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ABSTRACT

Combination therapy with immune checkpoint inhibitors (ICIs) and anti-angiogenic agents has recently 
been an important therapeutic strategy in cancer treatment. This review discusses the mechanisms, 
clinical applications, limitations, and future research directions of this combination therapy. ICIs may 
restore exhausted T-cell activity and modify immune responses within the tumor microenvironment 
(TME), thereby contributing to tumor control in selected contexts. Anti-angiogenic agents target 
abnormal tumor angiogenesis, which can impair immune-cell infiltration and function and support 
tumor progression. By modulating vascular dysfunction and VEGF-mediated immunosuppression, 
anti-angiogenic therapy may enhance the activity of ICIs in certain tumor types, while ICI-induced 
immune activation may also influence vascular remodeling and antitumor immunity. Several ICI and 
anti-angiogenic agent combinations have been approved by the U.S. Food and Drug Administration 
(FDA) for selected malignancies and have demonstrated clinical benefit in specific patient populations. 
However, important questions remain regarding long-term efficacy, optimal dosing, treatment timing 
and sequencing, duration of therapy, immune-related adverse events, and tumor-specific resistance 
mechanisms. Responses may also differ across tumor types, drug classes, and tumor microenvironment 
states. Future research should focus on validating integrated biomarker strategies, improving toxicity 
prediction and management, clarifying resistance mechanisms, optimizing treatment sequencing, and 
extending follow-up to determine the durability of clinical benefit and safety. These efforts will be 
essential for improving the clinical use of combination therapy with ICIs and anti-angiogenic agents in 
appropriately selected patients. 
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INTRODUCTION

Cancer has been recognized since antiquity, with 
descriptions of tumor-like diseases appearing in ancient 
Egyptian medical texts. Despite centuries of medical 
progress, cancer remains a major global health burden. 
According to data from the National Cancer Institute 
released in January 2026, an estimated 2,041,910 new 
cancer cases and 618,120 cancer-related deaths were 
expected to occur in the United States in 2025. Globally, 
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approximately 20 million new cancer cases and 9.7 
million cancer-related deaths were reported in 2022, 
and by 2050, the annual number of new cancer cases is 
projected to increase to 33 million, with cancer-related 
deaths reaching 18.2 million (1).

Modern cancer therapy developed more recently, 
beginning with advances in surgery and the early use 
of radiation therapy in the late nineteenth and early 
twentieth centuries, followed by the development of 
chemotherapy in the 1940s. Although these approaches 
have substantially improved cancer management, cancer 
remains one of the leading causes of death worldwide 
and continues to pose significant challenges to global 
health care systems.

The use of the immune system as a therapeutic 
strategy for cancer can be traced to William B. Coley in 
the late nineteenth century. Coley attempted to stimulate 
antitumor immune responses using bacterial toxins, 
later known as Coley’s toxins, and reported responses 
in several malignancies, including sarcoma, lymphoma, 
and testicular cancer. However, the mechanisms 
underlying these responses were not understood at the 
time, and concerns regarding safety, reproducibility, and 
severe inflammatory toxicity limited broader clinical 
adoption. Surgery and radiotherapy therefore became 
more established treatment approaches during the early 
twentieth century. Subsequent research suggested that 
the effects of Coley’s toxins were related, at least in 
part, to immune activation involving cytokines such as 
interleukins and interferons (2, 3).

A major advance in cancer immunotherapy came from 
the identification of immune regulatory pathways that 
control T-cell activation and antitumor immunity. Key 
immune checkpoints, including cytotoxic T-lymphocyte–
associated protein 4 (CTLA-4) and programmed cell 
death protein 1 (PD-1), help regulate immune responses 
by limiting excessive immune activation and preventing 
damage to normal tissues. However, tumors can 
exploit these pathways to evade immune surveillance. 
Understanding these checkpoint mechanisms provided 
the foundation for modern immune checkpoint inhibitors, 
which are now used in clinical practice for multiple 
cancer types (4).

Since Folkman proposed in 1971 that angiogenesis 
plays a critical role in the growth and metastasis of solid 
tumors, anti-angiogenic therapy has become an important 
area of cancer research. As tumors enlarge beyond 
approximately 2–3 mm in diameter, limited diffusion 
of oxygen and nutrients can contribute to intratumoral 
hypoxia and stimulate the production of pro-angiogenic 

factors, including vascular endothelial growth factor 
(VEGF), platelet-derived growth factor (PDGF), and 
fibroblast growth factor (FGF) (5). Overexpression of 
these pro-angiogenic factors can disrupt the balance 
between pro-angiogenic and anti-angiogenic signals, 
promoting the formation of new blood vessels. However, 
tumor-associated vessels are often structurally abnormal, 
disorganized, and functionally inefficient, creating 
an aberrant vascular network that can support tumor 
expansion and facilitate invasion (6). Angiogenesis 
inhibitors target this abnormal vascular process by 
interfering with angiogenic signaling pathways within 
the tumor microenvironment (TME).

Numerous clinical trials have evaluated combination 
therapy with immune checkpoint inhibitors (ICIs) and 
anti-angiogenic agents, leading to several U.S. Food and 
Drug Administration (FDA)-approved regimens that 
have improved outcomes in selected patient populations. 
This review focuses on the biological pathways involved 
in ICI and anti-angiogenic combination therapy, 
summarizes current clinical applications, identifies 
existing limitations, and highlights areas requiring 
further research.

BIOLOGICAL RATIONALE FOR 
COMBINATION THERAPY

Immune Checkpoint Biology
The development of immunotherapy, particularly 

ICIs, has transformed the treatment of several 
malignancies (7). Cancer immunoediting describes 
how interactions between tumor cells and the immune 
system can both eliminate tumor cells and select for 
immune-resistant tumor populations.  This process 
is commonly divided into three phases: elimination, 
equilibrium, and escape. During the elimination phase, 
innate and adaptive immune responses recognize and 
eliminate tumor cells expressing tumor-associated or 
tumor-specific antigens. Some tumor cells may survive 
this immune pressure and enter the equilibrium phase, 
in which the adaptive immune system restrains but does 
not completely eradicate residual tumor cells. Over time, 
immune selection may favor tumor-cell populations 
capable of evading antitumor immunity. These cells 
can then enter the escape phase, during which tumors 
progress despite the presence of host immune responses. 
Proposed mechanisms of immune escape include antigen 
loss or alteration, changes in cytokine signaling, and 
upregulation of immune checkpoint pathways (8). 
Immune checkpoint receptors expressed on immune 
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cells regulate the activation and inhibition of immune 
responses and play a central role in maintaining immune 
balance (9).

