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ogene-Driven Intrinsic Inflammation Induces Leukocyte
duction of Tumor Necrosis Factor That Critically
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tributes to Mammary Carcinogenesis
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r Res; 70(
ogene activation promotes an intrinsic inflammatory pathway that is crucial for cancer development.
we have investigated the actual effect of the inflammatory cytokine tumor necrosis factor (TNF) on
tural history of spontaneous mammary cancer in the HER2/neuT (NeuT) transgenic mouse model. Bone
w transplantation from TNF knockout mice into NeuT recipients significantly impaired tumor growth,
ting that the source of TNF fostering tumor development was of bone marrow origin. We show that the
ce of leukocyte-derived TNF disarranged the tumor vasculature, which lacked pericyte coverage and
ural integrity, leading to diffuse vascular hemorrhage and stromal necrosis. In addition, tumor-associated
xpressing monocytes were reduced and cytokine expression skewed from Th2 to Th1 type. Treatment of
mice with anti-TNF antibody partially phenocopied the antitumor effect of TNF-deficient bone marrow
ansplantation, providing a strong preclinical background and rationale for the introduction of TNF
antagonists in the treatment of human breast cancer, including basal-like samples for which consolidated
targeted therapies do not exist. Cancer Res; 70(20); 7764–75. ©2010 AACR.
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genous (carcinogens, pathogens) as well as endoge-
(oncogene-driven) inflammatory stimuli defining the
sic and intrinsic inflammatory pathways, respectively,
r in tumor development (1).
h pathways converge on NF-κB transcription factor.
stream NF-κB, a key cytokine often involved in tumor-
is is the tumor necrosis factor (TNF). Although origi-
identified as an inducer of tumor necrosis (2, 3), it
ecame evident that TNF could also act as a tumor pro-
(4–6). High local doses of TNF induce tumor destruc-
hereas low, chronic production of TNF sustains tumor
contributing to tissue remodeling, stroma formation,
nesis. In particular, TNF activity on endothe-
d angiogenesis has been the subject of con-
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sy: it has been reported that TNF is able to block EC
eration and migration in vitro (7, 8) and to either
-modulate the activity and expression of VEGFR2
) or upregulate VEGFR2 expression (11) and induce
igration (12). In vivo, TNF induces angiogenesis in the
(7), but TNF receptor I knockout (TNFR-I KO) mice

enhanced angiogenesis in the same experimental model
d in wounded skin (14). Moreover, continuous admin-
on of TNF could inhibit, whereas a 2- to 3-day pulse
stimulate, angiogenic sprouting (15).
itical role for TNF in tumor promotion has been shown
TNF KO mice that are resistant to chemical skin carci-
esis induced by 7,12-dimethylbenz(a)anthracene and
etradecanoylphorbol-13-acetate or okadaic acid pro-
n (16, 17). Mice deficient for TNFR-I and, to a lesser
, TNF receptor II (TNFR-II) are resistant to skin car-
nesis (18). TNFR-I KO mice also develop less liver
e and cancer after exposure to hepatic carcinogens
nd, when treated with azoxymethane and dextran sul-
dium, showed reduced mucosal damage, inflammato-
iltration, and subsequent tumor formation (20). All
studies explored the extrinsic inflammatory pathway.
ough small amounts of TNF could be produced directly
lignant cells (21), its most relevant source within the tu-
icroenvironment is from infiltrating leukocytes (20, 22).
has also been found expressed in a variety of human

s, both as mRNA and protein, and its high level in the
of cancer patients is often associated with a poor progno-

). Expression of TNF and its receptors has been shown in
andmalignant human breast tissues (24), but its role in
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ary carcinogenesis and its involvement in the intrinsic
matory pathway has only been partially investigated
educed mammary tumorigenesis associated with de-
d epithelial cell proliferation has been shown in TNF KO
arrying the HER2/neu oncogene on amixed FVBxC57BL/
ground (25). We also used the HER2/neu (p185) oncogene
the control of themousemammary tumor virus promoter
uce autochthonous mammary carcinomas from a differ-
ain (26) and with the different aim of dissecting the actual
leukocyte-produced TNF in mammary carcinogenesis.
bone marrow transplantation (BMT) experiments, we
that TNF produced by BM-derived cells is necessary for
te coverage of tumor vessels and for Tie2-expressing
cyte (TEM) infiltration that significantly contribute to
ary tumor growth. Showing that anti-TNF antibody ad-
ration reduces tumor progression in the HER2/NeuT
l, we offer a rational background for exploiting TNF
nists in the treatment of human breast cancer.

