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Brief Definit ive Report

One of the major processes involved in tumor 
appearance and growth is the capacity of tumor 
cells to develop escape mechanisms to the im-
mune system (Schreiber et al., 2011). Thus,  
induction of cells with immunosuppressive 
properties, such as regulatory T (T reg) cells or 
myeloid-derived suppressor cells (MDSCs), and 
promotion of T cell exhaustion are key mecha-
nisms of immune evasion. T cell exhaustion  
is phenotypically characterized by the expres-
sion of inhibitory molecules called inhibitory 
checkpoints, such as Program Cell Death-1 
(PD-1), and functionally by a gradual dysfunc-
tion state where effector functions of  T cells are 
blocked. Studies have shown that PD-1–PD-L1 
pathway blockade could improve antitumor 
immune responses in mouse models (Sakuishi 
et al., 2010). Administration of anti–PD-1 anti-
body to metastatic melanoma patients leads to 
durable objective responses in 17–28% of patients. 

These responses are associated with an increase 
in CD8+ T cell infiltration (Topalian et al., 2012; 
Hamid et al., 2013). Thus, blocking the PD-1 
pathway could help to overcome T cell exhaus-
tion and restore efficient antitumor responses. 
In tumors or during chronic viral infections, 
PD-1 expression is maintained (Wherry et al., 
2007). The mechanisms involved in PD-1 ex-
pression and exhaustion of tumor-infiltrating  
T cells are poorly understood, even though a 
link to antigen persistence has been suggested 
(Wherry, 2011). Factors produced in the tumor 
microenvironment could be involved in the  
induction of PD-1 expression, and thereby of 
exhaustion in the tumors, for the following rea-
sons: only tumor-infiltrating CD8+ T cells and 
noncirculating CD8+ T cells bear an exhausted 
phenotype and express PD-1 (Baitsch et al., 2011); 

CORRESPONDENCE  
Julien Taieb:  
julien.taieb@egp.aphp.fr

Abbreviations used: BTLA,  
B- and T-lymphocyte attenuator; 
CsA, cyclosporin A; CTLA-4, 
cytotoxic T-lymphocyte-
associated protein 4; Flt3, Fms-
like tyrosine kinase 3; LAG-3, 
lymphocyte activation gene-3; 
MDSC, myeloid-derived 
suppressor cells; NFAT, nuclear 
factor of activated T-cells;  
PD-1, Program Death-1; Pi3K, 
phosphatidylinositide 3-kinase; 
PLC, phospholipase C ;  
TKI, tyrosine kinase inhibitor; 
T reg cell, regulatory T cells; 
VEGF, vascular endothelial 
growth factor; VEGFR,  
VEGF receptor.

*T. Voron, O. Colussi, E. Marcheteau, J. Taieb, and M. 
Terme contributed equally to this paper.

VEGF-A modulates expression of inhibitory 
checkpoints on CD8+ T cells in tumors

Thibault Voron,1,4* Orianne Colussi,1,5* Elie Marcheteau,1* Simon Pernot,1,5  
Mevyn Nizard,1 Anne-Laure Pointet,1,5 Sabrina Latreche,1 Sonia Bergaya,1 
Nadine Benhamouda,2 Corinne Tanchot,1 Christian Stockmann,1  
Pierre Combe,3 Anne Berger,4 Franck Zinzindohoue,4 Hideo Yagita,6  
Eric Tartour,1,2 Julien Taieb,1,5* and Magali Terme1*

1INSERM U970, Paris Cardiovascular Research Center, Université Paris-Descartes, Sorbonne Paris Cité, 75015 Paris, France
2Service d’immunologie biologique, 3Service d’oncologie médicale, 4Service de chirurgie digestive, 5Service  
d’hépatogastroentérologie et d’oncologie digestive, Hôpital Européen Georges Pompidou, 75015 Paris, France

6Department of Immunology, Juntendo University School of Medicine, Tokyo 113-8421, Japan

Immune escape is a prerequisite for tumor development. To avoid the immune system, tumors 
develop different mechanisms, including T cell exhaustion, which is characterized by ex-
pression of immune inhibitory receptors, such as PD-1, CTLA-4, Tim-3, and a progressive 
loss of function. The recent development of therapies targeting PD-1 and CTLA-4 have 
raised great interest since they induced long-lasting objective responses in patients suffer-
ing from advanced metastatic tumors. However, the regulation of PD-1 expression, and 
thereby of exhaustion, is unclear. VEGF-A, a proangiogenic molecule produced by the 
tumors, plays a key role in the development of an immunosuppressive microenvironment. 
We report in the present work that VEGF-A produced in the tumor microenvironment 
enhances expression of PD-1 and other inhibitory checkpoints involved in CD8+ T cell 
exhaustion, which could be reverted by anti-angiogenic agents targeting VEGF-A–VEGFR. 
In view of these results, association of anti-angiogenic molecules with immunomodulators 
of inhibitory checkpoints may be of particular interest in VEGF-A-producing tumors.