Cytotoxic T-lymphocyte–associated protein 4 (CTLA-
4) was one of the first immune checkpoints identified 
as a negative regulator of T-cell activation. CTLA-4 is 
expressed on activated T cells and regulatory T cells 
(Tregs) and primarily regulates the early priming phase 
of the immune response. By competing with CD28 for 
binding to B7 ligands on antigen-presenting cells, CTLA-
4 limits T-cell activation and proliferation. In preclinical 
studies, CTLA-4 blockade has been associated with 
increased T-cell proliferation, enhanced interleukin-2 
(IL-2) production, and depletion of Tregs within the 
TME through macrophage-dependent mechanisms (10).

PD-1 is another major immune checkpoint that 
helps regulate the balance between effective antitumor 
immunity and excessive inflammation (11). PD-1 
interacts with two ligands, programmed death-ligand 1 
(PD-L1) and programmed death-ligand 2 (PD-L2) (12). 
PD-L1 is expressed on activated immune cells, many 
normal tissues, and tumor cells, whereas PD-L2 is 
expressed primarily on macrophages and dendritic cells 
(13). High PD-1 expression may reflect a dysfunctional 
or exhausted T-cell state, characterized by reduced 
proliferation, impaired cytokine production, and 
decreased cytotoxic activity, although its significance 
can vary across tumor contexts (14). When PD-1 binds 
to PD-L1 or PD-L2, inhibitory signaling can suppress 
T-cell activity and reduce the production of key immune 
cytokines, including interferon gamma (IFN-γ), tumor 
necrosis factor beta (TNF-β), and IL-2.

The molecular and immunologic determinants of 
response to anti-PD-1 and anti-PD-L1 therapy remain 
incompletely understood. However, clinical benefits, 
including prolonged survival, have been associated 
in some settings with increased PD-L1 expression on 
tumor cells and tumor-infiltrating immune cells. ICIs 
are currently used across a wide range of malignancies. 
PD-L1 inhibitors, including atezolizumab, avelumab, and 
durvalumab, have been used in multiple cancer types, 
including non-small cell lung cancer (NSCLC), bladder 
cancer, and Merkel cell carcinoma (4). Dual immune 
checkpoint blockade with anti-CTLA-4 and anti-
PD-1 agents, such as ipilimumab plus nivolumab, has 
demonstrated clinical benefit in selected tumor types, 
including melanoma, renal cell carcinoma, colorectal 
cancer with specific molecular features, hepatocellular 
carcinoma, NSCLC, pleural mesothelioma, and 
esophageal squamous cell carcinoma. In these settings, 

combined CTLA-4 and PD-1 inhibition has been 
associated with improved response rates, overall 
survival, or progression-free survival compared with 
selected standard treatments, although the magnitude of 
benefit varies by cancer type, biomarker status, treatment 
line, and patient population (15).

Tumor Angiogenesis, Vascular Dysfunction, and 
Immune Regulation

The rapid and disorganized growth of tumor 
neovascular forms an extensive vascular supply system, 
which drives uncontrolled tumor growth and invasion. 
Among the molecules identified as angiogenic factors, 
endothelial growth factor-VEGF has contributed 
significantly to our understanding of the angiogenic 
mechanisms that sustain tumor growth. VEGF acts 
as a growth and survival factor on endothelial cells by 
targeting two receptor tyrosine kinases, VEGF receptors 
1 and 2 (16). VEGFR2 is expressed in endothelial cells, 
whereas VEGFR1 is expressed in  endothelial cells, 
smooth muscle cells, fibroblasts, myeloid progenitor 
cells, macrophages, and various types of cancer cells 
(17). VEGF factors are overexpressed in most solid 
tumors, and inhibition of the VEGF signaling pathway 
has been shown to suppress tumor growth in several 
animal studies (18). FDA approved bevacizumab in 2004, 
marking the first anti-angiogenic agent that specifically 
targets VEGF to inhibit tumor angiogenesis (19).

The TME can regulate tumor angiogenesis, and 
angiogenesis in turn can affect the function and state 
of immune cells. In addition, immune-mediated 
responses may modulate angiogenic processes in a 
context-dependent manner (20). The TME is one of the 
major factors that may limit the effectiveness of ICIs. 
In the TME, interactions between tumor blood vessels 
and peritumoral immune cells can impair antitumor 
immunity and contribute to a cycle that supports tumor 
progression (4). Abnormal tumor angiogenesis may also 
facilitate immune evasion and further promote pro-
angiogenic signaling (21, 22). As a result, dual targeting 
of tumor angiogenesis and immune-checkpoint pathways 
may enhance immune activity within the TME and 
improve the efficacy of immunotherapy in selected tumor 
settings (23). 

Tumor growth relies on an adequate supply of 
oxygen and nutrients from blood vessels (24). In rapidly 
developing tumors, however, tumor growth can outpace 
the supplying capacity of existing blood vessels, which 
may lead to hypoxia within the tumor. The hypoxic 
environment activates hypoxia-inducible factor 1 (HIF-
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Figure 1. Proposed VEGF-mediated regulation of immune suppression and angiogenesis in the TME. Tumor hypoxia can 
induce VEGF upregulation, which may reduce CD8⁺ T-cell proliferation and effector function, increase Treg proliferation 
and pro-angiogenic cytokine production, expand MDSCs, impair dendritic cell maturation and antitumor function, and 
promote TAM proliferation with M2-like polarization. These VEGF-associated changes may collectively promote immune 
suppression and angiogenesis in a tumor- and context-dependent manner. This schematic presents proposed mechanisms 
and was created by the author using modified images from Servier Medical Art (https://smart.servier.com/), licensed under 
CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). Abbreviations: VEGF, vascular endothelial growth factor; Treg, 
regulatory T cell; MDSC, myeloid-derived suppressor cell; DC, dendritic cell; TAM, tumor-associated macrophage; TME, 
tumor microenvironment.

