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Abstract
Background: Apatinib, an antiangiogenic drug, has showed bene�cial effects only in a fraction of
advanced gastric cancer (GC) patients. Given the recent success of immunotherapies, combination of
apatinib with immune checkpoint inhibitor may provide sustained and potent antitumor responses.

Methods: Immunocompetent mice with subcutaneous MFC tumors grown were given combination of
apatinib and anti-PD-L1 antibody therapy. GC tissues from patients undergoing curative resection in
China were collected, and the density of HEVs, MSI status and tumor-in�ltrated lymphocytes were
analyzed by immunohistochemical staining.

Results: Combined apatinib and PD-L1 blockade therapy synergistically delayed tumor growth and
increased survival in MFC-bearing immunocompetent mice. The combination therapy promoted
antitumor immunity by increasing the ratio of CD8+ cytotoxic T cells to Foxp3+ Treg cells, the
accumulation of CD20+ B cells and the Th1/Th2 cytokine ratio (IFN-γ/IL-10). The combination therapy
induced the formation of HEVs through activation of LTβR signaling mediated by DCs, thus promoting
CD8+ cytotoxic T cell and CD20+ B cell in�ltration in tumors. In clinical GC samples, the density of HEVs
positively correlated with the intratumoral in�ltration of CD8+ cytotoxic T cells and CD20+ B cells. MSI-
high GC showed a higher density of HEVs, CD8+ cytotoxic T cells and CD20+ B cells than MSS/MSI-low
GC. GC patients with high densities of HEVs, CD8+ cytotoxic T cells and CD20+ B cells had an improved
prognosis with superior overall survival.

Conclusions: Combining apatinib with PD-L1 blockade treatment synergistically enhances antitumor
immune responses and promotes HEV formation in GC.

Background
Gastric cancer (GC) is a lethal malignancy that continues to have a major impact on global health[1].
Despite improvements in diagnostic techniques and progress in surgical and nonsurgical therapies, the
prognosis of GC remains poor[2]. The immune system is a critical and complex regulator of tumor
evolution. Tumor angiogenesis not only supplies nutrients and oxygen to cancer tissues but also actively
modulates antitumor immune activity[3]. The angiogenic vasculature of the tumor provides a barrier to
prevent effective leukocytes priming for tumor control, which presents a signi�cant challenge to the
success of immunotherapy[4]. VEGF and its receptor, VEGFR-2, play a central role in tumor
angiogenesis[5]. It has been reported that inhibition of the VEGFR-2 pathway has the capability to
increase the tra�cking of T cells into tumors and decrease the number and function of immune cells with
inhibitory phenotypes[6]. Apatinib, a functional inhibitor of VEGF/VEGFR-2, has recently been approved
and indicated for advanced gastric cancer after the failure of two or more lines of systemic therapy in
China[7]. On this basis, inhibiting VEGF/VEGFR-2 signaling with apatinib may induce a transient state of
vessel remodeling to facilitate lymphocyte in�ltration in tumor tissues.
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PD-1/PD-L1 immune checkpoint blockade therapy has afforded patients with malignancies the potential
for long-term survival. Unfortunately, only a minority of the total treated patients respond to immune
checkpoint blockade[8]. The presence of tumor-in�ltrating lymphocytes (TILs) has been reported to have
a dominant role in the response to immunotherapy[9]. Since crosstalk between the tumor immune
microenvironment and the tumor vasculature contributes to tumor immune evasion, combining
therapeutic regimens targeting vascular factors with immune checkpoint blockade may provide deep and
durable antitumor immune responses.

High endothelial venules (HEVs) are anatomically distinct postcapillary venules found in lymphoid
tissues and facilitate lymphocyte tra�cking into secondary lymphoid organs[10]. In cancer, HEVs can
arise spontaneously and are often associated with favorable clinical outcomes[11–15]. Although
preliminary evidence suggests an association between tumor-associated HEVs and clinical outcomes in
several solid tumors, the effect of tumor-associated HEVs and their association with lymphocyte
in�ltration, immune orientation, response to targeted therapy and clinical outcome in GC are still not
completely understood.

In the present study, we investigated the feasibility of combining apatinib with PD-L1 blockade
immunotherapy as a therapeutic option in gastric cancer and whether synergism between apatinib and
PD-L1 blockade involves facilitating lymphocyte in�ltration through HEV formation.

Methods
Patients and Specimens

Tumor tissue samples were obtained from patients with gastric adenocarcinoma who underwent curative
resection at the authors’ institutions. All patients were diagnosed with gastric adenocarcinoma and had
yet to receive any preoperative cancer treatment. Patients with infectious diseases, autoimmune disease
or multi-primary cancers were excluded. The histopathologic diagnosis was based on the World Health
Organization criteria. The clinical stages of tumors were determined according to the tumor, node,
metastases (TNM) classi�cation system of the International Union Against Cancer (8th edition). For
immunohistochemical and prognostic analysis, tumor tissue samples were collected randomly from 192
patients who underwent curative resection for gastric adenocarcinoma between 2011 and 2012 at the
authors’ institutions. Overall survival was de�ned as the interval between surgery and death or between
surgery and the last observation point. For surviving patients, the data were censored at the last follow-up
evaluation. For analyzing the relation between HEV and MSI status lymphocytes migration related genes,
tumor tissues from 43 gastric adenocarcinoma patients undergoing curative resection at the authors’
institutions in 2019 were randomly collected. For analyzing the relation between HEV and DC cells, tumor
tissues from 42 gastric adenocarcinoma patients undergoing curative resection at the authors’
institutions in 2020 were randomly collected. For analyzing the relation between HEV and lymphocytes
migration related genes, tumor tissues from 18 gastric adenocarcinoma patients undergoing curative
resection at the authors’ institutions in 2020 were randomly collected. Clinicopathological characteristics
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of these patients are presented in Additional �le 2: Table S1-4. Clinical samples were collected from
patients after obtaining informed consent, and all related procedures were performed with the approval of
the internal review and ethics boards of the authors’ institutions.

