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ABSTRACT
Tumor angiogenesis promotes tumor growth and metastasis. Anti-angiogenic therapy in combination with
chemotherapy is used for the treatment of metastatic cancers, including breast cancer but therapeutic
benefits are limited. Mobilization and accumulation of myeloid-derived suppressor cells (MDSC) during
tumor progression and therapy have been implicated in metastasis formation and resistance to anti-
angiogenic treatments. Here, we used the 4T1 orthotopic syngenic mouse model of mammary
adenocarcinoma to investigate the effect of VEGF/VEGFR-2 axis inhibition on lung metastasis, MDSC and
regulatory T cells (Tregs). We show that treatment with the anti-VEGFR-2 blocking antibody DC101 inhibits
primary tumor growth, angiogenesis and lung metastasis. DC101 treatment had no effect on MDSC
mobilization, but partially attenuated the inhibitory effect of mMDSC on T cell proliferation and decreased
the frequency of Tregs in primary tumors and lung metastases. Strikingly, DC101 treatment induced the
expression of the immune-suppressive molecule arginase I in mMDSC. Treatment with the arginase
inhibitor Nv-hydroxy-nor-Arginine (Nor-NOHA) reduced the inhibitory effect of MDSC on T cell
proliferation and inhibited number and size of lung metastasis but had little or no additional effects in
combination with DC101.

In conclusion, DC101 treatment suppresses 4T1 tumor growth and metastasis, partially reverses the
inhibitory effect of mMDSC on T cell proliferation, decreases Tregs in tumors and increases arginase I
expression in mMDSC. Arginase inhibition suppresses lung metastasis independently of DC101 effects.
These observations contribute to the further characterization of the immunomodulatory effect of anti-
VEGF/VEGFR2 therapy and provide a rationale to pursue arginase inhibition as potential anti-metastatic
therapy.

Abbreviations: Arg I, Arginase I; bFGF, basic fibroblast growth factor; COX-2, cyclooxygenase-2; GM-CSF, granulo-
cyte-monocyte colony stimulating factor; IDO1–2, Indoleamine 2,3-dioxygenase; IL, interleukin; iNOS, inducible
nitric oxide synthase; MDSC, myeloid-derived suppressor cells; Nor-NOHA, Nv-hydroxy-nor-Arginine; PDGF, platelet-
derived growth factor; PGE2, Prostaglandin E2; TGFb, transforming growth factor b; VEGF, vascular endothelial
growth factor; VEGFR-2, VEGF receptor-2.
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Introduction

Tumor progression involves reciprocal and dynamic heterotypic
interactions between cancer cells and non-malignant host cells.
These host cells can be either originally present in the tumormicro-
environment or recruited from the surrounding environment or
from distant sites.1-3 Tumor angiogenesis is a host event key to pri-
mary tumor growth and metastasis formation.4,5 Anti-angiogenic
therapies, mostly targeting the VEGF/VEGFR signaling axis, are
currently routinely used in the clinic to treat several advanced or
metastatic cancers, including colon, kidney, liver and breast can-
cers.6-8 However, survival benefits are limited and experimental evi-
dence indicates that resistance mechanisms to anti-angiogenic
therapy are responsible for its weak therapeutic efficacy.9-11

The tumor stroma itself can confer resistance to anti-angio-
genic therapy.9 In many human tumors and in murine models,
including breast cancer, bone-marrow derived myeloid and
inflammatory cells, mostly CD11bC, are mobilized and
recruited at the primary and metastatic tumor sites. These cells
can contribute to local tumor growth, angiogenesis and meta-
static spreading.1,12-14 Correlations between inflammatory and
myeloid cell infiltration in the primary tumor and negative clin-
ical outcome have been reported in multiple preclinical models
and clinical studies, including in lung, head and neck and
breast cancers.1,15-18 Conversely, tumors can also recruit
immune cells with potential antitumor activities, such as NK
cells or T cells,17 which have been shown to suppress cancer

CONTACT Curzio R€uegg curzio.ruegg@unifr.ch University of Fribourg, Chair of Pathology, Chemin du Mus�ee 14, CH-1700 Fribourg.
Supplemental data for this article can be accessed on the publisher’s website.

1

ht
tp
://
do
c.
re
ro
.c
h

Published in "OncoImmunology 6(6): e1316437, 2017"
which should be cited to refer to this work.



progression and improve outcome in melanoma,19,20 colorec-
tal21 and breast cancers.22,23

Mobilized CD11bC cells may be arrested in their differentia-
tion by tumor-derived factors and accumulate in blood, spleen
and in the tumor microenvironment as myeloid-derived cells
with immunosuppressive features (myeloid-derived suppressor
cells (MDSC): CD11bCGr1C cells with the ability to inhibit T
cell function), including in breast cancer.24,25 Mouse MDSC
consist of a heterogeneous population distinct from immature
myeloid cells present in tumor-free mice. Two main MDSC
subsets have been described: the monocytic subset (mMDSC,
CD11bCLy6G¡Ly6Chigh or CD11bCGr1lo/intLy6ChiLy6G¡) and
the granulocytic subset (gMDSC, CD11bCLy6GCLy6Clow or
CD11bCGr1hiLy6ClowLy6GC).26 Mobilized MDSC can promote
angiogenesis during natural tumor progression, in part through
the release of VEGF and MMP-9.14 On the other side, MDSC
can confer resistance to anti-angiogenic therapy.27,28 For
instance anti-VEGF treatment promotes the recruitment of
CD11bCGr1C MDSC at the tumor site, which mediates resis-
tance via the IL17/GCSF/Bv8 axis.29 Elimination of MDSC with
anti-Gr1 mAb treatment in combination with anti-VEGF ther-
apy, results in a more effective response compared with anti-
VEGF treatment alone.29 MDSC are now considered as candi-
date therapeutic targets to improve activity of anti-angiogenic
therapies and boost the anti-tumoral immune response.30,31