rials and Methods

al models
BL/6 mice were purchased from Charles River. TNF KO
9S-Tnftm1Gkl/J), TNFR-I (B6.129-Tnfrsf1atm1Mak/J),
NFR-II KO (B6;129S2-Tnfrsf1bTm1Mwm/J) mice were
he Jackson Laboratory. Male BALB/NeuT mice were

bed elsewhere (26, 27), and were mated with C57BL/6 fe-
to obtain the F1 CxB6NeuT strain. The presence of the
neu transgene has been checked by PCR on tail DNA as
usly described (27). Mice were bred and maintained at
ndazione IRCCS Istituto Nazionale Tumori and treated
ing to the European Union guidelines and to protocols
ved by the Animal Ethical Committee appointed by the
zione IRCCS Istituto Nazionale Tumori.

ary gland histology
ole mount preparations were performed as described
UC Davis web site http://tgmouse.compmed.ucdavis.
istoLab/wholmt1.htm. Digital photos were acquired
Nikon Coolpix 995 (Nital SpA) mounted on a Nikon

scopic microscope (Nikon Instruments).

n- to eight-week-oldmice were lethally γ-irradiated with
cGy and BMT performed as previously described (28).
ngraftmentwas checked by stainingwith FITC-conjugat-
and PE-conjugated Kb (from BD Biosciences) and subse-
fluorescence-activated cell sorting analysis. Two to three
each groupof chimeraswere sacrificed for wholemount

is at 18 to 20 weeks, the others were kept in observation
or development. Tumors were measured with a caliper
week, and tumor volume is calculated as d2 × D, where d
smaller diameter and D is the longer one.

athologic and immunophenotypical analyses on
lin-fixed paraffin-embedded samples

topathologic evaluation was performed on sections
d with H&E and Masson's trichrome. Immunohisto-

CxB
a-mou

acrjournals.org
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istry was performed using the streptavidin-biotin-
idase complex method as previously reported (29).
aminoethylcarbazole (red signal) or 3,3′-diaminobenzi-
brown signal) were used as chromogenic substrates
ections were counterstained with hematoxylin. Slides
evaluated under a Leica DM3000 optical microscope
icrophotographs were collected using a Leica

20 digital camera. Cell counts on immunostained
were performed on five representative high-power
(400× magnification) and the results were expressed
rage ± SD. Mean vascular density was assessed by
ing the absolute number of CD31+ vessels out of 10
ower (400×) microscopic fields and was expressed
mean value ± SD.

nohistochemistry on frozen sections
or fragments were embedded in optimal cutting tem-
re compound, snap-frozen, and stored at −80°C. Slides
ixed in acetone and air-dried, rinsed in methanol/3%
to block endogenous peroxidase activity, washed in
nd blocked in 10% FCS. Slides were covered with the
ry antibody for 1 hour (rat α-mouse CD31 from BD),
d three times in PBS 1× followed by incubation with
ondary antibody (HRP conjugated) and HRP-conjugated
avidin (Sigma). Reactivity was revealed with 3,3′-
nobenzidine. Sections were counterstained withMayer's
toxylin, dehydrated in graded alcohol (70%, 95%, and
ethanol), and mounted in BDH mounting medium
k Eurolabs).

le immunofluorescent staining and laser
ing confocal analyses
tone-fixed frozen sections were rehydrated in PBS,
d in 10% FCS and incubated for 1 hour with the first
ry antibody. Sections were then washed in PBS and in-
d for 1 hour with the appropriate secondary antibody
abbit Alexa Fluor 546–conjugated; Molecular Probes).
washing, sections were incubated for 30 minutes with
cond primary antibody, washed again, and incubated
minutes with Alexa Fluor–conjugated secondary anti-
α-rat Alexa Fluor 488–conjugated). Primary antibodies
ere the following: rabbit a-mouse Tie2, rat α-mouse

, rat α-mouse CD11b (from eBioscience), and rat
se mannose receptor C-type 1 (MRC1/CD206). Slides
mounted in Prolong Antifade (Molecular Probes) and
ned with a Zeiss LSM 510 Meta laser scanning confocal
scope. For intracellular staining of the cytokines, TNF,
ukin (IL)-10, and IL-12 sections were incubated for
nutes in a 1% bovine serum albumin, 0.1% Tween 20
n before adding the primary antibody (all from BD).
munohistochemical and immunofluorescence analysis
s were digitally captured on a microscope (Nikon)
ped with a digital camera (DXM1200; Nikon) and
ed using ACT1 software.

