
CLINICAL CANCER RESEARCH | TRANSLATIONAL CANCER MECHANISMS AND THERAPY

Low-Dose Anti-Angiogenic Therapy Sensitizes Breast

Cancer to PD-1 Blockade
Qian Li1,2, Yifan Wang3, Weijuan Jia1,2, Heran Deng1,2, Guangdi Li4, Weiye Deng3, Jiewen Chen1,2,

Betty Y.S. Kim5, Wen Jiang3, Qiang Liu1,2, and Jieqiong Liu1,2

ABSTRACT
◥

Purpose: Despite its enormous successes, the overall

response rate of cancer immunotherapy remains suboptimal,

especially in breast cancer. There is an increased interest in

combining immune checkpoint inhibitor with targeted agents

to enhance antitumor effect. Anti-angiogenic drugs have been

shown to synergize with immune checkpoint blockades, but the

optimal setting for combining these two modalities and the

underlying mechanisms of synergistic responses are not fully

understood.

Experimental Design: We tested the combination of anti–

PD-1 and different doses of VEGFR2-targeting agents in synge-

neic breast cancer mouse models. Tumor-infiltrated immune cell

subsets were profiled by flow cytometry. A cytokine array was

carried out to identify inflammatory changes in different treat-

ment conditions. The efficacy of combined anti-angiogenic and

anti–PD-1 therapy was further evaluated in patients with

advanced triple-negative breast cancer (TNBC).

Results: Blockade of VEGFR2 sensitizes breast tumors to PD-1

blockade in a dose-dependent manner. Although both conven-

tional and low-dose anti-VEGFR2 antibody treatments normalize

tumor vessels, low-dose VEGFR2 blockade results in more robust

immune cell infiltration and activation and promotes the secretion

of osteopontin (OPN) byCD8þT cells. OPN subsequently induces

tumor cell production of TGF-b, which in turn upregulates PD-1

expression on immune cells. In patients with advanced TNBC,

combined treatment with low-dose anti-VEGFR2 inhibitor and

anti–PD-1 demonstrated excellent tolerability and efficacy.

Higher OPN and TGF-b expressions correlated with improved

treatment responses.

Conclusions: Together, these results demonstrate a dose-

dependent synergism between anti-angiogenic therapy and

immune checkpoint blockade, thus providing important insights

into the optimal strategies for combining immunotherapy with

molecular-targeted agents.

Introduction
Cancer immunotherapy employing immune checkpoint inhibitors

has resulted in drastic improvements in clinical outcomes in multiple

malignant tumors. However, certain poorly immunogenic tumors,

such as breast cancer, have intrinsically low-response rates to immu-

notherapy due to a paucity of tumor-infiltrating T lymphocytes and an

abundance of immunosuppressive myeloid cell populations within the

tumor microenvironment. Even for triple-negative breast cancer

(TNBC), which is more immune sensitive, the objective response rate

(ORR) of PD-1/PD-L1 blockade monotherapy from early-phase trials

is only 5.2% to 18.5% (1–3). Therefore, there is an increased interest in

identifying combination treatment strategies to improve the response

rate and the efficacy of immunotherapy treatment (4). The respon-

siveness of a certain tumor to immune checkpoint inhibitors is likely to

depend on multiple tumor intrinsic and extrinsic factors. Among

them, the tumor blood vessel plays a critical role (5). Blood vessels

within solid tumors are often morphologically abnormal and func-

tionally impaired, resulting in reduced infiltration of immune effector

cells into the tumor (5, 6). In addition, tumor blood vessels have

impaired perfusion capacity, which creates increased intratumoral

hypoxia that inhibits the activity of infiltrated cytotoxic T cells (6) and

promotes the accumulation of suppressive immune cells such as

myeloid-derived suppressor cells (MDSC) and regulatoryT cells (Treg;

ref. 7). The hypoxic tumor microenvironment also stimulates the

secretion of several immunosuppressive cytokines (8) and promotes

the upregulation of PD-1 on T cells (9, 10). Normalization of tumor

vasculature has been proposed to reduce immunosuppression and

synergize with cancer immunotherapy (11, 12). However, due to the

transient and dynamic nature of the process, optimizing vascular

normalization tomaximize the effect of immune checkpoint inhibitors

remains challenging. Previous studies have shown that the immune-

stimulating effect and toxicity profiles of anti-angiogenic therapy are

highly dependent on its dose and administration schedule (13–15).

