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Abstract
Cancer immunotherapy, especially immune checkpoint blockade (ICB), has rev-
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olutionized oncology. However, only a limited number of patients benefit from
immunotherapy, and some cancers that initially respond to immunotherapy can
ultimately relapse and progress. Thus, some studies have investigated combining
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immunotherapy with other therapies to overcome resistance to monotherapy.
Recently, multiple preclinical and clinical studies have shown that tumor

. , , vasculature is a determinant of whether immunotherapy will elicit an antitumor
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work. response; thus, vascular targeting may be a promising strategy to improve
cancer immunotherapy outcomes. A successful antitumor immune response
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requires an intact “Cancer-Immunity Cycle,” including T cell priming and
activation, immune cell recruitment, and recognition and killing of cancer cells.
Angiogenic inducers, especially vascular endothelial growth factor (VEGF),
can interfere with activation, infiltration, and function of T cells, thus breaking
the “Cancer-Immunity Cycle.” Together with immunostimulation-regulated

tumor vessel remodeling, VEGF-mediated immunosuppression provides a
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1 | INTRODUCTION

solid therapeutic rationale for combining immunotherapy with antiangiogenic
agents to treat solid tumors. Following the successes of recent landmark phase
III clinical trials, therapies combining immune checkpoint inhibitors (ICIs)
with antiangiogenic agents have become first-line treatments for multiple
solid tumors, whereas the efficacy of such combinations in other solid tumors
remains to be validated in ongoing studies. In this review, we discussed synergies
between antiangiogenic agents and cancer immunotherapy based on results
from preclinical and translational studies. Then, we discussed recent progress
in randomized clinical trials. ICI-containing combinations were the focus of
this review because of their recent successes, but combinations containing
other immunotherapies were also discussed. Finally, we attempted to define
critical challenges in combining ICIs with antiangiogenic agents to promote
coordination and stimulate collaboration within the research community.

KEYWORDS
antiangiogenesis, bevacizumab, cancer, combination therapy, immune-checkpoint inhibitor,
immunotherapy, vascular endothelial growth factor

1.1 | Immune checkpoint inhibition

Immune checkpoints are evolutionarily conserved
molecules including, but not limited to, programmed cell
death protein 1 (PD-1) and programmed death ligand 1
(PD-L1), which was the first ligand of PD-1 discovered.
They are well-established inhibitory regulators of anti-
tumor immunity and play essential roles in fine-tuning
the immune response. PD-1 is widely expressed on
many immune cells, including peripherally activated
T-lymphocytes, natural killer (NK) cells, B-lymphocytes,
monocytes, and specific dendritic cells (DCs) [1]. In
addition to tumor cells, PD-L1 is also expressed on many
types of cells in the tumor microenvironment (TME),
such as DCs, macrophages, myeloid-derived suppressive
cells (MDSCs), T cells, endothelial cells, and fibroblasts
[2]. The binding of the PD-1/PD-L1 complex inhibits the
activation of immune cells via intracellular signaling
pathways, resulting in a reduction of the secretion of
antibodies and cytokines by immune cells, exhaustion
of the T-lymphocytes, and promotion of their apoptosis,
which are responsible for cancer immune escape [1].
Immune-checkpoint inhibitors (ICIs) are designed to
block immune checkpoints to “unleash” strong T cell
antitumor responses. Over the last decade, the usage of
ICIs such as nivolumab and pembrolizumab (both are
anti-PD-1 monoclonal antibodies) has revolutionized the
treatment of multiple solid tumors by prolonging the
survival of patients with recalcitrant tumors [3]. To date,
10 ICIs targeting the PD-1/PD-L1 signaling pathway have

received approval from the United States Food and Drug
Administration (FDA) for 19 different types of cancer,
including a tissue-agnostic indication [4]. The success
of cancer immunotherapy is also reflected by the fact
that the immuno-oncology field is still growing despite
coronavirus disease 2019 [5, 6].

Despite the unprecedented durable response rates
observed with ICIs, primary resistance (cancer not
responding to ICI) and acquired resistance (cancer
initially responded to ICI but ultimately relapsed and pro-
gressed) prevent the majority of patients from benefiting
from the treatment [7, 8]. According to an investigation,
up to 87% of eligible patients have been estimated to not
respond to FDA-approved ICIs [9]. In several clinical
trials, some common cancer types have shown a low fre-
quency of response to ICIs (advanced breast, prostate, and
liver cancers) [10-15]. A critical cause for ICI resistance is
that tumors manipulate alternative immunosuppressive
mechanisms and thereby evade immune clearance [7].
To overcome monotherapy resistance, some researchers
have investigated combining immunotherapy with other
therapies. The shift from monotherapy to combination
therapy has been significant, as indicated by 80% of 3674
active clinical trials testing combination regimens on
evaluating inhibitors of the PD-1/PD-L1 signaling pathway
[16, 17].

1.2 | Angiogenesis and anti-angiogenesis

Angiogenesis, the formation of new blood vessels from
preexisting vessels, is critical for embryonic and adult
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development [18]. The identification of vascular endothe-
lial growth factor (VEGF) in 1989 laid the foundations
for understanding angiogenic mechanisms [19, 20]. VEGF,
VEGFB, VEGFC, VEGFD, and placental growth factor
belong to the VEGF family of growth factors. Among
these proteins, VEGF is the master regulator of both
normal and pathological angiogenesis and is produced
by most cancer cells [21, 22]. VEGF binds to two com-
plementary receptors, VEGF receptor 1 (VEGFR1) and
VEGF receptor 2 (VEGFR2), of which the latter one
is the primary regulator of angiogenesis and vessel
permeability [23].

In 1971, Judah Folkman [24] proposed the concept
of “anti-angiogenesis,” i.e., preventing angiogenesis for
clinical benefits. Bevacizumab, an anti-VEGF mono-
clonal antibody, received FDA approval for the treat-
ment of colorectal cancer (CRC) in 2004 following the
success of a landmark phase III clinical trial [25]. The
FDA has approved more than ten agents targeting the
VEGF/VEGEFR axis for treating a spectrum of cancers (Fig-
ure 1). These agents can be classified into two broad cate-
gories: protein inhibitors and multi-targeted receptor tyro-
sine kinase inhibitors (TKIs). While effective antiangio-
genic treatments have well-established efficacies in halt-
ing tumor growth, under certain conditions, they can-
not eradicate tumors via monotherapy due to compen-
satory mechanisms [18]. Hence, combining antiangio-
genic agents with other therapeutic strategies might be
necessary for effective tumor eradication [26-31]; among
these strategies, targeting the VEGF/VEGFR axis has been
the most common combination treatment modality in
2020 [16].

