/RANK  path-­
way   and   promotes   chemotaxis   and   survival   of  
MMPCs  [46].  Both  bone  marrow  expression  and  

-­
ease  extension  and  survival  in  MM  patients.
Interestingly,   MMPCs,   besides   stimulating  

OC   pathways,   may   also   directly   contribute   to  
bone   resorption.   Several   authors   have   demon-­
strated  that  bone-­resorbing  osteoclasts  from  MM  
patients   include   nuclei   with   translocated   chro-­
mosomes   of   myeloma   cell   derivation,   in   addi-­
tion   to   nuclei   without   these   translocations   [2],  
whereas   studies   from   our   group   showed   that,  
under   certain   conditions,  MMPCs  may   acquire  
the   OC-­like   phenotype   as   multinucleated   cells  
(Fig.  18.2a)  expressing  TRAcP  that  produce  ero-­
sive  pits  (Fig.  18.2b)  on  experimental  bone  sub-­
strate  [104,  105].
MMPCs  suppress  osteoblastogenesis  by  direct  

cell–cell  contact  as  well  as  by  the  production  of  

soluble   factors.   The   contact   between   MMPCs  
and  mesenchymal   stromal   cells   is  mediated   by  
both  the  cell  surface  molecule  very  late  antigen-­4  
(VLA-­4)   and   the   vascular   cell   adhesion   mol-­
ecule-­1  (VCAM-­1)  resulting  in  down-­regulation  
of   the   OB   transcription   factor   RUNX2   [93].  
Furthermore,  soluble  OB  inhibitors  are  secreted  
by  MMPCs  and  by  cells  of  the  MM  marrow  mi-­
croenvironment.  They  include:  Dickkopf-­related  
protein  1  (DKK1);;  secreted  frizzled-­related  pro-­
tein  2,  IL-­7,  hepatocyte  growth  factor  (HGF)  and  
IL-­3   (Yaccoby   2010).   In   particular,  DKK1   is   a  

low-­density   lipoprotein   receptor-­related   protein  

thus  inhibiting  OB  differentiation.  Elevated  lev-­
els  of  DKK1  have  been  described   in   the   serum  
and   bone  marrow   of  MM   patients,   particularly  
in  those  with  diffuse  osteolytic  lesions,  thus  sug-­
gesting   the   inefficacy   of  OB   function   [32].  Al-­
though   mesenchymal   stromal   cells   have   been  
reported  to  interact  with  MM  tumor  growth,  ma-­

Fig. 18.1    The   drawing   illustrates   the   pathogenesis   of  
osteolytic  metastasis.  The  interplays  between  tumor  cells  
and   bone   marrow   microenvironment,   such   as   stromal  
cells  and  immune  cells,  play  a  major  role  in  deregulation  
of  OB–OC  axis.  Moreover,  the  resorption  of  mineralized  
matrix  by  osteoclast  releases  chemotatic  and  adhesive  fac-­

tor  for  cancer  cells.  At  the  same  time,  tumor  cells  directly  
stimulate  osteoclastogenesis  while  inhibiting  OB  matura-­
tion  with  a  reduction  of  their  anabolic  activity  and  a  con-­
current   increase   of   receptor   activator   of   nuclear   factor-­
kappaB  ligand  (RANKL)  secretion
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ture  OBs  produce   smaller   amounts   of   IL-­6   and  
apparently  prime  MMPCs   to  undergo  apoptosis  
by  cell-­cycle  arrest  in  the  G1  stage,  at  least  partly  
through  the  expression  of  small  leucine-­rich  pro-­
teoglycans   such   as   decorin   and   lumican   [128].  
Therefore,  the  restoration  of  OB  function  in  MM  
patients  may  result  in  a  double  effect,  namely  the  
impairment  of  the  anabolic  activity  of  bone  and  
the  concomitant  inhibition  of  tumor  growth.
Like   for   other   osteotropic   cancers,   bisphos-­