1), a key regulator of angiogenesis, and upregulates 
vascular endothelial growth factor (VEGF) in the tumor 
(24). VEGF facilitates endothelial cell proliferation 
and survival, resulting in aberrant and dysfunctional 
tumor vessels that can interfere with multiple steps of 
anticancer immunity and may reduce the effectiveness of 
ICIs in certain tumors (25, 26). These abnormal tumor 
vasculatures can also form a physical barrier to cytotoxic 
T lymphocytes (CTLs). Tumor-specific CTLs circulating 
in the bloodstream may be unable to effectively penetrate 
the TME because of this disorganized vascular structure, 
preventing them from reaching and eliminating tumor 
cells (27). 

Tumor vasculature may express a variety of 
immunosuppressive molecules, including PD-L1 and 
Fas ligand (FasL), which can impair CTL function 
or survival. PD-L1 on tumor endothelial cells can be 
upregulated by chronic hypoxia or interferon-γ, although 

the effect of IFN-γ may vary depending on tumor type, 
timing, and local immune context. This may contribute to 
T-cell inactivation within the vessel lumen. In addition, 
The TME is often marked by chronic overexpression of 
inflammatory mediators, which can impair the immune 
system’s ability to recognize and eliminate abnormal 
cells and contribute to the functional inactivation of 
immune cells against tumor cells  (28). T cells may 
remain functionally limited until they cross the blood 
vessel wall and enter the TME. Additionally, many tumor 
vessels overexpress FasL, a death signal for activated 
T cells. FasL on tumor vasculature can selectively 
eliminate CTLs while sparing regulatory T cells (Tregs). 
Consequently, in some TME, CTL infiltration may be 
limited, whereas Tregs may accumulate more abundantly 
(29). VEGF is an important immunosuppressive factor 
and a key driver of tumor angiogenesis, as shown in 
Figure 1. 
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VEGF in the TME can interfere with the maturation 
of dendritic cells (DCs) from immature progenitor cells, 
thereby limiting the priming of T cells against tumors. 
Preclinical studies have shown that inhibition of the 
VEGF signaling pathway increases the total number of 
mature dendritic cells in mouse glioblastoma models 
(30). Therefore, anti-VEGF therapy may reverse VEGF-
mediated immunosuppression on dendritic cells by 
reducing immature progenitors and increasing mature 
DCs in preclinical settings, although the magnitude of 
this effect may depend on tumor type and treatment 
conditions. VEGF also contributes to immunosuppression 
by promoting the accumulation of Tregs in the TME and 
by driving tumor-associated macrophages (TAMs) toward 
an M2-like phenotype, as suggested by experimental 
and preclinical studies (21). VEGF has been reported 
to directly affect T cell function, including inhibition 
of the differentiation of hematopoietic progenitor cells 
in the thymus into CTLs in preclinical studies (31). 
Furthermore, experimental studies have shown that 
VEGF binding to VEGFR2 on the T cell surface can 
upregulate PD-1 expression on CTLs, thereby suppressing 
T cell proliferation and cytotoxicity. VEGF binding to 
VEGFR2 on Tregs and myeloid-derived suppressor cells 
(MDSCs) may also promote the infiltration of these 
immunosuppressive cells into the TME (32).

Conversely, the immune system can have a major 
impact on the regulation of tumor angiogenesis. 
Macrophages show considerable versatility in regulating 
angiogenesis throughout the TME. In experimental 
and preclinical studies, macrophages exposed to 
TME-derived signals can shift their transcriptional 
programs along a spectrum, adopting M1-like or M2-
like phenotypes depending on the cytokines and growth 
factors present. M1-like TAMs may target abnormal 
tumor angiogenesis by secreting anti-angiogenic 
cytokines, such as interleukin (IL)-12 and TNF-α, 
whereas M2-like TAMs can promote tumor angiogenesis 
through the production of pro-angiogenic growth factors, 
including VEGF, EGF, and FGF family members; 
angiogenic CXC chemokines, including CXCL8/IL-8 
and CXCL12; and additional angiogenesis-related factors 
such as TGF-β and TNF-α (33).

DCs are a crucial immune component in the TME 
and may also participate in the regulation of tumor 
angiogenesis. Experimental studies suggest that mature 
conventional dendritic cells (cDCs) can inhibit tumor 
angiogenesis through the secretion of anti-angiogenic 
cytokines, such as IL-12 and IL-18, and anti-angiogenic 
chemokines, including CXCL9 and CXCL10. CXCL9 is 

generally associated with the recruitment of CXCR3-
positive effector T cells and may contribute to an 
antitumor immune environment, although its functional 
significance may vary across tumor contexts. In 
comparison, mature plasmacytoid dendritic cells (pDCs) 
may suppress tumor proliferation and angiogenesis 
through the secretion of IFN-γ and the upregulation 
of anti-angiogenic cytokines and chemokines. Cancer 
cells, however, can preferentially recruit immature DCs 
(iDCs) from peripheral blood vessels by releasing several 
cytokines, such as VEGF, CXCL12, and CXCL8, in the 
TME, which may make iDCs a prominent DC subset in 
certain tumors (34).

Preclinical studies suggest that tumor-infiltrating Treg 
cells can support angiogenesis by secreting VEGF and 
promoting the recruitment and expansion of endothelial 
cells (35). They may also promote tumor angiogenesis 
by inducing the activation of M2-like macrophages 
(36). MDSCs, a heterogeneous population of immature 
myeloid cells, can promote angiogenesis by upregulating 
IL-10 and downregulating IL-12 in the TME, as reported 
in preclinical studies (37).

Among adaptive immune cells, CD8⁺ CTLs can 
play an important role in targeting abnormal tumor 
angiogenesis by secreting IFN-γ. Experimental and 
preclinical studies have shown that IFN-γ can inhibit 
the proliferation and migration of endothelial cells 
and reduce angiogenesis through IFN-γ-inducible 
chemokines, including IFN-induced protein 10 (IP-10/
CXCL10) and monokine induced by gamma interferon 
(MIG/CXCL9) (38, 39). Furthermore, IFN-γ signaling 
may downregulate VEGF-A, thereby targeting abnormal 
tumor angiogenesis in certain contexts. IFN-γ may also 
contribute to the reprogramming of TAMs from an M2-
like phenotype toward an M1-like phenotype, which may 
suppress vascular remodeling and support antitumor 
activity in some preclinical settings (40). However, the 
effects of IFN-γ on vascular regulation and immune 
activation are not uniform across all tumors and may 
depend on tumor type, dose, timing, and the baseline 
immune and vascular status of the TME.

