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Pharmacogenomics of cetuximab in
metastatic colorectal carcinoma

Cetuximab is a chimeric monoclonal antibody that has revolutionized the treatment
of metastatic colorectal cancer. Knowledge of the mechanisms that underlie its
effectiveness, as well as the primary and secondary resistance mechanisms, have
led to important developments in the understanding of cetuximab biology. In light
of knowledge gained from recent trials, the efficacy of cetuximab has been clearly
demonstrated to depend upon RAS mutational status, moreover cetuximab should
only be used in a subset of patients who may benefit. In this article, we critically review
clinical and pharmacogenetic issues of cetuximab, focusing on the cost-effectiveness

involved with the use of the drug.
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Background

Colorectal carcinoma (CRC) is the third
most common cause of death in west
ern countries [1]. Approximately a quarter
of newly diagnosed patients have already
developed metastases and almost 50% of all
CRC patients will develop metastases over
time. In the last decade, by best combining
the three active cytotoxics available (Huoro-
pyrimidines, irinotecan and oxaliplatin),
median overall survival (mOS) of metastatic
CRC (mCRC) patients has doubled from
10—12 months to more than 20 months [2].
More recently, the understanding of the biol-
ogy of this malignancy has pointed towards
potential targets for novel therapies. One of
the most promising targets is the EGFR sig-
naling pathway as a critical mechanism in
CRC tumorigenesis [3].

Cetuximab is a chimeric IgG1 monoclonal
antibody (mAb) that competitively binds to
the extracellular domain of EGFR, thus lead-
ing to inhibition of the downstream signal-
ing pathways. This drug has been approved
for mCRC therapy based on demonstrated
improvement in overall survival (OS) when
used either as a single agent or in combina-

tion with chemotherapy [4]. Nevertheless, this
drug is active only in a fraction of patients.
Nowadays, several studies provide evi-
dence that a pharmacogenomics approach
plays a key role in the identification of spe-
cific biomarkers that could identify patients
who are most likely to respond to or be
resistant to this costly mAb. In particu-
lar, biomarker development for cetuximab
has focused on the impact of alterations in
EGFR and its downstream effectors with
particular regards to AZA4S5, which encodes a
small G-protein that functions downstream
of EGFR-induced cell signaling (5. How-
ever, although AZ4.$ mutations can be con-
sidered a highly specific negative biomarker
for response to cetuximab, their absence
does not mean the drug will be effective.
This has led to the investigation of addi-
tional markers of primary resistance, thus
focusing on the analysis of multiple genetic
and epigenetic events involved downstream
of EGFR signaling [6]. Recently, two large
studies have shown that patients with
mCRC harboring a mutation in A7ZA4S or
NVAASdid not have a response to anti-EGFR
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patients the addition of anti-EGFR mAb to first-line
chemotherapy allowed for a 6-month OS advantage
[7.8]. Indeed, research on the mechanisms of second-
ary acquired resistance is useful to define additional
signaling pathways. Last but not least, the use of bio-
markers to identify responsive/resistant patients has
significant cost implications (9].

The objective of this review is to provide an update
on the most recent data on mechanisms of primary and
secondary resistance to cetuximab. Hence, pharmaco-
genetic testing issues, clinical results in mCRC patients
and cost—effective analyses are discussed.

Mechanism of action of cetuximab

The HER family of receptors includes four distinct cell
membrane-bound glycoproteins. EGFR is also known
as HER1. The others are ERBB2, ERBB3 and ERBB4
o). Each of these receptors are structured into
three regions: an extracellular ligand-binding region,
a region which goes across cell membrane anchoring
this receptor to the cell and an intracellular region with
tyrosine kinase activity.

The extracellular domain of EGFR can bind six
EGF-like ligands, with subsequent dimerization with
other receptors of the HER family (12]. The dimeriza-
tion leads to the activation of EGFR’s tyrosine kinase
activity so thact the tyrosine residues in the intra-
cellular domain are autophosphorylated. This intra-
cellular activation of EGFR induces phosphorylation
of other intracellular molecules, including those of
RAS-RAF-MAPK cascade and PI3K-AKT-mTOR
pathway.

RAS protein is active when it is bound to GTP,
leading to subsequent activation of RAF protein. This
molecule is a serine—threonine kinase and activates a
cascade of proteins with the same kind of activity. This
signaling is blocked when the GTP bound to RAS is
hydrolyzed to GDP, the resulting RAS—GDP complex
is inactive. As a consequence of the activation of this
cascade even MAPK is active and it can translocate to
the nucleus. The active MAPK in the nucleus regulates
the function of several transcription factors. Subse-
quently multiple genes can change their own expres-
sion to regulate numerous cell functions including
proliferation, angiogenesis, apoptosis, adhesion and
motility [13,14].

Cetuximab binds to the extracellular domain of
EGFR. This binding prevents EGFR from binding
with endogenous ligands. This event blocks the recep-
tor-dependent transduction pathway activation and
its subsequent antitcumor effects, including cell cycle
arrest, induction of apoptosis, inhibition of angio-
genesis and inhibition of metastasis. After the binding
of EGFR with cetuximab this complex could undergo

internalization and subsequent EGFR downregulation.
Some relevant consequences also include enhancement
of sensitivity to chemotherapy and radiation [15).
Cetuximab also showed cytotoxicity against tumor
cells by antibody-dependent cellular cytotoxicity
(ADCC). This phenomenon is mediated by the anti-
body Fc fragment, which can bind FcyR expressed on
the cell surface of various immune cells, such as natu-
ral killer cells, monocytes or macrophages [16]. Even
though mAbs are used in cancer treatment to block
specific oncogenes, ADCC may be a phenomenon to
explain their antitumor effects. Cetuximab has been
included among drugs that could induce ADCC [17].

EGFR pathway: mechanisms of primary &
secondary resistance
KRAS/BRAF pathway
The rate of AZAS mutation is approximately 30—40%
in mCRC [18]. AZA4S mutations are point mutations
mainly involving codon 12 and 13. These mutations
represent up to 90% of all activating mutations in this
gene. Other less frequent activating mutations include
those in exon 2, codons 12 and 13; exon 3, codons 59
and 61; and exon 4, codons 117 and 146. G to A transi-
tions and G to T transversions are observed most fre-
quently. The most frequent A4 Smutations, which are
found in codons 12 and 13, cause impairment of the
ARAS catalytic domain. The various changes in amino
acids in the catalytic domain could induce differences
in the intrinsic impairment of GTPase activity.