Therefore, our goal for the present study is to evaluate the optimal

conditions for combining anti-angiogenic therapy with an anti–PD-1

agent in syngeneic breast cancer mouse models, and to analyze the

efficacy of this treatment strategy in patients with advanced TNBC.

Materials and Methods
Cell lines and reagents

The 4T1 and EMT-6 breast cancer cell lines were obtained from the

ATCC and cultured according to the recommended protocols. CD45þ
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immune cells, CD8þ T cells, CD4þ T cells, F4/80þ macrophages,

CD19þ B cells, and EPCAMþ tumor cells, which were sorted out from

4T1, MMTV-PyMT, or EMT-6 models, were cultured in DMEMwith

10% FBS. Tumor-infiltrating CD45þ immune cells and primary tumor

cells were treated with OPN or progranulin. CD45þ immune cells,

CD8þ T cells, CD4þ T cells, F4/80þ macrophages, and CD19þ B cells

were treated with 5 ng/mL TGF-b1 for 30 hours.

Cytokine array kit analysis

Tumor-infiltrating CD45þ immune cells were obtained from 4T1

models through fluorescence-activated cell sorting by BD FACSAria

III. Then, theywere cultured inDMEMsupplementedwith 10%FBS at

37�C in 24-well culture plates for 48 hours. The supernatant of

cultured cells was collected and sent to Raybiotech (Guangzhou,

China) for cytokine analysis (mouse cytokine array kit GS2000).

Reagents were supplied with the array kit, and all experiments were

performed according to themanufacturer's instructions. The datawere

collected and analyzed by Raybiotech.

ELISA

Osteopontin (OPN) ELISA kits and progranulin ELISA kits were

purchased from Raybiotech, and TGF-b ELISA kits were purchased

from Boster. All experiments were performed according to the man-

ufacturer's instructions.

Western blot

For protein extraction, tumor cells and tumor-infiltrating

immune cells were homogenized by Ripa (Millipore) with a pro-

teinase inhibitor cocktail. Total protein was quantified using the

Pierce BCA Protein Assay Kit. Equal amounts of the lysates were

separated by 10% SDS-PAGE and electro-transferred to nitrocel-

lulose membranes (Whatman Protran nitrocellulose membrane;

neoLab). After being blocked with TBS/0.05% Tween-20/5% skim

milk, the membranes were probed with antibodies against PD-1 or

GAPDH. Peroxidase-conjugated anti-rabbit antibody was used as

secondary antibodies, and signals were captured by chemilumines-

cence (ECL; Thermo Fisher). Specific information on antibodies is

listed in Supplementary Table S1.

Animal studies

All animal studies were reviewed and approved by the Institutional

Animal Care and Use Committee of Sun Yat-sen University. For 4T1

and EMT-6 BC experiments, BALB/c Mice were anaesthetized, and

2� 105 cells (4T1model) or 5� 105 cells (EMT-6model) were injected

directly into the mammary fat pad. For MMTV-PyMT experiments,

we directly implanted the syngeneic MMTV-PyMT breast cancer

tumor blocks (1 mm3) into the mammary fat pad of female FVB/n

mice of 4 to 5 weeks of age.When tumors reached a volume of 20mm3,

mice bearing 4T1 or MMTV-PyMT tumors were randomized to

receive one of the following treatments by intraperitoneal injection

(twice a week for 2 weeks): rat IgG2a (40 mg/kg), anti–PD-1

antibody (10 mg/kg), full dose of DC101 antibody (anti-VEGFR2,

40 mg/kg), low dose of DC101 (10 mg/kg), full dose of DC101

(40 mg/kg) plus anti–PD-1, or low dose of DC101 (10 mg/kg)

