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Abstract
The effectual clinical benefits of immune checkpoint inhibitor (ICI) are hampered by a high rate of innate resistance, and 
VEGFA may contribute to ICI treatment resistance. In this study, we endeavored to assess the tumor microenvironment 
(TME) in VEGFA-overexpressed human tumors and mouse tumor models, and to explore whether anti-angiogenesis therapy 
can overcome the innate resistance to ICI in hyperangiogenesis mouse tumor models and the underlying mechanism. Effect 
of VEGFA on clinical prognosis and TME was analyzed using TCGA data. The VEGFA-overexpressed mouse breast and 
colon subcutaneous models were established. PD-1 mAb or apatinib alone and combination therapy were used. Immuno-
histochemistry and immunofluorescence were used to assess angiogenesis and hypoxia. Flow cytometry, RNA sequencing 
and MCP-counter were applied to detect tumor immunomicroenvironment. High level of VEGFA mRNA in human tumors 
is related to poor prognosis and hypoxic, angiogenic and immunosuppressive TME. Upregulation of VEGFA increased the 
degree of malignancy of tumor cells in vitro and in vivo. VEGFA-overexpressed models were characterized by hypoxic, 
hyperangiogenic and immunosuppressive TME and indicated innate resistance to ICI. In tumor-bearing mice without VEGFA 
overexpression, the combination therapy had no synergistic anti-tumor effect compared to monotherapy. However, apatinib 
alleviated hyperangiogenesis and hypoxia in TME and converted the immunosuppressive TME into an immunostimulatory 
one in VEGFA-overexpressed tumors. Thus, anti-angiogenesis therapy could improve the efficiency of ICI in VEGFA-
overexpressed tumors. Revealing whether there is hypervascularization in tumor tissues may help to clarify the adoption of 
anti-angiogenesis and ICI combination therapy or ICI monotherapy in cancer treatment.
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Introduction

Immune checkpoint inhibitor (ICI) therapy, through the inhi-
bition of the interaction between programmed death-1 (PD-
1), mostly expressed on activated CD8+ T cells [1], and its 
ligand PD-L1, has represented a tremendous revolution in 
the treatment for various malignancies [2, 3]. PD-1/PD-L1 
blockade could re-invigorate the impaired T cells and restore 
the cytotoxic activity against tumor cells [4, 5]. However, 
the efficacy of monotherapy PD-1/PD-L1 blockade was 
only 20–40% in most cancer types, and there are a large 
number of partial responders [5, 6]. Quite a few patients do 
not respond to PD-1/PD-L1 blockade initially, recognized 
as "primary resistance (innate resistance)," as mentioned 
in our review [7]. Roger et al. [8] revealed that the tumor 
microenvironment (TME) of hyperangiogenesis is closely 
related to the intrinsic resistance to PD-1/PD-L1 blockade. 
Through whole exome sequencing and gene set enrichment 
between the responding versus nonresponding pretreatment 
tumors from malignant melanoma patients treated with PD-1 
mAb, a group of 26 transcriptomic signatures were defined 
in nonresponding tumors. The special transcriptomic pro-
file involved in hypoxia, pro-angiogenesis, epithelial–mes-
enchymal transition and wound healing is named the Innate 
anti-PD-1 Resistance (IPRES) signature, among which high 
expression of vascular endothelial growth factor A (VEGFA) 
is the key element [8].

VEGFA has a pivotal role in promotion of tumor angio-
genesis. Angiogenesis, the formation of a tumor-associated 
vascular network, is crucial for tumor growth and progres-
sion. Abnormal tumor vasculature often interferes with 
drug penetration in tumor areas and generates a hypoxic and 
acidic TME [9–11]. Hypoxia further promotes angiogenesis, 
epithelial–mesenchymal transition and tumor metastasis 
and aggravates hypoxia and immunosuppression through 
hypoxia-inducible factor 1 (HIF-1), forming a vicious cir-
cle in TME [12]. VEGFA, or hypoxia and hyperangiogen-
esis, has notable influence on anti-tumor immunity, mainly 
relying on promotion of inhibitory immune cell populations 
[13–18], affection of effector T cell response and alteration 
of lymphocyte development and trafficking [19, 20]. Effec-
tive anti-tumor response of PD-1/PD-L1 blockade mainly 
depends on the ability of specific T cells to infiltrate into 
tumors, but patients with hypoxic, hyperangiogenic and 

immunosuppressive TME are less likely to benefit from the 
therapy. VEGFA, the key element in IPRES transcriptomic 
signature, was found to be correlated with innate anti-PD-1 
resistance by other researchers. Chen et al. [21] suggested 
a VEGFA-related mechanism of therapeutic resistance 
according to the increased expression of VEGFA gene in 
nonresponding metastatic melanoma patients treated with 
PD-1 mAb. Emerging data suggest that anti-angiogenesis 
(AA) may exert positive immunomodulatory activity in 
the immunosuppressive TME. AA and ICI combination 
therapy may have a synergistic effect, since complementary 
mechanisms exist between the AA and ICI. Retrospective 
and clinical studies have demonstrated that patients receiv-
ing AA agents and ICI have longer overall survival (OS) 
than the monotherapy in some clinical settings [22–25]. In 
CheckMate 016 study, which compared the safety and effi-
cacy of nivolumab combined with sunitinib or pazopanib in 
patients with advanced or metastatic renal cell carcinoma 
(RCC), objective response rates (ORR) were 55% and 45%, 
respectively [26]. In a phase II study, the ORR of lenvatinib 
and pembrolizumab was 39.6% in advanced endometrial 
cancers [27]. In the IMmotion 151 trial, 37% of patients 
who received atezolizumab plus bevacizumab have achieved 
a confirmed objective response in RCC [25]. Apart from the 
encouraging antitumor effect, however, most combination 
therapy had a tolerable but really high incidence of serious 
adverse events about 32–82% [22, 24–28]. Considering the 
higher toxicity and cost of AA and ICI combination therapy, 
it is still not known whether combination therapy has more 
benefits than monotherapy for all patient including those 
without hypoxic and hyperangiogenic TME. There is an 
urgent need to make the best use of AA and ICI combination 
therapy and explore the most appropriate patients according 
to the characteristics of TME or other biomarkers.