ARASmutations may lead to different effects on cancer
biology. Glycine to valine mutations in codon 12 have
been associated with a more aggressive mCRC [19.20]. As
a consequence of 245 activating mutations, the RAS
proteins become constitutively activated because of the
stable RAS—GTP complex, which is not hydrolyzed.
In fact the GTPase domain loses its intrinsic activity
and becomes resistant to GTPase activating proteins.
So mutated RAS proteins prompt signaling activation
continuously, even though the upstream stimulations
of EGFR is absent or blocked by anti-EGFR mAbs.

Usually A7Z4Smutations arise early in colon carcino-
genesis, as supported by the evidence that AZA4 Smuta-
tion status in the samples of CRC primary tumor and
metastases are highly concordant [21]. As some clinical
studies showed, AZ245 mutations have a relevant prog-
nostic role in CRC patients, since these somatic gene
mutations are more frequent in more advanced tumors
and may relate to shorter survival. However the prog-
nostic role of AZAS mutations is still controversial and
more specific studies are necessary to strengthen this
evidence [22-24].

Several retrospective analyses with a limited num-

ber of patients highlighted that AZ4$mutation status

1702

Pharmacogenomics (2014) 15(13)

fsg

future science group i



Pharmacogenomics of cetuximab in metastatic colorectal carcinoma

negatively affects the antitumor activity of cetuximab,
both as a single agent or in combination with chemo-
therapy. As a consequence just those patients with
wild-type AZ2AS will respond to anti-EGFR-based
treatment. These studies were performed in pretreated
patients first. When a AZA4S mutation was present the
response rate (RR) was close to 0. Subsequently even
those studies for first-line treatment were re-evaluated
for ARAS mutation status [25-30].

The incidence of £#ZA/#somatic mutations in CRC
is approximately 15% [31]. These mutations are mutu-
ally exclusive in regards to 245 mutations. Most fre-
quently valine is substituted to glutamic acid (V600E)
at position 600 of the RAF kinase domain. As a result
a negatively charged residue is inserted at T598, which
is adjacent to a site of regulatory phosphorylation.
This event may mimic a regulatory phosphorylation.
Kinase activity in a RAF mutated protein is elevated
so that it is constitutively activated regardless of 245
function. The continuous RAF activation prompts
downstream MEK/ERK signaling, which is respon-
sible for cell survival and proliferation. A half of all
BRAF mutations are point mutations, even though
other activating mutations promote signaling by an
increased BRAF kinase activity or by indirect CRAF
activation. Other mutations involve conserved amino
acids next to the activation segment or glycine-rich
loop [3233] (Figure 1).

Other biomarkers have been studied to identify
patients who can benefit from anti-EGFR therapy.
Khambata-Ford ##.#/ showed that patients with tumors
that express high levels of epiregulin (EREG) and
amphiregulin (AREG) are more likely to have disease
control with cetuximab (EREG, p = 0.000015; AREG,
p = 0.000025) and have significantly longer PFS than
patients with low expression (EREG, p = 0.0002, haz-
ard ratio [HR]: 0.47 and median PFS: 103.5 vs 57 days,
respectively; AREG, p < 0.0001, HR: 0.44 and median
PFS: 115.5 vs 57 days, respectively) [28].

Manceau ez 2/, in a recent study, showed that a
miRNA, has-miR-31-3p, could be a new marker for
predicting survival in patients with wild-type AZAS
mCRC treated with mAbs [34]. However, we do not
have clear data about this yet.

PTEN-PI3K-AKT-mTOR pathway

PI3Ks are a family of lipid kinases that phosphorylate the
3"-hydroxyl group of phosphoinositides with the conver-
sion of phosphatidylinositol-4,5-biphosphate (PIP2) to
phosphatidylinositol-3,4,5-trisphosphate  (PIP3). The
phosphate at position 3 of the inositol moiety of PIP3
is like a second messenger. AKT (also known as PKB)
is activated by PDK1 through phosphorylation after the
binding of PDKI1 to PIP3. Once activated, phospho-

AKT phosphorylates up to 100 other proteins. mTOR
is indirectly activated by AKT. This effect is mediated
by the TSC complex. mTOR complexes with RAPTOR
and RICTOR to form mTORCI and mTORC2, respec-
tively [635]. The activating mutations in ZAFCH, the
gene encoding the pl10 o-catalytic subunic of PI3K,
were identified as novel mechanisms of carcinogenesis.
Somatic mutations of /ZAFCA are present in over 25%
of colorectal and other malignancies. More than 80% of
LIEZCA mutations in CRC occur in exon 9 (60—65%)
or exon 20 (20-25%). These murations can be con-
comitant with AZ2A4Sor BRAFmutations (36,371, Z/KFCA
mutation in exon 9 is located in the helical domain of
the PI3K protein. It induces a gain of function, which is
independent of binding to the p83 regulatory subunit,
but requires interaction with RAS—-GTP. Conversely,
exon 20 mutation is located in the kinase domain and is
active in the absence of RAS—GTP binding, but is highly
dependent on the interaction with p85. Some authors
argue that the ZZAZ (4 mutations in these two different
sites imply opposite effects on the efficacy of anti-EGFR
treatments [38].

PTEN is a phosphatase that antagonizes the
PI3K/AKT signaling pathway by dephosphorylating
PIP3 to inhibit activation of AKT with hyperactivation
of PI3K signaling. PTEN seems to protect the genome
from instability. The 27/ gene is activated in cancer
cells by a combination of different molecular mecha-
nisms (inactivating mutations, allelic losses and hyper-
methylation of the enhancer region) [39.40]. The loss
of P77V expression, as measured by immunohisto-
chemistry, seems to be related to primary resistance to
anti-EGFR mAbs in CRC. This loss of 277V expres-
sion is concomitant with ARAS, BRAF and PIA3CA
mutations, and £GARamplification. The loss of 27ZV
expression ranges from 19 to 36%. The loss of 272/
expression is usually not concordant in primary tumor
and metastases. However the definition and evaluation
of 277V 1oss has not yet been standardized, so that
P7FE)V expression cannot be a reliable biomarker of
resistance to cetuximab in CRC [41,42] (Figure 1).

