1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Leukoc Biol. Author manuscript; available in PMC 2023 June 01.

-, HHS Public Access
«

Published in final edited form as:
J Leukoc Biol. 2022 June ; 111(6): 1269-1286. doi:10.1002/JLB.5RU0222-082R.

Direct and indirect regulation of the tumor immune
microenvironment by VEGF

Yuging Zhang12:34 Rolf A. Brekken12:3
IHamon Center for Therapeutic Oncology Research, UT Southwestern Medical Center, Dallas,
Texas, USA

2Department of Surgery, UT Southwestern Medical Center, Dallas, Texas, USA
3Cancer Biology Graduate Program, UT Southwestern Medical Center, Dallas, Texas, USA

4Current affiliation: Department of Medical Oncology, Dana-Farber Cancer Institute, Boston,
Massachusetts, USA

Abstract

Vascular endothelial growth factor-A (VEGF) is the predominant angiogenic factor that is
expressed in solid tumors. Besides its critical function in mediating tumor angiogenesis, multiple
studies have demonstrated that VEGF also contributes to tumor immunosuppression. VEGF
interferes with immune cell trafficking indirectly by promoting a vascular immune barrier through
VEGF receptor (VEGFR) activity on endothelial cells. However, VEGFRs are also expressed

on multiple immune cell types, including T cells (effector T cells, Tregs) and myeloid cells

(DCs, TAMs, MDSCs), where VEGF can have direct effects on immune cell phenotype and
function. Thus, it is not surprising that strategies targeting VEGF/VEGFRs have shown efficacy in
alleviating tumor-associated immunosuppression and have been combined with immunotherapies,
especially immune checkpoint blockade. In this review, we discuss the direct and indirect effects
of VEGF on the immunosuppressive tumor microenvironment with particular focus on the direct
regulation of immune cells through VEGFR?2 activity. We also summarize preclinical and clinical
observations of combining antiangiogenesis agents with immunotherapies for the treatment of
solid tumors.
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1| INTRODUCTION

Tumors exploit conserved immune regulatory pathways to evade immune-mediated
elimination. Tumor cells and stromal cells in the tumor microenvironment (TME)

engage immune checkpoints, including cytotoxic T lymphocyte antigen 4 (CTLA-4) and
programmed cell death protein 1 (PD-1) expressed on T cells to suppress the function

of cytotoxic T lymphocytes (CTLs) and prevent antitumor immune activity. The advent

of immune checkpoint blockade therapy has revolutionized the treatment of many tumor
types and has become a central therapeutic strategy for subsets of patients with advanced
malignances. This strategy was first demonstrated using antibodies that block CTLA-4
function and resulted in inhibition of tumor growth and durable antitumor memory in
mice.l CTLA-4 expressed on T cells binds to B7 molecules such as CD80 and CD86 on
APCs and subsequently blocks T-cell priming and activation.? The blockade of PD-1 on T
cells or its ligands, PD-L1 and PD-L 2, expressed by cancer cells and host myeloid cells,
also enhances the antitumor activity of tumor antigen-primed CTLs.3 Under physiologic
conditions, the activation of CTLA-4 or PD-1 pathways on T cells contributes to the
maintenance of tolerance to self-antigens and prevents autoimmunity. However, tumors
up-regulate the expression of CLTA-4 and PD-1 ligands to abrogate the downstream effects
of T-cell activation.# In essence, immune checkpoint blockade removes the brake on T-cell
activation and triggers adaptive immune responses in appropriately primed CTLs.3

Immune checkpoint strategies are approved for first-line therapy for multiple indications,
such as melanoma, lung cancer, and metastatic colorectal cancer, and when combined with
other treatments has elicited remarkable antitumor responses in patients with a variety

of solid tumors.>~7 Although immune checkpoint blockade leads to durable responses in
melanoma patients, only a fraction of cancer patients benefit from immune checkpoint
blockade, and the rate of complete response to anti-PD-1 or anti-CTLA-4 antibodies
remains low.>8 Therefore, multiple strategies are currently under investigation to improve
the therapeutic efficacy of immunotherapies. Importantly, tumors with preexisting tumor-
infiltrating lymphocytes (TILs) and a less immunosuppressive microenvironment, which are
considered as immunologically “hot,” tend to have better response to immune checkpoint
inhibitors (ICls).® Abnormal tumor angiogenesis has been described as a major component
among various factors in the immunosuppressive TME that limit the therapeutic benefit of
ICIs in patients.1% The abnormal vascular network that results from tumor angiogenesis
restricts efficient lymphocyte infiltration into the tumor site, which compromises the
efficacy of immunotherapies.® Angiogenesis, the process of generating a new vascular
network through the sprouting of an existing vessel in response to proangiogenic factors,
is crucial for the progression and metastasis of solid tumors.11 However, angiogenesis

is also associated with immunosuppression; thus angiogenesis and immunosuppression
likely occur in parallel during tumor formation and progression.12 Indeed, a variety of
proangiogenic factors, especially vascular endothelial growth factor-A (hereafter referred
to as VEGF), a primary stimulant of angiogenesis, have immunosuppressive functions.
Thus, targeting angiogenic pathways has been exploited in an attempt to restore antitumor
immune responses.®13 In this review, we discuss the effects of VEGF on regulating the
tumor immune microenvironment, including the modulatory effects of VEGF on tumor
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endothelium and different immune cell types. As VEGF receptors and their functions on
myeloid cells have been under investigation recently, we focus on the direct effects of

VEGF on regulating different myeloid cells and review the latest preclinical and clinical
observations on the immunostimulatory outcomes of antiangiogenic agents. The strategies of
antiangiogenic therapies discussed in this review have been widely explored and their effects
on modulating tumor immune microenvironment are summarized in Table 1.

2| THE VEGF FAMILY AND VEGFRS

The VEGF family is comprised of VEGFA-D and placenta growth factor (PIGF). These
growth factors bind to receptor tyrosine kinases, namely VEGF receptors VEGFR1-3,

with different affinities and many of them also interact with neuropilins and heparan

sulfate proteoglycans as coreceptors.14 Among these receptors, VEGFR?2 is the dominant
receptor mediating VEGF proangiogenic activity in endothelial cells.1> VEGF binding leads
to receptor homodimerization, resulting in the phosphorylation of tyrosine residues and
activation of the kinase domain, which recruits adaptor molecules and mediates intracellular
signaling pathways that regulate endothelial cell survival, migration, and proliferation.16:17

VEGEF is a potent angiogenic factor that exists as 4 different isoforms, VEGF151,