plus anti–PD-1. Moreover, mice bearing 4T1 or EMT-6 tumors

received one of the following treatments: rat IgG2a (40 mg/kg),

anti–PD-1 antibody (10 mg/kg), full dose of apatinib (150 mg/kg),

low dose of apatinib (50 mg/kg), full dose of apatinib (150 mg/kg)

plus anti–PD-1, low dose of apatinib (50 mg/kg) plus anti-PD-1, or

low dose of DC101 (10 mg/kg) plus anti–PD-1. Tumor growth

was monitored every 3 days by measuring tumor length (L) and

width (W). Tumor volume (V) was then calculated using the

formula, V ¼ 1/2 � L � W
2. To identify lung metastasis and to

analyze survival, we treated mice with drugs (as above) for 7 to

8 weeks, collected the lungs, dissected and washed them, then fixed

them in 4% paraformaldehyde for 24 hours. Metastatic lung nodules

were counted directly. Specific information on antibodies is listed in

Supplementary Table S1. The survival endpoint of tumor-bearing

mice was reached when the primary tumor diameter was greater

than 20 mm, or when the animal demonstrated signs of severe pain

and discomfort, or when the animal died because of disease

progression.

Depletion experiments

Mice were injected intraperitoneally with 1 mg of rat IgG1,

clodronate liposomes, or anti-CD8 antibody one day before treat-

ment with drugs and then with 0.5 mg every 5 days thereafter. To

deplete CD4þ T cells, mice were injected intraperitoneally with

0.4 mg anti-CD4 antibody one day before treatment and then with

0.4 mg every 4 days for the next 2 weeks. To deplete B cells, mice

were injected intraperitoneally with 0.1 mg of anti-CD20 antibody

once per week. For OPN depletion experiments, mice were treated

with 10 mg of mouse OPN antibody (intraperitoneally) every day

from day 1 after treatment with DC101 or DC101þ anti–PD-1

drugs. Specific information on antibodies is listed in Supplementary

Table S1.

Isolation of primary tumor cells and blood cells from mouse

models

Briefly, tumor tissues were exhaustively flushed with PBS, minced

into small (1–2 mm in diameter) pieces, and digested with 2% FBS

DMEM containing 2 mg/mL collagenase IV (Sigma) at 37�C for 30

minutes. Cells were sequentially filtered through a 500-mm mesh

and 100 and 40-mm cell strainers. Then, they were centrifuged in a

Beckman Allegra X-15R centrifuge at 2,500 rpm for 15 minutes with

1 mL cell suspension above 5 mL 45% Percoll (GE Healthcare) in

the middle and 5 mL 60% Percoll at the bottom in a 15 mL tube.

Primary tumor cells were collected from the cell layer in the

interface above 45% Percoll and further purified by Cancer Cell

Isolation Kit (Panomics). Mononuclear cells were collected from the

cell layer at the interface between 45% and 60% Percoll. Mononu-

clear cells from blood were also isolated by Ficoll density-gradient

centrifugation.

Translational Relevance

Our study demonstrates a dose-dependent synergy between

anti-angiogenic therapy and anti–PD-1 antibody in preclinical

breast cancer models and in patients with advanced triple-

negative breast cancer. We provide compelling evidence that

low-dose anti-VEGFR2 therapy is more effective in sensitizing

breast cancer to anti–PD-1 therapy through initiation of cytokine

crosstalk between osteopontin (OPN) and TGF-b to reprogram the

tumor immunemicroenvironment. Together, these results provide

crucial preclinical and clinical insights into an optimized strategy

for combining anti-angiogenic therapy and immunotherapy for

advanced breast cancer treatment and highlight the important role

of OPN in the remodeling of the tumor immune microenviron-

ment. Future studies on OPN as a prognostic biomarker or a

potential target for cancer immunotherapy is warranted.

Low-Dose VEGFR2 Inhibitor Improves PD-1 Blockade
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Immunohistochemistry and immunofluorescence

Paraffin-embedded samples were cut into 5-mm consecutive sec-

tions and deparaffinized. Specimens were incubated at 4�C overnight

with antibodies against human OPN, TGF-b1, PD-1, CD8, CD19, or

CD68, or against mouse CD8a, CD20, F4/80, or CD4. Specimens were

then washed by PBS and stained with anti-mouse/rabbit immunohis-

tochemistry (IHC) secondary antibody kit or incubated with Alexa

Fluor secondary antibodies. PD-L1 expression on patient tumor

samples was assessed using the FDA-approved 22C3 assay on the

Dako Link 48 platform following the manufacturer's instructions (16).