Recently, Martin ez #/ evaluated the ZRZAZ gene
status by FISH in 170 AZ4Swild-type mCRC patients
treated with cetuximab or panitumumab [41]. They
concluded that a major £RZA2 gene amplification sig-
nificantly correlated with worse clinical behaviors, in
terms of response rate (RR), progression-free survival
(PFS) and OS. This mechanism of primary resistance
probably stems from the differences in Z#ZZ52 gene
deregulation. In particular, patients with £2Z422 gene
amplification may be resistant because “the majority
of their cancer cells have the intrinsic ability to con-
tinuously activate downstream pathways”, thereby
overcoming the blockade of EGFR receptor [43]. These
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Figure 1. Genetic alterations predicting primary resistance to cetuximab.

results lay the groundwork for a therapy based on the
simultaneous blocking of both ERBB2 and EGFR.

Secondary resistance

Patients with mCRC who respond to anti-EGFR
mAbs ultimately acquire a secondary resistance to
these agents. Comprehension of these additional
resistance mechanisms is rarely understood, even if
it is of clinical relevance for a better selection of the
subset of mCRC patients likely to benefit from cetux-
imab or cetuximab-based combination therapies.
Among the mechanisms of resistance, the oncogenic
shift, constitutive activation of downstream pathways
and increased angiogenesis were to be counted [44-4¢]
(Figure 2). In particular, EGFR signaling can contrib-
ute to the release of several proangiogenic factors in the
tumor microenvironment, including VEGF. Vilorian-
Petit ## 2/ have investigated VEGF-mediated second-
ary resistance in cell variants obtained from recurrent
tumor xenografts of the human A431 squamous cell
carcinoma [45]. The authors have shown that cell lines
resistant to anti-EGFR mAbs were characterized by
a more marked angiogenesis, after an initial suppres-
sion of the angiogenesis. Subsequently, Ciardiello ez

have confirmed that the anti-EGFR mAbs second-
ary resistance due to an increase of angiogenesis was
overcome with the use of a dual inhibitor, ZD6474, a
EGFR/VEGFR2 tyrosine kinase inhibitor, assuming a
more effective strategy in resistant patients [46].

One of the theories for the onset of secondary resis-
tance to EGFR blockade is represented by the pres-
ence of rare cells with AZ45 mutations in tumors ini-
tially classified as KRAS wild-type. In fact, Diaz ez 2/
described AZ4.5 mutations in the circulating DNA of
mCRC patients between 5 and 6 months following
the initiation of a systemic therapy with anti-EGFR
mADb [47]. In an interesting work, some authors ana-
lyzed the behavior of two CRC cell lines (wild-type for
KRAS, HRAS, NRAS, BRAFand F~/FACA) incubated
with cetuximab [48]. After repeated administration of
the drug, one of the two cell lines became resistant
to cetuximab through both the reduction of EGFR
protein and the amplification of the KRAS protein.
Sequence analysis showed that AGFAR, ARAS, HRAS,
NRAS, BRAFand FA[ZKCA genes remained wild-type
in these clones. The second cell line developed resis-
tance to cetuximab through the acquisition of either

GI13D or GI2R AARAS mutations. Curiously, they
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observed the pre-existence of a small percentage of
cells with these genetic alterations, but also the # zozo
acquisition of a AA4.5 mutation under the pressure of
cetuximab treatment. These data are also supported by
DNA analysis on metastases of patients treated with
the mAb. In fact, some CRC patients, who exhibit an
initial response to anti-EGFR therapies, have, at the
time of disease progression, tumors with focal amplifi-
cation or somatic mutations in AZ4S, which were not
detectable prior to initiation of therapy. Therefore, the
authors concluded that drug resistance resulting from
alterations in KRAS can be attributed not only to the
selection of pre-existent KRAS mutant and amplified
clones but also to new mutations that arise as the result
of ongoing mutagenesis [48]. Remarkably, analysis of
plasma samples from patients treated with cetuximab
confirmed that the same A4S variants were present
in post-treatment biopsies as early as 10 months before
disease progression. Subsequently, the same authors
demonstrated that, regardless of the genetic alterations,
resistant cells consistently displayed MEK and ERK
activation, which persisted after EGFR blockade, and
the inhibition of MEK1/2 alone was not able to stop
the growth of resistant cells 27 27w and 2z zivo 1491

EGFR

(S492R)

Instead, simultaneous inhibition of EGFR and MEK
leads to a recovery of the secondary resistance in both
7 pitro experiments and sz zzve, as shown by mouse
xenograft experiments. Moreover, Bardelli and col-
leagues showed that the amplification of the MET
proto-oncogene is associated with acquired resistance
in tumors that do not develop AZ4 S mutations during
anti-EGFR therapy. This amplification was found by
analysis of circulating DNA before the onset of clinical
and radiological relapse/progression. Interestingly, in
patient-derived colorectal cancer xenografts, the use of
MET kinase inhibitors was able to overcome resistance
to EGFR blockade [50].

Conversely, the tumor cell may amplify a dysregu-
lated receptor. Wheeler & #/ developed cells with
acquired resistance to cetuximab zz 2z by prolong-
ing and escalating dose exposure to mAb [s1]. These
cells were characterized by increased EGFR expression
associated with its altered internalization or degrada-
tion and HER3 activation. On the contrary, Lu &2 2/
obtained resistant cells to cetuximab exposing the
parental sensitive cells to subeffective doses of drug
52]. These cells showed markedly lower protein levels
of EGFR, an increased association of EGFR with Cbl

HER2

i bt
{ (ehegees

R

Figure 2. Genetic alterations predicting acquired resistance to cetuximab.
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protein and an increased ubiquitination of the recep-
tor. Resistant cells also showed a markedly higher level
of Src-Y416 phosphorylation at baseline and after EGF
stimulation. This process is interrupted by inhibition
of Src-Y416. Therefore, the authors concluded that
EGFR ubiquitination and degradation promote the
onset of an altered EGEFR signal; however, using the
inhibition of Src kinase-mediated cell signaling, it is
possible to bypass the resistance.