Paradoxically to these observations, VEGF itself can induce
a state of immunosuppression in the tumor microenvironment,
and neutralization of VEGF abrogates it.32-35 These observa-
tions demonstrate the complexity of the interplay between
tumor cells, tumor angiogenesis, the immune-inflammatory
response and tumor progression and the multiple, often con-
trasting, effects of VEGF and anti-angiogenic treatments.17,31 It
has also been speculated that combing anti-angiogenic and
immunotherapies may help to improve the therapeutic efficacy
of either therapy used alone.31,36,37

Here, we used the orthotopic and syngenic, highly angiogenic
and metastatic 4T1 murine breast adenocarcinoma model,38 well
known to effectively mobilize CD11bC bone marrow-derived cells
(BMDC),38,39 including MDSC,40,41 and to be immunogenic,42-44

to monitor the effect of anti-angiogenic therapy on MDSC mobili-
zation and activity in relationship to tumor growth and metastasis.
We show that the anti-VEGFR-2 antibody DC101,45 inhibits
tumor angiogenesis, tumor growth, metastasis and partially
reversedMDSC inhibitory activity on T cells, decreased the recruit-
ment of Tregs at tumor and metastatic sites and enhanced Arg I
expression. Arginase inhibition reduced lung metastasis formation
and partially reversed MDSC inhibitory activity but did not
enhance the anti-metastatic activity of DC101.

Results

VEGFR-2 inhibition reduces 4T1 orthotopic tumor growth
and angiogenesis

Treatment with the anti-VEGFR-2 mAb DC101 was shown
to inhibit angiogenesis and growth of subcutaneously
implanted 4T1 tumors.45,46 We set up to test whether
DC101 treatment inhibited angiogenesis, growth and metas-
tasis of orthotopically growing 4T1 tumors. 4T1 cells were

implanted in the 4th mammary gland and treatment with
DC101 and IgG isotype control antibodies was started 10 d
later, when tumors became palpable. The inhibitory effect
of DC101 on tumor growth was evident as early as day 13
and consistently resulted in a 40–50% reduction in tumor
volume at the end of the experiment (day 28) (Fig. 1A).
Immunohistological analysis and microvascular density
(MVD) count confirmed that DC101 treatment significantly
reduced tumor vascularization (Fig. 1B and C), without
causing intra-tumoral necrosis (Fig. 1D).

Figure 1. DC101 treatment delays 4T1 primary tumor growth and inhibits tumor
angiogenesis. (A) Growth curves of 4T1 tumors in mice treated with the anti-
VEGFR-2 antibody DC101 or a control IgG antibody. ���p < 0.001; ����p < 0.0001.
(B) Representative images of CD31 staining of tumor tissues from both experimen-
tal groups. Scale bar D 250 mm. (C) Quantification of microvascular density (MVD)
on multiple regions of six tumors per group. N D 3; mice per group D 7 (D) Quan-
tification of tumor necrosis based on H&E staining and morphometric analysis with
ImageJ. N D 3; mice per group D 7. Treatment conditions are indicated.
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VEGFR-2 inhibition suppresses 4T1 lung metastasis from
the primary tumor but not upon tail vein injection

DC101 treatment was reported to promote progression to
metastasis in other tumor models in spite of primary tumor
growth inhibition.47,48 We therefore, investigated its effect on
4T1 lung metastasis formation. DC101 treatment resulted in a
significant reduction in the number and size of lung metastatic
nodules (Fig. 2A–C). The metastatic index, which takes into
account the effect on the primary tumor, was still reduced in
DC101-treated mice, thereby demonstrating that VEFGR-2
inhibition has anti-metastatic effects beyond inhibition of pri-
mary tumor growth (Fig. 2D). We also observed a small reduc-
tion in MVD in the metastatic nodules of DC101-treated mice
(Fig. 2E and 2F). To test whether anti-VEGFR-2 treatment
affected lung metastasis formation through direct effects in the
lung, we injected 4T1 cells directly in the tail vein and treated
mice with DC101 and IgG isotype control. No DC101 effect on
lung metastatic formation was observed (Fig. S1).

From these experiments, we concluded that DC101 treat-
ment reduces primary tumor growth and angiogenesis and

suppresses lung metastasis formation from the primary
tumor implanted orthotopically but not when tumor cells
are directly injected in the venous circulation.

VEGFR-2 inhibition has no effect on the frequency of MDSC
in blood, tumor and lung but decreases the frequency of
regulatory T cells

To search for a cellular mechanism for the effect of DC101
treatment on tumor growth, we investigated MDSC and regula-
tory T cells (Tregs), two immunosuppressive cell populations
present in the tumor microenvironment. MDSCs are immature
myeloid cells characterized by the expression of CD11b and
Gr-1 cell surface markers. MDSCs are divided into monocytic
(m-MDSC, Gr-1lowLy6CC) and granulocytic (g-MDSC, Gr-
1highLy6CC) subsets based on the differential expression of
Ly6C and Ly6G antigens, respectively, along with the bright-
ness of Gr-1 expression. The g-MDSC subset is the major pop-
ulation of MDSCs present in different tumor models.49 4T1
tumors cause expansion and accumulation of MDSCs in the

Figure 2. DC101 treatment inhibits 4T1 lung metastasis and associated angiogenesis. (A) Representative images of histological H&E staining of lungs from mice treated
with DC101 or IgG control antibody. (B) Quantification of lung metastasis number in the two groups. (C) Quantification of lung metastasis area in the two groups. (D) Cal-
culated metastatic index. (E) Representative images of CD31 staining of lung metastases. Scale bars D 100 mm. (F) Quantification of microvascular density (MVD) in the
metastases of six representative lung images per group. N D 3; mice per group D 7. Treatment conditions are indicated.
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blood, lungs, spleen and primary tumors (Ref. 50 and own
unpublished observations). We did not observe any effect of
DC101 treatment on the frequency of total CD11bC cells or on
CD11bCGr1C subsets in blood, tumor, spleen or lung at day 28
post injection (Fig. 3A, 3B, S2, S3). MDSC are well known to
promote the conversion of T cells into Tregs.51 We therefore
checked the presence of Tregs in the primary tumor and in the
lung. Interestingly, DC101 treatment caused a significant
decrease in the fraction of CD25CFoxP3C T cells within CD4C

cells in tumors and lungs (Fig. 4A). Concomitantly, we
observed a decrease of the fraction of CD4C cells in the primary
tumor, but not in the lung (Fig. 4B).