Reagents and antibodies

Apatinib was obtained from Hengrui Medicine Co. Ltd. (Jiangsu, China). PD-L1-blocking antibody (clone
10F.9G2) was obtained from BioXcell (West Lebanon, NH, USA). LTβR antagonist was obtained from Tu-
Bio (Cat# 71122). Recombinant human and mouse IFN-γ protein was obtained from R&D
Systems(Cat#285-IF; Cat#485-MI).

Western blot analysis

The cells were lysed with RIPA Lysis Buffer (Santa Cruz Biotechnology, CA, USA) containing protease
inhibitor (Roche Corp., Basal, Swiss) and phosphatase inhibitor (Roche Corp., Basal, Swiss). The protein
concentration was determined using a BCA Protein Assay Kit (Beyotime Biotechnology, Shanghai, China)
and equalized before loading. A total of 25 to 50 mg of proteins were separated by SDS-PAGE and
transferred onto polyvinylidene di�uoride membranes. Membranes were blocked and blotted with the
relevant antibodies. Horseradish peroxidase–conjugated secondary antibodies were detected with an
enhanced chemiluminescence reagent (Millipore Corp., MA, USA). All information of primary antibodies
used for western blot and immunohistochemical analysis were shown on Additional �le 2: Table S5. All
secondary antibodies were purchased from Jackson ImmunoResearch (Philadelphia, PA, USA).

RNA Isolation, Reverse-Transcription, and Quantitative Real-time PolymeraseChain Reaction (qRT-PCR)

Total RNA was extracted from cell lines and tumor tissues using Trizol reagent (Invitrogen, Carlsbad, CA),
and reverse-transcribed into single-stranded cDNA using PrimeScript™ RT Reagent Kit (TaKaRa
Biotechnology) in accordance with the manufacturer’s instructions. Quantitative real time polymerase
chain reaction (qRT-PCR) was performed with SYBR Green qPCR Master Mix (DBI Bioscience) in
accordance with the manufacturer’s instructions. qRT-PCR speci�c primer sequences were showed in
Additional �le 2: Table S6. GAPDH was used as an internal control. Relative mRNA levels were calculated
based on the Ct values to yield a 2-△△Ct value for relative expression of each transcript.

Statistical analysis

Statistical analyses were performed using SPSS 15.0 for Windows (SPSS, Inc., Chicago, IL). Quantitative
data between groups were compared using one-way ANOVA, and Student’s t-test was used to compare
data between two groups. Categorical data were analyzed using chi-square test or Fisher exact test. OS
and cumulative recurrence rates were calculated by the Kaplan-Meier method, and differences were
analyzed using the log-rank test. Univariate and multivariate analyses were performed using the Cox
proportional hazards regression model. P<0.05 was considered statistically signi�cant.
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Detailed descriptions of the Materials and Methods are available in the Supplementary Materials and
Methods.

Results
Apatinib combined with PD-L1 blockade synergistically impedes tumor growth and improves OS in a GC
mouse model

To investigate whether combined therapy would be more e�cacious than apatinib or PD-L1 blockade
monotherapy, we performed a therapeutic study in a cell line-derived xenograft (CDX) murine model. The
mouse GC cell line MFC was inoculated subcutaneously into the �anks of immunocompetent mice. Once
tumors were palpable, mice were randomized and systemically treated with isotype control antibody,
apatinib, anti-PD-L1 antibody or the combination of anti-PD-L1 antibody and apatinib until the study
endpoint. The therapy protocol is shown in Fig. 1a. The groups treated with apatinib monotherapy and
anti-PD-L1 antibody monotherapy had signi�cantly improved median overall survival (OS) compared with
the control group (Fig. 1b). Strikingly, the combined treatment of apatinib and anti-PD-L1 antibody led to
a substantial improvement in median OS compared with control or a single agent alone (Fig. 1b). To
further elucidate whether the combination of apatinib and anti-PD-L1 antibody exerted synergistic
treatment effects, the predicted additive OS curves were generated according to the method in a recently
published paper[16]. The observed survival for the combination therapy was signi�cantly longer than the
predicted survival for the combination therapy, which indicated synergism between apatinib and PD-L1
blockade (Fig. 1c). Moreover, after 2 weeks of treatment, we found that treatment with apatinib or anti-PD-
L1 antibody alone signi�cantly inhibited the growth of MFC tumors in immunocompetent mice, and
combination treatment with apatinib and anti-PD-L1 antibody led to a further reduction in tumor volume
and tumor weight (Fig. 1d-e). In addition, combined treatment dramatically decreased the number of Ki-
67-positive proliferative tumor cells compared with the control or a single agent alone (Fig. 1f).
Collectively, these data suggest that treatment of MFC-bearing mice with combined apatinib and PD-L1
blockade therapy synergistically improves OS and inhibits tumor growth compared with apatinib or PD-L1
blockade monotherapy.