o V1q treatment

6NeuT mice were treated with 200 μg of rat
se TNF V1q (kindly provided by D. Maennel,

Cancer Res; 70(20) October 15, 2010 7765
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ny), every 3 days, starting at 15, or at 19 weeks of
r 4 weeks. Two to three mice in each group were
ced for whole mount analysis at 22 or at 24 weeks,
as the others were kept in observation for tumor
pment.

tical analysis
wth data were expressed as mean + SE. Differences

en groups at different time points were analyzed
atistical significance by means of unpaired t test

nogen
lethall

r Res; 70(20) October 15, 2010

American Association Copyright © 2010 
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or 35 weeks of age, with P < 0.05 as significant
.

lts

roduced by cells of BM origin contribute to
ary tumor growth
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1. BMT from TNF KO donors hampers
ammary carcinogenesis. A, top,
ld CxB6NeuT mice were lethally
ed and transplanted with wild-type B6 or
BM cells and kept in observation for
nset and progression. Tumor incidence
ted as mean tumor number and mean
olume. Growth curve for CxB6NeuT
shown for reference. Mice are
red tumor-free until a palpable mass
) is detected. Single tumor volumes in
nimal are added together. Statistical
ce from B6 and TNF KO chimeras is
ed by paired t test (week 30), with
5 as significant cutoff. SE bars are
(three separate experiments, each with
seven mice per group; bottom). Whole
analysis of mammary glands from mice
anted with B6 and TNF KO BM. Two
s from different mice for each group
wn. B, mammary adenocarcinoma
ce of CxB6NeuT mice transplanted
ld-type B6 or TNF KO BM cells. BMT
rmed at 15 (upper panels) and at
er panels) weeks of age (three separate
ents, each with five-seven mice per
Statistical difference is calculated
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d-type C57BL/6 (hereafter B6) mice. Mice were irradi-
t 8 weeks of age, because at this time point the mouse
ary gland tree is completely formed but transforma-
still at an early stage with initial epithelial hyperplasia
upplementary Fig. S1A).
ause the transgenic HER2/NeuT strain is on a BALB/c
round, we crossed HER2–expressing BALB/c males
6 females to obtain (C57BL/6xBALB/NeuT) F1 hybrids
fter CxB6NeuT) as recipients of BM cells from TNF KO
commercially available only on a B6 background. The
euT strain develops mammary tumors with a kinetics
y slower than the parental HER2/NeuT on the BALB/c
round (Supplementary Fig. S1B).
e transplanted with TNF KO cells showed delayed onset
duced tumor growth in comparison with mice receiv-
ld-type BM. Whole mount analysis of mammary glands

ransplanted mice confirmed the result (Fig. 1A). To ex-
the possibility that the lack of TNF could affect mam-

It is
also ca

acrjournals.org
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land organization, we performed whole mount analysis
eeks of age from TNF KO mice, in comparison with B6

ype counterparts, and from TNF KO > CxB6 and B6 >
BM chimeras without finding any difference among
(Supplementary Fig. S1C).
test TNF effect at different stages of tumor progression,
rried out BMT experiments at 15 weeks of age, a stage
ich in situ carcinomas are already present, and at
eks, when invasive carcinomas are present in all mam-
glands (see Supplementary Fig. S1A).
results shown in Fig. 1B clearly indicate that a TNF pro-
igenic role was required along with tumor progression:
ect of TNF withdrawal at 15 weeks of age was compara-
ith that seen when BMT was performed at 8 weeks,
as the TNF effect was less evident, but still statistically
cant, when BMT was delayed until 20 weeks of age.
1. Continued.
atoxylin/eosin staining on
-embedded sections of
from B6 wild-type NeuT
s in comparison with
s from TNF KO chimeric
. Tumors are collected at
eeks, at a size between 8 ×
2 × 12 mm. Bar, 500 μm.
son's trichrome staining of
ections from mice receiving
e B6 (left) or TNF KO (right)
worth noting that BMT performed at 20 weeks of age
uses a delay in tumor onset in mice receiving wild-type