From these results, we concluded that DC101 treatment has
no effect on the frequency of MDSC in blood, tumor and lung,

but it decreases the presence of CD25CFoxP3C Tregs in pri-
mary tumors and metastatic lungs.

VEGFR-2 inhibition partially reverses the inhibitory effect
of CD11bCGr1lowLy6CC cells (mMDSC) on T cell
proliferation

Next, we analyzed whether DC101 treatment affected the
suppressive activity of MDSC on T cell proliferation.
Spleen-derived mMDSC and gMDSC were enriched by
MACS using a two-step magnetic separation strategy and
tested in a T cell activation assay. Interestingly, we observed
that mMDSC derived from DC101-treated mice had a
reduced T cell proliferation suppressive activity at all tested

Figure 3. DC101 treatment has no effects on MDSC frequency. (A) Fraction of CD11bCGr1LowLy6CC cells (mMDSC) in the blood, primary tumors, spleens and lungs of 4T1-
bearing mice treated with DC101 or IgG control antibody. (B) Frequency of CD11bCGr1HighLy6GC cells (gMDSC) in the same conditions as in A. Cells were isolated from
DC101-treated (4T1CDC101) or control treated (4T1Ccontrol IgG) mice at the end of the experiment (d D 28). N D 3. Results from one representative experiment is
shown here; mice per group D 4–5.
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MDSC:T cell ratios, compared with mMDSC from the con-
trol IgG-treated mice (Fig. 5A). In contrast, DC101 treat-
ment did not affect the immunosuppressive activity of
gMDSC at equivalent MDSC:T cell ratios (Fig. 5B).

From these experiments, we concluded that VEGFR-2
inhibition partially reverses the immunosuppressive activity
of mMDSC (CD11bCGr1LowLy6CC) but not of gMDSC
(CD11bCGr1HighLy6GC).

DC101 treatment induces arginase I (Arg I) expression in
CD11bC cells and MDSC

MDSC inhibit T cell function by multiple mechanisms,
including depletion of L-arginine by arginase I (Arg I) and
by the production of nitric oxide, reactive oxygen and nitro-
gen species by inducible nitric oxide synthase (iNOS).52 We
therefore, monitored the expression of Arg I, iNOS and other
relevant molecules (i.e., MRC-1, VEGFR-2, IL10, IL12b and
TNFa) by real-time RT-PCR in blood circulating and tumor
infiltrating CD11bC cells (Fig. S4A–S4C). Strikingly, DC101
treatment induced Arg I expression in blood circulating and
tumor infiltrating total CD11bC cells (Fig. 6A, 6B, S4A, S4B)
and in tumor-infiltrating CD11bCGr1C (total MDSC) cells
(Fig. 6C). Expression of iNOS mRNA was not affected or
rather downregulated by DC101 treatment (Fig. S4A–S4C).
We confirmed increased Arg I protein expression by IHC
(Fig. 6D and E). The total fraction of CD11bC cells did not
change as already shown by flow cytometry (Fig. S3A–D).

Figure 4. DC101 treatment reduces the frequency of tumor and lung infiltrating regulatory T cells. (A) Flow cytometry analysis of CD25CFoxp3C cells among total CD4C

cells in tumors and lungs collected from mice treated with IgG control or DC101 antibodies. Mice analyzed per condition D 3–4. (B) Flow cytometry analysis of CD4C cell
frequency in tumor-derived from IgG control and DC101 antibodies-treated mice. DC101 treatment reduces the frequency of CD4C cells in tumors but not lungs. Mice
analyzed per group D 4–5.

Figure 5. DC101 treatment reduces the inhibitory effect of mMDSC on T cell prolif-
eration. (A) Quantification of the anti-proliferatory effect of CD11bCGr1lowLy6GC

cells on T cells. (B) Quantification of the anti-proliferatory effect of
CD11bCGr1highLy6GC cells on T cells. MDSC were isolated by MACS and mixed
with stimulated T cells at the indicated ratios. Cells were isolated from the spleens
of DC101-treated (4T1C DC101) or control treated (4T1Ccontrol IgG) mice. Mice
per group D 4–5.
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Arg I mRNA, measured by real-time RT-PCR was detected
in CD11bC cells but not in CD11b¡ cells isolated from
tumor tissue (Fig. S5A). Intracellular staining and flow
cytometry analysis for Arg I protein in blood, tumor and
metastatic lung reveled expression in approx. 20% of
CD11bC cells in metastatic nodules (Fig. S5B) and in 100%
of CD11bCGr1lowLy6CC and CD11bCGr1highLy6GC cells in
the blood, tumor and lungs, albeit at different levels (Fig.
S5C). We also demonstrated increased Arg I enzymatic activ-
ity in CD11bCGr1C derived from tumors of DC101-treated
mice, compared with control IgG-treated ones (Fig. 6F).

Further, we stained tumors and lungs from control IgG-
and DC101-treated mice for Arg I, CD31 and CD11b to

gain information on their localization. In tumors, Arg I was
mainly localized in the periphery, in the stroma, and in
CD11bC cells rich regions surrounding necrotic areas.
DC101 treatment decreased CD31C vessel density and
increased Arg IC cell density, especially inside the tumor
(Fig. S6A). In lungs, Arg IC cells were exclusively localized
in the metastatic nodules and absent in the lung paren-
chyma. DC101 decreased CD31C vessel density and
increased Arg IC cell density in a non-overlapping pattern
(Fig. S6B).

Collectively these data indicated that MDSC are positive for
Arg I expression and that DC101 treatment further increases
expression.