© 2015 Voron et al. This article is distributed under the terms of an Attribution–
Noncommercial–Share Alike–No Mirror Sites license for the first six months 
after the publication date (see http://www.rupress.org/terms). After six months 
it is available under a Creative Commons License (Attribution–Noncommercial–
Share Alike 3.0 Unported license, as described at http://creativecommons.org/ 
licenses/by-nc-sa/3.0/).
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kinases but not VEGFR (Dubreuil et al., 2009), had no effect. 
These treatments induced significant antitumor effects (Fig. 1, 
a and b, left). Thus, blocking VEGF-A–VEGFR axis decreases 
PD-1 expression on intratumoral CD8+ T cells and restores 
IFN- production in intratumoral CD8+ T cells (28.35 ± 5.7% 
in control group and 62.11 ± 5.3% in anti-VEGFA–treated 
mice after PMA/ionomycin restimulation; P = 0.0015). Inter-
estingly, the antitumor effect of anti-VEGFA is at least in part 
due to CD8+ T cells because depletion of CD8+ T cells re-
duced antitumor effect during anti-VEGFA treatment (Fig. 1 d). 
We next looked for evidence of VEGF-A involvement in  
PD-1 expression and found that the intratumoral VEGF-A 
level was significantly correlated with PD-1 expression on tumor- 
infiltrating CD8+ T cells (Fig. 1 e; r = 0.502; P = 0.0398). We 
also took advantage of a fibrosarcoma cell line nullizygous for 
VEGF-A expression (Stockmann et al., 2008). Importantly, in 
VEGF-null tumors (MEF KO), the percentage of PD-1 ex-
pression on intratumoral CD8+ T cells was greatly decreased 
compared with MEF wild-type counterparts (Fig. 1 f ).

VEGF-A enhances PD-1 expression on VEGFR- 
expressing CD8+ T cells in vitro
To understand whether VEGF-A can act directly on CD8+  
T cells, we first analyzed the expression of the two VEGF-A 
receptors, VEGF-R1 and -R2, on CD8+ T cells in vivo. We 
observed that these two receptors are expressed only at very 
low levels in spleens of tumor-free and tumor-bearing mice, 
but are strongly increased on tumor-infiltrating CD8+ T cells 
(Fig. 2 a). These VEGFR+ CD8+ T cells also expressed PD-1 
(unpublished data). Because tumor-infiltrating T cells bear an 
activated phenotype unlike splenic CD8+ T cells, these results 
suggested that VEGFR expression could be associated with  
T cell activation (Whiteside and Parmiani, 1994). To recapitulate 
this phenomenon in vitro, we analyzed expression of these 
receptors after stimulation of purified CD8+ T cells with dif-
ferent doses of anti-CD3 by flow cytometry and confocal 
microscopy. Expression of VEGF-R1 and -R2 was induced 
by stimulation with 3 µg/ml of anti-CD3 and became signifi-
cant at 10 µg/ml after 48 h of culture (Fig. 2, b–d). Because 
CD8+ T cells can express VEGF receptors after activation, we 
then analyzed the impact of VEGF-A on these T cells. Anti-
CD3 stimulation induced expression of PD-1, but addition of 
VEGF-A enhanced PD-1 expression on these cells in a dose-
dependent manner (Fig. 2, e–f). Furthermore, this effect was 
blocked when anti–VEGF-A antibody was added to the cul-
ture (unpublished data). Thus, VEGF-A directly increases 
PD-1 expression on activated CD8+ T cells.