VEGF1g5, VEGF1g9, and VEGFqg, due to alternative splicing.18 These isoforms differ

in their interaction with the coreceptors and extracellular matrix while maintaining similar
affinities for VEGFR2.19 VEGF has 2 main receptors: VEGFR1 and VEGFR2, which

are expressed widely in vascular endothelial cells. Although VEGF has at least a 10-fold
higher affinity for VEGFR1 compared with VEGFR2, VEGFRL1 phosphorylation induced
by VEGF is weak and VEGFR1 signaling remains poorly understood.14:20 Furthermore,
convincing genetic data utilizing mice homozygous for VEGFR1-targeted mutation indicates
that VEGFR1 functions during development as a negative regulator of VEGF-induced
VEGFR2 function.?! Furthermore, a soluble VEGFR1 variant has been reported to form

a heterodimer with VEGFR2 and reduce VEGFR2 signaling.2? Therefore, VEGFR1 is
typically considered as a decoy receptor that controls the amount of available VEGF, thus
negatively regulating VEGFR2 signaling. VEGFR2 is essential for vasculature formation
during embryonic development. Mice deficient in VEGFR2 die in utero as a result of a
failure to develop organized blood vessels and due to disrupted hematopoietic precursors.22
Although VEGFRs were considered to be expressed exclusively on endothelial cells, it is
now well established that VEGFRs are also expressed on other cell types, including some
tumor cells, T cells, dendritic cells (DCs), tumor-associated macrophages (TAMs), and
myeloid-derived suppressor cells (MDSCs).18:23-25

3| VEGF INDUCES AN IMMUNE VASCULAR BARRIER

The success of immunotherapy requires the infiltration of effector immune cells, their
extravasation into the tumor stroma, and their direct interaction with tumor cells. However,
tumor vasculature is characterized as leaky, irregular, lacking pericyte support, and
inefficient in perfusion.1! Consequently, tumor vasculature is impaired in its function

of nutrient and oxygen delivery as well as facilitating immune cell infiltration. The
process of immune cell infiltration consists of homing of immune cells, adhesion to
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the endothelium, and cytokine-mediated diapedesis.2 Due to the activity of angiogenic
factors, including VEGF, tumor-associated endothelial cells have a suppressed expression
of adhesion molecules, such as VCAM-1 and ICAM-1. Reduced endothelial expression

of adhesion molecules limits T-cell attachment to the vessel and decreases efficient T-

cell infiltration.26:27 However, it has been demonstrated that VEGF signals to 2 parallel
downstream pathways that have opposite function to finely regulate adhesion molecules
expression. In vitro stimulation of normal endothelial cells with VEGF results in the
activation of NF-«B through the PLC y-sphingosine kinase-PKC pathway, which stimulates
the transcription of adhesion molecules, including ICAM-1 and VCAM-1. At the same
time, VEGF-mediated activation of the PI3K pathway actively suppresses the expression of
ICAM-1 and VCAM-1.28 In addition, on tumor-associated endothelial cells, VEGF inhibits
TNF-a-induced VCAM-1 and ICAM-1 expression.?? These effects are reversed by VEGF
blockade.2? In addition to VCAM-1 and ICAM-1, CD34 that has been widely used as a
stem-cell marker has also been identified as an adhesion molecule required for immune
cell adhesion.30 The expression of CD34 is also suppressed on tumor endothelial cells in
response to VEGF and fibroblast growth factors.3!

Besides the regulatory function of adhesion molecules, the infiltration of immune cells
also requires inflammatory cytokines, such as TNF-a to mediate leukocyte capture, rolling,
and transmigration.32:33 VEGF is also reported to interfere with proinflammatory TNF-a
signaling in endothelial cells.3* VEGF treatment inhibits TNF-a-mediated regulation of
CXCL10 and CXCL11, which contributes to decreased T-cell adhesion to endothelial cells.
VEGFR? inhibition by small molecule inhibitors up-regulated the expression of CXCL10
and CXCL11 in tumor vasculature in a B16 melanoma model, thus improving T-cell
recruitment.34 The dual inhibition of angiopoietin-2 and VEGF also results in the activation
of proinflammatory signaling pathways, including the TNF-a, type I and Il IFNs, and
NF-xB pathways, in endothelial cells sorted from murine breast tumors. Consistently, the
blockade of angiogenic factors results in the up-regulation of CXCL10, VCAM-1, and
PD-L1 expression on CD31* blood vessels.3® VEGF and TNF-a produced by tumor cells
also enable human proangiogenic monocyte extravasation into tumors through the GATA3-
induced suppression of CX3CL1 on vessels.36

Furthermore, tumor endothelial cells create a selective immune barrier by up-regulating

the death mediator Fas ligand (FasL).3” A prior study found no correlation between FasL
expression and VEGF level in acute myeloid leukemia patient samples38; however, recent
studies illustrate that VEGF, IL-10, and prostaglandin E2 (PGE2)induce FasL expression
on tumor endothelium cooperatively.3” The interaction between Fas expressed on effector
CD8™ T cells and FasL mediates cell death and limits cytotoxic CD8* T-cell infiltration but
does not affect the accumulation of regulatory T cells (Tregs).3” The blockade of VEGF
together with the pharmacologic inhibition of PGE, or COX-2 (the enzyme responsible for
the formation of PGEj) results in decreased FasL expression by tumor vasculature and a
significant increase in cytotoxic CD8" T-cell infiltration into the tumor niche in multiple
models.37:39 It is worth noting that, compared with high dose anti-VEGFR2 treatment, lower
doses were shown to promote T cell infiltration more potently in preclinical breast cancer
models, since high-dose antiangiogenic therapy tends to excessively prune tumor vessels,
creating a hypoxic and immunosuppressive TME. Thus, optimized doses of antiangiogenic
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therapies can normalize the tumor vasculature in multiple aspects and support immune cell
trafficking.40:41

4| DIRECT EFFECTS OF VEGF ON T CELLS

CD4" and CD8™ T cells are the main lymphocytes in cell-mediated immunity and are
central to antitumor immunity.#2 CD8* T cells recognize tumor-specific antigens bound to
MHC class | expressed on tumor cells. This recognition leads to direct killing of tumor
cells through T cell release of cytotoxins such as perforin and granzymes.*3 CD4* T
cells, on the other hand, are highly versatile and can differentiate into several subtypes
responding to different cytokine stimuli, which allow them to provide help and regulation
to effector immune cells and function as coordinators of adaptive immunity. CD4* T

cells are mainly classified as T-helper cell and Treg, with Tregs predominantly mediating
immunosuppression.** VEGF has direct effects on T cells. VEGF at concentrations found
in advanced-stage cancer patients disrupts the development of T cells from hematopoietic
progenitor cells (HPCs) and leads to thymic atrophy.4> Additionally, VEGF infusion into
tumor-free mice decreases T-cell fraction and the T cell/B cell ratios in lymph nodes and
spleen.46