Figure 6. DC101 treatment induces Arg I in CD11bC and CD11bC Gr1C cells. (A) Arg I mRNA expression levels in blood circulating CD11bC cells. Mice per group D 4 and
5. (B) Arg I mRNA expression levels in tumor-derived CD11bC cells, N D 2, mice per group D 9–10. (C) Arg I mRNA expression levels in tumor-derived CD11bCGr1C cells
(total MDSC) mice per group D 4 and 5. (D) Representative IHC images showing expression of Arg I and CD11b in the tumor tissue in mice treated as indicated. Scale bar
D 250 mm. (E) Quantification of intratumoral Arg I expression (Chalkley score). Mice per group D 7 and 10. (F) Measurement of Arg I enzymatic activity in tumor-derived
CD11bCGr1C cells (total MDSC). Cells were isolated by MACS were taken from DC101-treated (4T1CDC101) or control treated (4T1Ccontrol IgG) mice. Mice per group D
4–5.
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Arg I inhibition suppresses metastasis but not primary
tumor growth and alleviates MDSC-mediated inhibition of
T cell proliferation

Arg I acts as immunosuppressive molecule and could contrib-
ute to promote tumor growth and metastasis. In our model,
tumor MDSC express active Arg I (Fig. 6C–F, S6). To test
whether Arg I activity contributed to 4T1 tumor progression,
we treated 4T1 tumor-bearing mice with the arginase inhibitor
Nv-hydroxy-nor-Arginine (Nor-NOHA) starting from day 7
after tumor cell implantation till the end of the experiment.
Nor-NOHA treatment did not impinge on primary tumor
growth, tumor angiogenesis or necrosis (Fig. S7A–S7C). How-
ever, Nor-NOHA treatment significantly decreased the number

and size of lung metastatic nodules (Fig. 7A and 7B).
CD11bCGr1C MDSC derived from the spleen of Nor-NOHA-
treated mice were less inhibitory on T cell proliferation com-
pared with MDSC from vehicle-treated mice (Fig. 7C).

Combined Nor-NOHA treatment does not further improve
the anti-metastatic effect of DC101

As DC101 treatment further induced Arg I expression and
activity (Fig. 6) we tested whether combined Nor-NOHA/
DC101 treatment would bring additional therapeutic benefits
compared with DC101 therapy alone. Combined treatment
resulted in a small but significant enhancement of the

Figure 7. Nor-NOHA treatment reduces lung metastasis and attenuates inhibition
of T cell proliferation by mMDSC. (A) Quantification of the number of lung meta-
static nodules. (B) Quantification of the surface of lung metastatic nodules from
DC101-treated (4T1CDC101) or IgG control antibody treated (4T1Ccontrol IgG)
mice. N D 3; mice per group D 7–10. C: Inhibitory activity of CD11bCGr1C cells on
T cell proliferation. MDSC were isolated by MACS from the spleen and co-cultured
with stimulated T cells at the indicated ratios. Result from one representative
experiment per condition is shown. Mice per group D 5–7, analysis done in
triplicate.

Figure 8. In combination with DC101, Nor-NOHA further inhibits tumor growth
but not lung metastasis. (A) Growth curves of 4T1 tumors in mice treated with
DC101, an IgG control antibody, Nor-NOHA, PBS, combined DC101/Nor-NOHA and
combined control IgG/Nor-NOHA as indicated. (B) Quantification of the number of
lung metastatic nodules in mice treated as indicated. (C) Quantification of the sur-
face of lung metastatic nodules in mice treated as indicated. N D 2, mice per
group D 10–12.
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inhibitory effect of DC101 on primary tumor growth (Fig. 8A),
but did not provide any further benefit to the anti-metastatic
effect of DC101 (Fig. 8B and C) compared with either individ-
ual treatment.

From these experiments, we concluded that Nor-NOHA
treatment partially reverses the inhibitory activity of MDSC on
T cell proliferation and inhibits 4T1 lung metastasis formation
but has little or no additional effect in combination with
DC101.

DC101 does not directly interfere with the function of
MDSC generated in vitro

To investigate whether DC101 directly affects MDSC differentia-
tion or function, bone marrow hematopoietic cells were cultured
in vitro in the presence of GM-CSF and IL-6 to allow precursor
cell differentiation into MDSC as described previously.53 Bone
marrow cells were cultured in the presence of DC101 or IgG iso-
type control antibody for 3 d. Antibodies were either added to
the culture during the entire process (3 d) or during the last
24 h only. In control cultures, over 90% of the cells become
CD11bCGr1C after 3 d (not shown). Treatment with DC101,
either added during 3 d or during the last 24 h, did not inter-
fered with the generation of CD11bCGr1C cells or with their
immunosuppressive activity relative to control IgG treatment
(Fig. S8). Also, DC101 treatment did not influence Arg I expres-
sion in developing CD11bCGr1C cells (data not shown).

To collect evidence whether DC101 could directly affect MDSC
at the primary tumor and lung metastatic sites in vivo, we analyzed
VEGFR-2 expression on CD11bC, CD11bCGr1LowLy6CC and
CD11bCGr1highLy6GC cells isolated form the blood, tumors and
lungs. We observed that CD11bC cells in the blood were virtually
negative for VEGFR-2 expression and in tumors and lungs only
about 5–6% of the cells were VEGFR-2 positive.
CD11bCGr1LowLy6CC cells were virtually negative for VEGFR-2
expression (<1%) in all three compartments, while
CD11bCGr1highLy6GC cells were about 3–4% positive in primary
tumor and below 1% in blood and lung (Fig. 9A). In all cases,
expression levels were low (Fig. 9B). RT-PCR analysis confirmed
that VEGFR-2 mRNA was expressed at very low levels in tumor-
derived CD11bC cells when compared with the VEGFR-2-positive
endothelioma derived cell line b.End5 (Fig. 9C, 9D). Likewise, 4T1
cells expressed very low to undetectable levels of VEGFR-2, as
revealed by real-time RT-PCR and flow cytometry (Fig. 9C and
9D).

From these results, we concluded that MDSC express very
low to undetectable levels of VEGFR-2 and that therefore the
effect of DC101 on their activity is likely due to an indirect
effect rather than a direct effect on the MDSC.