In this review, we discuss the mechanisms underpin-
ning VEGF-mediated immunosuppression because VEGF
has been the focus of angiogenesis research and because
the roles of other angiogenic factors, such as angiopoietins,
on immune cells are less well understood. We provided
an overview of results from recent randomized clinical tri-
als combining ICIs with antiangiogenic agents. Further,
despite the remarkable success achieved by the dual inhi-
bition of the VEGF/VEGFR and PD-1/PD-L1 axes, we also
discussed the remaining key challenges in combining ICIs
with antiangiogenic agents.

2 | ANTIANGIOGENIC TREATMENT
HELPS TO OVERCOME RESISTANCE TO
CANCER IMMUNOTHERAPY

A spectrum of step-by-step procedures must be initi-
ated and iteratively expanded for a successful anticancer
immune response to eradicate malignant cells. These steps
are characterized by Daniel S Chen and Ira Mellman [32]
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FIGURE 1
tyrosine kinase inhibitors (TKIs) of the vascular endothelial growth
factor (VEGF) pathway.
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as the “Cancer-Immunity Cycle.” This seven-step, self-
propagating cycle can be divided into three broad phases:

1. Tumor antigen presentation and T cell activation;

2. Trafficking and infiltration of immune effector cells;
and

3. Recognition and killing of tumor cells.

As discussed later, by binding to receptors on the
endothelium and immune cells, VEGF can interfere with
the initiation and propagation of the “Cancer-Immunity
Cycle” and, thus, impair anticancer immunity (Figure 2).
At the same time, agents targeting the VEGF/VEGFR axis
can help build an immune-supportive TME and increase
antitumor immunity (Table 1). Therefore, antiangiogenic
treatments could be investigated to improve immunother-
apy outcomes.
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FIGURE 2 Antiangiogenic treatment helps to overcome resistance to cancer immunotherapy. By binding to receptors on multiple
immune cells and endothelial cells, VEGF interferes with the whole cancer immunity cycle—from initiation of anticancer immunity to
recruitment of T cells to recognition and killing of cancer cells. VEGF limits the supply of mature DCs and naive T cells in lymph organs
because they can inhibit the maturation and differentiation of their progenitor cells, respectively. In tumor vessels, VEGF induces apoptosis of
CTLs and makes the endothelium favor tumor homing of immunosuppressive cells over CTLs. In the tumor microenvironment, VEGF
promotes the proliferation and function of immunosuppressive cells and dampens cytotoxic function of CTLs by promoting the expression of
inhibitory molecules. Abbreviations are as follows: CTL, cytotoxic T lymphocyte; CTLA-4, cytotoxic T-lymphocyte-associated protein 4;
CXCL, CXC-chemokine ligand; DC, dendritic cells; FASL, FAS antigen ligand; MHC; major histocompatibility complex; HPC, hematopoietic
progenitor cell; LAG3, lymphocyte activation gene 3 protein; MDSC, myeloid-derived suppressive cells; PD-L1, programmed death-ligand 1;
TIM3, T cell immunoglobulin mucin receptor 3; TME, tumor microenvironment; Treg cell, regulatory T cell; VEGF, vascular endothelial
growth factor
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TABLE 1 Immunomodulatory effects of antiangiogenic treatments in preclinical and translational studies
Antiangiogenic treatment Cancer type Key result Reference
VEGEF studies
Bevacizumab or sorafenib NA Denderitic cell differentiationt [31]
HLA-DR and CD86 expression?
Bevacizumab Renal cell carcinoma (Caki-1) Circulating VEGFR1* myeloid cells| [67]
in nude mice
Bevacizumab Multiple tumors in human Immature dendritic cells in peripheral blood| [44]
patients Dendritic cell population?
Allostimulatory capacity of dendritic cells?
T cell proliferation?
VEGF-specific antibody (clone G6-31)  Ovarian cancer (ID8-VEGF) Influx of tumor-rejecting CD8* over FoxP3* [55]
+ aspirin Colon cancer (CT26) T cells?
Renal cell cancer (Renca) CDB8-dependent tumor growth suppression?t
Melanoma (B16)
Angiopoietin studies
AMG386 (Trebananib, an Ang-1/2 Glioblastoma (GL261) Number of F4/80* macrophages? [26]
neutralizing peptibody) Microvessel coverage with desmin* pericytes?
MEDI3617 (an anti-Ang-2- Glioblastoma (G1261) Reprogramming TAMs towards the M1 [27]
neutralizing antibody) + Cediranib polarized subtype
A2V (Ang-2/VEGEF bispecific Glioblastoma (GL261) Reprogramming TAMs towards the M1 [28]
antibody) polarized subtype
A2V (Ang-2/VEGF bispecific Melanoma (B16-OVA) Proportions of CTLs expressing an IFNy* or [29]
antibody) CD69* phenotypet
Proportion of intratumoral, OVA-specific
CTLs?T
Proportion of APCs that cross-presented the
OVA-derived peptide?
Phagocytic activity of APCs?T
AMG386 + MET kinase inhibitor Clear cell renal cell The presence of TAMs in the tumor [30]

carcinoma (RP-R-02LM)

microenvironment)

Abbreviations: Ang, angiopoietin; APC, antigen-presenting cell; CTL, cytotoxic T lymphocyte; NA, not applicable; TAM, tumor-associated macrophage; IFN,

interferon; VEGF, vascular endothelial growth factor.

2.1 | Antiangiogenic treatment promotes
DC maturation and T cell activation

A robust anticancer immune response is reliant on effec-
tive cancer neoantigen presentation to prime and activate
naive T cells. The absence of cancer neoantigen presenta-
tion and the absence of tumor-specific T cells are major
factors contributing to resistance to cancer immunother-
apy [7]. Successful priming and activation of T cells
are affected by two independent factors: the function of
antigen-presenting cells and the availability of naive T cells
with tumor antigen-specific T cell receptors.