Another possible mechanism of secondary resis-
tance is represented by the appearance of mutations
in the extracellular domain of EGFR. Montagut e 2/
observed that the S492R muration conferred resistance
to cetuximab maintaining susceptibility of tumor cells
to panitumumab, supporting the hypothesis that this
particular event may play a role in the development of
secondary resistance to cetuximab (53] (Figure 2).

In a scudy by Tougeron ez 2/, ARAS, BRAFVG600E
and £GFR S492R were analyzed simultaneously to
evaluate the impact on treatment resistance in 23
mCRC consecutive patients retrospectively [s4]. The
results contrast with the dara described above, as only a
disease-control patient acquired a AZ4 S mutation dur-
ing anti-EGFR mAb therapy, while this mutation was
not found in any patient with progressive disease. In
addition, by analyzing tissue samples from 37 patients
treated with cetuximab, no AGZ# S492R mutation
was detected [54].

The secondary resistance to cetuximab could also
be caused by the activation/amplification of a bypass
signaling pathway. Yonesaka ¢# .2/ uncovered aberrant
HER2 signaling as a mediator of cetuximab resistance
in a subset of cetuximab-resistant clones (s5]. They also
demonstrate that aberrant HER2 signaling contrib-
utes to both ## #oze and acquired drug resistance in
cetuximab treated mCRC patients. Both mechanisms
of aberrant HER2 activation lead to persistent ERK1/2
signaling in the presence of cetuximab, thus preventing
cetuximab mediated growth inhibition. In addition to
HER?2 amplification, the increased levels of heregulin
would lead to the association of the two receptors and
their subsequent activation, leading to persistent acti-
vation of ERK signaling [s5]. These results have been
demonstrated by the authors in patients who became
nonresponsive to cetuximab. In fact, higher levels
of heregulin correlated with reduced PFS and OS,
whereas the presence of HER2 amplification correlated
with worse OS.

The antitumor effect of cetuximab leads both to
an increase in apoptosis and immune-mediated cyto-
toxicity. Lastly, recent data suggested the involvement
of T cells in the antitumor activity of EGFR-targeted
mAbs. Yang e# 2/, through mouse tumor cell lines,
demonstrated that cetuximab-induced tumor regres-

sion depends on both innate and adaptive immunity
components, such as CD8* T cells and FcyR [s6]. Gar-
rido ez 2/ generated an zz 2720 model to study second-
ary resistance to EGFR-specific mAbs using immu-
nocompetent mice, in order to demonstrate that, in
addition to alterations in oncogenic signaling, defects
in immunological pathways contribute to resistance
induction in anti-EGFR mAb-treated tumors [57].
These results suggest that combinations of targeted
therapies and immunomodulatory drugs may provide
a successful strategy to overcome acquired resistance.

In conclusion, the understanding of the molecular
mechanisms underlying the onset of secondary resis-
tance may, in the future, allow for the identification of
molecular targets against which to act.

Liquid biopsy

A new and very promising technique for the evalua-
tion of secondary resistance consists of the evaluation
of circulating tumor DNA in blood samples of patients
treated with anticancer therapies. This approach is
known as ‘liquid biopsy’. This approach may be use-
ful to easily achieve molecular information regarding
metastatic disease, even before starting treatment with
anti-EGFR agents, and to easily assess KRAS status.
More specifically, the absence of detectable mutations
in the primary tumor cannot formally exclude the
presence of mutant metastatic diseases. Tumor hetero-
geneity and mutational selection during disease pro-
gression need further elucidation [s8,59]. Recent studies
have been performed to assess AZAS mutation status
in circulating cumor DNA, with the view of improving
patient selection. Lefebure #7.2/ detected, in the serum
of unresectable mCRC, AZAS mutation and 245
SF2A methylation and they observed that the presence
of circulating mutant DNA was predictive of clinical
outcome [60]. Bazan and colleagues demonstrated that
the preoperative detection of mutant AZ245and 772757
in the serum of CRC patients undergoing resective sur-
gery was predictive of disease recurrence [61]. However,
the main purpose of KRAS analysis and DNA detect-
ing in peripheral blood remains the monitoring of the
secondary drug resistance acquisition. Two recent stud-
ies tried to explore the value of this new technique in
this setting. As already mentioned above, in an 2z zzzre
model, Misale and colleagues demonstrated in eight
out of 11 patients that cetuximab-resistant tumors had
gained either AZ4$ mutation or amplification [4s]. In
addition, by analyzing plasma samples for circulating
tumor DNA, the authors anticipated the identification
of AR4S murant alleles much before radiographic evi-
dence of progression. The authors also demonstrated
that the same AZ4$'variants that were ultimately iden-
tified in the post-treatment (disease progression) biop-
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sies were detectable in plasma as early as 10 months
prior to the documentation of disease progression by
radiological assessment [48].

The approach used by Diaz ## 2/ was more clinical
and began with a cohort of AZA4S wild-type mCRC
patients treated with panitumumab [47). The authors
collected blood samples from each patient until the
occurrence of disease progression. Among patients
with initially AZ4Swild-type tumors, 38% developed
detectable A7Z4.$' mutations during the course of ther-
apy. This longitudinal collection of serum samples will
allow clinicians to monitor the evolution of resistance
over time, providing a tool that could anticipate the
evidence of disease progression by standard radiologic
and clinical criteria. Even if this amount of data offers
a solid foundation for understanding acquired resis-
tance to EGFR blockade in mCRC, much future work
must be carried out in order to clarify and confirm the
real impact on everyday practice in oncology. More-
over, while the current studies focused on DNA level
changes — mutation and amplification — other mecha-
nisms such as gene-expression changes and epigenetic
alterations could be associated with the acquisition of
resistance. Finally, issues about sensitivity and speci-
ficity of this assessment in order to correctly estimate
the appearance of resistant clones must be the topic of
future studies.

Clinical studies in CRC

Clinical studies exploring the role of cetuximab in dif-
ferent treatment lines have sometimes arrived at con-
troversial results and raised doubts about the global
impact of such a therapeutic option.