Cancer Res; 70(20) October 15, 2010 7767
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likely because total body radiation affects the stroma
mponents and/or directly the incipient tumor. Never-
s, comparison of TNF KO with wild-type chimeras
med at the same time point also clearly confirmed
titumoral effect of TNF removal in advanced stages
or progression.

ithdrawal during tumor progression significantly
s tumor stroma organization
study the mechanisms behind the effect of TNF
al, we analyzed tumor organization by H&E- and
n's trichrome–stained sections. Tumors from B6-
lanted chimeras were well differentiated, showing a
ke growth pattern, with fine-branching fibrovascular
al meshwork, and limited foci of epithelial necrosis.
rs from TNF KO–transplanted mice showed residual

lial nests with coarse morphology, gross stromal axes
xtended necrosis, also involving stromal and perivas-

marke
been

of tumor samples from B6 and TNF KO chimeric mice for TNF, IL-10, and IL-1
0 μm.

r Res; 70(20) October 15, 2010

American Association Copyright © 2010 
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areas, indicating a role for TNF in stromal axes
ization and function (Fig. 1C-D).

bsence of TNF alters leukocyte infiltration and
ine production at the tumor site
tested whether the altered stroma organization occur-
the absence of TNF was due to impaired leukocyte

tment and cytokine production at the tumor site.
percentage of infiltrating CD45+ leukocytes (FACS
is) was higher in wild-type chimeras than in TNF KO
ras (19.2 ± 4.8 and 13.2 ± 4.3, respectively), although
fference was not significant. However, the lack of TNF
d the number and localization of some leukocyte sub-
in particular, MRC1+ cells that were highly represented
capsular area of tumors from B6 chimeras were scarce
ors from TNF KO chimeras (Fig. 2A and B). MRC1, a

r of M2/wound-healing macrophages (30), has recently
reported to be upregulated 5.3-fold in TEMs (31, 32)
2. TNF withdrawal affects monocyte/macrophage infiltration of NeuT mammary adenocarcinomas and redirects cytokine profile of tumor-infiltrating
tes. A, immunofluorescence staining of tumor samples from B6 (left) and TNF KO (right) chimeric mice with MRC1+ antibody. Nuclei are stained
6-diamidino-2-phenylindole. Bar, 200 μm. B, mean number of MRC1+ cells infiltrating tumors from wt and TNF KO BM transplants. C, confocal
fluorescence staining of Tie2 cells in tumor samples from B6 chimeras with CD31, CD11b, and MRC1+ markers. Bar, 5 μm. D, immunofluorescence
2 (red). Nuclei are stained with 4′,6-diamidino-2-phenylindole.
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parison with tumor-associated macrophages (32).
ter characterize these cells, we performed immuno-
scence staining with MRC1, CD11b, CD31, and Tie2.
s showed that Tie2 colocalizes with CD31, but also
ome CD11b+ cells and a relevant percentage of MRC1+
ndicating that at least part of the MRC1+ cells in NeuT
s were TEM (Fig. 2C). In agreement with immunohis-
data, FACSanalysis shows a significantly higher percent-
Tie2/CD11b+ TEM (gated on CD45+ cells) in tumors
B6 compared with TNF KO BMT (5.76 ± 1.91 versus
0.41).
unofluorescence analysis of cytokines at the tumor
owed that in tumors from TNF KO chimeras, M1
IL-12) and M2 cytokines (e.g., IL-10) were upregu-
and downregulated, respectively (Fig. 2C). Phosphor-
of p65 NF-κB was also reduced in both infiltrating

ytes and tumor cells from TNF KO in comparison
6 chimeras (Supplementary Fig. S2). These results
nsistent with a switch from M2 to M1 in tumor-

ated macrophages of tumors from TNF-deficient
ras.

in tum
tively,

acrjournals.org

American Association Copyright © 2010 
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d tumor vasculature in TNF-deficient
imeras
withdrawal significantly changed tumor vasculariza-