Combined apatinib and PD-L1 blockade reprograms the immune microenvironment and promotes
antitumor immunity in a GC mouse model

We next examined how apatinib monotherapy, anti-PD-L1 monotherapy and combined apatinib and PD-
L1 therapy impact lymphocyte in�ltration in MFC tumors. Immunohistochemical analysis showed that
apatinib treatment alone increased the number of Foxp3+ Treg cells, while the number of Foxp3+ Treg
cells was not signi�cantly altered upon anti-PD-L1 monotherapy and combined apatinib/anti-PD-L1
therapy compared with control treatment (Fig. 2a). Moreover, the number of CD8+ T cells and CD20+ B
cells was signi�cantly increased upon anti-PD-L1 and combined apatinib/anti-PD-L1 therapy but was not
signi�cantly altered upon apatinib therapy compared with those in the control group (Fig. 2b-c).
Furthermore, the combination therapy led to a higher ratio of CD8+ T cells to Foxp3+ Treg cells, indicating
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a shift towards immune activation rather than an immunosuppressive microenvironment (Fig. 2d). To
validate the activation of tumor-in�ltrating CD8+ T cells after PD-L1 blockade, we evaluated biomarkers
(IFN-γ, TNFα and IL-2) indicative of CD8+ T cell activation in mouse plasma at the study endpoint after
treatment. Signi�cantly increased levels of IFN-γ, TNFα and IL-2 were observed when mice were treated
with the apatinib/anti-PD-L1 combination treatment, while apatinib or anti-PD-L1 monotherapy only
weakly increased activated CD8+ T cells (Fig. 2e). Furthermore, when evaluating the Th1/Th2 cytokine
balance by ELISA, we found that the ratio of Th1 to Th2 cytokines (IFN-γ to IL-10) was signi�cantly
increased upon combined apatinib and ani-PD-L1 therapy compared with control treatment for
monotherapy (Fig. 2f). Collectively, these data suggest that combined apatinib and PD-L1 blockade
reprograms the immune microenvironment and promotes antitumor immunity in a GC mouse model.

Apatinib increases PD-L1 expression in gastric cancer cells via hypoxia and IFN-γ expression

We next investigated the impact of apatinib monotherapy, anti-PD-L1 monotherapy and combined
apatinib/anti-PD-L1 treatment on PD-L1 expression in GC tumors. Immunohistochemical analysis
showed that the expression of PD-L1 was dramatically increased in tumor samples upon apatinib
monotherapy and combined apatinib/anti-PD-L1 therapy compared with anti-PD-L1 monotherapy
(Fig. 3a). Flow cytometry further con�rmed a substantial upregulation of PD-L1 on tumor cells isolated
from MFC xenografts upon apatinib monotherapy and combined apatinib/anti-PD-L1 therapy, whereas
the expression of PD-L1 on anti-PD-L1-treated tumor cells remained low, comparable to that in control
tumors (Fig. 3b). PD-L2 expression was not signi�cantly altered upon apatinib, anti-PD-L1 or combined
anti-VEGF/anti-PD-L1 targeted therapy compared to control treatment (Fig. 3b). Hypoxia, which can be
caused by antiangiogenic therapy, has been reported to increase the expression of PD-L1 on tumor cells
via HIF-1α[17]. Therefore, we investigated whether apatinib-induced hypoxia increases PD-L1 expression
in MFC tumors. We observed increased nuclear expression of HIF-1α in apatinib- and combined
apatinib/anti-PD-L1-treated MFC-bearing mouse models compared with that in control-treated mice,
accompanied by increased PD-L1 expression (Fig. 3c). We also observed that during apatinib treatment,
PD-L1 was strongly correlated with HIF-1α expression (Fig. 3d), indicating PD-L1 expression by GC cells,
particularly in hypoxic regions. To con�rm the direct effect of hypoxia on PD-L1 expression in GC cells, we
examined the expression of PD-L1 in GC cells under hypoxic vs normoxic conditions and observed a
signi�cant increase in PD-L1 expression on GC cells upon exposure to hypoxia (Fig. 3e-f). We further
examined whether apatinib exerted a direct effect on PD-L1 expression in GC cells. We found that
apatinib did not result in an appreciable change in PD-L1 expression in GC cells under hypoxic and
normoxic conditions (Additional �le 1: Figure S1A). Given that IFN-γ has been reported to mediate PD-L1
expression in tumor cells[18], we next investigated whether IFN-γ was involved in the PD-L1 expression
induced by apatinib treatment in GC cells. As shown in Fig. 3g-h, IFN-γ dramatically induced PD-L1
expression in GC cells. By ELISA, we found that IFN-γ was signi�cantly increased in the plasma of MFC-
bearing mice upon apatinib and apatinib/anti-PD-L1 combination treatment (Fig. 2e). The expression of
IFN-γ-mediated genes, CXCL10, MX1 and IFIT3[19], was also higher in MFC cells isolated from tumors
treated with apatinib and apatinib/anti-PD-L1 combined therapy compared with that in the control or anti-
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PD-L1 group (Fig. 3i). These results suggest that apatinib enhances the expression of PD-L1 partially by
inducing IFN-γ expression as well as by inducing a hypoxic microenvironment in GC.

Combined apatinib and PD-L1 blockade induces HEV formation that is associated with LTβR signaling
activation mediated by dendritic cells