In the Phase IIT CRYSTAL trial [62], 1198 patients
were randomized to receive FOLFIRI with or without
cetuximab as the first-line chemotherapy option. The
primary end point of the study was PFS, while OS and
RR were secondary end points. In the primary analy-
sis population, unstratified by KRAS status analysis, a
significant improvement in PES was seen (median PFS
for FOLFIRI + cetuximab 8.9 months vs 8.0 months
in the FOLFIRI group; hazard ratio [HR]: 0.85; 95%
ClI: 0.72-0.99; p = 0.048). There was no significant
improvement in median OS (19.9 vs 18.6 months,
respectively, for the FOLFIRI + cetuximab and FOL-
FIRI arms; HR: 0.93; 95% CI: 0.81-1.07; p = 0.31).
On the contrary, a significantly improved RR was seen
in the FOLFIRI + cetuximab arm compared with
the FOLFIRI arm (46.9 vs 38.7%; odds ratio: 1.40;
p = 0.004).

At the time of study publication, AZ4S mutarional
status was available in 540 patients: 348 (64%) were
ARAS wild-type, whereas the remaining 192 (36%)
harbored either mutations in codon 12 or 13. In the

ARAS wild-type group, PES as a result of the addi-
tion of cetuximab was significantly increased (median
PES, respectively, 9.9 vs 8.7 months; HR: 0.68, 95%
CI: 0.50-0.94; p = 0.02) while OS still did not show a
statistically significant improvement. An improved RR
was also seen in the AZA4S wild-type subgroup for the
FOLFIRI + cetuximab arm versus the FOLFIRI arm
(59.3 vs 43.2%; odds ratio: 1.91; 95% CI: 1.24-2.93).
In a subsequent publication (s3], an updated sur-
vival analysis was presented, with the addition of an
increased number (from 45 to 89% of the total popula-
tion) of samples available for AZ245 mutational status
(codon 12 and 13). In this expanded population from
the CRYSTAL trial, A48 wild-type status was pres-
ent in 666 (62%) of the sampled population. Median
PFS was still significantly improved in the AZRAS
wild-type population (9.9 vs 8.4 months; HR: 0.696;
95% CI: 0.558-0.867; p = 0.0012) and a significantly
improved OS was seen for the AZ24Swild-type popula-
tion (23.5 vs 20.0; HR: 0.796; 95% CI: 0.670-0.946;
p = 0.0093). In the AZ4S mutant subgroup, similar
median PFS and median OS were seen. As expected RR
was also improved in the AZ24S wild-type population
(p < 0.001). In this expanded population Z24#V600E
mutational analysis was also performed. Fifty-nine
patients (6%) harbored a V60OE mutation of ZRAA
33 in the FOLFIRI + cetuximab arm and 26 in the
FOLFIRI arm. Surprisingly no PES or OS differences
were evident for both treatments and even more surpris-
ingly A24#mutant tumors showed a distinct profile in
terms of prognosis. There was no evidence of an inde-
pendent treatment by BRAF status interaction, and as a
consequence authors were unable to definitely identify
BRAF murtational status as a predictor of resistance to
cetuximab. On the contrary, a stronger prognostic role
appeared more likely.

A subsequent analysis was conducted analyzing the
impact of an extended A4S evaluation (AZAS exons
3 and 4 and A&4S exons 2, 3 and 4) on the patients
outcome showing that patients with 245 wild-type
tumors have a benefit from the addition of cetuximab
to FOLFIRI.

Among 367 all-£45 wild-type patients, 178 were
treated with FOLFIRI plus cetuximab, 189 with
FOLFIRI alone: RR was 66.3 vs 38.6 (p < 0.0001),
median  progression-free survival 114 vs 8.4
(p < 0.0002), mOS 28.4 vs 20.2 (p < 0.0024) [64].

In the Phase IIT MRC COIN trial [¢5], 1630 patients
were randomized to receive oxaliplatin + fluoro-
pyrimidine based treatment with or without cetux-
imab. At the time of publication AZ4S mutational
status was available for 1316 (81%) patients. OS was
the primary end point of the study. Five hundred and
sixty-five (43%) patients harbored mutations in either
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codon 12 or 13 of the AZ245'gene whereas the remain-
ing 729 were wild-type. OS was not significantly differ-
ent between the two treatment arms even in the AZAS
wild-type population (17.9 vs 17.0 months; HR: 1.04;
95% CI: 0.87-1.23; p = 0.67). No difference in PFS
was seen in both the AZ4Swild-type and AZ4Smutant
subgroup for the two treatment arms. The authors also
conducted an analysis on 224/ VG00E mutation and
NRAS codon 12 and 13 mutations: 102 (8%) patients
harbored £24F mutations whereas 50 (4%) patients
harbored an VA4S mutation. It must be noted that
NVRAS mutations were not mutually exclusive to both
BRAFand ARAS mutations. Analyzing the number of
patients who did not harbor any mutation, the number
of all- 245 wild-type patients dropped from 729 (57%
of the sampled population) to 581 (44%). In this group
of patients an improved median OS (20.1 months) was
seen and it was significantly (p < 0.0001) better than
in patients harboring at least one mutation of either
ARAS, NRAS or BRAF Among patients harboring
at least one mutation, those who had a 224/ muta-
tion had a significantly worse OS than other groups
(8.8 months). Owing to the results of this study the
authors could not conclude that the addition of cetux-
imab to a first-line chemotherapy option yields a signif-
icant improvement in OS, even in a ARAS wild-type
population.