41| VEGF directly reduces effector T cell activity

Among VEGFRs, VEGFR2 is expressed on T cells. Studies evaluating the expression of
different types of VEGFRs on T lymphocytes from healthy donors show that VEGFR1 and
VEGFR3 are difficult to detect, whereas VEGFR2 is detected on the surface of CD3* T
cells. Moreover, after anti-CD3 activation, VEGFR?2 is up-regulated.#” Similarly, purified
CDS8™" T cells from tumor-free mice have a low level of VEGFR1 and VEGFR2 expression,
but stimulation with anti-CD3 antibodies increases VEGFR expression.*8 Further, the same
study found that tumor infiltrating CD8* T cells have a higher expression of VEGFR1

and VEGFR2 compared with splenic T cells.48 Hypoxia also induces VEGF and VEGFR2
expression in murine T-cell lines in a time-dependent manner, and VEGF secreted by
activated T cells leads to Thi polarization.*® For T lymphocytes from human PBMCs

and T cells isolated from the ascites of ovarian cancer patients, VEGF has been shown

to directly suppress T cell proliferation and reduce the cytotoxic activity of T cells

through VEGFR2.47:50 These effects can be attenuated by administration of anti-VEGFR2
antibodies.>0

In addition, VEGF contributes to the regulation of expression of inhibitory checkpoint
molecules on CD8* T cells in tumors through the activation of the VEGFR2-PLC »-
calcineurin-NFAT pathway.*8 By up-regulating the immune checkpoint molecules PD-1,
CTLA-4, T-cell immunoglobulin mucin-3 (TIM-3), and lymphocyte activation gene-3
(LAG-3), VEGF directly enhances T-cell exhaustion, which contributes to immune escape.
A recent study has revealed that a T-cell exhaustion-specific transcriptional program,
including the up-regulation of immune inhibitory molecules induced by VEGF, is dependent
on the transcription factor TOX in microsatellite stable colorectal cancers.2> A VEGFR2-
specific knockout in T cells, produced by crossing VEGFR2X/fIX mice with LCK-Cre mice,
resulted in improved overall survival in a syngenic MC38 model. TILs from VEGFR2
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conditional knockout mice displayed higher proliferation and cytokine production capacity
with down-regulated TOX and immune inhibitory molecule expression.23

Given the importance of CD8* T cells in the antitumor immune response, and the direct
modulation of CD8* T cells by VEGF, multiple strategies for VEGF blockade have

been shown to decrease immune checkpoint molecule expression on T cells and restore
antigen-specific CD8* T-cell effector function in preclinical models.23:48:51.52 A recent study
demonstrated that the inhibition of VEGFR2 but not VEGFR1 enhances cytokine production
and the antigen-specific response of CD8™ effector T cells.®! In response to anti-VEGF
therapy, which leads to a hypoxic environment, CD8* T cells in CT26 tumors possess
stabilized HIF-1a and up-regulated HIF-1a target genes that support CD8* effector T-cell
function.5! In addition, in PBMCs from patients with recurrent glioblastoma, treatment

with the VEGFR inhibitor axitinib suppressed TIM-3 expression on CD4" and CD8* T
cells.>3 Further, therapy with the VEGF-blocking antibody bevacizumab results in elevated
expression of genes related to Th1 chemokines and further enhances the infiltration of
proliferating CD8* T cells in metastatic renal cell carcinoma.>* Recently, an immune profile
analysis of PBMCs and TILs from pre- and post-ramucirumab (anti-VEGFR2) therapy

in advanced gastric cancer patients confirmed an enhanced CD8" T-cell infiltration and a
reduced PD-1 expression by CD8* T cells.®®

4.2 | VEGEF effect on Tregs

Tregs characterized as CD4*CD25"FoxP3* are critical for maintaining peripheral tolerance
under normal conditions and contribute to tumor immune suppression.®® Tregs inhibit

the antitumor activity of CD8* T cells and NK cells with various mechanisms including
secretion of inhibitory cytokines, such as IL-10, IL-35, TGF-g, and adenosine nucleosides
that suppress effector T cell function.>6 In addition, Tregs have also been shown to inhibit
the cytotoxicity of CD8" T cells and NK cells by killing these effector cells in granzyme B
and perforin dependent manner.>” Thus, high intratumoral Tregs correlate with poor disease
outcomes in multiple tumor types, including pancreatic, ovarian, and liver cancer.%® The
expression pattern of VEGFRs on Tregs is similar to that of effector T cells: VEGFR1 and
VEGFR? are expressed on a small population of Tregs in naive mice, but the percentages
of VEGFR1* and VEGFR2" Tregs are elevated in tumor-bearing mice.® The inhibition

of VEGF in CT26 tumor-bearing mice reduced Treg accumulation by directly inhibiting
Treg proliferation through VEGFR2 but did not affect the suppressive capacity of Tregs.>?
Consistently, the selective blockade of VEGF from binding to VEGFR2 decreases the
number of Tregs in genetically engineered mouse models of pancreatic cancer.4? Similarly,
silencing tumor-derived VEGF limits Treg infiltration and proliferation in tumor-draining
lymph nodes in B16 melanoma.®0

Consistent with preclinical studies, VEGF blockade by bevacizumab reduces Treg
recruitment and decreases the proportion of Ki67* Tregs in peripheral blood of patients
with metastatic colorectal cancer and glioblastoma.>%:61.62 primary TILs from advanced
gastric cancer patients treated with the VEGFR2-blocking antibody ramucirumab also
exhibit reduced Tregs, and in vitro assays confirmed VEGF promotes VEGFR2" Treg
proliferation, which could be reversed by ramucirumab.®® In addition, studies also indicate
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that the up-regulation of Treg signature genes or an increased number of Tregs contributes to
immunologic resistance to anti-VEGF therapy in glioblastoma.>3:63

5| EFFECTS OF VEGF ON MYELOID CELLS

51| DCs

DCs are professional APCs that are critical for the initiation of an antigen-specific
antitumor immune response. Immature DCs derive from bone-marrow HPCs and have

a low expression of costimulatory molecules and MHC class molecules, and thus have
limited capacity for antigen processing and presenting.846% DCs can be activated to undergo
maturation by a variety of environmental inflammatory stimuli, including soluble factors
secreted from tumor cells.®® The maturation of DCs results in efficient antigen presenting
and reduced antigen uptake.52:67 Activated DCs are characterized by up-regulated MHC and
costimulatory molecule (CD80 and CD86) expression. The activation of DCs also alters the
expression of chemokine receptors and cytokines.54