Reprogramming the tumor vasculature by normalization could lead to a shift towards an immune-
activated microenvironment[6]; therefore, we hypothesized that combined apatinib and PD-L1 blockade
therapy may affect the tumor vasculature in GC. Immunohistochemical analysis showed that the vessel
density, as indicated by the number of CD-31-positive vessels per area, was dramatically reduced in tumor
samples upon apatinib monotherapy and combined apatinib/anti-PD-L1 therapy but not in anti-PD-L1
monotherapy-treated tumors (Fig. 4a). HEVs, which are structurally distinct blood vessels, are thought to
facilitate the generation of tissue-destroying lymphocytes inside chronically in�amed tissues and
cancers[10]. Using immunohistochemical staining for the HEV-speci�c marker MECA-79 [20], we found
that naive MFC tumors were devoid of MECA-79+ vessels, whereas MECA-79+ vessels were markedly
induced by combined apatinib/anti-PD-L1 therapy (Fig. 4b). Previous studies suggested that continuous
stimulation of lymphotoxin‐β receptor (LTβR) on HEV endothelial cells by CD11c+ DCs is essential for the
induction and maintenance of HEVs in lymphoid tissues[21, 22]. Indeed, the number of CD11c+ DCs was
signi�cantly increased in MFC tumor tissues upon combined apatinib/anti-PD-L1 treatment (Fig. 4c). We
next isolated CD11c+ DCs from MFC tumors upon apatinib monotherapy, anti-PD-L1 monotherapy and
combined apatinib/anti-PD-L1 therapy. We found that the activity of CD11c+ DCs, indicated by
upregulation of the CCR7, CD40, IL-10 and IL-12 genes[23], was greatly enhanced upon anti-PD-L1
monotherapy and combined apatinib/anti-PD-L1 treatment (Fig. 4d). Additionally, the expression of the
LTβR ligands LTβ and LIGHT, but not LTα, was also upregulated in CD11c+ DCs isolated from tumors
upon anti-PD-L1 monotherapy and combined apatinib/anti-PD-L1 treatment, whereas no signi�cant
change in the expression of LTα, LTβ and LIGHT was observed in MFC cells isolated from tumors upon
apatinib monotherapy (Fig. 4e). We next examined the role of LTβR signaling in HEV formation during
combined apatinib/anti-PD-L1 treatment. We found that an LTβR antagonist exerted little effect on the
proliferation of GC cell lines in vitro (Additional �le 1: Figure S1B). We next tested the effect of combined
treatment with an LTβR signaling antagonistic antibody and combined apatinib/anti-PD-L1 therapy in an
immunocompetent mouse GC model. As shown in Fig. 4f-h, no signi�cant tumor suppression was
observed in the LTβR antagonist-only-treated group compared with the control group. Meanwhile,
combined apatinib/anti-PD-L1 treatment signi�cantly decreased the tumor burden of MFC tumors by
approximately 80%. Notably, the addition of an LTβR antagonist during combined apatinib/anti-PD-L1
treatment substantially weakened the antitumor effect (Fig. 4f-h). Immunohistochemistry was used to
evaluate the density of MECA-79+ HEVs, CD8+ T cells and CD20+ B cells in the xenograft tumors. We
found that the HEV formation, and the CD8+ T cell and CD20+ B cell in�ltration driven by combined
apatinib/anti-PD-L1 treatment were also blocked by treatment with an LTβR antagonist (Fig. 4i-j). These
data support the idea that LTβR signaling activated by DCs contributes to HEV formation during
combined apatinib/anti-PD-L1 treatment.
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Presence of HEVs correlates with clinical outcome in GC patients

To identify the presence of HEVs in human GC, tumor tissues from 192 surgically resected gastric
adenocarcinoma patients were analyzed for expression of the HEV-speci�c marker MECA-79. Vessels
expressing MECA-79 were detected in the majority of GC tumors analyzed (118/192). A portion of MECA-
79-positive vessels displayed a cuboidal endothelial appearance, typical of lymph node HEVs (Fig. 5a).
MECA-79 was also expressed on endothelial cells with a �at morphology, typical of the tumor vasculature
(Fig. 5a). The density of MECA-79-positive HEVs varied in patients, ranging from 0 to 6.2 HEVs per mm3

(median: 0.8 HEVs/mm3, mean: 1.1 HEVs/mm3) (Fig. 5a). Moreover, immunostaining of the pan-vascular
endothelial cell markers CD31 and MECA-79 in GC samples demonstrated that the percentage of MECA-
79+ vessels ranged from 1–11% of the CD31+ vessels (Fig. 5b), and no signi�cant correlation between
intratumoral MECA-79+ and CD31+ vessels was observed (Fig. 5c), suggesting that the differences in
angiogenesis were not responsible for the differences in the density of HEVs in gastric tumors.
Furthermore, a strong association between DC-LAMP+ (LAMP3+) mature dendritic cells and the presence
of MECA79+ high endothelial venules was identi�ed (Fig. 5d). We further tested the correlations between
the density of MECA-79-positive HEVs and the clinicopathologic status and prognosis of patients with
GC. We found that the density of HEVs in gastric adenocarcinoma samples of early stage (TNM stage I–
II, n = 81) was signi�cantly elevated compared to that in gastric adenocarcinoma samples of advanced
stage (TNM stage III–IV, n = 111) (Fig. 5e; Additional �le 2: Table S7). Further analyses showed that a low
density of HEVs in gastric adenocarcinoma was positively associated with relatively higher tumor size,
vascular invasion and lymph node metastasis than a high density of HEVs (Fig. 5f-h; Additional �le 2:
Table S7). Kaplan-Meier analysis revealed that a low density of HEVs predicted a poor prognosis for
overall survival in gastric adenocarcinoma patients after surgery (Fig. 5i). Cox regression multivariate
analysis also revealed that HEV density, tumor differentiation, lymph node metastasis and TNM stage
were independent prognostic factors for the survival of gastric adenocarcinoma patients (Fig. 5j;
Additional �le 2: Table S8).