In the Phase III NORDIC VII trial [s6], 566
patients were randomly assigned to receive treatment
with Nordic FLOX (FLOX: oxaliplatin 85 mg/m? over
1 h [30-90 min] on day 1, and 5-fluorouracil [5-FU]
500 mg/m? as a bolus infusion [<5 min], followed
30 min later by bolus folinic acid 60 mg/m?* [<10 min]
on days 1 and 2, every 2 weeks) regimen + cetuximab
continuously (arm B) or intermittently (arm C). The
authors also assessed the impact of A£Z2A4S codon 12
and 13 mutations (498 patients, 88%) and the B2AF
VG0OE mutation (457 patients, 81%). AAA4S mura-
tions were present in 39% of the samples whereas
BRAF mutations were present in 12% of the samples.
Primary end point of the study was PFS whereas RR
and OS were secondary end points. No significant
differences could be found in PES in the primary
population unstratified by A424.S status. Median PES
for arms A, B and C were 7.9, 8.3 and 7.3 months,
respectively. HR for comparison between arms A
and B was not statistically significant. This was also
observed in the AZRASwild-type population. Paradoxi-
cally, in ARA4S mutant patients, a not significant trend
towards improved PFS was seen for patients receiv-
ing cetuximab (median PFS for arm A 7.8 months vs
9.2 months for arm B). No difference in PFS could
be found for patients with AZA.Swild-type or mutant
tumor regardless of treatment arm. OS was also not

significantly different among the three treatment arms.
Similar OS findings were evident for A24S wild-type
or mutant patients (median OS 21.0 vs 20.5 months,
respectively; p = 0.96). The only subgroup perform-
ing differently was the Z24/ mutant group. In the
55 patients who harbored the 4424/ V600E muta-
tion, median PES was 5.1 vs 8.3 months in the A24/
wild-type patients (p < 0.001). A significantly shorter
OS was also seen for B24F mutant patients vs wild-
type (9.5 vs 22 months; p < 0.001). In the FIRE-03
trial [67], patients were randomized to receive either
FOLFIRI + cetuximab or FOLFIRI + bevacizumab
as first-line treatment. Primary end point of the study
was RR. Seven hundred and fifty-two patients were
enrolled and among them 592 patients were AZAS
wild-type (codon 12 and 13). In this population no
significant difference in terms of overall response was
noted. Median PFS was also not statistically different
between the two treatment arms (10.0 vs 10.3 months;
p = 0.547). Perhaps the most striking result is that the
study showed a significantly improved OS for patients
receiving FOLFIRI + cetuximab vs FOLFIRI + beva-
cizumab (28.7 vs 25.0 months; p = 0.017). A subse-
quent analysis was conducted analyzing the impact of
an extended A4 evaluation on the patients outcome
[8]. All-245 mutational analysis was successfully con-
ducted on 407 patients. Among them, 342 patients
were all-24.5wild-type whereas the remaining 65 har-
bored secondary mutations in either VA4S or ARAS
gene ‘hotspots’, thus identifying another additional
16% of patients most likely to not benefit from anti-
EGFR treatment. Among the 342 all- 245 wild-type
patients, 171 were treated with FOLFIRI + cetux-
imab whereas the remaining 171 received FOLFIRI +
bevacizumab. In this selected population, primary end
point (RR) was still not significantly different, albeit a
trend towards improved RR was seen in the FOLFIRI
+ cetuximab arm (65.6 vs 59.6%; p = 0.32). PES was
also not significantly different between the two treat-
ment arms even in this selected subgroup. The dif-
ference in OS that was observed in the AA245limited
analysis was heightened when assessing the impact of
the extended A£A4S evaluation: patients with all-245
wild-type status treated with FOLFIRI + cetuximab
achieved a median OS of 33.1 months vs 25.6 months
for the FOLFIRI + bevacizumab group (HR: 0.70;
95% CI: 0.53-0.92; p = 0.011).

Although results from these trials may be diffi-
cult to interpret, a message about the critical role of
an all-245 evaluation for first-line anti-EGFR ther-
apy clearly emerged. The use of cetuximab was also
explored in subsequent treatment lines. In the NCIC
CTG/AGITG CO.17 trial [68], 572 patients who were
initially treated with 5-FU, oxaliplatin and irinotecan
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and who had a positive immunohistochemistry EGFR
tumor expression were randomized to receive cetux-
imab + best supportive care or best supportive care
alone. Primary end point of the study was OS. The
study met its primary end point, showing an improve-
ment in OS in patients who received cetuximab (6.1
vs 4.6 months median OS time; p = 0.005). A signifi-
cantly improved PES was also seen for patients who
received cetuximab (HR: 0.68; p = 0.001). After re-
analysis of the trial according to AZA4S mutational
status (codon 12 and 13) a stronger effect for the use
of cetuximab became evident [69]. Particularly, AZ24S
wild-type patients receiving cetuximab showed a sta-
tistically significant benefit in OS (9.5 vs 4.8 months;
p < 0.001).

One interesting consideration that can be drawn
from the results of these studies is that combinations
where cetuximab is used with oxaliplatin, particularly
in 245 mutant patients, are generally met wich fail-
ure, whereas a higher advantage from treatment can
be observed in studies where cetuximab is given in
monotherapy or in addition to irinotecan. The expla-
nation is far from being understood: indeed, in the
OPUS trial [70], a randomized Phase II trial of first-
line treatment with FOLFOX4 + cetuximab, while in
KRAS patients a significantly improved RR, OS and
PFS was observed for patients treated with the com-
bination (mirroring the effect seen in the previous
CRYSTAL trial), a significantly decreased RR (34 vs
53%; p = 0.0290), PES (5.5 vs 8.6 months; HR: 1.720;
95% CI: 1.104-2.679; p = 0.0153) and a trend for
worse OS (13.4 vs 17.5 months; HR: 1.290; 95% CI:
0.8703-1.906; p = 0.20) was observed for patients with
KRAS mutant status when treated with cetuximab vs
control group. This negative effect is even more evident
in trials where 5-FU is given orally such as in XELOX
+ cetuximab [65]. It is also an effect seen in patients
treated with the other viable anti-EGFR monoclonal
antibody in use, panitumumab. Indeed, despite the
PRIME study showing a significantly improved sur-
vival for patients with all- 245 wild-type status [7], in
the 245 mutant population a significantly decreased
survival can be seen when these subjects are treated
with panitumumab + FOLFOX4.

While a conclusive answer to this question is still
lacking, some preclinical data point out at the reasons
of this possible interaction: it is hypothesized that in
ARAS mutant cells there is a different EGFR localiza-
tion compared with AZ24Swild-type cells (intracellular
vs on cell surface expression, respectively). This may
partly be reverted by use of drugs active on the intra-
cellular portion of EGFR such as gefitinib (71]. In the
absence of a clear answer to this question, caution
must be advised when employing oxaliplatin + cetux-

imab chemotherapy combinations, particularly in the
first-line setting and especially when the 5-FU regimen
used is based on oral capecitabine (Table 1).