Apatinib is an oral small-molecule VEGFR-2 tyrosine 
kinase inhibitor (TKI) that highly and selectively blocks 
VEGFR-2, inhibiting VEGFA-mediated endothelial cell 
proliferation and migration [29]. VEGFR-2 is recognized 
as the main receptor conveying the proangiogenic signals 
downstream of VEGFA. Up to date, lots of studies have 
shown the promising therapeutic effect of apatinib in mul-
tiple solid tumors [30–35]. The convenient administration 
and lower financial burden than anti-VEGF or anti-VEGFR2 
anti-bodies or other VEGFR TKIs make apatinib a meaning-
ful and emerging anti-angiogenesis therapy. In this study, 
we assessed the characteristics of TME in VEGFA-overex-
pressed human tumors and mouse tumor models. The anti-
tumor effects of PD-1 mAb or apatinib alone and the com-
bination therapy were assessed in VEGFA-overexpressed 
or normal mouse models. The underlined mechanisms for 
the very likely synergistic effect of ICI and AA combina-
tion therapy in VEGFA-overexpressed mouse models were 
also explored. This study tries to reverse innate resistance 



1783Cancer Immunology, Immunotherapy (2020) 69:1781–1799	

1 3

to PD-1/PD-L1 blockade therapy in tumors with hyperan-
giogenic and hypoxic TME, which may help to make the 
best use of AA and ICI combination therapy for appropriate 
patients in cancer treatment.

Methods

Analysis of the effect of VEGFA on clinical prognosis 
and TME

Patients were quarter divided into four groups according 
to the expression of VEGFA, with data from the Cancer 
Genome Atlas (TCGA) database processed by UCSC Xena 
platform (https​://xenab​rowse​r.net/datap​ages/), which the 
top 25% patients and the bottom 25% patients were selected 
as VEGFA-high and VEGFA-low. Kaplan–Meier survival 
analysis of OS in pan-cancer, colon and breast cancer was 
performed according to the VEGFA expression in R. Gene 
set enrichment analysis (GSEA) 2.2.4 software was down-
loaded and used to assess the difference of the set genetic 
signatures between VEGFA-high and VEGFA-low. Whole 
gene expression matrix was used as the input gene matrix, 
and expression of VEGFA was used as the input biomarker. 
Immune cell types could be quantified by gene signature set 
expression using machine calculation methods [36]. We used 
the immune cell markers established by Bindea et al. [36] 
to quantify the amounts of tumor-infiltrating immune cells 
and explore the relationship between VEGFA and immune 
cells by R GSVA package. Spearman correlation coefficients 
(rPearson) and corresponding p values were used to depict the 
correlation on the scatter plots.

Tumor cell lines

The murine colon carcinoma cell line CT26 and mammary 
cancer cell line 4T1 were both purchased from the Cell Bank 
of the Chinese Academy of Sciences (Shanghai, China). The 
cells were maintained in RPMI-1640 (Hyclone, USA) sup-
plemented with 10% fetal bovine serum (FBS) (Gibco, USA) 
and 1% penicillin–streptomycin (Gibco) and cultured in a 
37 °C incubator with a humidified atmosphere containing 
5% CO2.

Lentiviral infections

The lentivirus of control and overexpression VEGFA was 
purchased from OBiO Technology Corp., Ltd. (Shanghai, 
China). CT26 and 4T1 cells were infected with lentivirus 
supernatant fluid in medium containing 5 μg/ml polybrene. 
Stable transfected CT26 and 4T1 cells were selected by 
puromycin with final concentrations of 1 μg/ml and 8 μg/

ml (Sigma, USA), respectively, and verified by quantitative 
real-time PCR and Western blot.

Quantitative real‑time PCR

Total RNA was extracted using trizol (Invitrogen, USA), 
and cDNA was synthesized using the Reverse Transcriptase 
M-MLV kit (Takara, Japan) according to manufacturer’s 
instructions. Quantitative real-time PCR analyses were 
performed with specific primers using SYBR Green PCR 
Master Mix (Takara). The primers for VEGFA were 5′-ACG​
ACA​GAA​GGA​GAG​CAG​AAG-3′ and 5′-ACA​CAG​GAC​
GGC​TTG​AAG​AT-3′. Glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) was used as a reference gene.

Western blot analysis

Cells were lysed with RIPA buffer, and acquired protein was 
separated by 10% SDS-PAGE gel electrophoresis. Then, the 
separated protein was transferred onto a PVDF membrane 
blocked with 5% skim milk for 1 h. 87u9tt6u9tt6The primary 
antibody (Ab) was VEGFA (ab1316, Abcam, USA), and 
secondary antibody was HRP-labeled goat-anti-mouse IgG. 
GAPDH was served as the internal control.

Colony formation assay

The cells were maintained in complete medium and seeded 
in a 6-well plate with 200 cells/well for two weeks to allow 
colony formation. The visible colonies were then fixed with 
in paraformaldehyde and stained with crystal violet (Sigma) 
for counting.

Cell proliferation assay (CCK‑8 assay)

Cells in exponential growth were plated in a 96-well plate 
with 3 × 103 cells/well for different culture times. Each well 
was replaced with 100 μL of RPMI-1640 medium contain-
ing 10 μL of CCK-8 and incubated for 40 min before testing. 
Optical density (OD) of each well was measured at 450 nm 
by a microplate reader (Thermo Scientific, USA).

Cell cycle analysis

For cell cycle analysis, cells were cultured for 72 h. Then, 
each sample was collected and fixed using ice-cold 75% 
ethanol. PI/RNase staining solution (BD Biosciences, USA) 
was added to the cells for 30 min. Flow cytometric analysis 
(NovoCyte, Agilent, USA) was used to analyze cell cycle 
distribution.

https://xenabrowser.net/datapages/
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Migration and invasion assay

Cell migration and invasion assays were performed using 
24-well plates and 8 μm chambers (Corning, USA). For 
the migration assay, 3 × 104 CT26-VEGFA or CT26-
control cells and 5 × 104 4T1-VEGFA or 4T1-control 
cells were plated in each upper chamber. For the inva-
sion assay, the upper chamber was coated with Matrigel 
(BD). The cells of CT26-VEGFA or CT26-control in 
each chamber were 8 × 104, and those of 4T1-VEGFA 
or 4T1-control were 1 × 105. In both assays, there was 
serum-free medium in upper chamber while medium con-
tains 10% FBS in lower chamber. After incubating for 
24 h, the migrant cells were fixed with 4% paraformalde-
hyde, stained with 0.1% crystal violet and counted in five 
random fields at 400× magnification. Each experiment 
was conducted in triplicate.