om organized vessels around the “nested” tumor archi-
e of B6 chimeras into abnormal vessels and vascular
e, with frequent perivascular erythrocyte extravasation
A-B). Staining with anti-CD31 antibody clearly marked
vessel outline in wild-type animals, whereas a discon-
s staining was characteristically observed in tumors
NF KO chimeras (insets Fig. 3A). Although the vessel
ure was dramatically altered, the microvascular density
ot significantly different: 13.625 ± 2.722 in B6 >
euT tumors versus 11.83 ± 5.344 in TNFKO >CxB6NeuT
s. Remarkably, subendothelial mural cells/pericytes,
cterized by staining with antibodies to NG2 (Fig. 3C),
rther characterized by costaining of NG2 cells with anti-
to PDGFRβ or α-SMA (data not shown), were almost
etely absent in tumors from TNF KO chimeras (Fig. 3C).
umber of NG2+ pericytes was 23.5 ± 7.89 and 6.83 ± 2.85
3. Altered tumor vasculature
receiving TNF-deficient BM cells.
unostaining with CD31 antibody of
essels in samples from B6 and
chimeric mice. Bar, 500 μm.
rocyte extravasations in tumor
s from TNF KO chimeric mice
ck arrows; Giemsa; bar, 100 μm).
iderin deposits are also observed
ellow arrows; Giemsa; bar,
). C, immunostaining of tumor
> CxB6NeuT and TNF KO >

euT mice of pericytes with
2 antibody (top; N, necrosis;
ors from wild-type and TNF KO BM chimeras, respec-
confirming the qualitative immunohistologic data.
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hing for TNF targets: BMT experiments with
-I KO donors
dentify which cells in the tumor sense TNF, we analyzed
pression of TNFR-I in combination with cell surface
rs. Immunohistochemistry showed that subendothe-
lls, endothelial cells, and stromal cells endowed with
cyte/macrophage morphology expressed TNFR-I
lementary Fig. S3). Immunofluorescence confirmed
ells expressing TNFR-I were also CD11b+, NG2+, or
(Supplementary Fig. S3). Pericytes constitute a het-
eous population of cells whose ontogeny is not well-
d. Although the most accepted theory sustains their
from mesenchymal cells, recent data have indicated
M contains a reservoir of pericyte progenitors that
recruited to angiogenic sites of tumors (33). To dis-

sh between host and donor origin of subendothelial
n NeuT BM chimeras, we performed ad hoc experi-
in which BALB-NeuT mice (MHC haplotype: Kd)

transplanted with a CxB6 BM (MHC haplotype Kd-
recognize donor pericytes by the gain of Kb on

cells. Confocal microscopy analysis showed that
ells stain mostly donor Kb antigens but also that
pericytes remain of host origin (Kb negative) thus
sting the coexistence of donor and host pericytes
lementary Fig. S3C).
show a possible distinction between donor and host
esponsive cells, we performed BMT experiments using
I KO donors into CxB6NeuT mice. Tumor outgrowth
h BM chimeras did not differ from their wild-type
rpart (Fig. 4A) and histologic analysis of tumors from
-I KO chimeras showed a stroma organization very
r to that of B6 chimeras (Fig. 4B) and completely dif-
from the disorganized and necrotic tumors of TNF KO
ras. Immunostaining with anti-CD31 showed regular
structures and the presence of NG2+ pericytes around
ig. 4C). In tumors from TNFR-I KO chimeras, NG2+
tes embraced Tie2+ vessels, as in wild-type chimeras
not shown). Moreover, the presence of MRC1+Tie2+
TNFR-I KO chimeric mice did not differ from control

ras (Fig. 4D compared with Fig. 2C).
s, the absence of TNFR-I on BM-derived cells did not
e NeuT carcinogenesis, tumor vessel organization, or
esence of NG2+ pericytes and of MRC1+ cells. These
e above results indicate that TNF should come from
-derived leukocytes whereas radioresistant cells of host
sensing TNF are sufficient to recruit and/or sustain
tes and MRC1+ accessory cells.

NF antibody treatment partially recapitulated the
obtained following BMT with TNF-deficient mice
evaluated whether treatment with anti-TNF blocking
dy was able to inhibit tumor growth. NeuT mice were
d with V1q, a rat anti-mouse TNF blocking antibody for
ks (from weeks 15 to 18), and tumor growth was eval-
by whole mount analysis at 22 weeks of age. As shown
. 5A, anti-TNF treatment halted tumor growth until

th after antibody treatment was ceased. Later time
analyses showed resumed tumor growth (Fig. 5B),

There
depriv

r Res; 70(20) October 15, 2010
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with recovery of TNF activity, an event that could
ccur in the case of TNF KO BM chimeras, in which
cyte-derived TNF is irreversibly removed. Although
ferences in tumor onset and volume are not statistically
cant in anti-TNF–treated mice, histology showed some
ar impairment resembling that occurring in TNF KO
imeras (Fig. 5C).
also treated NeuT mice in advanced stages of carcino-
s, from weeks 19 to 23: whole mount analysis at week
wed that the late treatment is still able to partially de-
mor progression (Fig. 5D), but analysis at later time
showed no significant difference in tumor growth