Mechanistic Rationale for Combination Therapy
Combination therapy with ICIs, including anti-

PD-1/PD-L1 therapy, and anti-angiogenic therapy may 
produce complementary or synergistic antitumor effects 
in selected tumor contexts. Preclinical and translational 
studies suggest that anti-angiogenic drugs can increase 
the infiltration and function of antitumor immune cells 
and may reduce certain immunosuppressive signals 
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within the TME. Conversely, ICI therapy can restore 
exhausted T-cell activity and may contribute to a more 
immune-supportive TME under appropriate conditions 
(41). In some preclinical models and selected clinical 
settings, anti-CTLA-4 and anti-PD-1 blockade have also 
been associated with vascular changes consistent with 
vascular normalization.

Anti-PD-1/PD-L1 therapy can restore and activate 
exhausted T cells, and preclinical studies suggest that 
IFN-γ secreted by these activated T cells may contribute 
to vascular remodeling and antitumor immune responses 
in certain tumor settings (42). However, the effects of 
IFN-γ on tumor vasculature are not uniform across all 
tumors and may depend on tumor type, dose, timing, 
and the baseline immune and vascular status of the 
TME. Experimental studies have shown that direct 
signaling through IFN-γ receptors (IFNγR) can inhibit 
endothelial cell proliferation and survival through STAT 
signaling pathways, which may contribute to regression 

or remodeling of tumor vasculature in certain contexts 
(38). In addition, experimental and preclinical studies 
have shown that IFN-γ can induce chemokines such as 
CXCL9 and CXCL10, which are generally associated 
with recruitment of CXCR3-positive effector immune 
cells, including T cells and NK cells, into the TME (43). 
CXCL10 has been reported to exert anti-angiogenic 
effects by inhibiting endothelial cell proliferation and 
reducing vascular density in some tumor models. 
Similarly, CXCL9 is an IFN-γ-inducible chemokine that is 
generally associated with recruitment of CXCR3-positive 
effector immune cells and has been reported to have anti-
angiogenic activity in some tumor models (44). Figure 2 
summarizes this proposed preclinical mechanism.

Allen et al. reported that PD-L1 expression increased 
following anti-angiogenic therapy, providing a rationale 
for combining PD-1/PD-L1 pathway blockade with 
anti-angiogenic agents in mouse models of refractory 
pancreatic, breast, and brain tumors. In these preclinical 

Figure 2. Proposed preclinical pathway linking anti-PD-1/PD-L1 therapy to antitumor immunity and anti-angiogenesis. 
Anti-PD-1/PD-L1 blockade may promote T-cell activation and proliferation, increasing IFN-γ secretion. IFN-γ may induce 
CXCL9 and CXCL10 expression, support M1-like macrophage polarization, enhance immune-cell migration into the TME, 
and contribute to anti-angiogenic effects. Together, these processes may inhibit tumor growth in a tumor- and context-
dependent manner. This schematic presents proposed preclinical mechanisms summarized from the literature and was created 
by the author using modified images from Servier Medical Art (https://smart.servier.com/), licensed under CC BY 4.0 (https://
creativecommons.org/licenses/by/4.0/). Abbreviations: ICI, immune checkpoint inhibitor; PD-1, programmed cell death 
protein 1; PD-L1, programmed death-ligand 1; IFN-γ, interferon gamma; CXCL9, C-X-C motif chemokine ligand 9; CXCL10, 
C-X-C motif chemokine ligand 10; NK cell, natural killer cell; NKT cell, natural killer T cell; TME, tumor microenvironment.
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models, anti-PD-1 therapy enhanced and prolonged 
the effects of anti-angiogenic treatment in pancreatic 
and breast cancer models. Conversely, anti-angiogenic 
therapy improved the activity of anti-PD-L1 treatment, 
particularly through increased CTL infiltration associated 
with therapy-induced intratumoral high endothelial 
venule (HEV) formation. HEVs are specialized 
postcapillary venules commonly located in secondary 
lymphoid organs, where they facilitate the migration of 
lymphocytes from the bloodstream into lymphoid tissues 
(45). HEVs can also be associated with the development 
of tertiary lymphoid structures, which contain organized 
regions enriched with dendritic cells, T cells, and B cells. 
These structures have been linked to improved responses 
to ICIs in some tumor settings, although their predictive 
and mechanistic significance in patients remains under 
investigation (46). In mouse models of breast and 
pancreatic cancer, combination therapy with ICIs and 
anti-angiogenic drugs has been reported to induce HEV 
formation, reduce tumor growth, and increase survival 
(47). These preclinical findings support a mechanistic 
rationale for combination therapy, although the extent 
of synergy and the clinical relevance of HEV induction 
may differ according to tumor type, drug target, dosing 
schedule, and the immune and vascular features of the 
TME.

CLINICAL EVIDENCE

Several studies have reported that combining ICIs 
with anti-angiogenic drugs may produce complementary 

or synergistic antitumor effects in selected experimental 
and clinical settings (48). For instance, combination 
therapy with immunotherapy and the anti-VEGF agent 
bevacizumab has been reported to inhibit the growth 
of lung adenocarcinoma in vivo (49). Furthermore, in 
preclinical models, combination therapy with anti-PD-L1 
antibodies and small-molecule inhibitors of VEGFR2 
has been associated with reduced PD-1/PD-L1 signaling, 
increased tumor-infiltrating lymphocytes, and decreased 
regulatory T cells and MDSCs, thereby contributing to 
tumor growth inhibition (50). Merder et al. found that 
combination therapy was associated with improved 
survival in a transgenic SCLC mouse model and 
suggested that adding anti-VEGF therapy to anti-PD-L1 
treatment may help overcome features of anti-PD-L1 
resistance related to T-cell depletion in this model (51). 
Based on this biological rationale, multiple small and 
large clinical trials have investigated the combination 
of immunotherapy and anti-angiogenic therapy across 
different tumor types. Combination therapy with 
anti-VEGF agents and PD-1/PD-L1 inhibitors has 
demonstrated clinical benefit in several settings and 
has been approved by the FDA for selected cancer 
indications. Tables 1 and 2 summarize FDA-approved 
ICI and anti-angiogenic combination therapies and their 
supporting clinical trial evidence. Table 1 presents the 
approved regimens, indications, treatment line, key trial, 
and study population, whereas Table 2 summarizes the 
primary endpoint, comparator, key efficacy result, and 
principal safety findings. 