Animals and tumor models

Eighty BALB/c mice (aged 5–6  weeks, female) were 
kept under specific pathogen-free (SPF) conditions. 
All the mice were subcutaneously implanted tumor 
cells in the right flank, and the day of the inoculation 
was recorded as day 0. For CT26 model, 1 × 105 cells 
of CT26-control and CT26-VEGFA in 100 μL PBS were 
injected. And 4T1-control and 4T1-VEGFA cells were 
injected at 5 × 105 cells in 100 μL PBS for 4T1 group. 
Cells of control and VEGFA overexpression were stably 
transfected with luciferase (Luc) gene. Tumor volumes 
were measured with calipers and calculated according to 
the following formula: Tumor Volume (mm3) = Length 
(mm) × Width (mm)2/2. Once the tumor volume reaches 
50–100 mm3 (about day 7), the mice in both CT26 and 
4T1 groups were randomly divided into eight subgroups 
(n = 5 for each group) and received different treatments. 
Apatinib (Jiangsu Hengrui Medicine Co., Ltd, China) was 
diluted in 0.5% (w/v) carboxymethyl cellulose and admin-
istered once daily through intragastric administration (ig) 
for two weeks (100 mg/kg). Anti-PD-1 antibody (Rat 
IgG2a, Clone RMP1-14, Bio X Cell, USA) was injected 
intraperitoneally (i.p.) every three days in two weeks 
(~ 10  mg/kg). Tumor volume and mouse bodyweight 
were monitored twice every week. All mice were anes-
thetized and injected (i.p.) with 3 mg/200 mL D-luciferin 
(GoldBio Technology, USA) at the end of the treatment to 
capture bioluminescence images using an IVIS Spectrum 
(Xenogen, USA). The mice were euthanized on day 23. 
All animal experiments were performed according to pro-
tocols approved by Renji Hospital, School of Medicine, 
Shanghai Jiao Tong University.

Immunohistochemistry and immunofluorescence 
of the tumors

Tumors were collected, fixed and paraffin-embedded to 
perform IHC and IF staining. The sections were incubated 
with anti-VEGFA (1:500, Abcam) (red), anti-CD31 (1:100, 
Cell Signal Technology, USA) and anti-HIF-1α (1:100, 
Santa Cruz, USA) (Green) antibodies overnight, followed 
by incubation with HRP- or fluorescence-labeled secondary 
antibodies. Nuclei were counterstained with hematoxylin in 
IHC and with DAPI according to IF (Sigma).

RNA sequencing and analysis

Tumors in different groups were treated with trizol (Inv-
itrogen), and total RNA was extracted using RNeasy Plus 
Mini Kit (Qiagen, German) according to the manufactur-
er’s protocol. Sequencing libraries were generated using an 
Illumina Standard library preparation kit (Illumina, USA). 
After the assessment of RNA quality using an Agilent 2100 
Bioanalyzer, mRNA expression levels were sequenced on 
the Illumina HiSeq™ 2500 platform by OE Biotech Co., 
Ltd (Shanghai, China). Anti-tumor immunity was evaluated 
by the Microenvironment Cell Population-counter (MCP-
counter) method [37].

Flow cytometry

Solid tumors of mice were collected for flow cytomet-
ric analysis. Tumor-derived single-cell suspensions were 
obtained through the following steps: first mechanical dis-
sociation of the gentle MACS Dissociator (Miltenyi Biotec, 
USA) and the incubation at 37 °C in RMPI-1640 contain-
ing Collagenase IV (2 mg/ml, Sigma), DNase I (0.02 mg/
ml, Sigma) and HAase (0.1 mg/ml, Sigma), then passing 
through a 40-μm cell strainer (Corning) and the red blood 
cells removed with RBC Lysis Buffer (Sigma), followed 
by density gradient centrifugation at last. The cells were 
stained for surface markers CD45-APC-cy7 (BD), CD3-
FITC (Biolegend, USA), CD4-BV510 (BD), CD8-Percp 
cy5.5 (Biolegend), CD11b-PE-cy7 (BD), Gr-1-BV605 (BD), 
F4/80-BV421 (BD), PD-1 (Biolegend), TIM-3 (BD), LAG-3 
(Biolegend), TIGIT (Biolegend) at 4 °C for 30 min. And 
Foxp3-PE (eBioscience, USA), CD206-APC (BD) and TOX 
(eBioscience) were used for intracellular staining at 4 °C 
for 50 min. All samples were analyzed on Fortessa (BD), 
and the acquired data were further analyzed using Flowjo 
(Tree Star).

Statistical analysis

The data were expressed as the mean ± standard devia-
tion (SD). The differences between two groups were 
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analyzed using the double-sided Student’s t test. The data 
were analyzed with Prism 7.0 software (GraphPad, USA) 
and R (3.5.1), and P < 0.05 was considered as statistically 
significant.

Results

Clinical impacts of VEGFA on prognosis and TME

First, we studied the clinical impact of VEGFA with the data 
from TCGA database. The survival was compared between 
the VEGFA-high and VEGFA-low groups through analysis 
of 10,531 samples across 33 tumor types. Negative correla-
tion was found between the expression of VEGFA mRNA 
and OS. (Fig. 1a). There was an analogous negative corre-
lation between colon adenocarcinoma (n = 289) and breast 
cancer (n = 1092) (Fig. 1b, d). Patients with microsatellite 
stable (MSS) tumors (n = 174) were negatively and signifi-
cantly correlated with VEGFA mRNA expression, while 
those with microsatellite instable (MSI) tumors (n = 98) 
were not in colon adenocarcinoma (Fig. 1c). Further analysis 
indicated that high expression of VEGFA is greatly related 
to the enrichment of angiogenesis- and hypoxia-related 
genes via GSEA (Fig. 1 g, h). In-depth research of the gene 
data revealed an obvious correlation between the VEGFA 
mRNA expression and certain immune subtypes (Fig. 1 e–f). 
The following immune subtypes were all negatively related 
to the expression of VEGFA (Fig. 1 i, j), such as T cells, 
cytotoxic cells, etc., suggesting an inhibitory TME in colon 
and breast cancers with high expression of VEGFA.