E).

ency and distribution of NG2+ subendothelial
n human breast cancers
sidering NG2+ pericytes a possible indirect functional
of TNF and the possibility of using TNF antagonists to
uman breast cancer, we investigated the presence and
t of NG2+ subendothelial cells in samples from human
l invasive breast cancers, the human counterpart of
NeuT tumors. NG2+ cells were constantly found asso-
with vessels in the context of the intratumoral fibro-
ar meshwork (Fig. 6). The amount of NG2+ cells was
heterogeneous among tumor samples with the same

ype and seemed unrelated to histologic grade, hormone
tor status, or HER2 expression (Table S1). Notably,
s rich in NG2+ cells were also identified among high-
estrogen receptor-, progesteron receptor-, and HER2-
-like) cases. These findings allow us to speculate on
tential application of anti-TNF strategies to cases that
t benefit from consolidated targeted therapies.

ssion

-derived cells that are associated with epithelial trans-
tion mostly belong to the immune/inflammatory line-
4). Accordingly, the inflammatory NF-κB pathway is
ntly implicated in tumor initiation and progression
, 36); its inhibitors, or that of its downstream signals,
odify stroma cell components and function, thus lim-
umor support.
e, we evaluated the role of the prototypical pro-inflam-
y cytokine TNF in the development and progression of
hthonous mammary carcinogenesis occurring in the
transgenic mice. We showed that TNF withdrawal in
rived cells delayed tumor onset and reduced tumor
er and volume. Differently from 7,12-dimethylbenz(a)
cene–induced skin carcinogenesis, in which TNF has
hown to be critically needed during the initial phase
ovo carcinogenesis (16), in our mammary tumor model
as required until the progression reached the stage of
invasive carcinoma, as shown by BMT experiments
med at 15 and 20 weeks of age. Despite the improve-
in the diagnosis of early breast cancers, a significant
n of patients are still identified in advanced stages.

fore, understanding the time window in which TNF
ation is still effective in halting tumor progression
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help in the design of therapeutic strategies for breast
, based on the use of TNF antagonists.
opathologic analysis revealed that TNF was required
ganizing tumor stroma into nest-like structures, sur-
ed by a well-organized branching fibrovascular stroma
ork that is characterized by CxB6NeuT tumors and is
ved in some well-differentiated as well as invasive
cancers. Tumors from mice receiving B6 BM main-
such an organization, whereas those from mice receiv-
F-deficient cells showed a disarranged stroma with
reas of necrosis involving the perivascular regions. In

ular, subendothelial cells, identified by NG2 expression
ained for TNFR-I, were almost completely lost in tu-

resista
includ

acrjournals.org
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from TNF-deficient BM chimeras, thus explaining the
anization and leakiness of tumor vessels in those tu-
Loss of pericytes could deprive tumor endothelial cells
ssential survival factors, such as VEGF (33). Using BM
ras, we observed that pericytes could be of both BM
ost origin. Thus, testing TNFR-I KO donor into
euT recipient chimeras, we found that tumor growth
ot differ from wild-type control chimeras, and that
s had the same NG2+ pericyte content and distribution
d-type NeuT tumors. These findings indicate that al-
h TNF should come from donor leukocytes, the radio-
4. TNF protumoral activity is
through host-derived cells.
-old CxB6NeuT mice are
nted with B6 or TNFR-I-KO BM
d kept in observation for tumor
nd progression. Mean tumor number
an tumor volume are shown (pool
separate experiments, each with
ice per group. SE bars are shown;
t significant). B, histologic analysis
aining) of tumors from B6 wild-type
himeras in comparison with
s from TNFR-I KO chimeric animals.
0 μm. C, immunohistochemical
of CD31 tumor vessels (top left;