DCs are the most effective antigen-presenting cells and
make a significant contribution to the initiation and ampli-
fication of antitumor immunity [33]. DCs can be divided
into two functional states, “mature” and “immature,”
mainly according to their ability to activate effector T
cell responses against neoantigens in secondary lymph
organs [33]. Upon immature DCs capture antigens in TME,

they travel to tumor-draining lymph nodes and present
captured antigens on major histocompatibility complex
(MHC) class I molecules to CD8' T cells, leading to the
priming and activation of antigen-specific naive T cells
[34]. At the same time, immature DCs also gradually
become mature, which is characterized by upregulated
expression of co-stimulatory molecules and secretion of
proinflammatory cytokines [33]. One of the first reported
immunosuppressive functions of antiangiogenic factors
is that tumor-derived VEGF inhibits the maturation of
DCs from progenitor cells, which leads to reduced pre-
sentation of cancer neoantigens in tumor-draining lymph
nodes and thus contributes to immune evasion by tumors
[35]. The mechanism of DC dysfunction involves VEGF-
induced inhibition of the nuclear factor-xB (NF-xB) sig-
naling pathway in progenitor cells by limiting degrada-
tion of an NF-xB inhibitor [36, 37]. Compared with mature
DCs, immature DCs are more powerful Foxp3™ regula-
tory T cell (Treg) inducers [38]. VEGF has been recently
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basal membrane, and detached pericytes make tumor blood vessels hyperpermeable to circulating molecules. Stromal components such as
fibroblasts, collagen and hyaluronan could compress blood vessels and make some vessels partially open or totally collapsed

reported to impair the immune function and migration
capability of mature DCs through the VEGFR2-RhoA-
cofilinl pathway [39]. Dysfunctional circulating DCs and
decreased mature DC populations are related to the exis-
tence of enhanced concentrations of VEGF in a num-
ber of cancers, especially metastatic malignancies (Fig-
ure 2A) [40-42]. Moreover, VEGF has been reported to
upregulate the expression of PD-L1 on myeloid DCs, which
could impair DC-mediated T cell priming and prolifer-
ation [43]. In vitro studies demonstrated that the func-
tion of DCs differentiated in the presence of VEGF can
be recovered upon inhibition of the VEGF axis by beva-
cizumab or sorafenib [31]. Bevacizumab administration in
cancer patients decreased the accumulation of immature
precursors of DCs and induced an increase in the num-
ber of circulating DCs compared with samples taken before
treatment (Table 1) [44]. Recently, blockade of VEGF
using aflibercept, an FDA-approved VEGF inhibitor, was
reported to result in a more mature DC phenotype in mice
with glioblastomas, as evidenced by upregulated expres-
sion of the co-stimulatory molecules [45]. Thus, antian-
giogenic inhibitor administration increases functional DCs
necessary for T cell priming and activation in lymph nodes
(Figure 2B).

VEGF has been shown to directly interfere with T-
cell antitumor function by impairing the development of
CD4 or CD8 single-positive T cells from blood progeni-
tor cells in the thymus of mouse models [46]. This likely
reduces the number of naive T cells available for priming
and activation and contributes to cancer-derived immune
evasion.

2.2 | Antiangiogenic treatment promotes
effector cell infiltration

Immune cells require a normal and functional tumor blood
vessel network to infiltrate tumors. Effective trafficking of
tumor-specific T cells to the tumor site and infiltration
of them into the tumor bed are necessary for response
to cancer immunotherapy [47]. Consequently, poor T-
cell infiltration into the tumor before treatment is usu-
ally correlated with resistance to cancer immunotherapy
[48, 49]. The “angiogenic switch” is governed by counter-
vailing angiogenic inducers and inhibitors, such as VEGF
and thrombospondin-1, respectively. The hypoxic microen-
vironment within solid tumors leads to continued pro-
duction of angiogenic factors; as such, the “angiogenic
switch” is continually activated to meet oxygen and nutri-
ents demand [50]. As a result, newly produced blood ves-
sels are immature and aberrant and impair T cell extrava-
sation (Figure 3).

One potential explanation for T cell exclusion is
the downregulation of T cell-attracting cytokines such
as CXC-chemokine ligand 10 (CXCL10) and CXC-
chemokine ligand 11 (CXCLI1) secreted by endothelial
cells (Figure 2C). VEGF has been reported to suppress
T-lymphocyte infiltration into solid tumors by limiting
NF-xB-mediated endothelial activation and inhibiting
VEGF signaling in a melanoma mouse model by sunitinib
upregulated CXCL10 and CXCL11 expression in tumor
vessels [51].

Another reason for the inability of effector cells to
penetrate solid tumors could be the downregulation of
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adhesion molecules on dysfunctional tumor endothelium.
T cell infiltration is dependent on adhesion molecules,
such as intracellular adhesion molecule 1 ICAM1), vascu-
lar adhesion molecule 1 (VCAM1), and CD34, expressed
by the tumor endothelium. In vivo studies have shown
that VEGF impairs leukocyte-vessel wall interactions; this
mechanism involves the VEGF-induced downregulation
of tumor necrosis factor a (TNF-a)-mediated expression
of ICAM1 and VCAM1 on the endothelium [52]. Relat-
edly, the endothelial expression of CD34 is also down-
regulated by VEGF in human cancers [53]. In CRC and
melanoma mouse models, treatment with antiangiogenic
agents promoted the leucocyte-vessel wall interaction and
thus increased leukocyte infiltration by increasing the
expression of adhesion molecules ICAM-1 and VCAM-1
(Figure 2D) [54].