The PD-L1 positivity threshold on ICs or TCs was set at�1% PD-L1–

expressing immune cells or tumor cells as a percentage of the tumor

area. Double fluorescent staining with anti-CD31 and anti-NG2

was performed on snap-frozen sections embedded in OCT compound

(8 mm), then 5–10 areas per tumor sample were randomly selected for

analysis. Specific information on antibodies is listed in Supplementary

Table S1.

Flow-cytometric analysis

Single-cell suspensions were prepared. Cells were incubated on ice

for 30 minutes with fluorescence-labeled antibodies against PD-L1,

PD-1, CD8, CD4, CD19, CD3, F4/80, CD45, granzymeB, IFN-g ,

CD69, IgM, CD43, CD5, CD1d, CD11c, MHC-II, TGF-b or OPN.

Intracellular cytokine staining was performed using the Intracellular

Fixation and Permeabilization kit according to the manufacturer's

instructions. After being washed, stained cells were separated on a

Beckman CytoFLEX Flow cytometer. Data were analyzed on FlowJo

software. Specific information on antibodies is listed in Supplementary

Table S1.

Patient samples

All patient-related procedures were performed with the approval of

the Internal Review and theEthics Boards of the SunYat-senMemorial

Hospital. Written informed consent was obtained from all patients.

The tumor samples were obtained from 12 patients with advanced

TNBCwho were treated with SHR-1210 (anti–PD-1 antibody, 200mg

for patients whose weight is�50 kg or 3 mg/kg for those whose weight

is below 50 kg, Q2W, intravenous) combined with low-dose apatinib

(250 mg, oral, daily) at the Breast Tumor Center of Sun Yat-Sen

Memorial Hospital between January 2018 and July 2019. These

patients were part of the apatinib continuous dosing armof an ongoing

phase II, open-label trial (NCT03394287) of SHR-1210 in combination

with apatinib (VEGFR2-TKI) in patients with advanced TNBC.

Key eligibility criteria includedwomen ages 18- to 70-years-oldwith

metastatic or unresectable recurrent TNBC; measurable disease per

Response Evaluation Criteria in Solid Tumors (RECIST) v1.1; an

Eastern Cooperative Oncology Group performance status of 0/1; had

received fewer than 3 lines of systemic therapies in the metastatic

setting; had adequate organ and bone marrow function; and had a

representative tumor sample (paraffin and/or fresh tissue). Tumors

were assessed every 8 weeks for the first 24 weeks and every 12 weeks

thereafter during treatment. The cutoff date for analyses in the current

studywas July 31, 2019. Samples of pre-treatmentmetastatic/recurrent

tumor tissues or metastatic/recurrent tissues after 8 weeks of combi-

nation therapy were collected by core needle biopsy.

Statistical analysis

A completely randomized, balanced design was used for all experi-

ments. Student t test or theMann–WhitneyU test were used to test the

significance of differences in various molecular, cellular, and physi-

ological parameters between the means or medians in treatment and

control groups. A P value less than 0.05 was considered significant.

Error bars in the experiments indicate standard error of the mean

(SEM) or standard deviation (SD) for aminimumof three independent

experiments.

Results
Low-dose anti-VEGFR2 antibody improves the antitumoral

activity of PD-1 inhibitor in breast carcinoma

We first treated orthotopically implanted 4T1 and MMTV-PyMT

mammary breast tumors with anti–PD-1 antibody in combination

with murine anti-VEGFR2 antibody, DC101 at different dosing

regimen. Both anti–PD-1 antibody and low-dose DC101 (10 mg/kg)

as a single agent exhibited limited antitumoral activity. In contrast, the

combination of anti–PD-1 antibody and low-doseDC101 significantly

inhibited tumor growth and the formation of lung metastases. Inter-

estingly, we noted that low-dose DC101 resulted in a more profound

tumor growth inhibitory effect and longer survival than full-dose

DC101 when combined with anti–PD-1 in both 4T1 (Fig. 1A–C)

and MMTV-PyMT tumors (Supplementary Fig. S1A–S1C).

