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Cancer immunotherapies are increasingly combined with targeted
therapies to improve therapeutic outcomes. We show that combi-
nation of agonistic anti-CD40 with antiangiogenic antibodies target-
ing 2 proangiogenic factors, vascular endothelial growth factor A
(VEGFA) and angiopoietin 2 (Ang2/ANGPT2), induces pleiotropic
immune mechanisms that facilitate tumor rejection in several tumor
models. On the one hand, VEGFA/Ang2 blockade induced regression
of the tumor microvasculature while decreasing the proportion of
nonperfused vessels and reducing leakiness of the remaining vessels.
On the other hand, both anti-VEGFA/Ang2 and anti-CD40 independently
promoted proinflammatory macrophage skewing and increased
dendritic cell activation in the tumor microenvironment, which were
further amplified upon combination of the 2 treatments. Finally,
combined therapy provoked brisk infiltration and intratumoral redis-
tribution of cytotoxic CD8* T cells in the tumors, which was mainly
driven by Ang2 blockade. Overall, these nonredundant synergistic
mechanisms endowed T cells with improved effector functions that
were conducive to more efficient tumor control, underscoring the
therapeutic potential of antiangiogenic immunotherapy in cancer.
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einvigoration of T cell function by PD-1 and/or CTLA-

4 immune checkpoint blockade can result in striking clinical
responses in selected cancer types, yet these treatments are ef-
fective only in a minority of cancer patients (1, 2). Agonistic
targeting of CD40 represents an alternative approach for pro-
moting antitumor immunity (3). CD40, a tumor necrosis factor
(TNF)-receptor superfamily member, is primarily expressed on
antigen-presenting cells (APCs), including dendritic cells (DCs), B
cells, macrophages, and monocytes, as well as nonhematopoietic
cells and subsets of cancer cells. Ligation of CD40 with CD40L
(CD154) results in direct activation of APCs, which involves up-
regulation of costimulatory and MHC molecules and production
of proinflammatory cytokines. This is a key step in the generation
of an antitumor immune response, and there is evidence that ago-
nistic CD40 antibodies facilitate rejection of established tumors in
different mouse models of cancer (4, 5). CD40-targeting antibodies
with varying binding affinity are evaluated in clinical trials, including
selicrelumab (RG7876), dacetuzumab, APX 005M, ChiLob 7/4, and
lucatumumab (3, 6). While toxicity appears manageable and dura-
ble anticancer responses were observed, clinical activity of single-
agent CD40 antibodies appears to be rather modest, with response
rates of <20% in patients (6). Clinical efforts are currently directed
at exploring combinations of anti-CD40 with chemotherapy, PD-1/
PD-L1 blocking antibodies (e.g., NCT02304393, NCT03502330,
NCT03123783, and NCT02706353), or antiangiogenic antibodies
bevacizumab (Avastin; a clinically approved antivascular endo-
thelial growth factor A [anti-VEGFA] antibody) and vanucizumab
(an anti-VEGFA/Ang2 bispecific antibody) (NCT02665416).

www.pnas.org/cgi/doi/10.1073/pnas.1902145116

Angiogenesis contributes to tumor growth and progression by
inducing and maintaining an acidic/hypoxic and immunosuppres-
sive environment (7, 8). The tumor frequently harbors dysfunc-
tional blood vessels, which limit T cell trafficking (7). Furthermore,
several proangiogenic growth factors, primarily VEGFA, limit DC
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maturation and promote the accumulation of immunosuppressive
immature myeloid cells in tumors (9-11). Blocking proangiogenic
growth factors may, therefore, not only inhibit angiogenesis but
also relieve immunosuppression in tumors. Several antiangiogenic
therapies that block VEGFA signaling are tested both preclinically
and clinically. Yet, anti-VEGFA therapies combined with
standard-of-care treatments increase progression-free survival by
only 3 to 6 mo with minor, if any, improvement of overall survival
rates, depending on the cancer type (12). In glioblastoma patients
and various mouse cancer models, resistance to anti-VEGFA
therapy may be associated with the induction of the proangio-
genic factor angiopoietin 2 (Ang2/ANGPT2), a ligand of the
TIE2/TEK receptor (13-15). In various tumor models, Ang2/
Tie2 inhibition reduces tumor growth in the presence of active
VEGEFR signaling; nevertheless, greater inhibitory effects on an-
giogenesis and tumor growth are observed with combined block-
ade of Ang2 and VEGFA (15-22). Additionally, Ang2 blockade
induces blood vessel normalization, blocks metastasis, and pro-
motes a proinflammatory tumor microenvironment (9, 17, 20, 23—
25). Ang2 inhibition, with or without concurrent VEGFA in-
hibition, is being evaluated in clinical trials in combination with
chemotherapy and other anticancer agents (14, 26).