VEGF-A directly enhances expression of inhibitory  
receptors involved in T cell exhaustion
PD-1 is the first inhibitory receptor associated with T cell  
exhaustion. However, other receptors are expressed on ex-
hausted T cells, such as Tim-3, CTLA-4, and Lag-3 (Sakuishi 
et al., 2010; Woo et al., 2012; Duraiswamy et al., 2013). Density 
and co-expression of these different molecules have been as-
sociated with the magnitude of T cell exhaustion. The more 

and vaccination protocols have been shown to stimulate antigen-
specific CD8+ T cells in tumor patients, but these CD8+  
T cells remain hyporesponsive at the tumor site (Appay et al., 
2006). Among immunosuppressive factors produced by tumor 
cells, VEGF-A exhibits proangiogenic properties but also has 
a key role in the induction of an immunosuppressive micro-
environment (inhibition of dendritic cell maturation, accu-
mulation of MDSC, and induction of T reg cells; Gabrilovich 
et al., 1996; Huang et al., 2007). We have recently shown that 
VEGF-A could also directly induce T reg cell proliferation in 
a VEGFR2-dependent manner in tumor-bearing mice and 
metastatic colorectal cancer patients (Terme et al., 2013). Tar-
geting the VEGF-A–VEGFR axis with antiangiogenic mole-
cules could decrease T reg cell and MDSC proportions in 
tumor-bearing mice and cancer patients (Finke et al., 2008; 
Ko et al., 2009; Cao et al., 2011; Terme et al., 2013). Sunitinib, 
a multitarget tyrosine kinase inhibitor (TKI) that blocks vas-
cular endothelial growth factor receptors 1, 2, and 3 (VEGFR1, 
R2, and R3), platelet-derived growth factor receptors   
and , stem cell factor receptor, and Flt3, has been shown  
to decrease PD-1 expression at the mRNA level in tumor-
infiltrating T cells (Ozao-Choy et al., 2009). However, it is 
unclear whether the effect of this multitarget molecule results 
directly from VEGF-A–VEGFR axis inhibition or through 
another signaling mechanism. In vitro studies have shown that 
VEGF-A could decrease T cell functions (Gavalas et al., 2012; 
Ziogas et al., 2012) without addressing the direct role of 
VEGF-A on the regulation of PD-1 expression and thereby 
on T cell exhaustion in tumors. Thus, we studied the impact of 
VEGF-A–VEGFR blockade on PD-1 and other inhibitory 
receptor expression on CD8+ T cells and the direct role of 
tumor-derived VEGF-A on tumor-induced T cell exhaustion.

RESULTS AND DISCUSSION
Targeting VEGF-A–VEGFR pathway is sufficient to decrease 
PD-1 expression on intratumoral CD8+ T cells
We first analyzed the impact of VEGF-A–VEGFR blockade 
on PD-1 expression on tumor-infiltrating CD8+ T cells in a 
mouse model of colorectal cancer (CT26). CT26 tumor cells 
produce high levels of VEGF-A in vitro (Terme et al., 2013). 
In vivo, the VEGF-A concentration was 10 times higher in 
the tumor microenvironment, reaching 366.9 ± 53.8 pg/ml 
as compared with plasma level (31.4 ± 4.38 pg/ml). In the 
same way, PD-1 expression was low on splenic CD8+ T cells 
from naive (3.12 ± 2.60%) and tumor-bearing mice (3.27 ± 
2.43%), but strongly increased on intratumoral CD8+ T cells 
(54.85 ± 16.16 pg/ml; P < 0.0001). CT26 tumor-bearing 
mice were treated with anti–VEGF-A antibody or different 
TKI targeting (sunitinib) or not (masitinib) VEGFR. DMSO 
or mouse serum were given to mice as control for TKI and 
anti–VEGF-A antibody, respectively, without modulating 
PD-1 expression compared with nontreated tumor-bearing 
mice (unpublished data). Treatments targeting the VEGFA–
VEGFR axis resulted in a significant reduction of PD-1 ex-
pression on intratumoral CD8+ T cells, whereas masitinib 
(Fig. 1, a–c, right), a TKI that targets c-Kit, PDGFR, and Fak 
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We then analyzed the simultaneous co-expression of these 
receptors. Strikingly, compared with the basal expression of 
0–1 inhibitory receptor expressed on CD8+ T cells in the ab-
sence of exogenous VEGF-A, increasing VEGF-A concen-
trations induced the simultaneous expression of 3–4 inhibitory 
receptors on more than 2/3 of T cells (Fig. 3 e). To deter-
mine whether VEGF-R1 or VEGF-R2 are involved in 

the T cells express these receptors the more they are dysfunc-
tional (Blackburn et al., 2009). We observed that VEGF-A not 
only enhances PD-1 expression but also increases the per-
centages of Tim-3– and CTLA-4–expressing CD8+ T cells in 
a dose-dependent manner (Fig. 3, a–c). The levels of the ex-
pression for each molecule (PD-1, Tim-3, CTLA-4, and Lag-3) 
were also increased in a dose-dependent manner (Fig. 3 d). 