0 μm; inset, ×400 magnification) and
ricytes (top right; bar, 500 μm) in
KO BM chimeras. N, areas of
s. D, confocal immunofluorescence
of tumor samples from TNFR-I KO
s with Tie-2 and MRC1 markers.
nt host compartment expressing TNFR-I, pericytes
ed, was sufficient to sustain tumor outgrowth. TNF
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lso behave as a growth and survival factor for some
cell lines (6). However, in our model, this is unlikely

se NeuT-derived tumor cell lines treated with recombi-

NF neither proliferated nor underwent apoptosis, con-
with the undetectable expression of TNFRs on tumor

cause
duced

ch mouse are shown (experiment repeated twice, with four mice each group). E
at 19 wk of age, for 4 consecutive weeks as for B.

r Res; 70(20) October 15, 2010

American Association Copyright © 2010 
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data not shown). This is in contrast with a recent re-
howing that erbB2 transgenic mice that were also
ed out for TNF had reduced cell growth, apparently be-

of the interrupted autocrine loop in which tumor pro-
TNF fuelled cell proliferation (25). Although in the
5. Effect of treatment of NeuT mice with anti-TNF antibody. A, whole mount analysis of inguinal mammary glands from NeuT mice treated, or
ed, with V1q anti-TNF antibody, starting at 15 wk of age, for 4 wk. Mice are sacrificed at 22 wk of age; a single mammary gland for each mouse
is shown. B, NeuT mice treated, or untreated, with V1q anti-TNF antibody, starting at 15 wk of age, for 4 wk. Tumor incidence is shown as
umor number and mean tumor volume. The graph shows a representative experiment, repeated twice, performed with seven mice per group.
al difference is evaluated by paired t test (week 30), with P < 0.05 as a significant cutoff; n.s., not significant. SE bars are shown. C, histologic
of tumors from CxB6NeuT mice treated with isotype control of V1q monoclonal antibodies. D, whole mount analysis of inguinal mammary

from NeuT mice treated, or untreated, with V1q anti-TNF antibody, starting at 19 wk until 24 wk, when mice are sacrificed; two mammary glands

, NeuT mice treated, or untreated, with V1q anti-TNF antibody,
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ce of a similar reduction in tumor progression, TNF
down from embryonic life or from adulthood under-
major differences including the possible activation
pensatory mechanisms in the former versus the
t withdrawal at different stages of tumor progression,
the time of BMT, in the latter case. Moreover, BMT
a distinction between leukocyte and tumor source

F as the most relevant for the tumor to progress.
ides altering stroma and vasculature organization, the
f TNF modified the number and state of activation of
ting leukocytes. The edges of tumors from CxB6NeuT
and wild-type chimeras were highly infiltrated by
phages positive for MRC1+, a marker of M2/wound
g macrophages (30), whereas in tumors from TNF
imeras, their numbers were greatly reduced. Most of
RC1+ cells in tumors from wild-type chimeras also
sed the Tie2 marker which defines the TEM popula-
ostering tumor angiogenesis (31, 32). The paucity of
cells in tumors from TNF KO chimeras might con-
e to their altered vasculature. Immunohistochemical
g of intracellular cytokines also suggested a switch
-secreted cytokines (higher IL-12 and lower IL-10) in
filtrating leukocytes of tumors from TNF KO chimeras,
dition associated with tumor rejection and induced
al treatment with CCL16, CpG, and systemic IL-10
or neutralization (37).
propose that TNF exerts protumor activity through at
wo mechanisms. First, TNF is required for a correct
a organization and for the presence of pericytes sus-

g tumor vasculature. Second, TNF contributes to the
n of a tumor microenvironment characterized by the

TNF a
of the
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ce of tumor-associated macrophages with a M2 cyto-
rofile and of angiogenesis-promoting TEM. The obser-
that BMT from TNFR-I KO did not phenocopy TNF
imeras indicates that radioresistant cells, likely some
tes, and very likely EC, sense TNF directly. Accordingly,
s from TNFR-I KO chimeras were infiltrated by NG2+
RC1+ cells similarly to those from wild-type chimeras.
triggering on host pericytes and EC may induce the
ion of mediators such as VEGF, PDGF-β, and angio-
ns that, in turn, may recruit and/or activate pericytes
mor-associated monocytes, in particular TEM, even
R-I KO. Altogether, these cells contribute to an efficient
giogenic environment.
ough TNFR-I signaling is relatively well known, that
FR-II is still poorly characterized. TNFR-II primarily
transmembrane TNF and it can modulate the activ-
TNFR-I (4). Thus, although TNF operates mainly
h TNFR-I, we could not exclude a priori a role for
-II, selectively expressed on immune and endothelial
Although we have not been able to detect a clear
ng for TNFR-II in our tumor samples, to rule out
ssible role in cells of BM origin, we are performing
experiments with TNFR-II KO animals into
euT mice. Preliminary data showing no difference
or growth from control chimeras seem to exclude

a role. A similar result has just been published for
8 ovarian cancer model in which BMT from TNFR-
s not change tumor growth (38).
ults from skin and liver carcinogenesis experiments in
6. Presence of NG2+ cells
n ductal breast carcinoma
s. Immunostaining with
arker in samples from
ductal invasive breast
nd TNFR-KO mice have pointed out the involvement
TNF signaling pathway in early stages of tumor