Discussion

Clinical therapeutic benefits of anti-angiogenic treatments are lim-
ited and transient. The reasons for this are not fully elucidated but
may be due to the multiple and often contrasting effects of angio-
genic factors on tumor cells, tumor vasculature and immune-
inflammatory cells as well as to the adaptive host response to the
treatment, including the mobilization and accumulation of
MDSC.9-11 Here, we characterized the effects of the anti-VEGFR-2

antibody DC101 on MDSCs and Tregs in relationship to its effects
on tumor angiogenesis, primary tumor growth and metastasis
using the syngeneic and immunocompetent 4T1 breast adenocar-
cinoma model. We report three main results: First, DC101 treat-
ment suppressed lung metastasis in addition to inhibiting primary
tumor growth and angiogenesis. Second, DC101 treatment reduced
significantly the inhibitory activity of CD11bCGr1LowLy6CC

mMDSC (but not CD11bCGr1highLy6GC gMDSC) on T cell prolif-
eration and also decreased the presence of Tregs in tumors and
lungs but had no effects on the mobilization and recruitment of
MDSC. Third, DC101 treatment enhanced Arg I mRNA and pro-
tein expression and activity in tumor-recruited MDSC. Fourth,
arginase inhibition with Nor-NOHA prevented lung metastasis
formation and growth but had little or no additional effect in com-
bination with DC101.

Tumor angiogenesis has been associated with a state of
immunosuppression. The VEGF/VEGFR-2 axis itself is an
important mediator of immunosuppression and its inhibition
was shown to restore tumor-immunity. It has been extensively
described that VEGF can impair DC maturation as antigen-
presenting cells, which in turn prevents T cell activation and
therefore antitumor immunity. In addition, VEGF can limit T
cell extravasation and induce expansion of Treg populations,
thereby further enhancing the immunosuppressive state.34,54-56

It is, therefore, reasonable to expect that inhibition of the
VEGF/VEGFR-2 axis would reverse tumor-mediated immuno-
suppression or enhance the effects of immunostimulatory anti-
tumor therapies.31,34,36 In contrast with these observations,
however, experimental data show that anti-angiogenic therapy
also mobilizes MDSC, which in turn can limit the therapeutic
benefit of anti-angiogenic therapy,26,29,31 and in certain tumor
models may even exacerbate metastatic progression.47,48 The
potential mechanisms accounting for those counteracting
effects include the secretion of alternative angiogenic factors
such as Bv8 and bFGF,13,29 the production of immune-suppres-
sive molecules, such as iNOS, Arg I, IDO1–2 and PD-L1/2, the
expansion of Tregs, the alteration of the IL10/IL12 balance in
tumor associated macrophages (TAM) and the secretion of
tumor-stimulating factors, such as IL-6, TGFb, PDGF and
GM-CSF.31,52 Recent clinical studies combining anti-angio-
genic therapy and immune therapies based on checkpoint
blockade inhibitors revealed promising preliminary results sup-
porting the notion that anti-angiogenic therapy may reduce
immunosuppression.57 How this is mechanistically achieved
remains to be fully elucidated.

Here, we show that treatment with the VEGFR-2 blocking
mAb DC101, in addition to the expected inhibitory effects on
primary tumor angiogenesis and tumor growth, suppressed
lung metastasis. This observation has not been previously
reported and has therapeutic relevance. However, the fact
that experimental metastasis (i.e., induction of lung metasta-
sis by direct injection of tumor cells in the tail vein thereby
bypassing the primary tumor) was not inhibited by DC101
treatment suggests that inhibition of angiogenesis may not be
the only, or main, mechanism involved in this effect. Indeed,
it has been previously speculated that lung metastasis may
rather grow by vascular co-option than angiogenesis imply-
ing that anti-angiogenesis therapy per se may not be effective
to control lung metastases.58-60 Although mMDSC are
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slightly less frequent in the primary tumors and metastases
compared with gMDSC (20–40% vs. 60–80%), this popula-
tion, however, was reported to be more suppressive than
gMDSC. Strikingly, DC101 treatment reversed the inhibitory
effect of mMDSC, but not gMDSC, on T cell proliferation.
DC101 treatment also reduced the accumulation of Tregs in
tumors and lungs. As MDSC have been shown to promote the
differentiation of Tregs, it is possible that the reduction of
Tregs is secondary to the blunting of the immunosuppressive

activity of MDSC by DC101.61,62 Alternatively, decreased
angiogenesis may hamper Tregs recruitment to the tumor
and metastatic sites. DC101 treatment did not cause a signifi-
cant mobilization and accumulation of MDSC but played a
role on their suppressive function. We also calculated the
ratio of CD4C T cells over MDSC in tumors and lungs. In all
conditions, the number of Gr1lowLy6CC cells outnumbered
non-Treg CD4C T cells in tumors and lungs. Upon DC101
treatment this proportion remained virtually unchanged in

Figure 9. VEGFR-2 expression is very low to absent in CD11bC and 4T1 cells. (A) VEGFR-2 expression on CD11bC cells, CD11bCGr1LowLy6CC cells and
CD11bCGr1HighLy6GC cells isolated from blood, tumor and lungs, was monitored by cell surface staining and flow cytometry analysis. N D 2, 4 mice per conditions. The
percentages presented as a fraction of CD11bC cells. (B) Representative profiles of VEGFR-2 expression from experiment in panel (A) are shown. VEGFR-2 expression is
low or absent. (C) Real time RT-PCR analysis of VEGFR-2 mRNA expression in 4T1 and bEnd5 cells and CD11bC cells recovered from 4T1 tumors. (D) Flow cytometry analy-
sis of VEGFR-2 expression on 4T1 cells and bEnd5 cells. The bEnd5 VEGFR-2C endothelioma cell line is used as positive control for VEGFR-2 expression. N D 2 and results
from one representative experiment are shown here; mice analyzed per group D 5.
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the lung, while it increased about six times in the primary
tumor. Taken together, our data indicate DC101 impact on
MDSCs function and presence of Tregs at tumor and meta-
static sites is consistent with the observed antitumor effect of
DC101.