Figure 1. VEGF-A–VEGFR inhibition de-
creases PD-1 expression on intratumoral 
CD8+ T cells. CT26 tumor-bearing mice were 
treated with sunitinib or DMSO (as a control; 
a), or anti–VEGF-A antibody or mouse serum 
(as a control; b), or masitinib or DMSO (as a 
control; c). Treatments were started when 
tumors reached 9–10 mm2. Tumor growth 
(left) was shown. Mice were sacrificed at day 
22 after 2 wk of treatment, and PD-1 expres-
sion on tumor-infiltrating CD8+ T cells was 
analyzed (right). Each dot represents an indi-
vidual mouse, and histograms represent  
mean ± SEM of 2–4 pooled experiments with 
at least 4 mice/group. *, P = 0.0439; ***, P < 
0.001. (d) Depletion of CD8+ T cells decreases 
anti-VEGFA–induced antitumor effects.  
(e) Correlation of VEGF-A concentration/gram 
of tumor tissue and number of PD-1-expressing 
CD8+ T cells/gram of tumor tissue (determined 
by flow cytometry). Each dot represents an 
individual tumor sample. (f) PD-1 expression 
on tumor-infiltrating CD8+ T cells was ana-
lyzed on wild-type MEF-tumor bearing mice 
(MEF WT) and VEGF-A–deleted MEF cells (MEF 
KO) after 14 d of tumor growth. Each dot 
represents an individual mouse. Histograms 
represent mean ± SEM of 2 pooled experi-
ments with 4–5 mice/group. For tumor 
growths, one representative experiment  
out of 3 is shown with 5 mice/group.  
**, P < 0.01; ***, P < 0.001.
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Figure 2. VEGF-A enhances PD-1 expression on CD8+ T cells in vitro. (a) VEGF-R1 (left) and -R2 (right) expression is shown on CD8+ T cells from 
tumors and spleen of tumor-free (naive) and CT26 tumor-bearing mice. Each dot represents an individual mouse, histograms represent mean ± SEM of  
2 pooled experiments with 3–5 mice/group. (b) VEGF-R1 (left) and -R2 (right) expression on purified CD8+ T cells after 24 and 48 h of culture with various 
doses of plate-bound anti-CD3 antibody. (c and d) Same experimental setting as in b, but showing a representative staining of VEGF-R2 by flow cytom-
etry (c) and confocal microscopy (d). Isotype control of anti-VEGFR2 antibody is shown (blue line for c and top for d). (e) PD-1 expression on purified 
CD8+ T cells after 48 h of culture with plate-bound anti-CD3 with or without VEGF-A (50 ng/ml). (f) Same experiment as in e but with 10 µg/ml of plate-
bound anti-CD3 and various doses of VEGF-A. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 3. VEGF-A enhances co-expression of inhibitory receptors involved in CD8+ T cell exhaustion in a VEGF-R2 and NFAT-dependent 
manner. Percentages of Tim-3 (a), CTLA-4 (b), and Lag-3 (c) expression on purified CD8+ T cells after 48 h of culture with plate-bound anti-CD3 (10 µg/ml) 
and various doses of VEGF-A. Histograms represent means ± SEM of 3 pooled experiments. (d) Same experimental settings as in (a) but mean fluor-
escence intensity (MFI) is shown. (e) The simultaneous expression of inhibitory receptors (PD-1, Tim-3, CTLA-4, and Lag-3) was examined on stimulated 
CD8+ T cells. (f) Same experimental setting as in (e) but in the presence of anti-VEGF-R1 or -R2 antibodies. (g) Transcriptional analyses of gene products 
linked to T cell exhaustion and VEGF-R2 signaling in CD8+ T cells stimulated or not with VEGF-A using a microfluidic card designed for qRT-PCR (TaqMan 
Low Density Mouse Immune Array from Applied Biosystems). Graph represents log fold changes (relative to nontreated controls, calculated with the 
CT method (normalization with RNA18s as endogenous control) of transcripts. (h) Same experimental setting as in (e) in the presence of 11R-VIVIT.  
For simultaneous expression of inhibitory receptors, one representative experiment out of three is shown. *, P < 0.05.