Table 1. FDA-Approved ICI and Anti-Angiogenic Combination Therapies and Supporting Trials.  In this table, VEGF indicates 
vascular endothelial growth factor; VEGFR, vascular endothelial growth factor receptor; HCC, hepatocellular carcinoma; 
NSCLC, non-small cell lung cancer; RCC, renal cell carcinoma; MSI-H, microsatellite instability-high; dMMR, mismatch repair 
deficient; TKI, tyrosine-kinase inhibitor. References listed in the “Key trial” column indicate the primary clinical trial sources 
supporting the efficacy and safety findings summarized in each row.

Cancer type Combination / target Indication / line 
(FDA approval year ) Key trial Phase / population 

Hepatocellular 
carcinoma 

Atezolizumab / PD-L1 + 
Bevacizumab / VEGF-A 

Unresectable or metastatic 
HCC; 1st line (2020)

IMbrave150 (52) Phase III; previously 
untreated unresectable HCC 

Non-small cell 
lung cancer 

Atezolizumab / PD-L1 + 
Bevacizumab / VEGF-A + 
Carboplatin + Paclitaxel 

Metastatic nonsquamous 
NSCLC, EGFR/ALK-
negative; 1st line (2018 )

IMpower150 
(53)

Phase III; chemotherapy-
naïve metastatic 
nonsquamous NSCLC 

Renal cell 
carcinoma 

Pembrolizumab / PD-1 + 
Axitinib / VEGFR-1/2/3 

Advanced RCC; 1st line 
(2019 )

KEYNOTE-426 
(54)

Phase III; previously 
untreated advanced RCC 
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Continued Table 1. FDA-Approved ICI and Anti-Angiogenic Combination Therapies and Supporting Trials.  In this table, 
VEGF indicates vascular endothelial growth factor; VEGFR, vascular endothelial growth factor receptor; HCC, hepatocellular 
carcinoma; NSCLC, non-small cell lung cancer; RCC, renal cell carcinoma; MSI-H, microsatellite instability-high; dMMR, 
mismatch repair deficient; TKI, tyrosine-kinase inhibitor. References listed in the “Key trial” column indicate the primary clinical 
trial sources supporting the efficacy and safety findings summarized in each row.

Cancer type Combination / target Indication / line 
(FDA approval year ) Key trial Phase / population 

Renal cell 
carcinoma 

Avelumab / PD-L1 + 
Axitinib / VEGFR-1/2/3 

Advanced RCC; 1st line 
(2019 )

JAVELIN Renal 
101 (55)

Phase III; previously 
untreated advanced RCC 

Renal cell 
carcinoma 

Nivolumab / PD-1 + 
Cabozantinib / VEGFR-2 
and other kinases 

Advanced RCC; 1st line 
(2021 )

CheckMate 9ER 
(56)

Phase III; previously 
untreated advanced RCC 

Endometrial 
carcinoma 

Pembrolizumab / PD-1 + 
Lenvatinib / VEGFR-1/2/3 
and other kinases 

Advanced endometrial 
carcinoma, non–MSI-H/
dMMR, progressed after 
prior therapy and not 
candidate for curative 
surgery/radiation; ≥2nd line 
(2021 )

KEYNOTE-775 
/ Study 309 (57)

Phase III; advanced 
endometrial cancer after 
prior platinum therapy 

Renal cell 
carcinoma 

Pembrolizumab / PD-1 + 
Lenvatinib / VEGFR-1/2/3 
and other kinases

Advanced RCC; 1st 
line(2021)

CLEAR (58) Phase III; previously 
untreated advanced RCC 

Cervical cancer Pembrolizumab / PD-1 
+ chemotherapy ± 
Bevacizumab / VEGF-A 

Persistent, recurrent, or 
metastatic cervical cancer 
with PD-L1 CPS ≥1; 1st 
line  (2021 )

KEYNOTE-826 
(59)

Phase III; persistent, 
recurrent, or metastatic 
cervical cancer 

Table 2. Key Efficacy and Safety Findings from Supporting Clinical Trials. In this table, VEGF indicates vascular endothelial 
growth factor; VEGFR, vascular endothelial growth factor receptor; RCC, renal cell carcinoma; CPS, combined positive score; 
OS, overall survival; PFS, progression-free survival; TKI, tyrosine-kinase inhibitor.

Cancer type Combination / 
target 

Primary endpoint  
/ Comparator Key efficacy result Principal safety findings 

Hepatocellular 
carcinoma 

Atezolizumab / PD-
L1 + Bevacizumab 
/ VEGF-A 

OS and PFS /
Sorafenib 

Improved OS and 
PFS versus sorafenib; 
12-month OS was 
67.2% vs 54.6%, 
respectively. 

Safety was consistent with atezolizumab 
and bevacizumab; important concerns 
included hypertension, proteinuria, 
bleeding risk, and immune-related 
adverse events. 

Non-small cell 
lung cancer 

Atezolizumab / PD-
L1 + Bevacizumab 
/ VEGF-A + 
Carboplatin + 
Paclitaxel 

PFS and OS /
Bevacizumab 
+ carboplatin + 
paclitaxel 

Addition of 
atezolizumab to 
bevacizumab plus 
chemotherapy 
improved PFS and OS. 

Safety reflected combined 
immunotherapy, anti-VEGF therapy, and 
chemotherapy; key toxicities included 
immune-related events, hypertension, 
bleeding risk, and chemotherapy-
associated toxicity. 

Renal cell 
carcinoma 

Pembrolizumab / 
PD-1 + Axitinib / 
VEGFR-1/2/3 

OS and PFS / 
Sunitinib

Pembrolizumab plus 
axitinib improved OS, 
PFS, and objective 
response rate versus 
sunitinib. 