A further unexpected result was the observed increased
expression of Arg I mRNA, protein and activity in MDSC upon
DC101 treatment. This result is unexpected because Arg I itself
is immunosuppressive, and it goes against the general notion
that VEGF/VEGFR-2 inhibition reverses immunosuppression.
Arg I was already expressed at high levels in control-treated
mice, and treatment with the arginase inhibitor Nor-NOHA
significantly reduced lung metastasis formation, but not pri-
mary tumor growth, and partially reversed MDSCs inhibition
of T cell proliferation. Strikingly, Arg I expressing infiltrating
CD11bC cells in the lungs, were exclusively present within the
metastatic nodules in close contact with cancer cells, while in
the primary tumor they were mostly present in the tumor
stroma, rather distant from cancer cells. This physical proxim-
ity is consistent the Arg I-mediated MDSC immunosuppressive
activity being more effective in suppressing T cells in lung
metastasis compared with primary tumors and with the more
prominent effect of arginase inhibition in suppressing lung
metastasis. When applied in combination with DC101, Nor-
NOHA did not further enhance the anti-metastatic activity of
DC101, suggesting that the global effect of DC101 is dominant
over selective arginase inhibition. One outstanding question
concerns the mechanism by which DC101 affects mMDSC
activity. VEGFR-2 is virtually absent on MDSC and circulating
CD11bC cells, suggesting that the DC101 effect on CD11bC

cells and mMDSC is rather indirect. Consistent with this obser-
vation, DC101 was ineffective in preventing the development
of immunosuppressive MDSC from bone marrow-derived pro-
genitors in vitro. Similarly, 4T1 cells do not express VEGFR-2
and are, therefore, unlikely to be a direct target of DC101. Con-
versely, VEGFR-2 is highly expressed on angiogenic endothelial
cells and is a key mediator of endothelial cell activation and
proliferation.4 Angiogenic endothelial cells express high levels
of cytokines, chemokines, growth factors or proteases modulat-
ing the immune-inflammatory response.4,31,36 DC101 may,
therefore affect the production of those factors (e.g., GM-CSF,
M-CSF, FLT-3 ligand, IL-3, IL-4, IL-13, IL-10, TGF-b, GM-
CSF and PGE2) that could be responsible for the modulation of
MDSC activity, including the stimulation of Arg I expres-
sion.4,31,36 The PI3K pathway is an attractive candidate in both
endothelial and immune cells as it has been shown to induce
immunostimulatory and angiostatic phenotypes in murine
models of pancreatic and mammary tumors following VEGF/
VEGFR blockade.31

These results have translational implications potentially rel-
evant for therapy. First, they demonstrate that VEGFR-2 inhi-
bition partially reverses the T-cell inhibitory activity of
mMDSC and reduces the presence of Tregs and tumor and
metastatic sites. Second, it highlights a dissociation between the
number of MDSC and their activity. The quantitative evalua-
tion of the frequency of MDSC currently used in clinical prac-
tice to monitor the immunosuppressive status of cancer
patients may therefore not fully represent ongoing effects.63 A
routine MDSC functional assay may be a useful complement to

cell number. We recently analyzed cellular and biochemical
parameters in the blood of patients with metastatic breast can-
cer treaded with chemotherapy § bevacizumab (Avastin�),
and reported that bevacizumab selectively reverses M2 polari-
zation of CD11bC cells and decreased IL10 levels in CD11bC

cells and plasma, consistent with a reduction of immunosup-
pression leveraged by bevacizumab.64 The impact of these
changes on disease progression and survival, however, remains
to be determined. Third, arginase inhibition has anti-metastatic
activity and this effect should be further explored as a potential
adjuvant therapeutic strategy to control lung metastasis pro-
gression. This may be particularly relevant for breast cancer
patients at high risk for distant progression. Interestingly,
COX-2 inhibitors were shown to exert antitumor activity
through multiple mechanisms, including inhibition of tumor
angiogenesis65 and reversion of immunosuppression via Arg I
inhibition.66 Similarly, phosphodiesterase-5 inhibitors downre-
gulate Arg I and NOS-2 expression in MDSC and boost endog-
enous antitumor immunity.67

In conclusion, this work has provided novel insights into the
immunomodulatory effects of anti-VEGFR-2-based anti-angio-
genic therapy. As DC101 blunted the inhibitory effects of
mMDSC but not gMDSC on T-cell proliferation it will be
important to test whether VEGF/VEGFR-2 axis inhibition may
boost the antitumor immune responses in combination with
immunostimulatory therapies in patients, by impinging on
MDSC function or not.34,36,57 On the other side, arginase inhi-
bition should be further explored as a potential anti-metastatic
strategy in aggressive breast cancer.

Materials and methods

Cell culture and reagents

4T1 breast adenocarcinoma cells and the endothelioma-derived
cell line bEnd5 were cultured in DMEM supplemented with
10% FCS, 1% penicillin/streptomycin, and 1% non-essential
amino-acids in tissue culture plates and incubated in a 37�C,
5% CO2 incubator. All cell culture reagents were purchased
from Invitrogen Life Technologies (Basel, Switzerland).

Preparation of bone marrow-derived MDSC (BM-MDSC)

BM-MDSC were obtained from primary bone marrow cells as
described previously.53 In short, tibias and femurs were flushed
with PBS to obtain primary bone marrow cells. After red cell
lysis (BD Pharm Lyse, BD Biosciences), cells were cultured in
RPMI 1640 C 10% FCS, 1% sodium pyruvate, 5 £ 10¡5 M 2-
mercaptoethanol, 1% HEPES, 50 U/mL penicillin, 50 mg/mL
streptomycin, 2 mmol/L L-glutamine, supplemented with
40 ng/mL GM-CSF and 40 ng/mL IL-6 (Peprotech) for 3 d, to
induce MDSC differentiation. The percentage of Gr1CCD11bC

cells was over 90%.

Mouse maintenance, tumor induction and treatments

Female BALB/c Ola/Hsd mice (4–6 weeks old) were pur-
chased from Harlan Laboratories/Envigo, housed in single
ventilated cages at 25�C and left one week for acclimation
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before experimentation. Then they were divided randomly
into the different experimental groups. Mice in each group
were given food and water ad libitum and observed daily.
This study was performed according to national ethical
guidelines and was approved by the veterinary service of
Canton Fribourg.