Multiple factors in the TME can lead to the dysfunction of DCs. Immature DCs in PBMCs
from cancer patients of different cancer types correlate with an increased level of VEGF

in plasma.58 VEGF was initially reported to directly inhibit DC maturation from CD34*
precursors.#6:66 The mechanism was illustrated later by evaluating the binding of VEGF to
HPCs. VEGF binding to VEGFR1 on HPCs inhibits the activation of NF-xB signaling in
HPCs, resulting in the defective maturation of DCs.89 Embryonic stem cells from VEGFR1-
or VEGFR2-deficient mice were exposed to VEGF or PIGF, which revealed that VEGFR1
is the dominant mediator for the inhibitory effect of VEGF on DC maturation, whereas

the tyrosine kinase activity of VEGFR2 contributes to early hematopoietic differentiation.24
Recent studies confirmed in peripheral blood from chronic myeloid leukemia and prostate
cancer patients that VEGF inhibits the maturation and function of DCs, and this inhibitory
effect is associated with high plasma levels of VEGF.%.71 Further, neuropilin-1, a coreceptor
for VEGF, is necessary to suppress the maturation of murine bone marrow-derived DCs that
are induced by LPS.”2 Although VEGF has no significant effect on mature DCs with regard
to phenotype, cytokine production, and the induction of apoptosis, VEGF disrupts mature
DC stimulation of allogeneic T cells, an effect mediated by VEGFRZ2, indicating different
functions of VEGF receptors in the maturation process of DCs.’3 Furthermore, VEGFR2
expression is abundant on plasmacytoid DCs from human and mouse tissues, but not on
those isolated from blood. VEGFR2 also contributes to the homeostasis of plasmacytoid
DCs and their response to IFN-a.”* In addition, an investigation of blood monocyte-derived
myeloid DCs (MDCs) from ovarian cancer patients demonstrated that VEGF can suppress
MDC maturation from progenitor cells and up-regulate PD-L1 expression on MDCs, which
can be reversed by blocking VEGF activity.”> Elevated PD-L1 expression on MDCs impairs
MDC-mediated T-cell activation. However, VEGF does not alter PD-L1, CD80, or CD86
expression levels on LPS-stimulated mature MDCs.

The modification of DC function by targeting the VEGF axis has been explored widely.
Small molecule tyrosine kinase inhibitors, such as sunitinib, sorafenib, and axitinib, have
been approved for therapy of multiple malignant diseases. However, the effects of these
inhibitors on DC function remain controversial, likely due to the diverse targets of these
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inhibitors as they also inhibit other tyrosine kinases besides VEGFRs. Sorafenib, but

not sunitinib, was reported to inhibit DC function by reducing cytokine secretion and
suppressing costimulatory molecule expression as well as the induction of antigen-specific T
cells.”® In contrast, another study demonstrated that sorafenib reversed the inhibitory effect
of VEGF on DC differentiation and produced an enhanced expression of HLA-DR and
CD86.7" The main difference between these studies was that the latter one focused on the
differentiation process of DCs. Sunitinib was shown to increase the level of blood myeloid
DCs in patients with advanced renal cell cancer experiencing regression.”® Treatment with
axitinib, on the other hand, leads to the dysfunction of DCs with inhibited expression

of activation markers and costimulatory receptors and an impaired induction of T-cell
proliferation.”® These complex and sometimes opposite results reinforce the importance

of understanding the effect of multitarget small molecule inhibitors when combining

with immunotherapeutic approaches. In contrast, bevacizumab treatment has shown more
consistent results, where it can restore the differentiation of human monocytes to DCs.”’
Consistently, elevated DCs and reduced immature progenitor cells in peripheral blood have
been detected in cancer patients after bevacizumab administration.80 In vitro studies also
suggest that supernatant from breast cancer cell lines with VEGF expression ablated by
shRNA induces PBMC-derived DCs to up-regulate CD80, CD86, and HLA-DR expression
and enhances DC-mediated T-cell cytotoxicity.81

52| TAMs

Macrophages are professional phagocytes of the innate immune system that contribute

to maintaining tissue homeostasis.82 They respond to danger signals and endogenous
molecules and are capable of inducing an inflammatory response and triggering adaptive
T-cell responses together with other immune cells.82:83 Macrophages respond differently
to various microenvironment stimuli and traditionally have been divided into 2 general
phenotypes based on their functions: proinflammatory macrophages (M1) in response to
Th1l-associated cytokines or LPS and anti-inflammatory macrophages (M2) activated by
IL-4 or IL-13 from Th2 cells. Although the M1 and M2 categorization of macrophages

is convenient, in reality, macrophages in tissues and tumors exist within a spectrum of
phenotypes and protein expression.8485 Generally, M1 macrophages are considered to have
antitumorigenic activity, whereas M2 macrophages are considered to have protumorigenic
activities.83:86 Macrophages are recruited early to tumor sites, and these TAMs mostly
resemble M2-type macrophages and can generally promote metastasis, stimulate tumor
angiogenesis, and lead to immunosuppression.87-89 Clinical studies have shown that

the infiltration of M2-like macrophages into tumors confers a poor clinical prognosis

in many types of cancers, such as pancreatic, prostate, and breast, and in Hodgkin’s
lymphoma,88:90-92

The infiltration of macrophages into tumors is mediated by a variety of cytokines,
chemokines, and growth factors, including VEGF.9% VEGFR1 is known to be expressed

on macrophages and functions as a chemotactic receptor.9495 VEGFR1 was initially found
to mediate VEGF-induced human monocyte migration.% Qian et al.%” identified a subset
of TAMs expressing VEGFRL in breast cancer (metastasis-associated macrophages), which
were remarkably enriched in metastatic sites. By utilizing a macrophage-specific VEGFR1-

J Leukoc Biol. Author manuscript; available in PMC 2023 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang and Brekken

Page 9

deleted genetic model, they further suggested that VEGFR1 signaling on metastasis-
associated macrophages is essential for breast cancer metastasis.%’ Relatedly, a recent
study showed that VEGFR1* metastasis-associated macrophages are highly angiogenic in
murine cancer models and colorectal cancer patients with liver metastasis. Additionally,
high VEGFR1" monocytes in liver metastasis or in circulating blood correlate with a

worse prognosis in colorectal cancer patients.?® VEGFR1 signaling on bone marrow-derived
macrophages inhibits 1L-4-induced arginase-1 expression.%? In contrast to VEGFR1, which
has been widely acknowledged to be expressed on macrophages, macrophages under normal
conditions express low to no VEGFR2.2> However, multiple studies have demonstrated
that a subset of TAMSs express VEGFR2, which is the dominant receptor mediating
VEGF-induced TAM infiltration into tumors.2> Furthermore, selectively inhibiting VEGF
binding to VEGFR2 decreases the recruitment of VEGFR2* TAMs.22:100 Consistent with
preclinical studies, the population of VEGFR2*/CD45119"/CD14* monocytes is prominent
in circulating blood from cancer patients compared with healthy donors, which might be

a potential marker for the efficacy of antiangiogenic treatment.191 Huang et al.192 recently
evaluated the function of VEGFR2 in the myeloid cell lineage and confirmed an elevated
expression level of VEGFR2 on myeloid cells is associated with murine glioma grade and
progression-free survival (PFS) in high-grade glioma patients. Mechanistically, VEGFR2
expression on bone marrow-derived cells contributes to the differentiation of myeloid
lineages and proangiogenic function, a process potentially driven by the inhibitor of DNA
binding protein 2, which was found to be an upstream regulator of VEGFR2 expression.102