Cancer Res; 70(20) October 15, 2010 7773

  for Cancer Research
 on November 16, 2012rg

http://cancerres.aacrjournals.org/
http://www.aacr.org/


develo
clinica
(39–41
forme
induc
guishi
trary,
releva
the gr
deplet
clinica
switch
Pop

TNF,
mice
lymph
sodium
on the
tion a
tory s
be rev
To

than B
body f
This t
body w
other
nently
ment
effecti
total
might
that i
20 wk
comita
prono

myelo
diatio
remod
idea o
Sea

benefi
tal inv
target
endot
Con

mono
fully, e
transi
few re
The co
or, co
vascul
be par

Discl

No p

Ackn

The
acquisit
technic

Grant

Asso
The

of page
accorda

Refe
1. Ma

ma
2. Gra

cD
act

3. Old
4. Ba

9:3
5. Ba

Me
6. Sz

tum
7. Fra

Tu
gro
19

8. Sa
on
gro
111

9. Pa
Do

Sangaletti et al.

Cance7774

Published OnlineFirst October 5, 2010; DOI:10.1158/0008-5472.CAN-10-0471
pment and progression (16–19), and prompted initial
l studies testing TNF antagonists in cancer patients
). The above-mentioned animal studies that were per-
d directly in TNF or TNFR-KO mice using a chemically
ed carcinogenesis model were unsuitable for distin-
ng between tumor- and host-derived TNF. On the con-
our experimental setting, in addition to testing the
nce of TNF produced by BM-derived leukocytes for
owth of NeuT mammary carcinomas, allowed TNF
ion from the time of irradiation thus mimicking a
l condition in which TNF activity could be precisely
ed off.
ivanova and colleagues recently reported that blocking
using TNFR-I KO mice or by treating wild-type
with Etanercept, an antagonist of both TNF and
otoxin, reduces azoxymethane and dextran sulfate
–induced colorectal carcinogenesis (20). Our work,
other hand, corroborates the link between inflamma-

nd carcinogenesis in the absence of external inflamma-
timuli (1) and confirms that tumor progression could
ersed by TNF antagonists.
test the effect of TNF inhibition using methods other
MT, we treated NeuT mice with a TNF blocking anti-
or 4 weeks and evaluated tumor onset and progression.
reatment prevented tumor growth as long as the anti-
as administered, a finding in line with the results of

studies (25). Because BMT with TNF KO donors perma-
removed leukocyte-produced TNF, the antibody treat-
would require continuous administration to be equally
ve. Another difference between the two treatments is
body irradiation that is required for BMT and that
directly affect the tumor. Indeed, we have observed
rradiation of NeuT mice at late time points (15 and
) was sufficient to delay tumor onset, although con-

nt deficiency of TNF in donor cells resulted in a more

een recently reported that
Rece

OnlineF

3–21.
ttersonC, PerrellaMA, EndegeWO, YoshizumiM, LeeME, Haber E.
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-monocytic cells contribute to tumor regrowth after ra-
n by increasing vasculogenesis (42) and tumor stroma
eling (43). This observation and our data support the
f combining TNF antagonists with local radiotherapy.
rching for a possible human counterpart that might
t from TNF inhibition, we found that even human duc-
asive breast cancers devoid of conventional molecular
s like Her2 and estrogen receptor are rich in NG2+ sub-
helial cells surrounding tumor vessels.
sidering that TNF antagonists, such as the chimeric
clonal antibody infliximab, are currently, and success-
mployed in the treatment of autoimmune diseases, the
tion of their use to cancer treatment would encounter
gulatory hurdles and would be poised for a rapid effect.
mbination of TNF antagonists with local radiotherapy
nsidering the role of TNF we have observed on tumor
ature organization, with anti-VEGF strategies, might
ticularly attractive.
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