For primary tumor growth, 4T1 cancer cells were orthotopi-
cally injected in the inguinal mammary fat pad as previously
reported.38 Tumor growth was monitored daily and tumors
measured using a microcaliper. Tumor volumes calculated with
the ellipsoid volume formula: V (mm3) D L1 (major axis) £
L2

2 (minor axis)/ p/6.
The anti-angiogenic anti-VEGFR-2 mAb (clone DC101) or

the corresponding non-targeting isotype control (IgG) (Bio-
XCell, Inc.) were administered intraperitoneally (0.8 mg per
mouse), starting from day 10 after tumor cell injection in the
mammary fat pad, and then every 3 d, for a total of four injec-
tions (i.e., days 10, 13, 17 and 20). The Arginase I inhibitor Nv-
hydroxy-nor-Arginine (nor-NOHA) (Bachem AG) was admin-
istered intraperitoneally daily (2 mg per mouse), from day 7
until the end of the experiment. PBS injection was used as con-
trol. Combination treatments were performed using the same
dosage and schedules of DC101 and Nor-NOHA used for the
single treatments.

For the experimental lung metastasis model, 2.5 £ 105

4T1 cells were intravenously injected in the tail vein and
treatments (DC101, IgG, nor-NOHA or PBS, same dosage
as above) were started from day 1 after cancer cells inocula-
tion and followed the same schedule as for the orthotropic
model, until day 9, when mice were killed for histological
analysis.

Collection of peripheral blood and flow cytometry analysis

Peripheral blood BMDC for phenotype analysis were obtained
from the lateral tail vein via mouse tail bleeding and analyzed
at day 22 post-cancer cell injection. The following anti-mouse
antibodies were used following manufacturer’s instructions:
anti-CD16/CD32 Fc blocking antibody (BD Biosciences), anti-
CD11b-PeCy7 or Pacific Blue (clone M1/70, Biolegend) or
V450 (eBiosciences), anti-Ly6C-FITC or PerCP (clone HK1.4,
Biolegend), anti-Gr1-Pacific Blue (clone RB6–8C5, Biolegend),
anti-Ly6G- Pe/Cy7, Alexa Fluor 647 or APC (clone 1A8, BioLe-
gend), anti-VEGFR-2-Pe (clone Avas12a1, eBioscience), CD45
APC (clone 30-F11, BD Biosciences), CD4C-FITC (clone
GK1.5, Biolegend), CD25-Pe (clone PC61.5, eBioscience),
Foxp3-Alexa Fluor 647 (clone 150D, Biolegend). IgG control
was from eBiosciences. Red blood cells were lysed with ACK
buffer, washed and remaining leukocyte pellet was stained for
FACS (fluorescence activated cell sorting) acquisition at the
FACSCalibur flow cytometer (BD Biosciences). Data were ana-
lyzed using FlowJo software (Treestar Inc.). For RNA extrac-
tion, total blood was collected from heart puncture on
Eppendorf tubes in presence of EDTA 0.5M and CD11bC were
isolated from the peripheral blood mononuclear fraction using
Histopaque 1077 (Sigma-Aldrich) followed by CD11b-beads
specific MACS Separation (Miltenyi Biotech). Gating strategy
for the flow cytometry analysis is summarized in Fig. S2.

Organ digestion and flow cytometry analysis

At the conclusion of the experiment (day 28 post-cancer cell
injection, unless indicated otherwise), mice were killed and
tumor, spleens and lungs dissected. BMDC were isolated from
sterilely harvested tumors and lungs by mechanical and enzy-
matic organ disruption. Organs were cut in small pieces with
scissors, washed, and digested in serum free medium supple-
mented with Collagenase I (Worthington Biochemical Corpo-
ration), and DNAse I (Roche). The mixture was incubated at
37�C for 45 min on a shaking platform. Subsequently, serum-
supplemented medium was added to neutralize the enzymatic
reaction and the tissue suspensions were filtered through a 100
mm and 70 mm sterile nylon gauzes. Upon centrifugation
(5 min at 1400 rpm), pellets were recovered and red blood cells
lysed with ACK buffer. The staining procedure and the flow
cytometry acquisition were the same as outlined above for
blood.

For RNA extraction, tumor-derived CD11bC were collected
using the CD11b-beads specific MACS Separation (Miltenyi Bio-
tech) as described above, whereas total MDSC were sorted using
FACS based on CD11bC and Ly6C/Ly6G staining (FACSARIA
Fusion, BectonDickinson), as described below forMDSC.

Spleens from tumor-bearing mice were harvested under sterile
conditions. Single-cell suspensions were prepared via mechanical
tissue disruption and red cells were removed using BD Pharm Lyse
lysing solution (BD Biosciences). Splenocytes were incubated with
the Fc block (TruStain fcX, Biolegend) for 30 min and then stained
with indicated anti-mouse antibodies, accordingly to manufac-
turer’s instructions: anti-CD11b-PeCy7 (clone M1/70, Biolegend)
anti-Gr1-Pacific blue (clone RB6–8C5, Biolegend). After washing,
acquisition was performed using the MACSQuant flow cytometer
from Miltenyi Biotec and data analyzed by FlowJo v10.0.7 (tree
Stat Inc., Ashland, USA).

Tissue histology and immunohistochemistry (IHC)

Tumors and lungs were harvested at the end of the experiment,
were fixed in formalin and embedded in paraffin. 5 mm thick
serial sections were cut from the tissue blocks. Hematoxylin
and eosin (H&E) stained sections were used to assess and quan-
tify intratumoral tumor necrosis and lung metastatic foci using
the Image J software 1.48 v (NIH, USA). Metastasis index was
calculated as ratio of metastasis number over the primary
tumor volume in mm3.