VEGF has recently been reported to help build a selec-
tive wall on the tumor endothelium. Selective expres-
sion of FAS antigen ligand (FASL) has been detected
on endothelial cells of human and murine tumors but
not on healthy endothelium, which is induced by tumor-
derived VEGF, in combination with interleukin-10 and
prostaglandin E2 [55]. Endothelial FASL can cause apop-
tosis of tumor-infiltrating cytotoxic T lymphocytes (CTLs),
whereas Treg cells remain alive. Indeed, FASL expres-
sion has been linked with the “immune desert” (sparse
CD8* T cell presence) phenotype and the predominant
existence of Treg cells [55]. This study demonstrated that
the pharmacologic inhibition of VEGF plus aspirin (to
prevent the expression of prostaglandin E2) produced a
marked attenuation of FASL expression on the human
microvascular endothelium, a significant increase in the
influx of tumor-killing CTLs over Tregs, and a marked
enhancement of CTL-dependent tumor cell cytotoxicity
(Table 1).

In conclusion, VEGF-induced dysfunctional tumor vas-
culature interferes with the trafficking and infiltration
of T cells and represents a critical obstacle to cancer
immunotherapies. Current insights into the relationship
between cancer and host immune systems have already
shown that adaptive immune cell infiltration has prognos-
tic value; this lays the foundations for rationally-guided
classifications of patients and therapeutic strategies [56].
In fact, increasing the infiltration of T cells to convert an
“immune desert” tumor to an inflamed tumor is the focus
of active research. Not surprisingly, cancer immunother-
apies have achieved limited benefits in tumors with low
intratumoral microvascular density, such as pancreatic
adenocarcinoma, which has a desmoplastic stroma with
scarce T cell infiltration [57].

2.3 | Antiangiogenic treatment reduces
immunosuppression

For later steps (identification and killing of cancer cells)
to take place, the balance between effector cells and
immunosuppressive cells should be skewed toward an
immune-supportive TME. Immunosuppression in TME
is a significant factor contributing to resistance to can-
cer immunotherapy, and multiple immunosuppression-
related mechanisms can inhibit the generation of anti-
cancer response [7]. Tumor cell-intrinsic mechanisms
include (but are not limited to) alterations in antigen
processing machinery and downregulation of the expres-
sion of MHC class I molecules. Tumor-extrinsic mecha-
nisms include (but are also not limited to) the expression
of inhibitory immune checkpoints and the existence of
immunosuppressive cells [7]. There are multiple studies
supporting that VEGF skews the immune microenviron-
ment toward an immunosuppressive one (Figure 2E).

Preclinical studies have shown that VEGF promotes
CTL exhaustion by upregulating the production of multi-
ple immune checkpoint molecules, including PD-1, cyto-
toxic T-lymphocyte-associated protein 4 (CTLA-4), lym-
phocyte activation gene 3 protein (LAG3), and T cell
immunoglobulin mucin receptor 3 (TIM3) [58]. In other
preclinical studies, VEGF has been reported to suppress
the function of CTLs by inhibiting their proliferation and
cytotoxic function [59]. In CRC mouse models, anti-VEGF
treatment reverted the expression of inhibitory molecules
PD-1, CTLA-4, LAG3, and TIM3, which are related to T
cell exhaustion [58]. In renal cell carcinoma (RCC) mouse
models, bevacizumab monotherapy increased the number
of intratumoral CTLs and upregulated the expression of
MHC class I molecules on tumor cells (Figure 2F) [60].

In contrast to inhibiting effector T cell development,
VEGF binding to VEGFR2 on Treg cells induces their pro-
liferation [46, 61]. Indeed, in patients with CRC, VEGF
binding to VEGFR2 has been associated with more Treg
cells in the blood, and targeting the VEGF/VEGFR2 axis
reduced peripheral Treg cell numbers [62]. Furthermore,
ablation of the VEGFR2 effect on T cells strikingly inhib-
ited the infiltration of Treg cells into solid tumors [63].

MDSCs are well-established immunosuppressive cells
that have been recently reported to paralyze cytotoxic T
lymphocytes through the cell-cell transfer of the metabo-
lite methylglyoxal [64, 65]. VEGF promotes the expan-
sion of MDSCs, and the mechanism involves the activa-
tion of signal transducer and activator of transcription 3
(STAT3) [66]. In agreement with this finding, preclinical
studies have shown that bevacizumab reduced the number
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of MDSCs in an RCC mouse model [67]. In patients with
RCC, neoadjuvant sunitinib increased tumor-infiltrating
lymphocytes, which is linked with a reduction in intratu-
moral MDSCs [68]. Another study reported that sunitinib
reduced intratumoral MDSCs in an RCC mouse model and
circulating MDSCs in patients with RCC [69].

3 | SYNERGIES BETWEEN
ANTIANGIOGENIC AGENTS AND
CANCER IMMUNOTHERAPY

Aberrant tumor blood vessels reduce blood flow, compro-
mise the delivery of therapeutic agents, worsen hypoxia,
and interfere with the recruitment of immune cells, par-
ticularly CD8* T cells, to solid tumors [70]. Therefore,
improvement to tumor vascular function, i.e., an event
termed “vascular normalization,” has the potential to
enhance the delivery and efficacy of therapeutic agents
and reverse immunosuppressive TME [70, 71]. Jain RK [72]
proposed the concept of “vascular normalization” in 2001.
Since then, a spectrum of preclinical and clinical studies
reported that judicious use of antiangiogenic drugs can
normalize tumor blood vessels and improve their function
[73].

Although the vascular normalization response allevi-
ates immunosuppression, its regulation is poorly under-
stood. In 2017, Tian et al. [74] reported that ICIs can lead to
remodeling of the tumor vasculature. In their study, PD-1
and CTLA-4 blockades improved vessel perfusion, reduced
tumor vascular density, and alleviated hypoxia in the TME;
these are hallmarks of tumor vessel normalization. Using
genetically modified mice lacking CD4* T cells (CD47")
or CD8" T cells (CD8 /), Tian et al. [74] showed that acti-
vated CD4*% T helper-1 (Thl) cells, rather than CD8* T
cells, induced vascular normalization effects in breast can-
cer via secretion of interferon-y (IFNy).

Alternatively, in breast cancer and CRC models, Zheng
et al. [75] reported that CD4* T cells were not enough to
induce vessel normalization effects. In contrast, the abla-
tion of CD4* T cells led to the accumulation of CTLs,
unregulated secretion of the proinflammatory cytokine
IFNy, and a vascular remodeling effect. Thus, the authors
concluded that ICIs can stimulate CTLs to secrete IFNy to
remodel the tumor vasculature [75].