Pharmacogenetic testing issues
Pharmacogenetic studies aim at identifying functional
polymorphisms, which affect gene-expression regula-
tion and can contribute to the differences between
patients in terms of disease severity and treatment
response [72]. This approach to the discovery of clini-
cally useful biomarkers has several intrinsic advantages,
such as ease of execution, reproducibility and handi-
ness. Many data concerning SNPs related to prognosis
and to the prediction of benefit from drugs employed in
mCRC are available. Despite the large amount of avail-
able data, there are no SNPs routinely adopted in clini-
cal practice, owing to the wide amount of contrasting
results and the absence of confirmatory trials.

Many SNPs in genes from pathways more or less
directly involved in anti-EGFRs mechanism of action
have been identified. A germline polymorphism that
consists of the variable number of the CA tandem
repeats (rs45559542) at intron 1 of the ZG/#gene has
been extensively studied. In experimental models the
transcription of the £G#Rgene was found to be deeply
inhibited in £GZ#intron 1 alleles with a higher number
of CA tandem repeats, whereas decreasing the number
of CA pairs enhances transcription [73]. The first trans-
lational study in mCRC was conducted in a cohort
of 39 patients treated with single-agent cetuximab in
third-line therapy or after. An increasing number of
repeats was associated with a low chance of objective
response (0 vs 13%; p = 0.94) although the small num-
ber of patients and absence of AZ24.S'status data could
explain the lack of significance [74]. In a larger study
of 110 chemorefractory mCRC patients treated with
cetuximab and irinotecan, a significant association with
favorable PFS and OS was observed for £G/# intron
1 short (CA repeats <17) genotype in a multivariate
analysis (HR: 0.41, p = 0.006; HR: 0.41, p = 0.006,
respectively) (75]. Conversely, the retrospective evalu-
ation of AGFRintron 1 (both alleles with repeats <20
vs any allele with repeats 220) in 130 mCRC patients
enrolled in the Phase II IMC-0144 clinical trial treated
with single-agent cetuximab showed no significant
association with clinical outcome [76]. More recently,
the comparative analysis of a two arm trial in AZAS
wild-type patients treated with chemotherapy and
bevacizumab with or without cetuximab as first-line,
showed that the AGA# intron 1 long variant (CA
repeats >20) was significantly related to a decreased
PFES in the cetuximab arm (HR: 1.58; p = 0.024), while
the EGFR (CA)n status did not influence the outcome
of patients treated without cetuximab [77]. Major limi-
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e =zl | wmF tations of the above mentioned studies were the differ-
< SR -8 ent cutoff values for the number of CA repeats adopted
?g_g and that AZA4S5 mutational status was not evaluated.
3932 In order to prospectively evaluate the role of ZG/#
E » 'g = T intron 1 (CA)n repeat, an international collaborative
€ 3 58S group conducted a confirmatory study to detect a HR
E 'E 853 for PES of 1.75 for L- compared with SS genotypes in
g E E ; E g %%% a clini.cally and moleculfary select/f;dj POELE;E;: Tﬁe
Ery study_ l_ncluded a t(.)tal of 113 AR "an wild-
tES type irinotecan-resistant mCRC patients treated ?mth
2 E‘Ej biweekly cetuximab and irinotecan in advanced lines.
g s @gf Short (S) or long (L) allelic variants were deﬂnf-:d as
E Q o | o I~ 5% § those presenting <20 and >20 CA repeats, respectively.
8¢ 3 ~ S £52 No differences in I.’FS were ob'scrvecl betwe.cn L- and
ET E ¢ SS genotypes (median progression-free sur‘vwal: 4.4 vs
Egus 5.3 months; HR: 1.00; p = 0.991); no differences in
E 5 f, % < OS were observed as well (mOS: 11.3 vs 14.2 months;
g E P gf; z HR: 1.30; p = 0.261). Other exploratory ana.lyscs
E v % 4 %_rg? adopting different cutoff values reported in the litera-
W\ § o < N - NGB ture led to similar negative results [78]. Those results
- B gE5s did not confirm any predictive or prognostic effect for
| 5 g § é FGFR(CA)n repeat allelic.v.ariants w.ith respect to.the
B ..cf RE2E efficacy of cetuximab and irinotecan in advanced lines
v B 5 2 8E8 of treatment. ' '
= E & § @ 2% Other than directly blocking EGFR, cetuximab and
LS o © o SL8s panitumumab may recruit host effectors that deter-
< R =T “S‘»E’E % mine an ADCC through the FeyR Ila and Illa. In a
% - §§§i§ preliminary study of 36 patients treated with singlc?-
3 E TS E agent cetuximab, Zhang 7.2/ showed that the somatic
= 55 o §%~E alleles FeyRIIa-131A (rs1801274) or FeyRIIIa-158T
i = E " g o9 52 % S (rs396991) were associated with a longer PES (HR: 1.43,
_§ ec ™ < é i E 2 p=0.037;and HR: 2.28, p = 0.955, relsp.ectively) [79]. In
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E - tory mCRC patients treated with cetuximab plus irino-
E - 5 g g%g tecan, subjects with FcyRIIa-131H/H and/or FcyRIITa-
g = ‘Q m :%—’ s s X 158V/V genotypes had longer PFS than 131R and 158F
ES 23 9@ %% Sg cartiers (5.5 vs 3.0 months; p = 0.005) [s0]. Two other
= T < . : .
m A - § § % g larger exPenences,. one of 110 advanced l:{ne palilent;
= © a g 25545 treated with §etux1mab plus irinotecan, and another o
®© E = g = R T2 472 ARASwild-type chemorefractory patients, did not
= 3 g o % 2 .2 § EES- confirm previously reported observations [75-81]. Again,
s 5 #wQFf ® izE L2588 g the need for independent replication and prospective
g E = § i H z 5 E 3 g EE 2 confirmation of exploratory pharmacogenetic studies is
Py 5 9% § =8¢ ég % % g underlined.
= = @Xwa e85 7288 Another promising field for the discovery of new
3 é §§ o biomarkers is that of miRNAs. miRNAs are a class of
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5 =< R 2 = ; ?: & Members of the Let-7 family of miRNAs showed RAS
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all 5 U = A PrE=E (rs61764370), and cetuximab efficacy. In patients
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treated with cetuximab monotherapy after failure of
previous regimens, AZA4S wild-type patients harbor-
ing at least one G allele had a better outcome in terms
of RR (p = 0.02) compared with those with the TT
genotype [82]. A retrospective analysis of 134 mCRC
irinotecan-refractory patients treated with cetuximab
plus irinotecan suggested that LCS6 G allele may be
associated with a shorter PFS (HR: 1.59; p = 0.03) and
OS (HR: 1.68; p = 0.002) [23].