The effects of VEGFA overexpression on murine 
tumor cells in vitro and in vivo

As patients with VEGFA-high tumors were remarkably cor-
related with poor prognosis, we established CT26-VEGFA 
and 4T1-VEGFA cell lines in which VEGFA were stably 
upregulated using the lentivirus. Meanwhile, as control 
cell lines, CT26-NC and 4T1-NC were generated with an 
empty vector. The upregulation of VEGFA was verified by 
quantitative real-time PCR and Western blot (Fig. 2a, b and 
Supplementary Fig. 1). We then investigated the effects of 
VEGFA overexpression in vitro. The cell growth curve dem-
onstrated that VEGFA overexpression significantly enhanced 
cell proliferation (Fig. 2c). Meanwhile, in contrast to cells 
containing empty vector, the colony-forming efficiency was 
notably increased in CT26-VEGFA and 4T1-VEGFA cells 
(Fig. 2d). A conspicuous increase in the S phase in VEGFA-
upregulated cells was observed through the analysis of cell 
cycle distribution (Fig. 2e). In addition, VEGFA overexpres-
sion markedly raised the capability of cell migration and 
invasion in CT26 and 4T1 cells (Fig. 2f–g).

Furthermore, we explored in vivo effects of VEGFA 
overexpression in the homograft tumor models using 
BALB/c mice. As is previously mentioned, CT26 and 4T1 
are murine tumor cells derived from BALB/c mice [38, 
39]. Tumors in CT26-VEGFA groups, where the weight 
was 4926.0 ± 1589.0 mg, grow far more rapidly than in 
CT26-NC group, where the weight was 2953.0 ± 695.0 mg. 
Similarly, tumor growth of 4T1-VEGFA was evidently 
increased compared with that of 4T1-NC (tumor weight: 
2493.0 ± 324.4 mg vs. 1940.0 ± 408 mg) (Fig. 3a). There-
fore, upregulation of VEGFA gene in both CT26 and 4T1 
tumor cells could not only significantly enhance cell pro-
liferation, migration and invasion in vitro, but also notably 
promote tumor growth in vivo.

Simultaneously, immunohistochemistry was performed 
to examine the influence of increased VEGFA expression 
on angiogenesis. VEGFA, CD31 and HIF-1α were highly 
expressed in VEGFA-overexpressed tumors (Fig. 3b). 
Increased VEGFA expression promoted angiogenic 
function and formed a vicious circle in TME. Increased 
abnormal tumor vasculature, along with severe hypoxia, 
illustrated a poor condition of notably hyperangiogenic 
and extremely hypoxic TME. Immune microenvironment 
in tumor was also explored through flow cytometry. The 
proportion of CD8+ T lymphocytes was significantly 
declined in CT26-VEGFA (33.06 ± 3.11 vs. 26.44 ± 1.64, 
Fig. 3c) and 4T1-VEGFA (23.94 ± 1.93 vs. 20.48 ± 1.72, 
Fig. 3d) tumors, which seriously affected its anti-tumor 
immunity as a crucial member of tumor-specific killer. 
The proportion of inhibitory immune components, such as 
CD4+FOXP3+ Tregs, M2-like macrophages and myeloid-
derived suppressor cells (MDSCs), appeared to be sig-
nificantly elevated (Fig. 3c, d). Additionally, T exhausted 
cells, regarded as T cells with impaired effector capacity, 
often induce tumor progression. Thymocyte selection-
associated HMG box protein (TOX) was identified to pro-
gram and characterize CD8+ T cell exhaustion [40, 41]. It 
is reported that VEGFA has direct effect on T cell exhaus-
tion [42]. Accordingly, we examined the exhaustion status 
of T cells in VEGFA-overexpressed tumors. TOX was sig-
nificantly up-regulated in CD8+ tumor-infiltrating lympho-
cytes (TILs) in VEGFA-overexpressed tumors (Fig. 3e). 
Exhausted T cells also express multiple immune check-
point receptors [3]. The expression of inhibitory receptors, 
PD-1, T cell immunoglobulin and mucin-domain contain-
ing-3 (TIM-3), lymphocyte activation gene-3 (LAG-3) and 
T cell immunoreceptor with Ig and ITIM domain (TIGIT) 
on CD8+ TILs was notably elevated (Fig. 3f, g). Together, 
we deduced a landscape of a hyperangiogenic, hypoxic and 
especially immunosuppressive TME in VEGFA-overex-
pressed tumors, which is of highly possibility to generate 
innate nonresponse to PD-1/PD-L1 blockade.
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Fig. 1   High expression of VEGFA is related to poor prognosis and 
hypoxic, angiogenic and imunosuppressive TME. Survival analysis in 
pan-cancer (a), colon adenocarcinoma (b), MSS and MSI colon ade-
nocarcinoma (c) and breast cancer (d). Gene set enrichment analysis 

showed that VEGFA high expression is highly related to the enrich-
ment of angiogenesis- and hypoxia-related genes (g–h). Negative cor-
relation was found between high expression of VEGFA and immune 
cells in colon (e and i) and breast cancer (f and j), respectively
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Resistance to PD‑1/PD‑L1 blockade was observed 
in VEGFA‑overexpressed mouse models

Considering the pivotal role of VEGFA in pro-angiogenesis 
and drug resistance among IPRES transcriptional signa-
ture, we attempted to establish a PD-1 monoclonal antibody 
(mAb)-resistant model to investigate the effect of VEGFA 

overexpression on drug resistance using normal BALB/c mice. 
CT26-VEGFA and CT26-NC tumors were given apatinib or 
PD-1 mAb alone and in combination, respectively, and PBS 
was used as control. Same regimen was administrated in 4T1 
mouse tumors. As in CT26-NC group, the anti-tumor effect 
of PD-1 mAb monotherapy was significantly higher than that 
of control group (Fig. 4a–d and Supplementary Fig. 2a, c). 