To date, the exact role of effector T cells in normalizing
tumor vasculature in the setting of checkpoint blockade
remains unknown. However, the studies discussed above
strongly suggest that CD4* and CD8™" T cells activated by
ICIs can produce and secrete IFNy, which interacts with
IFNy receptors on pericytes and endothelial cells, and ulti-
mately normalizes tumor blood vessels. This intertwined
relationship between vascular remodeling and immunos-

timulation provides a new rationale for combining vascu-
lar targeting therapy with immunotherapies.

A spectrum of preclinical studies evaluating combi-
nations of cancer immunotherapies and antiangiogenic
drugs showed promising results [58, 76-78]. For exam-
ple, in colon cancer mouse models, treatment with anti-
PD-1 monoclonal antibody and sunitinib decreased the
number of intratumoral PD-1"CD8* T cells. The effi-
cacy of this combination was revealed by the fact that
the anti-VEGF and anti-PD-1 combination showed sig-
nificant antitumor efficacy compared with anti-VEGF
monotherapy or anti-PD-1 monotherapy [58]. Basing on
the mutual regulation between vascular normalization
and cancer immunotherapy, we propose an immunos-
timulatory vascular-modulating cycle to explain synergies
between antiangiogenic agents and cancer immunother-
apy (Figure 4). On the one hand, antiangiogenic agents
promote vascular remodeling and relieve immunosuppres-
sion in the TME. Normalized blood vessels promote the
infiltration of effector immune cells and improve their
function, leading to the regression of tumors. On the other
hand, immunotherapeutics activate effector T cells, which
in turn promote the remodeling of the tumor vasculature
system via IFNy-mediated vascular remodeling. This feed-
back loop between immunostimulation and remodeling of
tumor blood vessels reinforces itself, ultimately leads to
enhanced tumor regression.

4 | COMBINED THERAPY FROM
BENCH TO BEDSIDE: CLINICAL
PROGRESS

A spectrum of clinical trials evaluating ICI and antian-
giogenic agent combined therapy was conducted in recent
years because of overwhelming biological evidence (Table
2). In the first three quarters of 2020, up to 154 new tri-
als testing the combination of PD1/PD-L1 inhibitors and
VEGF axis inhibitors were initiated [16].

4.1 | Clinical progress in hepatocellular
carcinoma (HCC)

HCC has an immunosuppressive nature as evidenced by
the failure of nivolumab or pembrolizumab monotherapy
as first-line or second-line treatments, respectively [14, 15].
These studies indicated that adding other immunomodu-
latory agents, such as antiangiogenic agents, might be crit-
ical for reversing the immunosuppressive TME in HCC.
Lenvatinib, a VEGFR-associated TKI, is an FDA-
approved first-line treatment option for advanced-stage
HCC patients [79]. Recently, a phase Ib trial tested
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lenvatinib plus pembrolizumab in a first-line setting of
unresectable HCC (uHCC). Research has shown that
the combination of lenvatinib plus pembrolizumab has
positive antitumor activity with acceptable safety and
tolerability, a median progression-free survival (mPFS) of
8.6 months, and a median overall survival (mOS) of 22.0
months [80]. Lenvatinib combined with pembrolizumab
was granted a breakthrough therapy designation in 2019.
An ongoing phase III clinical trial (NCT03006926) fur-
ther tests the usage of lenvatinib plus pembrolizumab
compared with lenvatinib monotherapy as a first-line
treatment for uHCC.

In 2020, the investigators from the IMbravel50 study
reported that in patients with untreated uHCC, ate-

Enhancing tumor
regression

Normalized
blood vessels

Inordinate
blood vessels

Immunosuppressive cells

CTLs

Synergies between antiangiogenic agents and cancer immunotherapy. Abbreviations are as follows: CTL, cytotoxic T

zolizumab (an anti-PD-L1 monoclonal antibody) plus
bevacizumab was significantly superior to standard-of-
care sorafenib monotherapy (Table 2) [81]. At the time of
the primary analysis (August 29, 2019), the results of the
study showed that the combination of atezolizumab plus
bevacizumab significantly improved overall survival (OS)
(hazard ratio [HR] = 0.58; P = 0.0006) and mPFS (6.8 vs.
4.3 months; HR = 0.59; P < 0.001) and more than doubled
objective response rate (ORR; 27% vs. 12%, P < 0.0001) com-
pared with standard-of-care. Notably, the safety profile of
the combination of atezolizumab plus bevacizumab was
shown to be very tolerable [81].

More recently, data from the phase Ib clinical trial
G030140 provide further support for the results from
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the IMbravel50 trial [82]. The GO030140 study com-
pared atezolizumab plus bevacizumab with atezolizumab
monotherapy among patients with uHCC. The investiga-
tors from the GO30140 study reported that atezolizumab
plus bevacizumab significantly prolonged mPFS compared
with atezolizumab monotherapy (5.6 vs. 3.4 months; HR
= 0.55; P = 0.011), with an acceptable toxicity profile [82].
These two studies together demonstrate that a therapy
combining an ICI with an antiangiogenic agent is superior
to either of them as a monotherapy.

Before the advent of the combination of atezolizumab
plus bevacizumab, the TKI sorafenib had been the
unchallenged gold-standard first-line treatment option for
advanced HCC since 2007 [83]. Currently, atezolizumab
plus bevacizumab has received approval from health
authorities as a first-line treatment option for advanced-
stage HCC. In a recently updated guideline, the Ameri-
can Society of Clinical Oncology (ASCO) recommended
the combination of atezolizumab plus bevacizumab as the
prior treatment option for most patients with newly diag-
nosed advanced-stage HCC [79].

4.2 | Clinical progress in non-small cell
lung cancer (NSCLC)

With the development of biomarker-directed therapies,
NSCLC is no longer a cancer. While up to 70% of newly
diagnosed patients are eligible for ICI-containing regi-
mens, patients with genomic alterations, such as epider-
mal growth factor receptor (EGFR) mutations or anaplastic
lymphoma kinase (ALK) rearrangements, were excluded
from many clinical trials evaluating ICI-containing regi-
mens due to disappointing immune efficacy results in pre-
vious studies [84-89]. In contrast, the Impower150 clinical
trial enrolled these patients [90].