VEGF-A–mediated T cell exhaustion, we added neutraliz-
ing antibodies to the CD8+ T cell culture in the presence of 
VEGF-A. Anti–VEGF-R2, but not anti–VEGF-R1 antibody, 

was able to block the VEGF-A–induced up-regulation of 
these inhibitory receptors (Fig. 3 f), demonstrating the in-
volvement of VEGF-R2 in this phenomenon. To extend this 
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Figure 4. VEGF-A neutralization decreases expression of inhibitory receptors involved in exhaustion on CD8+ T cells in heterotopic and or-
thotopic mouse tumor models. Mice bearing subcutaneous CT26 tumors were treated with anti–VEGF-A antibody or mouse serum (as a control). Co-
expressions of PD-1/Tim-3 (a), PD-1/CTLA-4 (b), or PD-1/Lag-3 (c) on intratumoral CD8+ T cells have been analyzed. 3 pooled experiments are shown with 
5 mice/group. *, P < 0.05; **, P < 0.01. (d) Co-expression of PD-1, Tim-3, CTLA-4, and Lag-3 has been determined on intratumoral CD8+ T cells after 14 d of 
anti-VEGFA treatment (day 22). (e) Anti–VEGF-A was given to mice bearing CT26 hepatic metastases. Representative pictures of hepatic metastases (left 
panel) and the percentages of intratumoral CD8+ T cells expressing PD-1/Tim-3 (right panel) were shown. Two pooled experiments are shown with 3–4 
mice/group. *, P < 0.05 (f). Same experimental setting as in d, but on CT26 hepatic metastases. (g) Co-expression of inhibitory receptors on CD8+ T from 
MC38 and MEF KO tumors. (h–i) VEGF-KO MEF (h) and wild-type MEF tumor-bearing mice (i) were treated with anti–PD-1 alone twice a week starting at 
day 7. (j) CT26 tumor-bearing mice were treated with anti-VEGFA or anti–PD-1 alone or both. Tumor growth was monitored twice a week. One represen-
tative experiment out of three is shown, with five mice per group. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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intratumoral VEGF-A level is low, VEGF-null tumors (MEF-KO) 
and the MC38 colorectal tumor model (133.3 ± 15.35 pg/ml), 
the proportion of tumor-infiltrating CD8+ T cells expressing 
3–4 inhibitory receptors was limited (<25%; Fig. 4 g). To-
gether, these results showed that targeting VEGF-A can decrease 
the VEGF-induced expression of inhibitory receptors medi-
ating CD8+ T cell exhaustion, not only in subcutaneously  
established tumors, but also in hepatic metastases from 
colorectal cancer.

Combination of anti–PD-1 antibodies with VEGF-A 
blockade induced a strong and synergic antitumor  
effect in tumors producing high levels of VEGF-A
Immunotherapeutic strategies using anti–PD-1 antibodies 
have been recently developed and resulted in strong antitu-
mor responses in advanced solid tumors (Topalian et al., 2012). 
However, not all patients experienced an objective response. 
Because anti–VEGF-A treatment decreases PD-1 expression 
on intratumoral CD8+ T cells but does not fully restore the 
steady-state level of PD-1 expression, we hypothesized that 
VEGF-A blockade could help to sensitize T cells to anti– 
PD-1 antibody treatment in some tumors. We administered 
anti–PD-1 antibody to VEGF-deleted-MEF tumor cells (Fig. 4 h) 
or wild-type MEF tumor cells (Fig. 4 i). Interestingly, anti–
PD-1 antibody induced a significant antitumor effect only in 
VEGF-KO MEF tumor-bearing mice (Fig. 4 h) and not in 
WT MEF tumor-bearing mice (Fig. 4 i), suggesting that 
VEGF produced by tumor cells limits anti–PD-1–induced 
antitumor effects. We next tried to combine anti-VEGFA  
antibody with anti–PD-1 antibody in our CT26 mouse 
model of colorectal cancer expressing high levels of VEGF-A 
(Fig. 4 j). Anti–VEGF-A treatment reduced tumor growth  
(P < 0.0001; Fig. 1 b), and anti–PD-1 antibody alone had  
no significant effect, but the anti–VEGF-A and anti–PD-1 
combination induced a strong antitumor effect (71.91 ± 
64.66 mm2) as compared with anti–VEGF-A alone (123 ± 
56.21 mm2; P = 0.05) or anti-PD-1 alone (227 ± 28.9 mm2;  
P = 0.05). This result suggests that high VEGF-A levels may 
be involved in resistance to anti–PD-1 treatments and that anti-
angiogenic therapies targeting VEGF-A–VEGFR in these  
tumors expressing high levels of VEGF-A could synergize with 
anti–PD-1 treatment strategies and enhance anti–PD-1–
dependent antitumor effects.