TAM s also participate in angiogenesis by recruiting endothelial cells through secretion of
proangiogenic factors and chemokines, including VEGF, bFGF, CXCL8, and CXCL12.83 In
addition, TAMs express MMP9, which mediates extracellular matrix degradation releasing
matrix-associated VEGF.193 VEGF produced by TAMs induces a high-density vessel
network, infiltration of macrophages, and acceleration of tumor progression in the PyMT
tumor model.1%4 Additional studies validated that VEGF derived from myeloid-lineage
cells (mainly macrophages and neutrophils) is critical for the characteristics of tumor
vasculature, as a myeloid-specific deletion of Vegfattenuated the formation of tumor
vasculature. However, myeloid depletion of Vegfresulted in accelerated tumor progression
but sensitization to chemotherapy in multiple breast cancer models.105

Preclinical evidence suggests that VEGF blockade significantly reduces the recruitment of
immunosuppressive macrophages in breast cancer models.190:106 Other studies demonstrated
that low doses of an anti-mouse VEGFR2 antibody, DC101, can polarize TAMs from the
immunosuppressive M2-like macrophages toward an immunostimulatory M1-like phenotype
that show an elevated secretion of chemokines (such as CXCL9 and CXCL11) that facilitate
T-cell recruitment.40 Similarly, apatinib, a tyrosine kinase inhibitor selectively targeting
VEGFR2, when used at low doses also limits the recruitment of TAMs and modulates the
immunosuppressive TME to benefit immune checkpoint blockade in lung cancer.107

Interestingly, resistance to antiangiogenic therapies is commonly associated with TAMs,
as hypoxia caused by antiangiogenic agents promotes a compensatory recruitment of
angiogenic TAMs and other myeloid cells. 108109 The depletion of macrophages after
adaptive resistance to VEGF blockade improved the survival of ovarian cancer tumor-
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bearing animals.119 Microarray analysis identified macrophage migration inhibitory factor
(MIF) as another mediator for increased macrophage recruitment.11! Reduced MIF
contributes to bevacizumab resistance in glioblastoma patients and xenograft models

by promoting the expansion of M2-like macrophages.!11 Tie2-expressing monocytes/
macrophages (TEMSs) with high proangiogenic capacity are also involved in the escape of
malignant gliomas from antiangiogenic treatment.112.113 Angiopoietin-2, the ligand of Tie2,
contributes to the homing of TEMs and promotes the proangiogenic activity of TEMs.114
The dual targeting of angiopoietin-2/VEGF in multiple preclinical models has been shown to
suppress tumor growth efficiently and reprogram TAMs toward a proinflammatory M1-like
phenotype. 35115116

53| MDSCs

MDSCs are a population of highly immunosuppressive immature myeloid cells that
coexpress CD11b and Grl. MDSCs were initially identified in the context of the TME,
whereas in healthy individuals, immature myeloid cells differentiate into mature myeloid
cells, such as macrophages, DCs, and granulocytes.11” There are 2 main populations

of MDSCs that increase significantly in tumors: monocytic MDSCs (M-MDSCs) and
polymorphonuclear MDSCs (PMN-MDSCs).118 PMN-MDSCs are the dominant population
in tumor-bearing animals and are able to inhibit antigen-specific CD8* T cells but are less
immunosuppressive than M-MDSCs in suppressing T-cell activation in vitro.117:119 Multiple
mechanisms are exploited by MDSCs to modulate innate and adaptive immune responses,
including the expression of arginase-1, which depletes arginase, a lymphocyte nutrient;

the production of reactive oxygen species; the reduction of effector cell trafficking; and

the expansion of Tregs.117:120.121 Tymor-derived soluble factors contribute to myeloid cell
recruitment and function. For example, proinflammatory factors such as IL-1/, IL-6, IFN-y,
and IL-4 trigger the rapid generation of MDSCs from precursors and induce MDSC-induced
immunosuppression.122.123 Gabrilovich et al.*6 demonstrated that the in vivo infusion of
VEGF leads to dysfunction of DCs and increases the production of immature myeloid

cells. Immature myeloid cells, especially MDSCs that accumulate in cancer patients,
correlate with serum VEGF and disease progression.68:124.125 Additionally, increased levels
of all MDSC subpopulations in circulation are associated with disease progression.126 A
pronounced accumulation of MDSCs has been detected in murine pancreatic tumors, and
their levels are associated with elevated intratumoral VEGF levels during tumor progression.
Further, depletion of MDSCs improves the survival of tumor-bearing animals.127

VEGFR1 and VEGFR?2 are reported to make distinct contributions to cancer-associated
hematopoiesis. Huang et al.128 dissected the functions of VEGFR1 and VEGFR2 by
VEGF infusion and demonstrated that VEGFR2 is the main mediator for VEGF-induced
accumulation of CD11b*Gr1* cells, whereas the effect of VEGFRL is limited. The
accumulation of immature myeloid cells and their inability to differentiate into mature
DCs caused by VEGF is associated with the constitutive activation of Jak2/STAT3
signaling.12% A recent study confirmed VEGFR1 and VEGFR2 expression on tumor
infiltrating MDSCs in an ovarian tumor model.14 However, different from VEGFR1*
MDSCs, whose proportion remains unchanged across organs, the frequency of VEGFR2*
MDSCs increases significantly in tumors, indicating that VEGF-mediated recruitment of
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MDSCs into tumors is mainly dependent on VEGFR2 signaling.1* Further evaluation
showed that VEGFR2* MDSCs are arginase-1*, suggesting that VEGFR2* MDSCs
possess a high immunosuppressive capacity.14 Our recent study also demonstrated elevated
expression level of VEGFR2 on MDSCs from tumor-bearing animals, which contributes to
the immunosuppressive myeloid cell phenotype. We exploited the use of a myeloid-specific
Vegfr2-deleted mouse model30 and found that loss of Vegfr2 specifically in myeloid cells
reduced the immune suppressive function of tumor associated MDSCs.