Overall toxicity frequency was similar 
between groups, but hepatic toxicity 
required attention with pembrolizumab 
plus axitinib. 
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SAFETY AND RESISTANCE

ICIs can lead to the deactivation of T-cell 
regulatory pathways which results in various  immune-
related adverse events (irAEs). Mechanisms of irAE 
development are unknown but are likely to be mediated 
through a complex cascade of autoreactive T cells, 
autoantibodies and cytokine mediated inflammation 
(60). IrAEs present in different patterns, processes and 
clinical manifestations with potential toxicities affecting 
virtually any organ system. The most frequently reported 
irAE is dermatologic toxicity, and other commonly 
reported irAEs, such as colitis, hepatitis, endocrine 
dysfunction, pituitary toxicity, and pneumonitis have 
also been reported to a great extent. Neurologic, 
renal, ocular, and cardiovascular toxicities have been 
less frequently noted (61). These toxicities frequently 

necessitate targeted treatments such as corticosteroids or 
other immunomodulatory treatments (62). Recognizing 
and appropriately managing the unique toxicity profile 
of immunotherapy is essential for reducing irAEs, and 
further research is needed to clarify the underlying 
pathophysiologic mechanisms that drive these toxicities. 

In addition to safety concerns, therapeutic resistance 
remains a major limitation of ICI and anti-angiogenic 
combination therapy. Resistance may arise from tumor-
intrinsic mechanisms, vascular adaptation, and immune 
remodeling within the TME. One important mechanism 
is activation of alternative angiogenic pathways. Although 
VEGF/VEGFR signaling is a central target of many anti-
angiogenic agents, tumors may compensate through 
other pro-angiogenic pathways, including fibroblast 
growth factor/fibroblast growth factor receptor (FGF/
FGFR), platelet-derived growth factor/platelet-derived 

Continued Table 2. Key Efficacy and Safety Findings from Supporting Clinical Trials. In this table, VEGF indicates vascular 
endothelial growth factor; VEGFR, vascular endothelial growth factor receptor; RCC, renal cell carcinoma; CPS, combined 
positive score; OS, overall survival; PFS, progression-free survival; TKI, tyrosine-kinase inhibitor.

Cancer type Combination / 
target 

Primary endpoint  
/ Comparator Key efficacy result Principal safety findings 

Renal cell 
carcinoma 

Avelumab / PD-
L1 + Axitinib / 
VEGFR-1/2/3 

PFS and OS, 
especially in PD-
L1-positive tumors / 
Sunitinib

Avelumab plus 
axitinib significantly 
prolonged PFS versus 
sunitinib in advanced 
RCC. 

Grade ≥3 adverse events were frequent 
in both arms; hypertension, diarrhea, 
fatigue, and liver enzyme abnormalities 
were clinically relevant toxicities. 

Renal cell 
carcinoma 

Nivolumab / PD-1 
+ Cabozantinib 
/ VEGFR-2 and 
other kinases 

PFS / Sunitinib Nivolumab plus 
cabozantinib improved 
PFS, OS, and 
objective response rate 
versus sunitinib. 

Grade ≥3 adverse events were common; 
safety reflected both immune-related 
toxicity and TKI-associated toxicity. 

Endometrial 
carcinoma 

Pembrolizumab / 
PD-1 + Lenvatinib 
/ VEGFR-1/2/3 and 
other kinases 

PFS and OS /
Physician’s choice 
chemotherapy

Adverse events were frequent and often 
required dose interruption or reduction; 
hypertension and other lenvatinib-
associated toxicities were important. 

Renal cell 
carcinoma 

Pembrolizumab / 
PD-1 + Lenvatinib 
/ VEGFR-1/2/3 and 
other kinases

PFS / Sunitinib Lenvatinib plus 
pembrolizumab 
improved PFS and OS 
versus sunitinib.  

Grade ≥3 treatment-related adverse 
events were frequent, reflecting the 
toxicity burden of combined ICI and 
TKI therapy. 

Cervical cancer Pembrolizumab 
/ PD-1 + 
chemotherapy ± 
Bevacizumab / 
VEGF-A 

OS and PFS 
/ Placebo + 
chemotherapy ± 
bevacizumab

Pembrolizumab plus 
chemotherapy, with or 
without bevacizumab, 
improved PFS and OS 
versus placebo plus 
chemotherapy. 

Safety was consistent with 
pembrolizumab, chemotherapy, and 
bevacizumab; immune-related events, 
myelosuppression, hypertension, and 
bleeding/thrombotic risks were clinically 
relevant. 
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growth factor receptor (PDGF/PDGFR), angiopoietin-2/
tyrosine-protein kinase receptor TIE2 (ANGPT2/TIE2), 
hepatocyte growth factor/mesenchymal-epithelial tran-
sition factor (HGF/MET), and other angiogenesis-related 
signals (63, 64). These compensatory pathways may 
allow tumors to maintain vascular supply despite VEGF 
pathway inhibition and may partially explain why some 
tumors respond poorly or eventually progress after anti-
angiogenic therapy (63, 64).

Tumors may also evade anti-angiogenic therapy 
through vessel co-option, in which cancer cells use 
pre-existing host vessels rather than generating new 
vessels. This mechanism allows tumor growth and 
invasion without depending entirely on VEGF-driven 
angiogenesis (65). In addition, excessive or prolonged 
inhibition of angiogenesis may worsen hypoxia in some 
tumors. Hypoxia can promote adaptive resistance by 
increasing invasive behavior, altering tumor metabolism, 
upregulating immunosuppressive signaling, and 
recruiting suppressive myeloid populations (63, 64). 
These changes may reduce the immune-supportive 
effects expected from vascular normalization and may 
limit the benefit of  combination therapy with anti-
angiogenic therapy and ICIs (63, 64).

Resistance to ICIs may also arise through immune 
evasion mechanisms. Tumors with impaired antigen 
presentation, including defects in major histocompatibility 
complex expression, antigen-processing machinery, 
or interferon signaling, may be less visible to tumor-
specific T cells (66 , 67). In addition, T-cell exclusion 
from the tumor parenchyma can prevent activated 
lymphocytes from reaching malignant cells even when 
systemic immune activation occurs. Recruitment of 
immunosuppressive myeloid cells, including MDSCs, 
M2-like TAMs, and other stromal populations, can 
further suppress cytotoxic T-cell activity and promote 
resistance (67). Acquired resistance may also involve 
upregulation of alternative immune checkpoints or 
compensatory inhibitory pathways after initial response 
to PD-1/PD-L1 or CTLA-4 blockade (66 , 67).