HEVs predict lymphocyte in�ltration into the tumor in GC patients

Because HEVs are involved in the large-scale migration of lymphocytes from the blood into lymph nodes,
we next investigated the relationship between HEVs and immune in�ltration in GC. Subsequently, we
quanti�ed the number of tumor-in�ltrating CD3+ T cells, CD8+ T cells and CD20+ B cells by IHC staining in
resected tumors from 192 gastric adenocarcinoma patients. We found in�ltration of CD20+ B cells in 39%
of patients; 27% of the tumors had CD20+ B cell localized in clusters, and 34% were devoid of CD20+ B
cells (Fig. 6a). Notably, CD20+ B cell clusters were in all cases colocalized with MECA79+ high endothelial
venules, as well as CD3+ and CD8+ T cells, which indicates the formation of tertiary lymphoid structures
(TLSs) (Fig. 6a). In contrast, the in�ltration of CD8+ T cells was found in 49% of cases, and 27% of
tumors had CD8+ T cells localized outside of such TLSs (Fig. 6a). Furthermore, we observed a strong
correlation between the number of HEVs and intratumoral CD8+ T cells (r = 0.669; P < 0.001) and CD20+ B
cells (r = 0.751; P < 0.001) (Fig. 6b-c). The mRNA expression levels of genes associated with naive and
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central memory T and B lymphocyte migration, including CCL19, CCL21, CXCL13 and CCR7[24], were
signi�cantly elevated in the HEV-high versus HEV-low tumors (Fig. 6d).

Microsatellite instability (MSI) is a tumor molecular phenotype caused by a defect in the DNA mismatch
repair (MMR) system machinery, and MSI-H-induced immunogenic neoantigens are thought to trigger a
potent antitumor response in the presence of immune checkpoint blockade[25]. We therefore explored the
relationship between MSI and the immune phenotype in the GC microenvironment and whether HEVs
were correlated with immune in�ltration in MSI GCs. By comparing 21 MSI (MSI-H = 10, MSI-L = 11)
against 12 MSS gastric adenocarcinoma tissue samples, we observed that the abundance of
intratumoral CD8+ T cells and CD20+ B cells in MSI-H gastric adenocarcinoma tissues was higher than
that in the MSI-L or MSS GC samples (Fig. 6e). Strikingly, the numbers of CD8+ T cells and CD20+ B cells
in MSI-L tumors were comparable to those in MSS samples (Fig. 6e). Nest, we tested whether HEVs were
correlated with the abundant immune in�ltration in MSI GCs. As shown in Fig. 6f, the density of HEVs
was higher in MSI-H than MSI-L or MSS GC samples. However, the density of HEVs was comparable
between MSI-L and MSS GC samples.

Survival analysis revealed that the presence of TLSs was associated with improved patient outcome
(Fig. 6g). Gastric adenocarcinoma patients in the CD8+ T cell-high or CD20+ B cell-high group exhibited
signi�cantly longer OS than those in the CD8 + T cell-low or CD20+ B cell-low group (Fig. 6h-i), and when
HEVs, CD8+ T cells and CD20+ B cells were considered together, we observed that patients with low levels
of all HEVs, CD8+ T cells and CD20+ B cells exhibited the shortest OS, whereas those with high levels of
all HEVs, CD8+ T cells and CD20+ B cells displayed the best prognosis (Fig. 6j).

Discussion
Antiangiogenic therapy has been validated as an important anticancer treatment modality through
clinical trials, which has added VEGF pathway-targeting drugs into the therapeutic armory[5]. Apatinib is
an orally administered VEGFR-2-targeting drug that has demonstrated improved OS and PFS in patients
with advanced-stage GC refractory to two or more lines of prior chemotherapy[7]. However, responses are
typically transient, and most responsive patients develop resistance over time. Given the recent success
of immunotherapies, combinations of antiangiogenic drugs with immune checkpoint inhibitors may
provide sustained and potent antitumor responses. Several preclinical studies have assumed that the
potential of combined antiangiogenic therapy with immune checkpoint inhibitors for enhancing
antitumor immunity in cancer patients stems from different mechanisms, mainly converging on
reprogramming of the vasculature and evasion of the immunosuppressive tumor microenvironment[6,
26–28]. In this study, we described that combining apatinib, a VEGFR-2 TKI, with PD-L1 blockade
synergistically improves treatment e�cacy in GC. The combination therapy not only directly counteracted
the apatinib monotherapy-induced PD-L1 upregulation caused by hypoxia and IFN-γ but also induced the
formation of HEVs, which promoted antitumor immunity by recruiting activated lymphocytes to in�ltrate
the tumor site, thus producing successful eradication of GC cells.
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The clinical development of checkpoint inhibitor-based immunotherapy has revolutionized cancer
therapy. Despite these advances, in some cases, improvements in PFS and OS are modest. Mechanisms
of resistance to checkpoint inhibitors are probably multifactorial and can include an absence of PD-L1,
low levels of intratumor immunological activity, or both[29]. VEGF/VEGFR-2 signaling blockade not only
promotes tumor vessel pruning but also regulates tumor immunity by upregulating the lymphocyte
adhesion molecules ICAM-1 and VCAM-1 in vascular endothelial cells, inhibiting DC maturation,
suppressing proin�ammatory T cell differentiation, reducing Treg proliferative status and decreasing the
expression of inhibitory receptors mediating CD8 + T cell exhaustion and might help to overcome
resistance to checkpoint inhibitors[4]. Antiangiogenic therapy with sorafenib or sunitinib has been
reported to increase PD-L1 expression in solid tumors, including renal cell carcinoma and hepatocellular
carcinoma[30, 31]. In line with a previous study, we found that apatinib treatment could promote the
expression of PD-L1 in GC cells. It has been well appreciated that PD-L1 expression can be induced by
hypoxia via the hypoxia-inducible factor HIF1-α and by IFN-γ [17, 18]. Shigeta et al. found that PD-L1
expression was induced in a paracrine manner upon anti-VEGFR-2 blockade in endothelial cells in part
through IFN-γ expression by HCC cells[28]. However, Allen et al. have shown that PD-L1 expression is
increased by IFN-γ-producing T lymphocytes during VEGF/VEGFR blockade treatment[26]. Our present
data show that PD-L1 expression by GC cells was particularly high in hypoxic regions and that hypoxia
could directly lead to a signi�cant increase in PD-L1 expression in GC cells in vitro. Additionally, IFN-γ
expression in the plasma of GC-bearing mice was signi�cantly increased upon apatinib treatment,
accompanied by the substantially increased expression of IFN-γ-inducible genes in GC cells, and IFN-γ
could signi�cantly upregulate PD-L1 expression in GC cells in vitro. The precise mechanisms underlying
the upregulation of IFN-γ in GC upon apatinib treatment await further in-depth studies.