The Impowerl50 trial enrolled a total of 1,202
chemotherapy-naive patients with advanced-stage
NSCLC. Patients who had EGFR or ALK alterations were
also permitted to enroll if they had not formerly received
chemotherapy (Table 2) [90]. They were randomly
assigned to one of the following arms to be treated with
either: ABCP (atezolizumab, bevacizumab, carboplatin,
and paclitaxel), ACP (without bevacizumab), or BCP
(without atezolizumab). In wild-type (defined as no EGFR
or ALK alternation) population, the ABCP quadruplet
regimen significantly prolonged not only mPFS (8.3 vs.
6.8 months; HR = 0.62; P < 0.001) but also mOS (19.2
vs. 14.7 months; HR = 0.78; P = 0.02) in comparison to
standard-of-care BCP therapy, leading to FDA approval of
ABCP quadruplet therapy for the treatment of this kind of
patient [90]. Subsequent subgroup analyses demonstrated
that compared with BCP, ABCP increased progression-

free survival (PFS) regardless of PD-L1 status, existence
of baseline liver metastases, and EGFR or ALK genetic
alteration status [91]. For the first time, this study has
provided a promising regimen for patients with EGFR
mutations after the failure of TKI therapy.

4.3 | Clinical progress in renal cell
carcinoma (RCC)

In addition to ICIs, antiangiogenic drugs are routinely used
to treat advanced RCC. Over the past few years, the com-
bination of these two treatment modalities has been exten-
sively tested to determine any potential synergistic effects
(Table 2).

IMmotion151 is a phase III clinical trial comparing ate-
zolizumab plus bevacizumab with sunitinib as a first-line
treatment option for advanced-stage RCC. Notably, both
sarcomatoid and clear cell histology were included. Pri-
mary PFS analyses revealed that PD-L1" patients receiving
atezolizumab plus bevacizumab had a superior mPFS over
patients receiving sunitinib monotherapy. Interestingly,
the PFS data demonstrated the benefit of atezolizumab
plus bevacizumab in all subgroups regardless of PD-L1 sta-
tus. However, the combination of atezolizumab plus beva-
cizumab failed to obtain FDA approval because it did not
improve mOS [92].

KEYNOTE-426 is a phase III clinical trial comparing
pembrolizumab plus axitinib (a VEGFR-associated TKI)
with the standard-treatment sunitinib for treating patients
with newly-diagnosed advanced-stage clear-cell RCC. In
the primary analysis (August 24, 2018), pembrolizumab
plus axitinib remarkably prolonged mPFS compared with
sunitinib among intention-to-treat patients. This study
confirmed the benefit of combining pembrolizumab with
axitinib across any risk category and different PD-L1 sta-
tuses. It is noteworthy that this research was the first
of the combination clinical trials to show significantly
improved OS (HR = 0.53; P < 0.0001) in comparison
with standard-of-care sunitinib in RCC [93]. The com-
bination of pembrolizumab plus axitinib has received
FDA approval for previously untreated advanced-stage
RCC.

JA VELIN Renal 101 is a contemporary phase III clini-
cal trial comparing avelumab (an anti-PD-L1 monoclonal
antibody) plus axitinib with sunitinib in a first-line setting
of advanced-stage RCC. As of the second analysis (January
28, 2019), the combination arm showed longer mPFS in
not only the PD-L1* subgroup (HR = 0.62; P < 0.0001) but
also in all patients (HR = 0.69; P < 0.0001). Even though
OS results were unavailable, the combination of avelumab
plus axitinib has received FDA approval as a first-line treat-
ment option for metastatic RCC [94].
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Although these three phase III studies are different with
respect to patient enrollment, definition of PD-L1 expres-
sion levels, and endpoints, all showed that the combina-
tions of ICIs and vascular-targeting agents improved PFS
regardless of PD-L1 status or prognostic subgroups without
significant increases in toxicities [92-94]. Emerging data
from other phase III clinical trials, such as the CheckMate
9ER trial and the CLEAR trial, could further demonstrate
the benefits of the combinations of ICIs and antiangiogenic
agents [95, 96].

4.4 | Clinical progress in other cancers
Up to 70% of endometrial cancers are not microsatel-
lite instability high (MSI-H) or DNA mismatch repair
pathway deficient (AMMR) and have limited response
rates to single-agent ICIs [97]. Thus, an effective com-
bination regimen is urgently needed to augment anti-
cancer immune responses. The single-arm phase Ib/II clin-
ical trial NCT02501096 enrolled patients with advanced-
stage endometrial cancer who had received no more than
two prior chemotherapies to evaluate the combination
of lenvatinib plus pembrolizumab. In the final analysis,
the combination therapy showed promising efficacy in
patients with tumors that were neither MSI-H nor dAMMR
with an ORR 0f 36.2% at week 24 and a mPFS of 7.4 months
[98]. In 2019, the FDA granted accelerated approval to
the combination of lenvatinib plus pembrolizumab for
the treatment of patients with advanced-stage endometrial
tumors that are neither MSI-H nor dMMR and have pro-
gressed after previous treatments. Two phase III clinical
trials (NCT03517449 and NCT03884101) are further testing
the combination of lenvatinib plus pembrolizumab .

Relapsed ovarian cancer represents another type of dis-
ease largely unresponsive to single-agent ICIs. A recent
phase II clinical trial (NCT02873962) assessed nivolumab
plus bevacizumab for recurrent ovarian cancer. The combi-
nation regimen showed activity in some enrolled patients
with an ORR of 28.9% and a total clinical benefit rate
of 55.3% [99]. Another similar trial (NCT02853318) tested
nivolumab plus bevacizumab with cyclophosphamide for
this hard-to-treat cancer. The investigators reported a high
ORR of 37.5%, an encouraging 6-month PFS rate of 70%,
and a very tolerable toxicity profile [100].

BACCI is a phase II clinical trial evaluating the effi-
cacy and safety of atezolizumab plus bevacizumab plus
capecitabine (ABC) for the treatment of advanced-stage
CRC. ABC significantly prolonged mPFS compared with
atezolizumab plus bevacizumab plus placebo [101]. In the
era of advanced-stage CRC, this was the first trial reporting
a positive result when combing an ICI with an antiangio-
genic agent.