Fig. 2   Effects of VEGFA overexpression on murine tumor cells 
in vitro. The upregulation of VEGFA in CT26 and 4T1 cells, using 
VEGFA-Luc lentivirus (a–b), **** p  <  0.0001. Increased prolif-
eration in CT26-VEGFA and 4T1-VEGFA cells was confirmed 
by CCK-8 assay and colony formation assay (c–d), ** p  <  0.01,  
* p < 0.05. The cell cycle was assessed using flow cytometry analysis 

in tumor cells with or without VEGFA expression (e), *** p < 0.001. 
Transwell assays were performed to detect the effect of VEGFA 
overexpression on cell migration (f) and invasion (g), *** p < 0.001,  
** p  <  0.01. -VEGFA: the group of mice bearing VEGFA-overex-
pressed tumor cells, -NC: the group of mice bearing tumor cells with 
empty vector
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Tumor weight was 1477.0 ± 723.8 mg for the group receiving 
PD-1 mAb, whereas tumor weight was 2953.0 ± 695.0 mg in 
control group (Fig. 4d). However, it is observed that PD-1 
mAb had no significant anti-tumor effect on VEGFA-overex-
pressed tumors, where tumor weight was 4192.0 ± 2200.0 mg 
in PD-1 mAb monotherapy group and 4926.0 ± 1589.0 mg 
in control group (Fig. 4d). Likewise, analogous results were 
found in 4T1 mouse tumor models (Fig. 4e–h Supplementary 
Fig. 2a, c). The little anti-tumor response of PD-1 mAb in 

Fig. 3   Effects of VEGFA-overexpression on murine tumor cells 
in  vivo. Tumor volume curve showed enhanced tumor growth in 
mice with VEGFA-overexpression colon and breast cancer cells (a). 
Tumor angiogenesis (b) and immune (c–d) microenvironment dete-
riorated due to the overexpression of VEGFA. **** p  <  0.0001,  
*** p < 0.001, ** p < 0.01, * p < 0.05. Upregulated expression of 

TOX among CD8+ T cells in -VEGFA tumors (e), ** p  <  0.01,  
   * p < 0.05. Elevated levels of inhibitory receptors on CD8+ T cells 
in -VEGFA tumors (f and g), such as PD-1, TIM-3, LAF-3, and 
TIGIT, *** p < 0.001, ** p < 0.01, * p < 0.05. -VEGFA: the group 
of mice bearing VEGFA-overexpressed tumor cells, -NC: the group 
of mice bearing tumor cells with empty vector

Fig. 4   Anticancer effect in subcutaneous colon and breast cancer 
model. Fluorescent images of mice at the end of the treatment (a 
and e). Photographs of the subcutaneous tumors three days after the 
end of the treatment (b and f). Tumor growth curve of mice receiv-
ing i.p. injection of anti-PD-1 antibody at a dose of 10 mg/kg every 3 
days alone and corresponding to 100 mg apatinib per kg body weight 
daily, in both -NC and -VEGFA tumors (c and g). Weight comparison 
of the subcutaneous tumors in different treatment groups (d and h). 
**** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05. -VEGFA: 
the group of mice bearing VEGFA-overexpressed tumor cells, -NC: 
the group of mice bearing tumor cells with empty vector
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VEGFA-overexpressed tumors was consistent with the hyper-
angiogenic, hypoxic and immunosuppressive TME, which 
may be responsible for the nonreaction. Hence, tumors which 
received injection of VEGFA-overexpressed cells hardly ever 
responded to PD-1 mAb monotherapy, thus identifying an 
innate resistant tumor model toward PD-1/PD-L1 blockade 
monotherapy.

The synergistic effect of apatinib and PD‑1 mAb 
in PD‑1 mAb‑resistant tumors with high expression 
of VEGFA

Apatinib is a small-molecule inhibitor of VEGFR-2 and 
has demonstrated encouraging anti-angiogenic activity in 
tumors. We evaluated the efficacy of apatinib or PD-1 mAb 
alone or in combination to detect whether apatinib has a 
role in revising the resistance to PD-1/PD-L1 blockade in 
VEGFA-overexpressed tumors. As previously described, 
PD-1 mAb alone did not exhibit treatment efficacy in 
VEGFA-overexpressed tumors. Additionally, apatinib alone 
had mild influence on tumor growth, while the administra-
tion of apatinib plus PD-1 mAb notably inhibited tumor 
growth in CT26-VEGFA (Fig.  4a–d) and 4T1-VEGFA 
tumors (Fig. 4e–h). Tumor weight was 988.4 ± 592.1 mg 
(CT26) and 594.6 ± 197.7 mg (4T1), compared to the control 
group where the number was 4926.0 ± 1589.0 mg (CT26) 
and 2493.0 ± 324.4 mg (4T1) (Fig. 4d, h). Interestingly, it 
was found that unlike tumors overexpressing VEGFA, the 
tumor burden of monotherapy and combination therapy 
with apatinib or PD-1 mAb was remarkably reduced, much 
less than that of the control group in normal CT26-NC and 
4T1-NC tumors. However, the anti-tumor advantage of the 
combination treatment group was not superior to the two sin-
gle treatment groups. Namely, apatinib seemed to enhance 
the efficiency of PD-1 mAb only in VEGFA-overexpressed 
PD-1 mAb-resistant tumors.

The combination of apatinib and PD‑1 mAb 
effectively optimized the angiogenesis 
microenvironment in hyperangiogenic, hypoxic 
and PD‑1 mAb‑resistant tumors

Apatinib was administrated prior to PD-1 mAb to cre-
ate a better TME with reduced hyperangiogenesis and 

immunosuppression. The assumption seemed to succeed 
based upon the following results. In both CT26-VEGFA 
and 4T1-VEGFA tumors, the expression of VEGFA and 
HIF1-α was conspicuously reduced after the application of 
apatinib (Fig. 5a–c). Thus, angiogenesis and hypoxia had 
been notably improved when using apatinib. We also noticed 
a slight decrease of endothelial cell marker CD31 expression 
after apatinib treatment compared with the control group in 
CT26-VEGFA tumors. And no significant differences were 
observed between four different treatments of 4T1-VEGFA 
tumors (Fig. 5a, d). Together, it may suggest the main role 
of apatinib in vascular normalization.