Our work shows, to our knowledge for the first time, that 
VEGF-A produced by the tumor enhances expression of  
inhibitory immune checkpoints mediating T cell exhaustion 
on intratumoral CD8+ T cells. In vivo analysis of VEGFR ex-
pression in mouse tumor models revealed that only tumor-
infiltrating activated CD8+ T cells, and not circulating CD8+ 
T cells, can express VEGFR, which seems to be linked to 
TCR engagement. In vitro, addition of VEGF-A after TCR 
engagement on CD8+ T cells increases expression of inhibi-
tory checkpoints (PD-1, Tim-3, CTLA-4, and Lag-3) in a 
VEGFR-2/PLC/calcineurin/NFAT-dependent manner. In 
CT26 heterotopic and liver metastases tumor models where 
intratumoral VEGF-A level is high, anti–VEGF-A treatment 

observation, we analyzed the differential expression of genes 
coding for inhibitory receptors involved in CD8+ T cell ex-
haustion. Quantitative RT-PCR analysis showed that other in-
hibitory receptors, such as CD244/2B4, CD160, and BTLA, 
were also enhanced by VEGF-A stimulation (Fig. 3 g). These 
results showed that VEGF-A enhances expression of many dif-
ferent inhibitory receptors involved in CD8+ T cell exhaustion. 
Furthermore, an increased expression of NFAT was observed 
after VEGF-A stimulation (Fig. 3 g). NFAT is known to be in-
volved in VEGF-R2 signaling (Liu et al., 2003; Schweighofer 
et al., 2009), as well as in the control of PD-1 and CTLA-4 
expression (Gibson et al., 2007; Oestreich et al., 2008). To de-
termine if VEGF-A–induced T cell exhaustion is dependent 
on NFAT activation, we used a specific NFAT inhibitor 
(11R-VIVIT; Le Roy et al., 2012). Interestingly, NFAT inhibi-
tion blocked the VEGF-A–induced simultaneous expression of 
the 4 inhibitory receptors (Fig. 3 h). Among the different sig-
naling pathways activated by VEGFR2 (PI3K–Akt, PLC, and 
Erk), the PLC–calcineurin pathway is known to activate 
NFAT (Schweighofer et al., 2009). Upon VEGF-A treatment, 
increased PLC phosphorylation was observed in CD8+ T cells 
by Western blot (unpublished data). Furthermore, inhibition of 
PLC and calcineurin by the chemical inhibitor U73122 and 
cyclosporine A (CsA), respectively, resulted in an inhibition of 
VEGF-A–induced inhibitory receptor expression on CD8+  
T cells (unpublished data). Together, these results show that 
VEGF-A enhances the expression of inhibitory receptors  
involved in T cell exhaustion via activation of the VEGFR2–
PLC–calcineurin–NFAT pathway.

Targeting VEGF-A in tumor models reverts expression  
of inhibitory molecules associated with T cell exhaustion
To document if VEGF-A neutralization could revert expres-
sion of PD-1 and other inhibitory receptors in vivo, we tested 
anti–VEGF-A treatment on CT26-bearing mice. CT26 cells 
were implanted subcutaneously but also directly to the liver  
by subcapsular injection of tumor cells in the left lobe of the 
liver resulting in the development of liver metastases within  
7–10 d, which is more relevant than our subcutaneous tumor 
model. Consistent with our in vitro results, VEGF-A inhibi-
tion decreased the proportion of tumor-infiltrating CD8+  
T cells expressing PD-1/Tim-3, PD-1/CTLA-4, and PD-1/
Lag-3 (Fig. 4, a and c). Analysis of simultaneous expression of 
these receptors on CD8+ T cells revealed that anti–VEGF-A 
treatment decreased the proportion of tumor-infiltrating CD8+ 
T cells expressing 3–4 receptors when treatment was started 
when tumors reached 10 mm2 (Fig. 4 d). It is of note that 
anti–VEGF-A treatment has no effect on the expression of 3–4 
inhibitory receptors on tumor-infiltrating CD8+ T cells when 
very large tumors were treated (>90 mm2 at the beginning of 
the treatment). Mice bearing hepatic metastases (Fig. 4 e, left) 
were treated with anti–VEGF-A from day 10–20. Analysis of 
inhibitory receptors revealed a decrease of CD8+ T cells bearing 
3–4 inhibitory receptors and mainly of PD-1/Tim-3 expres-
sion confirming our results in this more relevant tumor site 
(Fig. 4, e and f). Interestingly, in two tumor models where 
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i.p. to CT26-tumor bearing mice the day before starting anti-VEGFA treat-
ment. CD8 depletion was checked by flow cytometry.