These preliminary results strongly indicate the benefit
of the combinations of ICIs and antiangiogenic agents in
multiple solid tumors. A spectrum of ongoing clinical trials
will further reveal the benefit of such combinations on a
broader scale (Table 3).

4.5 | Clinical trials combining other
immunotherapies with antiangiogenic
agents

All of the landmark phase III clinical trials we discussed
above combined ICIs with antiangiogenic agents, but can-
cer immunotherapy does not limit to immune check-
point blockade (ICB) but also includes cell therapies, can-
cer vaccines, oncolytic viruses, and immunostimulatory
cytokines. There are multiple preclinical studies report-
ing synergies between these immunotherapies and antian-
giogenic agents [102-106]. However, clinical trials combin-
ing these immunotherapies with antiangiogenic agents are
largely unsuccessful so far (Table 4) [107-109]. For exam-
ple, a phase III clinical trial (NCT02562755) to determine
whether treatment with Pexa-Vec (an oncolytic vaccinia
virus) followed by sorafenib increases survival compared to
standard-of-care sorafenib monotherapy in patients with
advanced HCC was terminated recently due to disappoint-
ing preliminary results [110]. There are many steps to
create an anticancer immune response, and the failure
of these combinations strongly suggests the existence of
immunosuppressive mechanisms that they cannot over-
come.

5 | CHALLENGES AND
OPPORTUNITIES

Considering the enormity of the ongoing combination
effort, coordination and collaboration are necessary for the
research community to fulfill the goal of “curing cancer.”
Here, we attempt to define essential challenges in combin-
ing ICIs with antiangiogenic agents.

5.1 | Choosing an appropriate
antiangiogenic agent

A critical concern is identifying an appropriate antian-
giogenic agent for combination with ICIs. This combina-
tion modality has been investigated with either antibod-
ies against VEGF/VEGFR or multitargeted TKIs. How-
ever, a resultant commensurate benefit of these two
strategies in improving antitumor immunity remains
unclear.
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TABLE 4 Clinical trials combining other immunotherapies with antiangiogenic agents

Clinical trial ID No. of
(reference) Phase Cancer type patients
Immunostimulatory cytokine studies

NA [107] 111 Advanced RCC 732

NA [108] 111 Advanced RCC 649

Cell therapy studies

NCT00678119 [109] II Advanced RCC 21

NCT01582672 (NA) III Advanced RCC 462

NCT02857920 (NA) I/11 Solid tumors 45

Oncolytic virus studies
NCTO02562755 [110] 11T Advanced HCC 459
Vaccination studies

NCTO02616185 (NA) I Prostate cancer 91

Abbreviations: IFN, interferon; mOS, median overall survival; NA, not applicable;

Small-molecule TKIs inhibit multiple receptor tyrosine
kinase signaling pathways and do not solely target the
proangiogenic VEGF/VEGEFR axis, whereas antibodies are
designed against VEGF or its receptor. Thus, multitargeted
TKIs might possess more antitumor abilities than antibod-
ies because they have broader bioactivity. For example,
sunitinib is a well-defined antiangiogenic TKI but has also
been reported to induce growth arrest and programmed
cell death of mouse-derived RCC tumor cells in vivo [111].
Likewise, the ability of sunitinib to decreased MDSC accu-
mulation in a mouse model is supposedly caused by inhi-
bition of mast/stem cell growth factor receptor c-Kit in
MDSCs rather than inhibition of VEGF [112]. Other con-
tradictory studies have suggested that sunitinib leads to
higher infiltration of Treg cells, upregulated PD-L1 expres-
sion, and is related to disappointing outcomes in RCC
patients [113].

It is noteworthy that many preclinical and clinical
studies have used small-molecule TKIs such as suni-
tinib or sorafenib. Considering the possibility of the
existence of additional immune-promoting mechanisms,
the conclusions of such studies should be taken with
caution before the contribution of non-VEGF kinases
to TME immunomodulation is delineated. Alternative
experiments with genetic-manipulation approaches or
inhibitory antibodies are beneficial, if not essential, to
determine the contribution of non-VEGF kinases.

Status and results at time of

Combinational arm search

mOS: 18.3 months (combinational
arm) vs. 17.4 months (IFN« arm),
P =0.069

Bevacizumab + IFNa

Bevacizumab + IFNa2A mOS: 23.3 months (combinational
arm) vs. 21.3 months (IFNa2A

arm), P = 0.1291

mPFS: 11.2 months; mOS: 30.2
months

Sunitinib + autologous
DC immunotherapy

Sunitinib + autologous
DC immunotherapy

Terminated due to lack of efficacy

Bevacizumab +
allogeneic NK
immunotherapy

Completed; no results posted

Sorafenib + Pexa-Vec Terminated due to disappointing

preliminary results

Sunitinib + PF-06755990
(vaccine)

Completed; no results posted

NK, natural killer cell; RCC, renal cell cancer.

5.2 | Biomarker development for better
patient selection

Biomarker development is challenging in the era of com-
bining ICIs and antiangiogenic agents. While predictive
biomarkers for molecularly targeted drugs are usually a
unique genetic aberration described as a binary assay,
biomarkers for ICIs are often continuous variables that are
gradually associated with clinical endpoints. The search
for validated and sensitive biomarkers to better identify
patients eligible for therapy combining ICIs and antian-
giogenic agents is ongoing. Many biomarkers have been
reported, but none has been formally accepted for routine
clinical use.

The IMmotion150 trial, a phase II trial testing ate-
zolizumab plus bevacizumab in RCC, included exploratory
biomarker analyses to study three biological axes: angio-
genesis, T-effector/IFNy response, and myeloid immune
suppression [114]. Tumor mutation and neoantigen bur-
den were not related to PFS, whereas angiogenesis, pre-
existing immune response, and myeloid inflammatory
gene expression signatures were strongly and differentially
related to PFS, not only within but also across treatment
groups. Specifically, the combination of atezolizumab plus
bevacizumab improved PFS in patients with preexist-
ing immunity and myeloid inflammatory gene expres-
sion signatures, whereas sunitinib was more efficient than
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the combination therapy in highly angiogenic tumors
[114].