Double-labeled immunofluorescent staining of VEGFA 
and HIF1-α in CT26-VEGFA tumors is shown in Fig. 5e. 
Co-localization revealed a poor local circumstance of the 
tumor due to increased expression of VEGFA in tumor cells. 
The single drug of PD-1 mAb did not appear to be an effec-
tive method to alleviate local hyperangiogenesis and severe 
hypoxia. Nevertheless, both VEGFA and HIF1-α expression 
showed an encouraging decline on account of apatinib. Thus, 
apatinib can normalize tumor vascular system and mitigate 
depressive angiogenesis and hypoxia by targeting VEGFA/
VEGFR-2 signaling pathway and provide opportunities for 
the application of PD-1 mAb in hyperangiogenic, hypoxic 
and PD-1 mAb-resistant tumors.

The combination of apatinib and PD‑1 mAb 
notably improved the immune microenvironment 
in hyperangiogenic, hypoxic and PD‑1 
mAb‑resistant tumors

Though apatinib has been shown to alleviate the hyperangio-
genesis and hypoxia, the tumor immune microenvironment, 
playing a quite pivotal role in the response to PD-1/PD-L1 
blockade, still requires far more attention. The response to 
PD-1/PD-L1 blockade is usually associated with increased 
CD8+ T cell infiltration [5, 6], so we examined the number 
of effector CD8+ T cells by flow cytometry and immuno-
histochemistry. Combination of apatinib and PD-1 mAb 
showed an appreciable enhancement of effector cell infiltra-
tion, though CD8+ T cells were reduced to a certain extent in 
hyperangiogenic tumors, whereas PD-1 mAb monotherapy 
did not increase cell infiltration (Fig. 6a, c). We also evalu-
ated the percentage of CD8+ T cell in spleen, and no similar 
difference were found (data not shown). Thus, it is indi-
cated that the combining administration had a direct impact 
on tumor immune microenvironment rather than affecting 
peripheral immunity. As CD8+ T exhausted cells are major 
targets of immune checkpoint blockade, the exhaustion 
status of CD8+ T cells will limit the therapeutic potential 
[43]. PD-1 mAb alone had no effect on the expression of 
VEGFA-induced TOX-upregulation. However, apatinib 

Fig. 5   Combining apatinib with PD-1 mAb improved the hyperfunc-
tion of angiogenesis and hypoxia. Immunohistochemistry detecting 
the expression of VEGFA, HIF-1α and CD31 in hyperangiogenic 
tumors receiving different treatments (a). The immunohistochemi-
cal staining analysis of VEGFA (b), HIF-1α (c) and CD31 (d) in 
VEGFA-overexpressed mouse models, *** p < 0.001, ** p < 0.01, 
* p  <  0.05. Double-labeled immunofluorescent staining of VEGFA 
(red) and HIF1-α (green) in CT26 tumors (e). -VEGFA: the group of 
mice bearing VEGFA-overexpressed tumor cells, -NC: the group of 
mice bearing tumor cells with empty vector
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notably reduced the level of TOX in CD8+ TILs (Fig. 6d). 
The combination of apatinib and PD-1 mAb also remarkably 
decreased the expression of PD-1, TIM-3, LAG-3 and TIGIT 
on CD8+ T cells(Fig. 6e, h). Hence, the combination therapy 
also reversed the exhaustion of CD8+ tumor-infiltrating T 
cells and possibly promoted the potential of immunotherapy.

Tregs, M2-like macrophages, and MDSCs, are important 
components in TME, and are often involved in the inhibi-
tion of anti-tumor activity. The ratio of these subsets tested 
through flow cytometry experienced a significant reduction, 
thereby resulting in a less suppressed immune microenviron-
ment (Fig. 7a–e). A conspicuous increase in CD8+ T cells 
and a concomitant decrease in immunosuppressive cells, 
along with the down-regulation of T cell exhaustion status, 
suggested an enhancement of the anti-tumor immunity under 
the combination of apatinib and PD-1 mAb, which was in 
accordance with the variety of tumor burden.

In addition, we evaluated the tumor immunity using MCP-
counter method. Though it is easy to recognize discrepancies 
between quantification of cell population by gene signatures 
expression and the density of the corresponding cell type in 
the tissue, MCP-counter scores was demonstrated to correlate 
strongly with the abundance of the corresponding popula-
tion [44]. In hyperangiogenic mouse tumors, the expression 
level of immunity-related genes in the combination group 
was higher than that in the control group or PD-1 mAb group 
(Fig. 7f). The reinforcement of immune functioning in TME 
is likely to be associated with our combination treatment. 
And immunity-related gene levels in the combination group 
were not superior to the single administration in normal 
tumors. Therefore, apatinib in combination with PD-1 mAb 
could improve hyper-angiogenesis and -hypoxia, and induce 
supporting anti-tumor immunity in VEGFA-overexpressed 
PD-1 mAb-resistant tumors, which is considered as underly-
ing mechanism to revise resistance to PD-1/PD-L1 blockade.

Discussion

The formation of tumor vessels is indispensable for tumor 
growth and metastasis. VEGFA, the critical and most active 
pro-angiogenic factor among the VEGF family, plays an 

important role in the development of tumors. It is verified 
that high-level VEGFA is associated with poor prognosis 
in tumors including gastric cancer, ovarian cancer, hepatic 
carcinoma, NSCLC and endometrial cancer [45–49]. Using 
the data from TCGA, our study also identified that high-
level VEGFA mRNA is correlated with significantly reduced 
survival in pan-cancer including breast cancer. An obvi-
ous separation of the survival curves in colon cancer was 
found, though there was no significant difference of survival 
between the VEGFA-high and VEGFA-low groups. Further 
analysis showed that microsatellite state might affect the role 
of VEGFA on prognosis, and high level of VEGFA is nota-
bly related to worse OS in MSS colon cancer. Consistent 
with previous studies, we found that upregulation of VEGFA 
expressively enhanced cell proliferation, migration and inva-
sion in vitro [50, 51], and significantly accelerated tumor 
growth in mice. Thus, our results suggest that tumor cells 
tend to show increased malignancy with hyperexpression of 
VEGFA. On account of the evident VEGFA effect on pro-
angiogenesis, sustained excessive VEGFA signal aggravates 
abnormal tumor vasculature, poor perfusion and insufficient 
oxygen supply. This, along with the positive feedback of 
HIF-1α, forms the TME with hypoxia and hyperangiogen-
esis [11, 12]. Then, hypoxic, hyperangiogenic tumors regu-
late the microenvironment into an immunosuppressive one 
ultimately [52, 53]. Consistent with those studies, our study 
found serious hypoxia and abnormal angiogenesis, as well 
as repressed anti-tumor immunity in both human tumors and 
mouse tumor models with high expression of VEGFA.