Another attempt carried out in the field of pharmaco-
genetics was to correlate allelic variants of candidate
SNPs to skin toxicity from EGFR inhibitors. In a
recently published experience, Parmar ## 2/ showed

that £GZ#R 497G/A, the haplotypes of the promoter

variants, £G##A -216G/T and -191C/A, and a haplo-
type in the AAZCA gene could be associated with
the occurence of cutaneous rash. Results need further
evaluation before any possible clinical application [84].

Cost—effectiveness analysis

Although the clinical evidence has demonstrated bene-
fits associated with cetuximab in mCRC, increasing its
utilization influenced the already significant economic
impact related to the treatment of this malignancy [ss].
Thus, rising costs in this field cause discussions about
the reimbursement of drugs as well as adequate cost—
effectiveness analyses [86]. The main aim of these evalu-
ations is to compare differences in costs to differences in

Executive summary

Mechanism of action of cetuximab

antitumor effects.

treatment with cetuximab.

of ongoing mutagenesis.

in oncology.
Pharmacogenetic testing issues

response.

mCRC are available.

Clinical studies in colorectal carcinoma

Cost-effectiveness analysis

* Cetuximab has been approved for metastatic colorectal carcinoma (mCRC) therapy based on demonstrated
improvement in overall survival (OS) when used either as single agent or in combination with chemotherapy.

¢ Cetuximab binds to the extracellular domain of the EGFR, preventing the EGFR from binding with endogenous
ligands. This event blocks the receptor-dependent transduction pathway activation with subsequent

EGFR pathway: mechanisms of primary & secondary resistance & liquid biopsy
* KRAS mutation is the first established molecular marker that precludes responsiveness to EGFR-targeted

* Patients with mCRC harboring a mutation in KR4S or /RAS did not have a response to anti-EGFR therapy.

¢ The activating mutations in Z/K3CA can be concomitant with KRAS or BRAF mutations and P/K2CA mutations
in two different sites imply opposite effects in the efficacy of anti-EGFR treatments.

* PTEN is a phosphatase that antagonizes the PI3K/AKT signaling pathway; the loss of PTEN expression seems to
be related to primary resistance to anti-EGFR monoclonal antibodies in colorectal carcinoma.

¢ Comprehension of secondary resistance mechanisms is of clinical relevance for a better selection of the subset
of mCRC patients likely to benefit from cetuximab or cetuximab-based combination therapies.

* RAS-related drug resistance can develop as a consequence of both a natural selection and amplification of
pre-existing clones bearing a somatic #45 mutation and an acquirement of new mutations that arise because

* Even if several data offer a solid foundation for understanding acquired resistance to EGFR blockade in mCRC,
much future work must be carried out in order to clarify and confirm the real impact on the everyday practice

* Pharmacogenetic studies aim at identifying functional polymorphisms, which affect gene-expression
regulation and can contribute to the differences between patients in terms of disease severity and treatment

* Many data concerning SNPs related to prognosis and to the prediction of benefit from drugs employed in

¢ A germline polymorphism that consists of a variable number of CA tandem repeats (rs45559542) at intron 1 of
the £GFR gene has not shown definite association with clinical outcome.

¢ In the Phase Il CRYSTAL trial a significantly improved response rate was seen in the FOLFIRI + cetuximab arm
compared with the FOLFIRI arm. Median progression-free survival was still significantly improved in the KR4S
wild-type population and a significantly improved OS was seen for the XRAS wild-type population.

¢ |n the FIRE-03 trial, patients with all-R45 wild-type status treated with FOLFIRI + cetuximab achieved a median
0S of 33.1 months versus 25.6 months for the FOLFIRI + bevacizumab group.

¢ Although results from clinical trials may be difficult to interpret, a message about the critical role of an all-RAS
evaluation for first-line anti-EGFR therapy clearly emerged.

* The detection of #45 mutations prior to the administration of cetuximab was found to be clearly associated
with cost savings in studies considering cetuximab treatment in first, second or subsequent treatment lines.
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health effects between alternative therapies to support
the decision process. In this scenario, cost—effectiveness
analyses of pharmacogenomics profiling appeared of
paramount importance. In fact, although the imple-
mentation of AZAS testing is associated with addi-
tional upfront costs, as might be expected, overall, it
is found to be clearly cost effective compared with no
testing [87]. In particular, the detection of AZ2A4S'muta-
tions prior to the administration of cetuximab was
found to be clearly associated with cost savings in stud-
ies considering cetuximab treatment in first, second or
subsequent treatment lines [88-92]. Using AZAS test-
ing to select mCRC patients for EGFR-targeted mAb
therapy saved US$7500-US$12,400 per patient in the
USA and €3900—€9600 per patient in Germany [90].
Indeed, in another European cost—effectiveness analy-
sis, using AZ245 testing to limit treatment to patients
with AZASwild-type tumors led to savings of €779.42
per patient per cycle [93].

Conclusion

Cetuximab has allowed for significant advantages in
terms of RR, PFS and OS in a subset of mCRC patients.
However, the benefit form anti-EGFR based anti-
cancer therapy can be largely variable among patients
both in terms of entity and duration of response. In
fact, it is becoming increasingly apparent that disease
progression is largely driven by complex pathways and
analysis of one single marker is unlikely to predict pro-
gression of disease with a high degree of accuracy and
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