Preclinically, both DC101, an anti-VEGFR2 antibody, and
A2V, an anti-VEGFA/Ang2 bispecific antibody, have been shown
to increase the efficacy of anti—-PD-1/PD-L1 immunotherapy by
increasing T cell trafficking in tumors (22, 27). Several clinical
studies (NCT03439891, NCT03277924, NCT03616691, and
NCT03074513) are evaluating the efficacy of antiangiogenic
therapy in combination with immune checkpoint blockade (1, 2,
26, 28, 29). Anti-CD40 immunotherapy (3-6, 30, 31) might rep-
resent a complementary approach to immune checkpoint inhibi-
tors for combination with angiogenesis inhibitors (32). In this
study, we show that combination of agonistic CD40 antibodies
with dual VEGFA/Ang?2 blockade enhances antitumor responses
in mouse cancer models through synergistic gene regulation and
the induction of an immune permissive tumor microenvironment
characterized by proinflammatory (M1-like) macrophage activa-
tion, vascular normalization, and improved infiltration and spatial
localization of effector T cells.

Results

Combination of Anti-VEGFA, Anti-Ang2, and Agonistic Anti-CD40
Antibodies Enables Tumor Rejection in Syngeneic Tumor Models.
We examined tumor responses to anti-VEGFA, anti-Ang2, and
agonistic anti-CD40 antibodies in various mouse cancer models
(for details on cancer models, refer to Materials and Methods and
Dataset S1). We utilized the following antibodies as antiangiogenic
agents: murinized anti-Ang2 (clone LC06) (22), murinized anti-
VEGFA (clone B20.4.1) (33), and a combination of anti-Ang2
and anti-VEGFA or a murinized bispecific antibody targeting
the 2 proangiogenic factors (A2V) (19, 22, 24). In order to ac-
tivate CD40, we used 2 anti-CD40 antibodies, clone 1C10 (mu-
rine immunoglobulin 1 [IgG1]) and clone FGK45 (rat IgG2a),
which are both dependent on Fc receptor cross-linking and
recognize the same CD40 epitope (34). Control mice received
irrelevant IgGs or histidine buffer. Treatments and dosage reg-
imens are described in detail in Dataset S1.

Single-agent treatments had modest antitumor activity com-
pared to control IgGs in the MC38 colorectal adenocarcinoma
model (Fig. 14). Combination of Ang2 and VEGFA inhibition
had additive antitumoral effects, consistent with previous studies
(22). Whereas anti-CD40 only had modest inhibitory effects in
combination with anti-VEGFA (1/17 tumor-free mice), it in-
duced stabilization of tumors in a larger proportion of the mice
when combined with either anti-Ang2 (6/17 tumor-free mice) or
anti-VEGFA/Ang2 (9/17 tumor-free mice); notably, the combi-
nation of the 3 antibodies provided the most pronounced survival
benefits (Fig. 1B). When we analyzed MC38 tumors on-therapy
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in an independent experiment, we found greater intratumoral
necrosis after anti-Ang2/CD40 or anti- VEGFA/Ang2/CD40
treatment, emphasizing the critical contribution of Ang2 blockade
to the therapeutic response (Fig. 1 C and D). Of note is that anti-
CD40 monotherapy or its combination with VEGFA/Ang?2 did not
cause liver damage, cell dropout, or fibrosis, although a mild
mononuclear infiltrate, strictly confined to portal tracts, was ob-
served in both treatment groups (SI Appendix, Fig. S14).

Analysis of other tumor models revealed additive antitumoral
effects of anti-VEGFA/Ang2 plus anti-CD40. Even in established
orthotopic MMTV-PyMT (mouse mammary tumor virus-polyoma
virus middle-T antigen) mammary tumors, which are insensitive to
anti-CD40 treatment, combined CD40 activation and VEGFA/
Ang?2 blockade had superior antitumoral activity, resulting in tu-
mor growth stabilization in 3 out of 10 mice (SI Appendix, Fig. S1
B and C). We obtained similar results in the CT26 colon carci-
noma and E0771 mammary tumor models (S Appendix, Fig. S1 E
and F). The combined treatment improved tumor control also
in chicken ovalbumin (OVA)-expressing B16 melanomas (B16-
OVA), which are sensitive to both VEGFA/Ang?2 inhibition and
CDA40 activation (SI Appendix, Fig. S1D). Together, these results
indicate that combining anti-VEGFA/Ang2 with agonistic anti-
CD40 antibodies produces robust survival benefits, including tu-
mor rejection, in different mouse models of cancer.