Low-dose anti-VEGFR2 normalizes tumor vessels and increases

tumor infiltration of immune effector cells

To investigate the mechanisms underlying the observed dose-

dependent responses, we evaluated tumor blood vessel changes after

combination treatment. Treatment with full-dose DC101 resulted in a

prominent anti-angiogenic effect with a significant degree of vessel

regression (Fig. 1D; Supplementary Fig. S1D). In contrast, low-dose

DC101 therapy increased pericyte coverage and tumor vessel normal-

ization effect (Fig. 1E; Supplementary Fig. S1E). Consistent with a

prior report (11), we found that anti–PD-1 monotherapy also had a

vascular normalization effect, which was further enhanced by DC101

(Fig. 1E; Supplementary Fig. S1E).

Given that normalized tumor vessels could not only improve tissue

perfusion and reduce intratumoral hypoxia, but may also facilitate the

infiltration and activation of immune effector cells within the tumor

microenvironment (5, 6, 17), we next evaluated how different doses of

DC101 treatment affected the infiltration of intratumoral immune

cells. We found that both low- and full-dose DC101 increased the

tumor infiltration of CD8þ T cells, macrophages, and B cells (Fig. 1F;

Supplementary Fig. S2A and S2B), decreased the infiltration of Tregs

and MDSCs, but had no effect on the infiltration of CD4þ T cells and

regulatory B cells (Supplementary Fig. S2C). However, tumor infil-

tration of CD8þ T and macrophages was more prominent in tumors

treated with low-dose DC101 (Fig. 1F; Supplementary Fig. S2A–S2B).

We observed similar results inMMTV-PyMT tumors (Supplementary

Fig. S2D and S2E). When combined with anti–PD-1 antibody, we also

noted increases in the proportion of activated CD8þ T cells and M1-

like (CD11cþ MHC-IIþ) macrophages, as well as the CD43þIgMhigh

B1 cells, in tumors treated with low-dose DC101 (Fig. 1G; Supple-

mentary Fig. S3A–S3E). Collectively, these results suggest that low-

dose anti-VEGFR2 antibody treatment more effectively normalizes

tumor blood vessels and increases the tumor infiltration of effector

immune cells in breast carcinomas when combined with anti–PD-1

agents.

Antitumor activity of anti-VEGFR2 and anti–PD-1 combination

therapy relies on CD8þ T and B lymphocytes

To assess whether the increased infiltration of immune effector cells

contributes to the antitumor activities of anti-VEGFR2 and anti-PD-1

agents, we depleted these cell populations (Fig. 1H; Supplementary

Li et al.
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Figure 1.

Low-dose anti-VEGFR2 antibody improved antitumoral activity of anti–PD-1 immune therapy for normalizing tumor blood vessels and more robustly increasing

tumor infiltration of CD8þ T cells, macrophages, and B cells in 4T1 models. A, Tumor growth curves of 4T1 tumor-bearing mice. The black arrow indicates the start of

treatment. Number of experimental mice: IgG, n¼ 10; anti–PD-1, n¼ 6; DC101 10mg/kg, n¼ 8; DC101 40mg/kg, n¼ 6; DC101 10mg/kgþ anti–PD-1, n¼ 8; and DC101

40mg/kgþ anti–PD-1, n¼ 8.B,Number ofmetastases in the lungs of 4T1 tumor-bearingmice.Micewere euthanized 9weeks after tumor injection (n¼ 10 per group).

C, Survival of the 4T1 tumor-bearing mice treated as indicated since the day of tumor injection (n ¼ 10 per group). D, Blood vessel density in 4T1 tumors.