phonates   (BPs)   represent   the   standard   of   care  
for  MBD.  Since  their  advent,  BPs  have  dramati-­
cally  changed   the  evolution  of  MM.  Before   the  
“BP  era”  SREs  occurred  in  approximately  75  %  

of  MM  patients  whereas  with  second  generation  
BPs   such  as  PAM  and  ZA   their  occurrence  has  
dropped  to  25  %  [6,  95].  These  compounds  have  
been  also  shown  to  display  anti-­MM  pleiotropic  
effects   including   the   activation   of   apoptosis   in  
MMPCs,   inhibition   of   tumor-­associated   angio-­
genesis  and  improvement  of  anticancer  response  

75].  In  agreement  with  these  
data,  a  study  enrolling  1960  MM  patients  showed  
that  ZA,  in  association  with  anti-­MM  drugs,  not  
only   reduced   the   frequency   of   SREs,   but   also  
increased   OS   [79].   However,   BPs   also   induce  
adverse   effects   such   as   kidney   failure   and   os-­
teonecrosis  of  the  jaw  (ONJ)  [12,  123]  and  since  
MM  patients  are  constitutively  at  risk  for  kidney  
failure,   alternative   therapeutic   approaches   are  
needed  for  patients  ineligible  to  receive  BPs  [69].
In   a   recent   double-­blind   study,   Denosumab  

was  evaluated  in  comparison  with  ZA  in  patients  
with  MM  or  advanced  cancers  and  bone  metasta-­
ses,  excluding  breast  and  prostate  cancers.  Deno-­
sumab  resulted  non-­inferior  to  ZA  in  preventing  
or  delaying  SREs  with  ONJ  occurring  at  similar  
rates   in   both   groups.   However,   treatment   with  
Denosumab  resulted  in  lower  rates  of  renal  fail-­
ure  and  acute-­phase  reactions  than  ZA  [48].

antisense  strategies  reduces  the  tumor  burden  and  
inhibits  the  development  of  osteolytic  lesions  in  
the  murine  5TGM1  model  of  MBD  [85],  whereas  
MLN3897,   a   small   molecule   antagonist   of   the  
CCR1  which  has  been  developed  in  clinical  tri-­
als  investigating  certain  immunological  diseases,  
inhibits   OC   differentiation   by   down-­regulating  
cell-­fusion   and   c-­fos   expression,   and   abrogates  
the  proliferative  advantage  of  MMPCs  mediated  
by  OCs  [117].  Future  trials  targeting  the  MIP-­1a  
pathway  are  necessary  to  assess  whether  these  re-­
sults  are  capable  of  clinical  application.
The   blockade   of  DKK-­1   by   neutralizing   an-­

tibodies   showed   both   restoration   of   bone   min-­
eral  density  and  reduction  of   tumor  burden  in  a  
(SCID)-­hu  murine  model  of  MM  [129].  A  phase  
I–II   clinical   trial   combining   the   human   IgG1  
anti-­DKK1  BHQ880  with   conventional   chemo-­
therapy  and  ZA   in   relapsed/refractory  myeloma  
patients  is  ongoing.

Fig. 18.2    a  Myeloma  cells  polykarions  generated   from  
cultures  of  the  U-­266  cell  line.  The  spontaneous  formation  
of  polykarions  was  observed  after  3–4  weeks  of  cultures  
with   a   10  %   FCS   supplemented   RPMI.  b   Experimental  
bone  resorption  by  U-­266  cells.  The  cells  were  removed  
after   9   days   of   incubation   and   the   substrate   of   calcium  
phosphate  was   inspected   by   light  microscopy   after   von  
Kossa.  The  erosive  lacunaes  on  calcium  phosphate  depict  
the  bone  erosive  capability  of  these  cells
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The   important   contribution   of   BM   to   MM  
progression  may  account  for  the  efficacy  of  treat-­
ments  targeting  both  the  bone  microenvironment  
and   the   tumor,   such   as   the   use   of   bortezomib  
and   the   immunomodulatory  drugs.  Bortezomib,  
a   26S   proteasome   inhibitor,   downregulates   the  
Nuclear  Factor-­KappaB  (NF–KB)  pathway,  and  
reduces   MM/BMM   interplays   by   restraining  
the   tumor  burden  and   the  progression  of  MBD.  
It  disrupts  accelerated  OC  differentiation  by   in-­
hibiting  p38  protein  kinase,  NF-­KB  and  activator  
protein  1  (AP-­1)  signaling,  while  promoting  OB  