Dual VEGFA/Ang2 Blockade Reprograms Tumor-Associated Blood
Vessels. We examined microvessel density (Fig. 2 A-D), leaki-
ness (Fig. 2F), and perfusion (Fig. 2F) in MC38, MMTV-PyMT,
and B16-OVA tumors. The relative abundance of CD31% blood
vessels was reduced by both anti-VEGFA/Ang?2 and anti-VEGFA/
Ang2/CD40 compared to control IgGs in the 3 models tested (Fig.
2 A-D). Anti-CD40 monotherapy did not alter microvessel density
compared to control tumors.

Increased leakiness and reduced perfusion of immature blood
vessels may impair intratumoral drug delivery and immune cell ex-
travasation (11). We performed intravenous (iv.) injection of fluo-
rescein isothiocyanate (FITC)-dextran (70 kDa) or FITC-lectin to
visualize leaky and nonperfused (nonfunctional) blood vessels, re-
spectively, in MC38 tumors (Fig. 2 E and F). The fraction of non-
functional CD31" vessels was significantly reduced in the anti-
VEGFA/Ang2 and anti-VEGFA/Ang2/CD40 treatment groups, sug-
gesting normalization and/or increased maturation of the remaining
blood vessels; however, we did not observe additive effects of anti-
CD40. We also performed dual NG2 and CD31 immunostaining to
examine pericyte coverage, which is indicative of vascular maturation
(11). We found that anti-Ang2/CD40 increased pericyte coverage of
tumor blood vessels. This effect was partly limited by the addition of
anti-VEGFA (Fig. 2G) and could be explained by the antiangiogenic
effect of VEGFA blockade, which may contribute to decreasing
maturation while improving functionality of the blood vessels
(22, 24). Therefore, dual VEGFA and Ang?2 inhibition induces
both vascular pruning and normalization of residual blood ves-
sels in different mouse tumor models.

Anti-VEGFA/Ang2/CD40 Treatment Promotes Myeloid Cell Skewing in
Tumors. Anti-CD40 therapies target myeloid cell populations in
tumors, leading to their activation and maturation (35-37). Dual
VEGFA and Ang2 blockade was shown to promote myeloid cell
activation in tumors, including M1-like tumor-associated macro-
phage (TAM) skewing and improved antigen presentation by DCs
(22, 24). We then asked whether anti-CD40 plus VEGFA/
Ang2 could cooperatively foster immunostimulatory myeloid cell
activation in tumors. We observed that anti-CD40 either alone or in
combination with anti-VEGFA/Ang2 markedly reduced the fre-
quency of CD11b*"Ly6C Ly6G F480" macrophages (TAMs) in the
leukocyte infiltrate of MC38 tumors (Fig. 34). However, the triple
combination significantly decreased the proportion of CD206™
CD11cY M2-like TAMs and consequently increased the M1/M2
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Fig. 1. Therapeutic efficacy of Ang2/VEGFA blockade in combination with agonistic CD40 antibodies. (  A) Tumor volume and ( B) Kaplan Meier survival
plot of MC38 tumors inoculated s.c. in C57BL/6 mice. Mice were treated as indicated. Anti-CD40 (1C10) or control mulgG (both at 5 mg/kg) were ad-
ministered i.p. on days 18, 20, 23, and 25, whereas anti-VEGFA and anti-An g2 (both at 10 mg/kg) were administered i.p. on days 18 and 23 postcell
inoculation. Pooled data of 3 independent experiments are shown. The number of tumor-free mice out of the t  otal number of mice, assessed at day
100 posttumor challenge, i s indicated in each graph in A. (C) Relative necrotic area in MC38 tumors treated as indicated, measured in the largest tumor
section. Each dot indicates one tumor. Data indicate mean values + SEM. Statistical analyses by 1-way ANOVA with Tukey 's correction for multiple
comparisons. (D) Representative images of tumor sections stai ned with hematoxylin/eosin. (Scale bar, 1,000 m.) The number of mice employed in each
experiment is reported in Dataset S2.
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