Sections were stained with anti-CD31 antibody (Rabbit anti-
mouse Polyclonal Antibody, NeoMarkers) using the Chalky
counts method to quantify MVD,38 and with anti-Arg I (Rabbit
Polyclonal to Human/Mouse, LSBio) and anti-CD11b (clone
EPR1344, Abcam) antibodies to identify Arg I expression and
CD11bC cells, respectively. Quantification was performed by
ImageJ software. For IHC, endogenous peroxidases were
blocked by incubation with 0.6% H2O2 in methanol. HRP-con-
jugated secondary antibodies were used for primary antibody
detection. Dako EnvisionC was used with diaminobenzidine
(DAB) tablets (Sigma-Aldrich) to detect HRP. Quantitative
analyses of CD11b and Arg I staining were performed with the
image analysis program ImageJ.68
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MDSC isolation and T cell proliferation assay

At the conclusion of the experiment splenic CD11bCGr1C

(MDSCs) cells from tumor-bearing mice in each experimental
group were enriched from the spleen tissue by means of two dif-
ferent methods. One method consisted entirely of a MACS-based
strategy, with a two-step magnetic separation via an initial deple-
tion to collect Gr1dim/Ly-6G– myeloid cells followed by a second
positive selection to collect Gr1high/Ly-6GC cells (mouse MDSC
Isolation Kit from Miltenyi Biotec). The second method con-
sisted of an initial negative depletion system to eliminate CD3C,
CD5C, CD19C, CD45R (B220)C and Ter119C cells using the
EasySepTM Mouse Custom Enrichment Kit from Stemcell tech-
nologies. Enriched cells were further sorted by FACS based on
CD11bC and Ly6C/Ly6G staining (FACSARIA Fusion, Becton
Dickinson). The following anti-mouse antibodies were used
accordingly to manufacturer’s instructions: anti-CD11b PeCy7
(clone M1/70, Biolegend) and Gr1-Pacific blue (clone RB6–8C5,
Biolegend). The purity of cell populations was >95% as tested
by flow cytometry. MDSCs were seeded in 96 well plates at the
indicated ratios with 8 £ 105 purified, CSFE (Biolegend) labeled
T cells isolated using the Pan T cell isolation kit (Miltenyi Biotec)
from the spleen of na€ıve BALB/c-mice. The T cells co-cultured
with MDSCs were then stimulated with anti-CD3/anti-CD28
coated beads for 3 d, according to manufacturer’s protocol
(Dynabeads Mouse T-Activator CD3/CD28, Life Technologies
AS). Proliferation of T cells was then evaluated measuring the
CFSE dilution by flow cytometry using MACSQuant instrument
(Miltenyi Biotec), and data analyzed with FlowJo 10.0.7.

Real-time PCR analysis

Total RNA was prepared from tumor- and blood- isolated cells
obtained as outlined above using the RNAeasy Mini kit (Qiagen).
cDNA was synthesized using the M-MLV reverse transcriptase,
(H-) Point Mutant (Invitrogen Life Technologies) per manufac-
turer recommendations. Primers were designed using the NCBI
tool and were purchased from Eurofins Genomics. The following
primer pairs were used: GAPDH Fwd (5ʹ–CGTCCCGTAGA-
CAAAATGGT–3ʹ) and Rev (5ʹ–TCAATGAAGGGG TCGTTGA
T–3ʹ); Arg I Fwd (5ʹ–AAGCTGGTCTGCTTGAAAAA–3ʹ) and
Rev (5ʹ–CCGTGGGTTCTTCACAATTT–3ʹ); iNOS Fwd (5ʹ–
GCGCTCTAGTGAAGCAAAGC–3ʹ) and Rev (5ʹ–TGATGGAC
CCCAAGCAAGAC–3ʹ) and MRC1 Fwd (5ʹ–GATGACCTGT
GCTCGAGAGG–3ʹ) and Rev (5ʹ–TCTCGCTTCCCTCAAAG
TGC–3ʹ). IL10 Fwd (5ʹ–TTTGAATTCCCTGGGTGAGA–3ʹ) and
Rev (5ʹ–AGACACCTTGGTCTTGGAGC–3ʹ); IL12a Fwd (5ʹ–
CCTTGCATCTGGCGTCTACA–3ʹ) and Rev (5ʹ–GTCTTCAG-
CAGGTTTCGGGA–3ʹ); TNFa Fwd (5ʹ–CAGCCTCTTCTCATT
CCTGC–3ʹ) and Rev (5ʹ–ATGAGAGGGAGGCCATTTG–3ʹ);
VEGFR-2 Fwd (5ʹ–TGGGCACTCAAGTCCGAATC–3ʹ) and Rev
(5ʹ–TTGGACTCAATG GGCCTTCC–3ʹ). Real-time qPCR were
performed using a SYBR Green Master Mix (Applied Biosystems,
Life Technologies), according to the manufacturer’s recommenda-
tions and run on a StepOne SYBR System instrument (Applied
Biosystems, Life Technologies). The gene expression of each indi-
vidual tested gene was normalized to the corresponding GAPDH
signal, as endogenous control. Relative mRNA expression levels
were calculated using the 2¡DDCTmethod as reported.69

Arginase enzymatic activity

To prepare cell lysates, tumor-derived CD11bC Gr1C cells
obtained by FACS sorting as described above, were lysed in
10 mM Tris–HCl, pH 7.4, containing 1 mM pepstatin A, 1 mM
leupeptin, and 0.4% (w/v) Triton X-100 and processed accord-
ingly to manufacturer instructions (Roche). Protein concentra-
tion was determined and equivalent amounts of total protein
(10 ug) were used for all tested samples. Arginase activity was
determined, using the Arginase Activity Assay Kit (Sigma
Aldrich), where arginase catalyzes the conversion of arginine to
urea and ornithine. One unit of Arginase is the amount of
enzyme that converts 1.0 mmole of L-arginine to ornithine and
urea per minute at pH 9.5 and 37�C.

Statistical analysis

All statistical analyses were performed using GraphPad PRISM
6 software (GraphPad Software, Inc. La Jolla, CA). Statistical
comparisons were performed by two-way ANOVA with Bon-
ferroni post-test by Student’s t-test or by Mann–Whitney test
for non-parametric distributions with small sample size. Proba-
bility values of p � 0.05 were considered statistically significant.
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