osteogenic  cells,  increasing  bone  morphogenetic  
protein  2  level  in  the  bone  marrow  microenviron-­
ment  and  blocking   the  degradation  of  RUNX-­2  
[120].   These   effects   have   been   clinically   con-­
firmed   with   the   reduction   of   bone   resorption  
markers  and  the  increase  of  bALP  and  osteocalcin  
serum  levels  in  MM  patients  responsive  to  Bort-­
ezomib  [114].  Immunomodulatory  drugs,  such  as  
Thalidomide,  Lenalidomide   and  Pomalidomide,  
in   addition   to   their   antitumor   effect,   restrain  
MBD  progression  by  targeting  BMM.  It  has  been  
demonstrated   that   Lenalidomide   downregulates  
PU.1,  an  early  transcription  factor  implicated  in  
OC   differentiation,   and   inhibits   RANKL   secre-­
tion  by  marrow  stromal  cells  while  downregulat-­
ing  Cathepsin-­K  [11].

Conclusion

The  coupling  of  bone  resorption  and  bone  forma-­
tion  ensures  that  the  removal  of  the  mineralized  
matrix   is   replaced   by   an   equivalent   quantity   of  
new  bone.  Skeletal  metastases  alter  this  equilib-­
rium,   which,   during   disease,   can   shift   from   an  
excess   of   bone   resorption   to   an   excess   of   bone  
formation.  Bone  metastases  can  have  phenotype  
heterogeneity  in  lesions  from  the  same  patients  or  
even  within  a  single  lesion.  Therefore,  agents  that  
are  able  to  reset  the  balance  between  deregulated  
bone  resorption  and  formation  may  represent  the  
“magic  bullet”   for   bone  metastases.  At  present,  
BPs  still  remain  the  standard  of  care  for  the  treat-­
ment  of  skeletal  metastases  because  of  their  abil-­
ity   in   reducing   the  number  of  SREs  and  delay-­
ing  time  to  the  first  SRE.  Nevertheless,  there  are  

limited  data  on  the  optimal  duration  of  treatment  
and  BPs  are  necessarily  discontinued  in  patients  
who  develop  ONJ  or  kidney  failure.  Alternative  
therapeutic   approaches   are   thus   needed   for   pa-­
tients  ineligible  to  receive  BPs  in  the  presence  of  
novel  SREs.
Several  drugs  which  target  the  OC  and  the  OB  

pathways  such  as  the  RANK/RANKL/OPG  axis,  

with  encouraging  preliminary  data  from  preclini-­
cal  and  clinical  studies.  In  particular,  denosumab  
has  been  recently  approved  for  breast  and  pros-­
tate  cancers.  Interestingly,  cytotherapy  approach-­
es,  previously  utilized  in  regenerative  bone  treat-­
ments   of   several  metabolic   and   traumatic   bone  
diseases,   appear  efficient   in   repairing  bone   loss  
in  a  mouse  model  of  MBD  and  are  a  fascinating  
prospect  for  bone  osteotropic  cancers.  New  clini-­
cal  trials  should  thus  be  aimed  at  evaluating  novel  
combinatory  approaches  involving  conventional  
BPs  as  well  as  new  OC  inhibitors  and  other  drugs  
capable  of  restoring  normal  OB  function.
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