Lymphocyte tra�cking has a crucial role in antitumor immunity because it maximizes the probability that
lymphocytes will encounter tumor antigens. Under homeostatic conditions, naive lymphocytes
continuously circulate from the blood to lymphoid organs by crossing the walls of HEVs[10]. Recent
studies have demonstrated that, similar to their counterparts localized in lymphoid organs, tumor-
associated HEVs are frequently observed in the stroma of human solid tumors and represent major
gateways controlling leukocyte entry into compartmentalized regions of tumor tissues. This scenario is
supported by studies showing that high densities of tumor-associated HEVs correlate with elevated levels
of TILs and/or with favorable clinical outcome in solid tumors, including melanoma, colorectal cancer,
oral squamous cell carcinoma and breast cancer[11–14]. A previous study reported the presence of HEVs
in GC[15], but their association with lymphocyte in�ltration and clinical outcome in GC patients were
largely unknown. In the current study, we found that GC tissues contained MECA-79+ HEVs with
phenotypic characteristics similar to those of HEVs in lymphoid organs. The density of MECA-79+ tumor
HEVs was strongly reduced during GC development from the early stage to the late stage, suggesting that
the loss of tumor-associated HEVs is a critical step during GC progression. The density of HEVs was also
strongly correlated with the density of tumor-in�ltrating CD8+ T cells and CD20+ B cells and OS in primary
gastric adenocarcinoma patients. Both CD8+ T cells and CD20+ B have the ability to inhibit tumor
progression and exert favorable impacts on the clinical outcomes of numerous cancers[32, 33]. In line
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with a previous study, we found that the presence of CD8+ T cells and CD20+ B cells surrounding HEVs
was associated with improved OS in gastric adenocarcinoma patients. These �ndings indicate that
tumor-associated HEVs are related to clinical outcomes by supporting a constant in�ux of CD8+ T cells
and CD20+ B cells in the tumor stroma. Tertiary lymphoid structures (TLSs) have been identi�ed in a wide
range of cancers, including GC, but their presence is highly variable between cancer types as well as
between patients[34]. Tumor-associated TLSs are not only surrogate markers of a rapid immune
response; instead, they are also thought to be associated with improved prognosis and clinical response
to immune checkpoint inhibitors[35–37]. Our study con�rmed that TLSs are associated with favorable
prognosis in GC patients. The role of TLSs in the prediction of response to immune therapy in GC still
needs to be explored in the future. Microsatellite instability (MSI), arising from de�cient DNA mismatch
repair (dMMR), commonly presents as an increased mutation rate and dense lymphocyte in�ltration[38].
As a result, assessment of either dMMR by immunohistochemistry or MSI is recommended for several
solid cancers to guide treatment decisions[39]. Whether improved lymphocyte recruitment by tumor-
associated HEVs contributes to the pronounced immune in�ltration in MSI GCs is incompletely
understood. Bento et al. found no striking differences in HEV density between MSI+ and MSI− CRC tumors
by analyzing only four MSI CRC samples[40]. However, Pfuderer et al. showed elevated HEV densities in
MSI CRCs compared with MSS CRCs in a larger sample size of MSI+ CRC samples[11]. This study is, to
our knowledge, the �rst to uncover a markedly higher tumor-associated HEV density in MSI GC tumors
than MSS GC tumors, and this increased HEV density was accompanied by increased in�ltration of CD8+

T cells and CD20+ B cells in the tumor tissues. Thus, our current �nding underscores the signi�cant
contribution of tumor-associated HEVs in immune responses against MSI+ GC.

Emerging evidence suggests that the nonactivated endothelium of tumor tissues can rapidly transform
into HEV-like vessels in response to certain targeted drugs. Allen and colleagues reported that treatment
with a combination of anti-VEGFR2 and anti-PD-L1 antibodies induced HEVs to promote lymphocyte
in�ltration in PyMT (polyoma middle T oncoprotein) breast cancer and RT2-PNET (Rip1-Tag2 pancreatic
neuroendocrine tumors) but not in glioblastoma (GBM)[26]. Our study showed that combined apatinib
and PD-L1 blockade not only caused pruning of the total tumor vessels but also induced intratumoral
HEV formation, which tra�cked cytotoxic effector CD8+ T cells and CD20+ B cells into murine MFC
gastric tumors. This result prompted us to investigate the mechanism by which combination treatment
induces HEV formation. Previous studies have suggested that continuous stimulation of LTβR on HEV
endothelial cells by CD11c+ DC-derived LTβR ligands is essential for the induction and maintenance of
HEVs[21, 22]. We identi�ed that the number of CD11c+ DCs was substantially increased upon combined
apatinib and PD-L1 blockade therapy, and the LTβR ligands LTβ and LIGHT were induced in CD11c+ DCs
under combination treatment in a mouse model. Clinical data also indicated that the density of mature
DC-LAMP+ DCs was strongly correlated with the density of tumor HEVs in resected gastric
adenocarcinoma samples. Moreover, the LTβR antagonist greatly inhibited HEV formation and CD8+ T
cell and CD20+ B cell in�ltration in MFC tumors undergoing apatinib/anti-PD-L1 therapy. Herein,
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combined apatinib and anti-PD-L1 therapy triggers HEV formation to promote lymphocyte in�ltration
through activation of LTβR signaling.