PD-1/PD-L1 inhibitors are recognized to be function-
less without the presence of effector T cells in tumor areas. 
Therefore, the hypoxic, hyperangiogenic and immunosup-
pressive TME caused by VEGFA overexpression is abso-
lutely not conducive to the PD-1/PD-L1 blockade. In our 
study, single PD-1 mAb was administrated on tumors with 
and without high expression of VEGFA. Results showed that 
monotherapy PD-1 mAb remarkably inhibited tumor growth 
in mice bearing the tumor cells without VEGFA overexpres-
sion. On the contrary, there was no significant inhibition of 
tumor growth after PD-1 mAb applying in VEGFA-over-
expressed tumor mouse models. Thus, the VEGFA-overex-
pressed mouse model established in our study, characterized 
by hyperangiogenic and hypoxic, immunosuppressive TME, 
showed innate resistance to PD-1/PD-L1 blockade.

We assume that improvement in the hypoxic and hyper-
angiogenic TME could be a potential strategy to overcome 
the VEGFA-related innate resistance. Conventional thera-
peutic agents always show killing effect on rapidly prolif-
erating cancer cells; however, those agents do not directly 
target the hypoxia in TME. As a mutual cause/effect between 
hypoxia and abnormal tumor angiogenesis, a vicious circle 
then generates. Actually, single AA therapy has not brought 
long-term OS benefits, while increasing attention is being 

Fig. 6   Apatinib combined with PD-1 mAb increased CD8+ TILs 
cells and restored CD8+ T exhausted cells in PD-1 mAb resistant can-
cers. The ratio of CD8+ T cell subsets in T lymphocytes was deter-
mined by flow cytometry (a–b), **** p  <  0.0001, *** p  <  0.001,  
** p < 0.01, * p < 0.05. Immunohistochemistry was also performed 
to show the expression of CD8 in hyperangiogenic, hypoxia and 
PD-1 mAb resistant tumors (c). The expression of TOX (a), PD-1 (e), 
TIM-3 (f), LAG-3 (g), TIGIT (h) among CD8+ TILs were examined 
to analyze the exhaustion status of CD8+ T cells, **** p < 0.0001, 
*** p < 0.001, ** p < 0.01, * p < 0.05. -VEGFA: the group of mice 
bearing VEGFA-overexpressed tumor cells, -NC: the group of mice 
bearing tumor cells with empty vector
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attracted on its role of vascular normalization. Blocking 
VEGF signaling can increase the pericyte coverage and 
trim immature vessels to enhance vessel stabilization and 
reduce vascular leakiness, thereby alleviating hypoxia and 
improving penetration of drugs in tumors [54–56]. In our 
study, "vascular normalizing" appears to be more dominant 
in anti-tumor treatment with low-dose apatinib than "vessel 
pruning" due to slight differences in MVD after applica-
tion of apatinib. Thus, it is observed that apatinib notably 

inhibited hyperangiogenesis and improved hypoxia in PD-1 
mAb innate resistant tumors with hypoxia, hyperangiogen-
esis and immunosuppression characteristics. These results 
demonstrated the potential for apatinib to normalize tumor 
vasculature. Likewise, cediranib is proved to transiently 
increase perfusion and oxygenation in newly diagnosed 
glioblastoma patients and associated with improved OS 
[57]. Similar findings on improved vascular function and 

Fig. 7   Effects of the combination therapy of apatinib and PD-1 
mAb on tumor immunomicroenvironment. The decreased ratio 
of Treg cell subsets in T lymphocytes of CT26 and 4T1 tumors (a 
and c). The variety of M2-like macrophages (b and d) and myeloid-
derived suppressor cells (e) in immune cells in CT26 and 4T1 tumors,  

**** p  <  0.0001, *** p  <  0.001, ** p  <  0.01, * p  <  0.05. f The 
heat map displayed the distinct expression of the genes associated 
with immune function in CT26 and 4T1, using MCP-counter scores. 
-VEGFA: the group of mice bearing VEGFA-overexpressed tumor 
cells, -NC: the group of mice bearing tumor cells with empty vector
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alleviation of hypoxia have been reported in NSCLC and 
breast cancer patients treated with bevacizumab [58, 59].

Originally, anti-angiogenesis agents were developed to 
interfere with neo-vascularization and starve tumor. Huang 
et al. [60] conducted a study to investigate the relationship 
between anti-angiogenesis dose and efficacy. The results 
demonstrated that lower dose of anti-angiogenesis agent 
was superior to higher dose treatment in inducing homo-
geneous tumor vessel normalization. Similarly, phase I 
study of ramucirumab plus pembrolizumab showed that 
higher doses of ramucirumab did not provide significantly 
improved clinical benefits [61]. A very high dose could 
cause rapid reduction in tumor perfusion and even aggra-
vate hypoxia due to excessive pruning of tumor vessels [62]. 
Time of apatinib administration and dosage are worthy of 
much attention in the combination treatment. In our study, 
apatinib was administrated before PD-1 mAb to act its role 
in vascular normalization and immune regulation, and a low 
dose was chosen. Retrospective study found that patients 
receiving ramucirumab before immune checkpoint therapy 
have longer OS than those treated with ramucirumab after 
the ICI therapy (31.4 m vs. 26.5 m) [23]. Studies demon-
strating the efficacy of apatinib reveal that 100 mg/kg is a 
lower dose with efficacy [63, 64], much lower than 150 mg/
kg, 200 mg/kg or even higher doses in other mouse models 
[65–67]. Thus, we chose 100 mg/kg as the dose of apatinib 
to maximize its benefits. However, the time window of vas-
cular normalization induced by anti-angiogenesis agents is 
difficult to determine. Effective monitoring and earlier lines 
of the combination therapy may be more effective in human 
beings [61].