Therefore, it is reasonable to restrain MDSC accumulation and reverse the
immunosuppressive function by disrupting the VEGF-VEGFR?2 axis. We and others have
demonstrated that multiple anti-VEGF strategies, including the use of antibodies and
sunitinib, can decrease the number of MDSCs and result in less T cell suppressive

capacity in inflammatory 4T1 breast cancer model and MC38 colon cancer model.106.130.131
Sunitinib inhibited MDSC recruitment via VEGFR inhibition and/or the inhibition of
STAT3 in MDSCs.132 Sunitinib treatment or selective inhibition of VEGF binding to
VEGFR?2 also significantly decreased PD-L1 expression on MDSCs and other myeloid
cells.130.131 The depletion of MDSCs caused by sunitinib treatment further benefits vaccine
efficacy and leads to an enhanced antigen-specific T-cell response in preclinical tumor
models.133 Further studies suggested that the anti-VEGFR2 antibody DC101 does not effect
MDSC mobilization but that DC101 attenuates the ability of M-MDSCs to inhibit T-cell
proliferation.134 Consistently, M-MDSCs from axitinib-treated mice also exhibit a reduced
suppressive capacity on T cells in a melanoma model.13 Clinical studies also reveal that
sunitinib treatment in renal cell carcinoma patients results in a reduction in peripheral
MDSCs, which correlates with a reduction in Tregs and type 1 T-cell suppression.136
Similarly, bevacizumab significantly reduces the percentage of PMN-MDSCs in the
peripheral blood of patients with unresectable non-small cell lung cancer (NSCLC).126

Myeloid cells, including MDSCs, have been thought to be involved in the resistance of
tumors to anti-VEGF treatments. Compared with anti-VEGF-sensitive tumors, refractory
tumors are often associated with an increase in tumor-infiltrating CD11b*Gr1* MDSCs and
bone marrow MDSCs, which produce high levels of MMP9 and can acquire an endothelial
phenotype, resulting in tumor vascularization.137:138 Gene expression analysis of bone
marrow MDSCs from refractory tumors reveals an enrichment of inflammatory cytokines,
which are markers of myeloid cell differentiation as well as proangiogenic factors.137 STAT3
signaling was also found to be essential for MDSC-mediated tumor angiogenesis.139 In
ovarian cancer murine models and clinical samples that are resistant to anti-VEGF therapy,
there is a significant increase in Gr1* MDSCs in hypoxic regions. This elevated infiltration
is thought to be mediated by GM-CSF.140 Thus, strategies targeting MDSCs are being
explored to overcome the resistance to antiangiogenic therapy.14! The vitamin A metabolite
all-trans retinoic acid has been found to induce the differentiation of MDSCs into ature
myeloid cells and potentiate anti-VEGFR2 therapy in breast cancer models.142 Additionally,
MDSC depletion with anti-Ly6G antibodies combined with the small molecule kinase
inhibitor sorafenib suppresses MDSC infiltration and improves the therapeutic efficacy

of sorafenib in syngeneic orthotopic liver tumors.143 Similarly, combination therapy with
anti-Gr1l antibodies and anti-VEGF neutralizing antibodies also shows significant activity in
controlling the growth of refractory tumors.137
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6| ANTIANGIOGENIC THERAPY IN COMBINATION WITH
IMMUNOTHERAPY

As discussed above, VEGF has direct and indirect effects on the immune system and
contributes to tumor immune evasion, which is summarized in Figure 1. As a result,
strategies targeting VEGF or the VEGF-VEGFR axis can promote an immunostimulatory
microenvironment. However, for patients with advanced disease, single-agent antiangiogenic
therapy is likely not sufficient to generate a robust and durable immune response. Therefore,
strategies that combine antiangiogenic therapy with immunotherapy are being pursued
vigorously.

6.1| Immune checkpoint blockade

The combination of ICIs with certain antiangiogenic agents has been investigated in
preclinical models and in cancer patients. In preclinical models, including pancreatic
neuroendocrine tumor and mammary carcinoma models that are poorly responsive to
anti-VEGFR2, PD-L1 was found to be up-regulated due to IFN-y produced by T cells.
Antibody-mediated blockade of PD-L1 and VEGFR2 prolonged antitumor responses,
reduced tumor burden, and increased animal survival. Efficacy was associated with the
formation of high endothelial venules that mediated lymphocyte infiltration.144 Similarly,
a combination of anti-PD-1 antibodies with DC101 was found to enhance antigen-specific
T-cell response and improve animal survival in a microsatellite-stable colorectal cancer
model.23 A recent study also demonstrated the efficacy of the dual inhibition of VEGF and
angiopoietin-2 together with PD-1 blockade in a murine model of glioblastoma. Response
was associated with elevated tumor-associated CD8* T cells and vessel normalization.14°
Additionally, the small molecule inhibitor axitinib in combination with anti-PD-1 or anti-
TIM-3 antibodies resulted in enhanced therapeutic efficacy in syngeneic murine models.146
Furthermore, blocking CD47, which is the ligand of another immune checkpoint regulator,
SIRPa, in NSCLC that is resistant to antiangiogenic therapy potentiates the benefits of
VEGFR blockade.147

The pretreatment level of serum VEGF has been reported to negatively correlate with
clinical response in patients with metastatic melanoma treated with anti-CTLA-4 antibodies
and in patients with advanced NSCLC receiving anti-PD-1 antibodies. These studies indicate
that VEGF may be a potential biomarker for therapy and they highlight the rationale

of targeting VEGF in these patients.148.149 |ndeed, clinical trials have shown that the
combination of a selective VEGF inhibitor, axitinib, with pembrolizumab (an anti-PD-1
antibody) in treatment-naive advanced renal cell cancer patients is well tolerated.150 A
randomized phase 2 clinical trial of atezolizumab (anti-PD-L1) alone or atezolizumab
combined with bevacizumab versus sunitinib was completed in previously untreated patients
with metastatic renal cell carcinoma. Median PFS with combination therapy was 11.7
months (95% CI, 8.4-17.3) compared with 8.4 months (95% Cl, 7.0-14.0) in those treated
with sunitinib alone, and 6.1 months (95% ClI, 5.4-13.6) in those receiving atezolizumab
monotherapy.15! The efficacy of combination therapy was superior in PD-L1* patients, who
had a median PFS of 14.7 months (95% ClI, 8.2—25.1).151 Biomarker analysis of patient
tissue from this trial demonstrated that a high expression of an effector T-cell gene signature
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is associated with improved overall objective response rates and PFS in the combination
arm.1®1 A phase 3 clinical trial is currently ongoing to confirm these results.2

In patients with metastatic renal carcinoma who had already received first-line ICls, the

use of second-line VEGFR tyrosine kinase inhibitors led to a partial response in 39.7% of
the patients and stable disease in 52.9%.152 Besides renal cell carcinoma, axitinib together
with pembrolizumab (anti-PD-1 antibody) has been applied to patients with advanced
sarcomas in a phase 2 trial, indicating manageable toxicity and preliminary efficacy. This
was particularly so for patients with alveolar soft-part sarcoma, 72.7% of whom reached
3-month PFS (95% CI 37.1-90.3).153 The combination of bevacizumab and nivolumab
(anti-PD-1 antibody) was also found to have activity in patients with relapsed ovarian cancer
in a phase 2 clinical trial, while interestingly, the majority of responses occurred in patients
with lower tumor PD-L1 expression.1%4

In conclusion, multiple preclinical studies have demonstrated promising results from
combining antiangiogenic agents with ICls. Clinical trials have demonstrated manageable
toxicity with some indications of improved efficacy. A large number of clinical trials are
currently under way to assess the application of combination regimens in various cancer

types.