Flow cytometry
Cell surface-staining was performed on tumor-infiltrating cells using anti-
CD8 (53–6.7; eBioscience), anti–PD-1 (J43; eBioscience), anti–CTLA-4 
(UC10-4B9; BioLegend), anti–Lag-3 (C9B7W; BioLegend), anti–Tim-3 
(RMT3-23; BioLegend), anti–mouse VEGF-R2 (89B3A5; BioLegend), and 
anti–mouse VEGF-R1 (141522; R&D Systems). Isotype controls were used 
as a negative control. Dead cells were excluded using live/dead fixable aqua 
dead cell kit (Invitrogen, UK). Stained cells were analyzed with LSRII cyto-
fluorometer using FACS Diva Software (BD), and FlowJo Software (Tree 
Star). The co-expression of inhibitory molecules was analyzed using SPICE 
v5.3 software.

Confocal microscopy
Anti-CD3–stimulated CD8+ T cells were stained for confocal microscopy. In 
brief, cells were fixed in 2% paraformaldehyde on superfrost plus slides. Cells 
were washed 3 times in PBS-Triton X-100 0.1%, and then blocked with PBS 
containing BSA and glycin for 30 min before incubation with primary anti-
bodies: anti-VEGFR2 (55B11; Cell Signaling Technology) or anti-CD8 
(clone 53–6.7; eBioscience), or isotype control antibodies (rabbit IgG isotype 
control (Cell Signaling Technology) and rat IgG2a isotype control (eBiosci-
ence). Cells were then washed with PBS Triton 0.1% and incubated with 
secondary antibodies: goat anti–rabbit Alexa Fluor 647 and goat anti–rat 
Alexa Fluor 488 (Life Technologies). After washing, cells were incubated with 
DAPI and mounted over Fluoromount G (Interchim). Confocal microscopy 
was performed using the SP8 Leica microscope using LAS AF software 
(Leica) and ImageJ software.

VEGF dosage
Tumors were mechanically dissociated with lysis buffer (T-PER Tissue Pro-
tein Extraction Reagent; Thermo Fisher Scientific) containing a protease  
inhibitor (Halt Protease Inhibitor Cocktail, EDTA-Free; Thermo Fisher Sci-
entific). For each tumor model, the same quantity of tumors has been dissoci-
ated in the lysis buffer (100 mg of tumors in 2 ml of lysis buffer). Supernatant 
was obtained after centrifugation. VEGF-A concentration was evaluated by 
ELISA (mouse VEGF DuoSet; R&D Systems).

Isolation and culture of lymphocytes
CD8+ T lymphocytes were purified from splenocytes using a CD8+ isolation 
kit (Miltenyi Biotec). Purified CD8+ T lymphocytes were cultured in the 
presence of plate-bound anti-CD3 (10 µg/ml) with or without recombinant 
murine VEGF-A (50 ng/ml; Miltenyi Biotec). After 48 h of culture, cells 
were harvested and analyzed by cytometry or used to extract mRNA.  
In some experiments, anti–VEGF-R1 (20 µg/ml; R&D Systems) or anti–
VEGF-R2 (10 µg/ml; clone 91202; R&D Systems) antibodies or isotype 
control were added to the culture medium. In some experiments, 11R-
VIVIT (Merck Millipore) was added 1 h at 5 µM before the addition of 
VEGF-A and during the stimulation with VEGF-A.

RNA sample preparation and quantitative RT-PCR analyses
Total RNA from VEGF-A-treated or nontreated CD8+ T cells were puri-
fied using RNeasy kit (QIAGEN). Reverse transcription was performed 
with QuantiTect Reverse Transcription kit (QIAGEN). Quantitative real-
time PCR was performed on a Step-One Plus (Applied Biosystems) using 
TaqMan Low Density array (Applied Biosystems). RNA18S was used to 
normalize gene expression.