Representative images of CD31 immunostaining (red) of 4T1 tumors treated as indicated; scale bars, 100 mm. Each dot indicates one tumor permouse and represents

the average of 5–10 images (n¼ 7 per group). E, Blood vessel normalization in 4T1 tumors. Representative images of CD31 (red) andNG2 (cyan) immunostaining and

DAPI nuclear staining (blue) of 4T1 tumors treated as indicated; scale bars, 50mm. Each dot indicates one tumorpermouse and represents the average of 5–10 images

(n¼ 7 per group). F, Flow-cytometry analysis of CD8þ T cells (anti–PD-1, n¼ 10; n¼ 7 per other group), F4/80þmacrophages (n¼ 5 per group), and CD19þ B cells

(n¼ 5 per group) in 4T1 tumors.G, Flow-cytometry analysis of GzBþ CD8þ T cells (n¼ 7 per group), CD11cþMHC-IIþ F4/80þM1-likemacrophages (n¼ 5 per group),

and IgMhighCD43þCD19þb1-likeB cells (n¼ 5per group) in4T1 tumors. Eachdot indicates one tumor permouse.H,Flowcytometry ofCD8þTcells, CD19þBcells, and

F4/80þ macrophages in the tumor microenvironment of mice carrying 4T1 tumors treated as indicated. Each dot represents one mouse. IgG refers to the isotype

control for treatment. I, Tumor growth curves of 4T1 tumors treated as indicated (n¼ 4 per group). The black arrow indicates the start of treatment, and the red one

indicates the start of depletion. Each dot indicates one tumor permouse. Data are presented asmeans� SEM. � , P <0.05; �� , P < 0.01; ���, P < 0.001 by Student t test.

Low-Dose VEGFR2 Inhibitor Improves PD-1 Blockade
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Fig. S4A). Because we did not observe increased CD4þ T-cell infil-

tration in low-dose DC101-treated 4T1 tumors, we elected not to

deplete this cell subset in this model. In both 4T1 and MMTV-PyMT

tumors, anti-CD20 or anti-CD8 treatment significantly abrogated the

antitumoral effects of low-dose DC101 and anti–PD-1 combination

therapy, whereas depletion ofmacrophages showed no effect on tumor

growth (Fig. 1I; Supplementary Fig. S4B). These results suggest that

CD8þ T cells, B cells, and to a lesser extent, CD4þ T cells play

important roles in the antitumoral activity of low-dose anti-VEGFR2

plus anti–PD-1 combination therapy.

Differential upregulation of PD-1/PD-L1 checkpoints by anti-

VEGFR2 treatment

Previous studies have reported that tumor-infiltrating CD8þ T cells

elicited by full-dose anti-angiogenic therapy upregulate PD-L1 in

tumors through interferon-g (IFN-g), which may sensitize the tumor

to anti–PD-1 therapy (11, 12). Thus, we evaluated whether low-dose

DC101 treatment also upregulated PD-L1. We found that PD-L1

expressions on tumor, endothelial, and CD45þ immune cells were

elevated during both low-dose and full-dose DC101 treatment in both

models (Fig. 2A; Supplementary Fig. S5A). Furthermore, we found

thatDC101 treatment increased IFN-gþCD8þT cellsmore than 2-fold

in both models (Fig. 2B; Supplementary Fig. S5B).

We found that low-dose DC101 improves the antitumoral activity

of anti–PD-1 therapy more than full-dose DC101, but this improve-

ment difference between low-dose and full-dose cannot be explained

by PD-L1 upregulation during DC101 treatment, so additional

mechanisms may be involved. Several clinical studies revealed that

intratumoral PD-1 expression on TILs with high PD-1 expression was

associated with response following anti–PD-1 blockade (18–20).

Therefore, we compared the PD-1 expression in tumor-infiltrating

immune cells after low- and full-doseDC101 treatment.We found that

PD-1 expressions on CD45þ immune cells, CD8þ T cells, CD4þ

T cells, and macrophages were upregulated during low-dose but

not full-dose DC101 treatment (Fig. 2C; Supplementary Fig. S5C).