6.2| Tumor vaccines

Tumor vaccines, such as DC vaccines and vaccines targeting tumor-associated antigens,
are designed to induce an immune response toward one or multiple self-antigens or
tumor-specific antigens. However, challenges in the development of cancer vaccines still
remain due to immune self-tolerance.15% In addition, the compromised immune system
in most patients in clinical trials likely contributes to disappointing results.196:157 As
discussed before, antiangiogenic agents promote effector cell infiltration and can reverse
the immunosuppressive microenvironment. Therefore, it might be beneficial to utilize
antiangiogenic treatment to boost vaccine-mediated immune responses. In preclinical
studies, vaccines targeting proangiogenic factors or tumor vasculature have shown the
potential of antivascular effects and the control of tumor growth by simultaneously targeting
angiogenesis and stimulating an antitumor immune response.158

Sunitinib treatment combined with OVA peptide-pulsed DC was shown to exhibit superior
antitumor effects in B16-OVA melanomas by facilitating antigen-specific T-cell response
while reducing MDSCs and Tregs in tumors and tumor-draining lymph nodes.15° The
antitumor effect was more potent when sunitinib was administrated at the time of initial
vaccine boost.1® A HER-2 peptide vaccine in combination with DC101 was investigated in
a genetic murine model of Her2* breast cancer, which resulted in inhibited tumor growth.160
Similarly, low-dose DC101 treatment combined with a whole cancer cell vaccine enhanced
vaccine therapy in an orthotopic breast cancer model and improved animal survival in an
MMTV-PyMT model.

A preliminary clinical study reported that a vaccine (ERC-1671) generated from cellular
and tumor lysate components of glioblastoma multiforme (GBM) showed signs of efficacy
in patients with progressive gliomas after bevacizumab failure.161 A larger cohort of
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GBM patients who failed bevacizumab therapy were treated with ERC-1671, resulting

in minimal toxicity and a 100% 6-month overall survival and 77% 40-week survival
compared with 33% and 10% in patients in the control group.162 A phase 2 clinical

trial is ongoing to verify the efficacy of ERC-1671 in combination with bevacizumab in
recurrent GBM.163 Recently, a personalized cancer vaccine developed by using autologous
DCs pulsed with whole-tumor cell lysates was tested in recurrent ovarian cancer patients,

in order to address the safety and feasibility of combination therapy with bevacizumab

and cyclophosphamide.164 Besides bevacizumab, sunitinib has also been combined with a
multipeptide cancer vaccine containing 10 tumor-associated peptides for advanced renal cell
carcinoma. A phase 3 trial of this strategy was disappointing, as the combination did not
improve overall survival compared with first-line therapy,6° highlighting the complexity of
combining small molecule inhibitors with tumor vaccines.

6.3 | Adoptive cell transfer

A therapy involving the adoptive transfer of immune cells has been developed based on

an antiangiogenic strategy. This means introducing engineered cytotoxic T lymphocytes
with chimeric T-cell receptors that target VEGFR2.166 After adoptive transfer into tumor-
bearing mice, these engineered T cells are designed to efficiently target cells expressing
VEGFRSs, and they have led to the inhibition of tumor growth in multiple syngeneic murine
models and human xenografts. Combining this approach with an angiogenesis inhibitor,
TNP-470, further enhanced this effect.166 Investigators used the adoptive transfer of mouse
and human T cells expressing chimeric antigen receptors (CARS) that target VEGFR2.
They consistently found that this generated antigen-specific immune responses significantly
suppressed tumor growth and improved survival in 5 different types of vascularized
syngeneic tumors.187 The CAR T cells that target VEGFR?2 also reduce VEGFR2* MDSCs
and reverse the immunosuppressive microenvironment.168 The simultaneous transfer of
engineered syngeneic CAR T cells that target VEGFR2 and T cells that are specific

for tumor antigens induces tumor regression in B16 melanomas compared with either

of these T-cell treatments alone.169 Researchers also observed a remarkable expansion

and durability in the transferred tumor antigen-specific T cells.169 Similarly, anti-VEGF
antibody treatment enhanced the efficacy of adoptive cell transfer therapy with infused

T cells targeting B16 melanoma cell-specific markers even in established tumors (~200
mm?2) that do not respond well to anti-VEGF therapy alone. The enhancement was likely
due to increases in tumorinfiltrating T cells caused by VEGF blockade.170 In addition,
bevacizumab in combination with the adoptive transfer of cytokine-induced killer cells,
which were derived from PBMCs, had synergistic effects on controlling tumor growth in
NSCLC murine models.1’* However, there are still limitations of anti-VEGFR2 CAR T
cells as a monotherapy since immune barriers within the tumor vasculature still exists,

such as FasL and adhesion molecules expression which attenuate T cell function. A recent
study revealed that after anti-VEGFR2 CAR T cell transfer, VEGF was up-regulated, which
further competed for receptor binding and compromised the efficacy of anti-VEGFR2 CAR
T cells.1”2 Furthermore, the efficacy of anti-VEGFR2 CAR T cells is limited unless the
CAR T cells coexpressed 1L-12 or IL-15 to augment tumor control,.168.173
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Clinically, bevacizumab together with a tumor cell lysate-pulsed DC vaccine followed by
the adoptive transfer of autologous vaccine-primed T cells were used to treat a small
cohort of recurrent ovarian cancer patients.1’4 This combination strategy turned out to be
well-tolerated and elicited durable immune responses, including reduced circulating Tregs
and elevated CD8* T cells.}7# Further investigation of such combinations, including how
they might be modified, are warranted in clinical studies in larger cohorts.