At present, several clinical trials are underway to examine the effects of combined immunotherapy and
antiangiogenic regimens in various cancer types[41]. Clinical studies with antiangiogenic drugs in
combination with checkpoint inhibitors have shown a manageable safety pro�le with favorable antitumor
activity in patients with previously treated advanced gastric or gastro-oesophageal junction
adenocarcinoma[42]. Here, we demonstrated that a combination of apatinib with PD-L1 blockade
treatment resulted in more durable and synergistic tumor regression than either single agent alone,
indicating that combining PD-1/PD-L1 inhibitors and anti-VEGF agents can be an effective treatment
strategy to maximize the survival bene�t with controllable toxic effects in patients with GC.

Conclusions
In summary, we demonstrated that antiagniogensis drug, apatinib, in combination with PD-L1 blockade
synergistically delayed tumor growth and increased survival in an immunocompetent murine model of
GC. Such combination reprogrammed the immune microenvironment and promoted antitumor immunity
in GC in part through inducing the formation of high endothelial venules (HEVs) through activation of
LTβR signaling mediated by dendritic cells. Our data warrant that apatinib in combination with PD-L1
blockade therapy should be a promising strategy for the treatment of GC in the future clinical practice.

Abbreviations
GC, gastric cancer; HEVs, high endothelial venules; MSI, Microsatellite instability; MSS, microsatellite
stable; PD-L1, programmed death ligand 1; VEGFR2, vascular endothelial growth factor receptor 2; OS,
overall survival.
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Figures

Figure 1
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Combined apatinib and PD-L1 blockade therapy synergistically inhibited tumor growth and improved OS
in a mouse model. a Summary of drug intervention protocol. b Survival curves of MFC-bearing mice
treated with solvent control (n=5), apatinib monotherapy(n=5), anti-PD-L1 monotherapy (aPD-L1, n=5)
and combined apatinib/aPD-L1 therapy (n=5). c The predicted additive OS curves were calculated as
described in supplementary methods and compared with the curves of observed combination therapy
using Prism Mantel Cox test. d-e Tumor growth curves and tumor weights of MFC-bearing mice treated
with solvent control (n=6), apatinib monotherapy(n=6), anti-PD-L1 monotherapy (aPD-L1, n=6) and
combined apatinib/aPD-L1 therapy (n=6). f Immunohistochemical staining of tumor proliferative marker
ki-67 in harvested tumors. Representative immunohistochemical images were shown. Data are shown as
the mean ± SD of three independent experiments. *: P<0.05; **: P<0.01; NS: No Signi�cance. Scale bars:
50 μm.

Figure 2

The effect of apatinib in combination with PD-L1 blockade on immune environment in a GC mouse
model. a-c Immunohistochemistry was performed to detect the changes in tumor in�ltrating FoxP3+ Treg
cells (A), CD8+ CTLs (B) and CD20+B cells (C) in MFC tumors treated with solvent control, apatinib
monotherapy, anti-PD-L1 monotherapy and combined apatinib/aPD-L1 therapy. Representative
immunohistochemical images were shown. d Changes in ratios of CD8+ CTLs to FoxP3+ Tregs in MFC
tumors treated with solvent control, apatinib monotherapy, anti-PD-L1 monotherapy and combined
apatinib/aPD-L1 therapy. e Changes in the levels of IFN-γ, TNFα and IL-2 in plasma of MFC-bearing mice
treated with solvent control, apatinib monotherapy, anti-PD-L1 monotherapy and combined apatinib/aPD-
L1 therapy. f Changes in the ratios of the Th1/Th2 cytokine (IFN-γ/IL-10) in plasma of MFC-bearing mice
treated with solvent control, apatinib monotherapy, anti-PD-L1 monotherapy and combined apatinib/aPD-
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L1 therapy. Data are shown as the mean ± SD of three independent experiments. *: P<0.05; **: P<0.01;
NS: No Signi�cance. Scale bars: 50 μm.

Figure 3

Hypoxia and IFN-γ expression contributed to the upregulation of PD-L1 induced by apatinib treatment. a
Immunohistochemistry was performed to detect the PD-L1 expression in MFC tumors treated with solvent
control, apatinib monotherapy, anti-PD-L1 monotherapy and combined apatinib/aPD-L1 therapy.
Representative immunohistochemical images were shown. b Flow cytometry assay was performed to
detect the cell surface expression of PD-L1 and PD-L2 on tumor cells isolated from MFC tumors treated
with solvent control, apatinib monotherapy, anti-PD-L1 monotherapy and combined apatinib/aPD-L1
therapy. c Immunohistochemistry was performed to detect the HIF-1α expression in MFC tumors treated
with solvent control, apatinib monotherapy, anti-PD-L1 monotherapy and combined apatinib/aPD-L1
therapy. Representative immunohistochemical images were shown. d Scatter plot diagram showed
signi�cantly positive correlation between HIF-1α and PD-L1 expression in MFC tumor tissues treated with
apatinib. e qRT-PCR was performed to analyze the expression of PD-L1 in MKN45 and N87 human and
MFC mouse GC cell lines under hypoxia(1%) or normoxia condition at indicated times. f Western blot
analysis of PD-L1 expression in MKN45 and N87 GC cells under hypoxia(1%) or normoxia condition for
48 hours. g Western blot analysis of PD-L1 in MKN45 and N87 GC cells treated for 48 hours with
recombinant human IFN-γ(10ng/ml). h qRT-PCR was performed to analyze the expression of PD-L1 in
MKN45 and N87 human and MFC mouse GC cell lines treated for 48 hours with recombinant mouse or
human IFN-γ(10ng/ml) at indicated times. i qRT-PCR was performed to analyze the expression of IFNγ-
mediated genes CXCL10, MX1, and IFIT3 in cells isolated from MFC tumors treated with solvent control,
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apatinib monotherapy, anti-PD-L1 monotherapy and combined apatinib/aPD-L1 therapy. Data are shown
as the mean ± SD of three independent experiments. *: P<0.05; **: P<0.01; NS: No Signi�cance. Scale
bars: 50 μm.