Normalization of tumor vasculature not only improves 
vascular function and alleviates hypoxia, but also has regula-
tory effect on anti-tumor immunity within TME. Preclinical 
studies showed that VEGF blockade and GM-CSF-secreting 
cancer immunotherapy can markedly increase CD8+ TILs 
and decrease suppressive Tregs in colon and melanoma 
mouse models [68]. Moreover, a recent study reported that 
VEGFA induces TOX upregulation to drive T cell exhaus-
tion, which can be restored through dual blockade of PD-1 
and VEGFA in MSS colon tumors [42]. Huang et al. [60] 
discovered in a breast cancer model that anti-VEGFR-2 
antibodies (DC101), with adequate normalizing doses, 
could reprogram TME away from immunosuppression 
and enhance efficacy of immunotherapy. Analogously, the 
combination of antiangiogenesis and cytokine (IL-12 and 
GM-CSF) gene therapies induced high levels of cytotoxic 
cells and reduced the levels of immunosuppressive effec-
tors in tumor regions, thus enhancing anti-tumor effects in 
hepatocellular cancer models [69]. Our study demonstrates 
that apatinib has the potential to reverse the immunosup-
pression in VEGFA-mediated, hyperangiogenic and hypoxic 
tumors. Encouragingly, combining apatinib with PD-1 mAb 

increased CD8+ TILs, restored CD8+ T cell exhaustion and 
down-regulated co-expression of inhibitory receptors (PD-1, 
TIM-3, LAG-3 and TIGIT), and reduced accumulation of 
inhibitory immune cells including Tregs, M2-like TAMs and 
MDSCs. The heat map in Fig. 7 also suggests a strengthened 
immune microenvironment in PD-1 mAb-resistant mouse 
model with the combination therapy. The increased traffick-
ing of CD8+ T cells and reversed CD8+ T exhausted cells is 
recognized as the main factor to facilitate the ICI to produce 
active anti-tumor effects. Simultaneously, the immunostimu-
latory TME, notably transformed from former immunosup-
pressive one, also promotes CD8+ T cell infiltration and 
serves as an assistance to immune therapy. Hence, consistent 
with these studies, antiangiogenic agents, especially apatinib 
targeting VEGFA/VEGFR-2 pathway, are proved to provide 
advantages of reducing tumor immune tolerance.

The IMpower150 trial assessed the combination of ate-
zolizumab, bevacizumab, carboplatin and paclitaxel (ABCP) 
for previously untreated patients with metastatic, nonsqua-
mous NSCLC. This pivotal phase III trial demonstrated an 
increase of 1.5 months in the median progression-free sur-
vival (PFS) and an increase of 4.5 months in the median 
OS for patients treated with ABCP when compared with 
the combination of bevacizumab, carboplatin and paclitaxel 
(BCP) [70]. Survival improvement was not observed in 
atezolizumab plus carboplatin plus paclitaxel (ACP) group 
versus in BCP one. The result of IMpower150 trial indi-
cated remarkable synergistic effect of AA and ICI. Our study 
also illustrates that PD-1 mAb combined with apatinib has 
significant synergistic effect on inhibiting tumor growth in 
VEGFA-overexpressed, innate anti-PD-1 resistance mouse 
models. Judicious dosing of apatinib can normalize vascu-
lature and modulate the tumor immunosuppressive micro-
environment, and hence reverse PD-1/PD-L1 blockade 
resistance.

The resistance to PD-1/PD-L1 blockade can be ascribed 
to the variations in any aspect of the anti-tumor immunity 
cycle, such as inability to produce immunogenic neoanti-
gens, invalid antigen processing, severe absence of infil-
trating lymphocytes and enrichment of immunosuppres-
sive components. Theoretically, AA and ICI combination 
therapy may benefit more for the patients with hyperangio-
genic and hypoxic TME. Actually, this study finds that the 
ICI and AA combination therapy has no significant syn-
ergistic effect on tumors without VEGFA-overexpressed, 
hyperangiogenic and hypoxic TME. Data from patients 
with biliary tract cancer showed that ramucirumab plus 
pembrolizumab did not demonstrate an improvement in 
survival [28]. In some tumors including gastric cancer, 
gastroesophageal cancer and urothelial carcinoma, the 
ORR of AA and ICI combination therapy did not exceed 
18% [61, 71]. In addition, the patients who received AA 
combined with ICI may experience more adverse effects 
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and financial burden. In the encouraging IMpower 150 
trial, the incidence of grade 3–4 treatment-related adverse 
effect (TRAE) is up to 57% [70] in the ABCP group, and 
cost-effectiveness analysis in USA reported an ICER 
(incremental cost-effectiveness ratio) over $500,000 per 
QALY (quality-adjusted life-year) [72]. In the CheckMate 
016 trial of nivolumab in combination with sunitinib or 
pazopanib, 100% experienced a TRAE, and the incidence 
of grade 3–4 TRAE was as high as 82% or 70%, respec-
tively [26]. In a phase III trial, adverse events of grade 3 
or 4 occurred in 71.2% of the patients receiving avelumab 
plus axitinib, though PFS was significantly improved [24]. 
The avelumab and axitinib combination has also caused 
58% TRAEs in patients with advanced clear-cell RCC 
[73]. Analysis showed that pembrolizumab plus axitinib 
is not cost-effective versus sunitinib for RCC patients in 
China [74]. Based on the above-mentioned, it may be rea-
sonable to screen the most appropriate patients according 
to the hyper-angiogenic and hypoxic tumor microenviron-
ment before the AA and ICI combination therapy, since the 
combination therapy not only has a synergistic anti-tumor 
effect but also is more toxic and costly compared with the 
monotherapy.

In general, our study successfully established an VEGFA-
overexpressed, innate anti-PD-1 resistant mouse model in 
colon and breast cancer. It is demonstrated that prior block-
ade of VEGFA/VEGFR-2 signaling pathway using low-dose 
apatinib overcomes the innate resistance to PD-1/PD-L1 
blockade and mediated synergistic anti-tumor response 
in VEGFA-overexpressed, hyperangiogenic and hypoxic 
tumors. TME characteristics should be prioritized in screen-
ing appropriate patients so as to administer AA and ICI com-
bination therapy.
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