These resistance mechanisms are important because 
they help explain why combination therapy with ICIs and 
anti-angiogenic agents is effective in some tumor types 
and patient populations but not in others. The success 
of combination therapy likely depends on whether anti-
angiogenic treatment improves vascular function and 
immune cell infiltration, or instead promotes vascular 
pruning, hypoxia, myeloid recruitment, and immune 
exclusion (63, 64, 67). Therefore, future studies should 
define tumor-specific resistance mechanisms and 

evaluate strategies that target both VEGF-dependent 
and VEGF-independent angiogenic pathways, immune 
exclusion programs, antigen presentation defects, 
and compensatory checkpoint signaling. A better 
understanding of these mechanisms may support 
more rational treatment sequencing, biomarker-guided 
patient selection, and development of next-generation 
combination therapies.

BIOMARKERS

Predictive biomarkers indicate the likelihood of 
response or benefit from a specific therapeutic strategy. 
Predictive biomarkers are needed to identify patients 
most likely to benefit from ICI and anti-angiogenic 
combination therapy, while minimizing unnecessary 
treatment exposure, financial burden, and treatment-
related toxicity. In the context of ICI and anti-angiogenic 
combination therapy, an ideal biomarker should predict 
not only treatment response but also the risk of  irAEs 
and resistance.

PD-L1 expression has been widely investigated as a 
biomarker for ICI response. PD-L1 expression on tumor 
cells, tumor-infiltrating immune cells, and immune cells 
within the TME may reflect dependence on the PD-1/PD-
L1 immune escape pathway. However, PD-L1 expression 
is an imperfect and context-dependent biomarker. Some 
studies have reported an association between higher PD-
L1 expression and improved response to anti-PD-1 or 
anti-PD-L1 therapy, whereas others have found no clear 
relationship between PD-L1 expression and survival 
benefit in patients receiving combination therapy (68, 
69). In addition, PD-L1 is not specific to ICI and anti-
angiogenic combination therapy, and its interpretation 
is limited by assay variability, differences in scoring 
systems, spatial heterogeneity within tumors, temporal 
changes during treatment, and tumor-specific thresholds. 
Therefore, PD-L1 expression alone is insufficient to 
guide patient selection for combination therapy.

Tumor mutational burden (TMB) is another biomarker 
associated with ICI response. Tumors with high TMB 
may generate more neoantigens, increasing the likelihood 
of immune recognition and response to ICIs (70, 71). 
However, TMB is also imperfect and context-dependent. 
Its predictive value varies across tumor types, and high 
TMB does not always translate into effective antitumor 
immunity. In addition, TMB measurement can be 
influenced by differences in sequencing platforms, cutoff 
values, tumor purity, sample quality, and bioinformatic 
pipelines.  TMB is also not specific to ICI and anti-
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angiogenic combination therapy. Although patients 
with both high TMB and high PD-L1 expression may 
experience greater benefit from ICI-based therapy in 
some settings, TMB and PD-L1 levels are not strongly 
correlated, suggesting that they represent different 
aspects of tumor immunobiology (72). 

Microsatellite instability-high (MSI-H) or mismatch 
repair deficiency (dMMR) is another clinically important 
biomarker for immunotherapy. MSI-H/dMMR tumors 
often have increased neoantigen formation and may 
respond well to ICIs. However, MSI-H/dMMR status 
is present only in selected tumor types and does not 
specifically predict benefit from adding anti-angiogenic 
therapy. Therefore, MSI-H/dMMR should be interpreted 
as part of a broader biomarker framework rather than as 
a standalone marker for combination therapy with ICIs 
and anti-angiogenic agents (73). 

Because anti-angiogenic therapy directly targets 
vascular signaling, angiogenesis-related biomarkers 
may be particularly relevant for combination therapy. 
VEGF-associated markers, VEGFA expression, VEGFR 
pathway activation, angiopoietin-related markers, and 
broader angiogenesis-related gene signatures may help 
identify tumors in which vascular dysfunction contributes 
to immune suppression. In hepatocellular carcinoma, 
exploratory biomarker analyses of atezolizumab 
plus bevacizumab have suggested that immune and 
angiogenesis-related gene-expression patterns may 
be associated with treatment response, supporting the 
potential value of integrated gene-signature approaches 
(74). However, these signatures remain investigational 
and require prospective validation before clinical use.

Immune cell infiltration within the TME may also 
help predict response. High baseline infiltration of CD8⁺ 
T cells, activated effector T cells, dendritic cells, or IFN-
related immune signatures may indicate a pre-existing 
antitumor immune response that can be enhanced by 
ICIs. In contrast, enrichment of Tregs, MDSCs, M2-
like macrophages, or other immunosuppressive cell 
populations may be associated with resistance or reduced 
response. However, immune-cell infiltration is highly 
heterogeneous within and between tumors, and biopsy-
based assessment may not fully represent the entire 
tumor immune landscape (75, 76) 

Circulating biomarkers may provide a less invasive 
method for monitoring response and resistance. Potential 
circulating markers include circulating VEGF or 
angiopoietin-2 levels, soluble PD-L1, cytokine profiles, 
circulating immune-cell subsets, circulating tumor 
DNA (ctDNA), and blood-based TMB. These markers 

may be useful for dynamic monitoring because they 
can be measured repeatedly during treatment. However, 
circulating biomarkers are influenced by tumor burden, 
systemic inflammation, prior therapy, and assay platform, 
and their clinical utility in ICI and anti-angiogenic 
combination therapy remains under investigation (77) .

Radiomic and imaging-based biomarkers may also 
contribute to patient selection and response monitoring. 
Imaging features related to tumor vascularity, perfusion, 
hypoxia, necrosis, and spatial heterogeneity may help 
assess vascular normalization or immune-related 
changes in the TME. Radiomic models using CT, MRI, 
or PET imaging have been investigated as noninvasive 
predictors of immunotherapy response, but these 
approaches require further standardization and external 
validation before clinical application (78).