6.4| TypellFN and STING agonists

The IFNs are a family of cytokines that modulate the immune response or have a direct
effect on targeted cells. In the TME, IFNs can be produced by multiple cell types, where
they directly target tumor cells or stimulate T cells and activate immune responses.1”>
There are 3 major types of IFNs, type I, type II, and type I11 IFNs, which signal through
different pathways. Type | IFNSs, including IFN-a, IFN-g, and other subtypes, are essential
for antiviral immunity and can be rapidly produced by fibroblasts and monocytes after

the stimulation of pattern-recognition receptors.1’® Type I IFNs are important in cancer as
type | IFNs regulate cell proliferation, apoptosis, migration, and differentiation.1”> Type |
IFNs can also contribute to the activation and maturation of DCs, further benefiting antigen
presentation and T cell priming.177 In addition, type | IFNs are essential for expansion

of stem-like T cells.178 One of the type | IFNs, IFN-a, has been widely explored in

the clinic for treating different types of cancer, such as hematologic cancers, melanoma,
and other advanced metastatic diseases.17>179:180 Type 11 IFN, known as IFN-y, also
promotes antiviral immunity and is critical in coordinating the innate and adaptive immune
response.176 IFN-y is mainly produced by NK cells in antiviral innate immune response,
whereas CD4* and CD8* T cells are the major sources of IFN-y in adaptive immune
response. In the TME, IFN-y functions as a cytotoxic cytokine to initiate apoptosis in
tumor cells, while it also mediates ICI molecules expression, such as PD-L1, which in turn
stimulates immunosuppression.181

A decade ago, a phase 3 clinical trial was performed by combining bevacizumab with
IFN-a, which was the historic standard treatment for renal cell carcinoma in patients with
previously untreated metastatic disease. Although there were benefits in overall survival,
they did not reach the criteria for significance, likely due to toxicity.182 Similar results were
observed with bevacizumab combined with IFNa-2a.183

The STING signaling pathway triggered by cytosolic DNA is essential in host defense and
can induce antitumor immune responses. The activation of the STING pathway in APCs
drives the production of type I IFN and enhances T-cell priming.184 Accumulating evidence
shows the importance of STING expression in endothelial cells, and Yang et al.185 recently
confirmed the correlation of endothelial STING expression and intratumoral CD8* T-cell
infiltration. They further reported that a STING agonist delivered by intratumoral injection
normalizes the vasculature in Lewis lung carcinoma tumors, and they demonstrated that
the combination of a STING agonist with VEGFR2 blockade results in complete tumor
regression. A triple combination of a STING agonist, immune checkpoint blockade (anti-
PD-1 or anti-CTLA-4), and anti-VEGFR2 antibodies also leads to dramatic tumor control,
with mice that received the triple therapy exhibiting long-lasting tumor-specific immune

J Leukoc Biol. Author manuscript; available in PMC 2023 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang and Brekken

Page 16

memory.18° Table 2 summarizes selected preclinical studies evaluating the combination
efficacy of antiangiogenesis therapies and immunotherapies in multiple models.

7| CONCLUSIONS

Compelling evidence indicates that the effect of blocking VEGF activity in solid tumors
extends beyond the inhibition of angiogenesis and can modulate the immune system.

In preclinical and clinical settings, dozens of studies have demonstrated the benefit of
combining VEGF blockade with anticancer immunotherapy. However, increased therapy-
induced toxicity is a concern, especially in the context of small molecule tyrosine kinase
inhibitors that have a significant toxicity profile as single agents. Thus, antiangiogenic
agents with higher specificity might be more manageable regarding toxicity and be the
preferred combinatorial agent with immunotherapy. For example, the selective blockade of
VEGF-VEGFR?2 signaling results in potent tumor control with limited toxicity as well as
an improved immune microenvironment compared with broader spectrum inhibitors,106.186
Combination with immunotherapies might exacerbate the risk of toxicity and adverse events
associated with antiangiogenic strategies. Ongoing and future clinical studies combining
antiangiogenetic agents with immunotherapies will likely address these questions and could
result in therapies that enhance the activity of ICIs in a wide range of cancer patients.

Anti-VEGF therapies have shown the potential to increase lymphocyte infiltration and
switch the immunosuppressive microenvironment to a more immune-stimulatory one, but
the elimination of cancer cells by a T cell-mediated immune response is a multistep
process.*3 Thus, other obstacles that limit the efficacy of immunotherapies likely exist. For
example, low immunogenicity in tumors could represent a persistent challenge resulting

in low levels of tumor antigen-specific T cells. Another challenge is represented by

tumors with abundant stroma, such as pancreatic ductal adenocarcinoma. The stroma

may represent a barrier to a productive antitumor immune response that is not overcome
by antiangiogenic therapy.187 Furthermore, therapy-induced resistance might still develop.
Alternative proangiogenic pathways can be elevated after anti-VEGF therapy, and resistance
to combined therapy might arise from the dependence of tumors on other immune
checkpoint pathways. For example, a recent study has pointed out THA in genetically
engineered mouse models of lung cancer progressing after anti-PD-1 therapy, TIM-3 is
up-regulated on T cells.188

In addition, optimization is required for antiangiogenesis agents in combination with
immunotherapy. Although the applications for anti-PD-1/anti-PD-L1 antibodies together
with bevacizumab or other kinase inhibitors are shown in the majority in clinical trials, our
recent data have suggested that the specific inhibition of VEGF binding to VEGFR2 leads
to the down-regulation of PD-L1 on myeloid cells.130 Considering that PD-L1 expression on
host bone marrow-derived cells is essential for the response to PD-L1 blockade,8% our data
suggest that anti-VEGF therapy might benefit from combination with immune checkpoint
molecules other than PD-1/PD-L1. Indeed, we found that the efficacy of combining VEGF-
specific blockade with anti-CTLA-4 antibodies is superior to combination with PD-1
blockade in a breast cancer syngeneic model. Meanwhile, the dose of agents targeting
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angiogenesis and the sequence of administrating antiangiogenesis agents and ICls are also

key considerations.

In summary, angiogenic factors, especially VEGF, are significant contributors to the tumor
immune microenvironment. VEGF impacts the development, recruitment, and phenotype

of many types of immune cells through VEGFR2 expression that are relevant to tumor

progression. Thus, the rationale for combining antiangiogenic therapy with immunotherapy

for the treatment of multiple types of cancer is robust. Multiple addressable challenges

remain, but overall, this combination strategy has significant potential to provide benefit to

cancer patients.
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Summary sentence

We review the function of vascular endothelial growth factor-A (VEGF) in regulating
immune cells in the tumor microenvironment and how the use of anti-VEGF strategies
might influence the efficacy of cancer immunotherapies.
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FIGURE 1.
Direct and indirect effects of tumor-secreted VEGF in promoting tumor immunosuppression.

By regulating adhesion molecules or FasL expression, VEGF leads to a tumor vasculature
that limits immune cell trafficking and infiltration. VEGF directly functions on effector T
cells and Tregs through VEGFR2. VEGF enhances the exhaustion status and inhibits the
proliferation of effector T cells, while promoting Treg proliferation. VEGF also directly
modulates the phenotype of myeloid cells through both VEGFR1 and VEGFR2 and
contributes to the cells’ immunosuppressive function on effector T cells, thus reducing
T-cell cytotoxic capacity toward cancer cells. DC, dendritic cell; MDSC, myeloid-derived
suppressor cell; TAM, tumor-associated macrophage; Treg, regulatory T cell; GzmB,
granzyme B; PFN, perforin. Green arrow pointing down, decreased; red arrow pointing
up, increased
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