More recently, Zhu et al. [115] reported data from a ran-
domized phase Ib clinical trial that evaluated atezolizumab
plus bevacizumab versus atezolizumab alone in uHCC.
Similar to the IMmotion150 study, this genomic correla-
tive study evaluated immunological biomarker subgroups
divided depending on gene signatures. In the arm evaluat-
ing atezolizumab plus bevacizumab, there was no associa-
tion between tumor mutation burden (TMB) and response
to atezolizumab plus bevacizumab or PFS. In contrast,
baseline tumor gene expression analyses showed that pre-
existing immunity was associated with more response
and longer PFS. In the randomized arm comparing ate-
zolizumab plus bevacizumab with atezolizumab, the PFS
benefit of combination therapy versus monotherapy was
remarkably obvious in patients with high expression
of the following candidate biomarkers: VEGFR2, Treg,
and myeloid inflammation signatures. Reduced levels of
VEGFR2 and Treg signatures were further confirmed by
analyses of 12 serial biopsy pairs after treatment with ate-
zolizumab plus bevacizumab [115].

While the results from the two studies described above
require validation, they strongly suggest that myeloid-
mediated immunosuppression is a principal contributor to
resistance to ICIs and that such resistance can be therapeu-
tically overcome by adding antiangiogenic agents to ICIs.
Although there is a lack of relevant clinical trials, it is evi-
dent that identifying a universally accurate biomarker irre-
spective of tumor type or combined regimen might be diffi-
cult, if not impossible. To select tumors addicted to angio-
genic signaling, molecular profiling of the TME compo-
nents seems to be a promising strategy.

5.3 | Tailoring the dose and sequence of
treatments

Both antiangiogenic agents and ICIs lead to compli-
cated biological responses. Hypertension requiring med-
ical intervention is a typical side effect of bevacizumab,
which can be observed in 11% of bevacizumab-treated
patients, and some unusual side effects like proteinuria
and bleeding can also be observed [116]. Small molecule
TKIs are possibly more toxic as they inhibit multiple
signaling pathways. Typical side effects of TKIs include
hypertension, diarrhea, and cardiac ischemia [117, 118].
The development of combination regimens could further
enhance the complexity and increase the risk of toxici-
ties. Therefore, identifying the optimal dose of agents and
sequencing of treatment are critical for optimizing the
effectiveness, toxicity, and tolerability of therapies combin-
ing antiangiogenic agents with ICIs in the clinic.

Historically, antiangiogenic agents have been prescribed
at maximum tolerated doses until cancer progression.
However, traditional high-dose and/or long-term antian-
giogenic treatments have now been well established to lead
to excessive vessel pruning and increased immunosuppres-
sion in the TME [119-121]. A retrospective study concluded
that low-dose bevacizumab (<3.6 mg/kg per week) for
progressive/recurrent glioblastoma, which is much lower
than the FDA-approved dose (10 mg/kg every two weeks),
confers a more significant survival benefit than a higher
dose [122]. This aligns with an article that systematically
reviewed the immunomodulatory functions of antian-
giogenic TKIs in preclinical studies, which showed that
high-dose TKIs suppressed antitumor immune response,
whereas lower-dose TKIs were immune-promoting [123].
Of note, all recent phase III trials in HCC, NSCLC, and
RCC used antiangiogenic agents according to standard
FDA-approved doses [81, 90, 92-94]. The optimal doses
for antiangiogenic drugs and their importance when com-
bined with ICIs require further investigation in prospective
studies and well-controlled clinical trials using low-dose
antiangiogenic agents.

The kinetics of recently defined immunostimulation-
induced tumor vasculature normalization is largely
unknown. Delineating the possible mechanism to find the
optimal sequence of the administration of antiangiogenic
agents and ICIs is necessary to prolong normalization
windows and maximize clinical benefits. Immune-related
adverse effects caused by ICIs can often resolve after
discontinuing treatment or reducing drug doses [124].
Because antiangiogenic treatments can induce tumor
vessel normalization, which can enhance the delivery of
both ICIs and immune cells to solid tumors, therapies
combining antiangiogenic agents with ICIs might not
require traditional doses of ICIs to confer immunostimu-
lation; this may subsequently reduce the risk of adverse
effects.

6 | OUTLOOK

As discussed, there are three rationales for combining
antiangiogenic therapy with ICIs. First, both antiangio-
genic agents and ICIs possess anticancer activity. Sec-
ond, in addition to their well-defined antiangiogenic func-
tion, antiangiogenic agents also have immunomodula-
tory effects. Third, these two therapies could reinforce
each other through the immunostimulatory vascular-
modulating cycle.

Encouraging results from multiple clinical trials have
shown that combining antiangiogenic treatments with
ICIs significantly prolonged survival in comparison with
standards-of-care in RCC, NSCLC, and HCC. It remains
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to be seen whether results from future clinical studies
will advocate the usage of combinations of antiangiogenic
agents plus ICIs in other tumors. It is plausible that such
success might be a small part of possible combinations of
ICIs and agents targeting specific components of the TME.
The convergence of innovation will likely lead to rapid
advances in tumor treatments, possibly making it more
complex to determine the appropriate therapy for a spe-
cific malignancy.

In the future, efforts to delineate the mechanisms under-
lying response and develop predictive biomarkers for com-
bining antiangiogenic treatments with ICIs will be facili-
tated by translational studies that include either neoadju-
vant approaches or paired serial biopsies. The knowledge
learned from such studies will provide rationales for the
development of next-generation combination strategies, in
which agents modulating specific aspects of the immuno-
suppressive TME are added to an ICI backbone to improve
antitumor immunity. The combinations of antiangiogenic
agents and ICIs should be designed with caution to mini-
mize or reduce the risk of intolerable adverse effects that
might lead to termination of treatment. In this respect,
antibody-based agents are possibly superior to multitar-
get TKIs, which usually inhibit multiple signaling path-
ways and are very toxic (even though toxicity risks may
be controlled by factors, such as the choice of the TKI
and the dose and schedule of administration). With evi-
dence from well-designed clinical trials, physicians will
be able to select optimal combination regimens and deter-
mine appropriate doses and sequences to enhance the effi-
cacy and reduce the toxicity.
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