Figure 4

LTβR signaling activation mediated by dendritic cells contributed to the HEVs formation induced by dual
apatinib/ PD-L1 blockade therapy. a-c Immunohistochemistry was performed to detect the MVD-CD31(A),
MECA-79+ HEVs(B) and CD11C+ DCs(C) in MFC tumors treated with solvent control, apatinib
monotherapy, anti-PD-L1 monotherapy and combined apatinib/aPD-L1 therapy. Representative
immunohistochemical images were shown. d-e qRT-PCR was performed to analyze the expression of DC
activity-related genes (CCR4, CD40, IL10 and IL12) and LTβR ligands (LTα, LTβ and LIGHT) in DCs
isolated from MFC tumors treated with solvent control, apatinib monotherapy, anti-PD-L1 monotherapy
and combined apatinib/aPD-L1 therapy. f-h Tumor growth curves (F), representative images of
subcutaneous MFC mouse tumors (G) and tumor weights (H) of MFC-bearing mice treated with solvent
control (n=5), LTβR signaling antagonistic antibody (n=5), combined apatinib/aPD-L1 therapy (n=5) and
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combined apatinib/aPD-L1/ LTβR signaling antagonistic antibody therapy(n=5). i-j
Immunohistochemistry was performed to detect the MECA-79+ HEVs (I), CD8+ CTLs and CD20+B cells
(J) in MFC tumors treated with solvent control, LTβR signaling antagonistic antibody(aLTβR), combined
apatinib/aPD-L1 therapy and combined apatinib/aPD-L1/aLTβR. Representative immunohistochemical
images were shown. Data are shown as the mean ± SD of three independent experiments. *: P<0.05; **:
P<0.01; NS: No Signi�cance. Scale bars: 50 μm.

Figure 5

Expression and prognostic value of HEVs in GC patients. a Immunohistochemistry was performed to
detect the phenotypic characterization of tumor MECA-79+ HEVs in gastric adenocarcinoma patients.
Representative immunohistochemical images were shown. Scale bars: 50 μm b-c Consecutive GC
sections were stained by immunohistochemistry with anti-MECA-79 and CD31 antibodies (B). The density
of CD31+ vessels was compared between HEV-high (≥5 per view of �eld, n=92) and HEV-low ( 5 per view
of �eld, n=100) gastric adenocarcinoma(C). Representative immunohistochemical images were shown.
Scale bars: 50 μm. d Consecutive gastric adenocarcinoma sections were stained by
immunohistochemistry with anti-MECA-79 and DC-LAMP(LAMP3) antibodies. Scatter plot diagram
showed signi�cantly positive correlation between MECA-79+ HEVs and mature DCs (DC-LAMP) in GC
samples. Scale bars: 250 μm. e-h High density of HEVs negatively correlated with TNM (tumor node
metastasis) stages(E), tumor diameter(F), vascular invasion(G) and lymph node metastasis(H) in gastric
adenocarcinoma patients. i Forest plots showing HR of OS for high-risk patients in the indicated clinical
subgroups of gastric adenocarcinoma patients. j Kaplan–Meier curves for overall survival after GC
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resection according to MECA-79+ HEVs densities in human gastric adenocarcinoma tissues (n=192).
HEV-high: (≥5 per view of �eld, n=92); HEV-low: ( 5 per view of �eld, n=100).

Figure 6

HEVs predicts lymphocyte in�ltration into the tumor in GC patients a Representative consecutive GC
sections showing the expression of MECA-79+, CD3+ T cells, CD8+ T cells and CD20+ B cells in gastric
adenocarcinoma samples. b-c Scatter plot diagram showed signi�cantly positive correlation between
MECA-79+ HEVs and CD8+ T cells as well as CD20+ B cells in gastric adenocarcinoma samples. d
Expression of genes related to lymphocyte migration determined in 18 gastric adenocarcinoma samples
according to the density of tumor HEVs. HEV-high: (n=8); HEV-low: (n=10). e The intratumoral CD8+ T
cells and CD20+ B cells in MSI-H(n=10), MSI-L(n=11) and MSS(n=12) gastric adenocarcinoma samples
detected by immunohistochemical staining. f HEV density in MSI-H(n=10), MSI-L(n=11) and MSS(n=12)
gastric adenocarcinoma samples detected by immunohistochemical staining. g Kaplan–Meier survival
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curve of gastric adenocarcinoma patients with positive (n=52) and negative (n=140) TLS. h-i Kaplan–
Meier survival curve of gastric adenocarcinoma patients with lower ( 5623 per view of �eld, n=96) and
higher(≥5623 per view of �eld, n=96) CD8+ T cells counts, or with lower ( 4564 per view of �eld, n=96)
and higher (≥4564 per view of �eld, n=96) CD20+ B cells counts. j The combined quantity of intratumoral
CD8+ T cells, CD20+ B cells, and MECA-79+ HEVs predicted the prognosis of gastric adenocarcinoma
patients. I:CD8+ T cells high/ CD20+ B cells high / MECA-79+ HEVs high (n=58); III:CD8+ T cells low/
CD20+ B cells low/ MECA-79+ HEVs low(n=66); II: other(n=68). Data are shown as the mean ± SD of three
independent experiments. *: P<0.05; **: P<0.01; NS: No Signi�cance. Scale bars: 250 μm.
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