Overall, no single biomarker is sufficient to predict 
response to combination therapy with ICIs and anti-
angiogenic agents. Future studies should focus on 
composite biomarker strategies that integrate PD-L1 
expression, TMB, MSI/dMMR status, angiogenesis-
related gene signatures, VEGF-associated markers, 
immune-cell infiltration, circulating biomarkers, 
radiomic features, and clinical factors. Such 
multidimensional approaches may better capture the 
complexity of vascular-immune regulation in the TME. 
However, future biomarker development must address 
major limitations, including assay variability, tumor 
heterogeneity, temporal changes during treatment, 
differences between primary and metastatic lesions, 
prior treatment effects, and tumor-specific thresholds. 
Prospective validation in well-defined cohorts will be 
essential before these biomarker strategies can guide 
clinical use of  combination therapy with ICIs and anti-
angiogenic agents.

FUTURE RESEARCH DIRECTIONS

Future research should focus on optimizing 
combination therapy with ICIs and anti-angiogenic 
agents through more precise patient selection, improved 
treatment sequencing, and better long-term safety 
evaluation. Although this therapeutic strategy has 
demonstrated clinical benefit and has been approved for 
selected cancer indications, several questions remain 
regarding the mechanisms, durability, and optimal 
clinical use of these combinations.

One important priority is to clarify the role of 
vascular normalization in combination therapy. Anti-
angiogenic therapy may improve antitumor immunity by 
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reducing hypoxia, improving perfusion, and facilitating 
the infiltration and function of antitumor immune 
cells. However, vascular normalization should not be 
viewed as a universal or permanent effect. Its extent 
and duration may vary according to tumor type, disease 
stage, baseline vascular structure, anti-angiogenic target, 
dose, treatment schedule, and patient-specific factors. 
Therefore, further studies are needed to determine 
whether the clinical benefit of anti-angiogenic therapy 
results primarily from vascular normalization, vascular 
disruption, immune modulation, or a combination of 
these mechanisms.

The optimal timing, dosing, and sequencing of 
ICIs with anti-angiogenic agents also require further 
investigation. Some studies suggest that anti-angiogenic 
therapy may create a temporary period of improved 
vascular function, but the duration of this window has 
been described mainly in limited experimental or tumor-
specific settings and should not be generalized across 
all agents, tumor types, or patients (79). In addition, 
optimal sequencing may differ between monoclonal 
antibodies and small-molecule tyrosine-kinase inhibitors 
because of differences in half-life, target specificity, 
pharmacodynamic effects, and dose-dependent vascular 
responses. Future studies should therefore define agent-
specific dosing schedules and treatment durations 
that maximize immune activation while minimizing 
excessive vascular pruning, hypoxia, and toxicity.

Research should also focus on predicting and 
preventing irAEs. Biomarkers that identify patients at 
higher risk for organ-specific inflammatory toxicities 
could improve clinical monitoring, guide early 
intervention, and reduce unnecessary treatment burden. 
This is particularly important because combination 
therapy may influence both therapeutic efficacy and 
immune-related toxicity through changes in angiogenic 
signaling, immune-cell trafficking, and the TME.

Another major priority is the development and 
validation of integrated biomarker strategies for 
treatment response, toxicity risk, resistance, and patient 
selection. Because single biomarkers such as PD-L1 
expression, TMB, and MSI/dMMR status have imperfect 
and context-dependent predictive value, future studies 
should move toward composite models that integrate 
immune, angiogenic, molecular, circulating, imaging-
based, and clinical features. These may include immune-
cell infiltration, IFN-related signatures, VEGF-associated 
markers, angiogenesis-related gene signatures, ctDNA or 
other circulating biomarkers, radiomic features, and TME 
characteristics. Such models may help identify patients 

most likely to benefit from combination therapy with 
ICIs and anti-angiogenic agents while also predicting 
irAE risk and resistance. Prospective validation will 
be essential because biomarker interpretation remains 
limited by assay variability, tumor heterogeneity, 
temporal changes during treatment, prior therapy, and 
tumor-specific thresholds. 

Finally, longer follow-up studies are needed to 
evaluate the durability of clinical benefit and long-term 
safety outcomes. Since many ICI and anti-angiogenic 
combinations have only recently been developed and 
approved, evidence regarding long-term efficacy remains 
limited. Future prospective trials and real-world studies 
should also clarify whether these therapies produce 
true synergistic effects or primarily provide additive 
benefits across different tumor types and organ systems. 
Distinguishing synergy from additive benefit will be 
essential for optimizing treatment selection, dosing, 
timing, duration, and toxicity management in patients 
receiving ICI and anti-angiogenic combination therapy.

CONCLUSION

Combination therapy with ICIs and anti-angiogenic 
agents provides a biologically rational strategy for 
improving antitumor immunity by targeting reciprocal 
interactions between tumor vasculature and the immune 
microenvironment. Anti-angiogenic therapy may reduce 
VEGF-mediated immunosuppression, improve vascular 
function under selected conditions, and facilitate 
antitumor immune-cell infiltration, whereas ICIs can 
restore exhausted T-cell activity and enhance immune-
mediated tumor control. These mechanisms are partly 
established through preclinical, translational, and clinical 
studies, but their effects remain tumor-specific, drug-
specific, dose-dependent, and context-dependent.

Clinically, Combination therapy with ICIs and anti-
angiogenic agents has demonstrated benefit in selected 
tumor types, including hepatocellular carcinoma, non-
small cell lung cancer, renal cell carcinoma, endometrial 
carcinoma, and cervical cancer. However, the magnitude 
of benefit differs across cancer types, treatment lines, 
and regimens. Therefore, these combinations should not 
be viewed as uniformly effective across all solid tumors.

Important challenges remain, including irAE, 
anti-angiogenic toxicities, acquired resistance, and 
uncertainty regarding optimal dose, timing, sequencing, 
and duration of therapy. Resistance may arise through 
alternative angiogenic pathways, vessel co-option, 
hypoxia-driven adaptation, myeloid-cell recruitment, 
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T-cell exclusion, antigen-presentation defects, and 
compensatory immune-checkpoint signaling. 

Future research should focus on prospective 
validation of integrated biomarker strategies, improved 
prediction and management of toxicity, clarification of 
tumor-specific resistance mechanisms, optimization 
of treatment sequencing, and longer follow-up to 
determine durability of clinical benefit and long-term 
safety. Addressing these priorities will be essential for 
refining ICI and anti-angiogenic combination therapy 
and expanding its effective use in appropriately selected 
patients.
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