Statistical analyses
Results are expressed as means ± SEM or ranges, as appropriate. The Mann-
Whitney test was used to compare two groups. The Kruskall-Wallis test was 

could down-regulate the expression of these inhibitory re-
ceptors. Combining antiangiogenic agents targeting the 
VEGF-A–VEGF-R2 axis could synergize with immunother-
apeutic approaches, as shown here, by combining anti–VEGF-A 
with anti-PD-1 in VEGF-expressing tumors, which are resis-
tant to anti-PD-1 treatment. As in mouse tumor models, 
tumor-infiltrating CD8+ T cells, but not circulating CD8+  
T cells, derived from colorectal cancer patients express 
VEGFR2 (48.4 ± 14.25%). Further investigations are needed 
to determine if VEGF-A could modulate inhibitory receptor 
expression on human CD8+ T cells.

MATERIALS AND METHODS

Animals
6–8-wk-old female BALB/c or C57BL/6 mice were purchased from Charles 
River Laboratories and kept in specific pathogen–free conditions at the In-
stitut National de la Santé et de la Recherche Médicale U970 animal facility. 
Experiments respected institutional guidelines and were approved by the 
Paris-Descartes University ethics committee (CEEA34.MT.072.12).

Animal models and treatments

Heterotopic tumor models. Two-colon carcinoma models were used: 
CT26 and MC38. CT26, an N-nitroso-N-methylurethane-induced undif-
ferentiated colon carcinoma cell line, was obtained from American Type Cul-
ture Collection and MC38 was provided by N. Chaput (Insitut Gustave-Roussy, 
France). VEGF KO and wild-type MEF cells were provided by C. Stock-
mann (INSERM, Paris, France). The VEGF-A–deficient MEFs are isogenic 
with the wild-type MEFs (Stockmann et al., 2008). CT26 cells (2 × 105) or 
VEGF-KO MEF and wild-type MEF cells (106) or MC38 (5 × 105) were  
injected subcutaneously at day 0 in the right flank of BALB/c mice (CT26) or 
C57BL/6 mice. Tumor growth was monitored twice a week using a caliper.

Model of colorectal liver metastases. At day 0, the BALB/c mice were 
anesthetized with i.p. injection of 100 µl of ketamine/xylazine and operated 
on through a midline laparotomy. After liver exposure, a single liver tumor 
was induced by direct injection of 1.5 × 104 CT26 cells under the liver cap-
sule of the left lobe. The midline incision was closed with interrupted suture. 
At day 10, all mice were randomized between the control and the treated 
groups before treatment. At day 24, mice were sacrificed.

Treatments. Treatments were started when the tumors reached 9–10 mm2. 
Sunitinib (Sutent) and masitinib (4-[4-methylpiperazin-1-ylmethyl]-N-[4-
methyl-3-[4-pyridin-3ylthiazol-2-ylamino] phenyllbenzamide-mesylate 
methane sulfonic acid salt) were given by oral gavage at 40 mg/kg daily and 
30 mg/kg bid, respectively. Sunitinib and masitinib were dissolved in DMSO 
and diluted in PBS before administration. Control mice received DMSO  
diluted in PBS. In this study, masitinib was used as a negative control to 
probe the VEGFR inhibition of sunitinib. Masitinib is a highly selective TKI 
that targets a limited number of key kinases involved in various cancers and 
inflammatory diseases, including c-Kit, PDGFR and Fak, but not VEGFR 
(Dubreuil et al., 2009). Masitinib is currently the most selective TKI in clini-
cal development or already approved to date. An anti–mouse-VEGF-A anti-
body (B20-4.1.1) was administered i.p. at 5 mg/kg twice a week.

In some experiments, a neutralizing anti–mouse PD-1 antibody (RPM1-
14; Yamazaki et al., 2005) was administered i.p. at 0.25 mg twice a week. 
Sunitinib was provided by Pfizer, anti–mouse-VEGF-A antibody was pro-
vided by Genentech, and masitinib was provided by AB Science SA. After 
treatments, tumors were dissociated using Gentle Macs dissociator (Miltenyi 
Biotec). For CD8+ T cell depletion studies, anti-CD8 antibody (clone 2.43; 
BioXcell) or isotype control antibody (rat IgG2a) was administered at 100 µg 
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