Furthermore, PD-1 expression was upregulated in B cells during low-

dose therapy in 4T1 tumors (Fig. 2C), and by both low- and full-dose

DC101 inMMTV-PyMT tumors (Supplementary Fig. S5C). Together,

these data suggest that, although full- and low-dose DC101 upregulate

PD-L1 expression in tumors, low-dose DC101 appeared to be more

efficient in upregulating PD-1 expression on tumor-infiltrating

immune cells, which may further sensitize the tumor to anti–PD-1

treatment.

Low-dose anti-VEGFR2 antibody-induced PD-1 expression

relies on OPN

To determine how low-dose anti-VEGFR2 antibody upregulated

PD-1 expression on tumor-infiltrating immune cells, we isolated

CD45þ cells from tumors treated with IgG, full-dose, or low-dose

DC101 and performed cytokine analysis. We found that, in low-dose

DC101-treated tumors, there are 6 cytokines exhibited >4-fold

increase than those from full-dose treated tumors (Fig. 3A; Supple-

mentary Fig. S6A). Q-PCR and ELISA assays further validated that

progranulin and OPN were elevated in the CD45þ immune cells from

low-dose DC101-treated tumors (Fig. 3B).

We next tested whether progranulin or OPN could induce the

upregulation of PD-1 expression on immune cells. Neither progra-

nulin nor OPN was found to directly increase PD-1 expression on

CD45þ immune cells isolated from tumors (Fig. 3C; Supplementary

Fig. S6B). Given that TGF-b1 has been reported to increase PD-1

expression on tumor-infiltrating CD8þ T cells, we tested whether

progranulin or OPN could upregulate PD-1 on immune cells indi-

rectly. We found that stimulation of TGF-b1 in vitro upregulated

PD-1 expression on CD8þ T cells, CD4þ T cells, and macrophages

from 4T1 tumors (Fig. 3D). Furthermore, OPN treatment induced

tumor cells but not CD45þ immune cells to secrete TGF-b1, while

progranulin only induced CD45þ immune cells but not tumor cells to

secrete TGF-b1 (Fig. 3E). Similarly, we found that tumor cells treated

with low-dose DC101 in vivo expressed more TGF-b1 than those

treated with full-dose DC101, but there was no statistical difference in

TGF-b1 expression by CD45þ immune cells among different treat-

ment groups (Fig. 3F and G; Supplementary Fig. S6C). In addition,

low-dose DC101 treatment resulted in 2-fold higher TGF-b1 expres-

sion in tumor cells than inCD45þ cells (Fig. 3F). These results indicate

that the TGF-b1 produced by tumors may play a predominant role in

PD-1 upregulation on immune cells after low-dose DC101 treatment,

likely mediated by OPN-induced TGF-b1 production in tumors.

To validate the role of OPN in the tumor microenvironment, we

blocked OPN in vivo using a neutralizing antibody. OPN neutral-

ization diminished the synergy between low-dose DC101 and anti–

PD-1 treatments (Fig. 4A). In addition, TGF-b1 secretion by tumor

cells was also downregulated by anti-OPN treatment (Fig. 4B).

Finally, PD-1 expressions on CD8þ T and CD19þ B cells upon low-

dose DC101 treatment were decreased by anti-OPN, whereas PD-1

expressions on CD4þ T cells and F4/80þ macrophages were not

altered (Fig. 4C). The tumor infiltration of CD8þ T cells, macro-

phages and B cells was not affected by OPN neutralization (Sup-

plementary Fig. S6D). Therefore, OPN-induced tumor TGF-b

secretion functions as the driver for PD-1 upregulation on CD8þ

T cells and CD19þ B cells.

We then sought to determine which specific cell populations are

mainly responsible for OPN production. We found that low-dose

DC101-treated tumors had more OPNþ CD8þ T cells and OPNþ

macrophages than full-dose DC101-treated tumors, whereas numbers

ofOPNþCD4þT cells andOPNþB cells had no significant differences

between these tumors in both models (Supplementary Fig. S6E and

S6F). Together, these data suggest that low-dose DC101 induces OPN

secretion by CD8þ T cells and macrophages, which then upregulates

TGF-b expression in tumor cells. The increased TGF-b subsequently

promotes PD-1 expression on immune cells (Fig. 5).

PD-1 blockade synergizes with low-dose small-molecule

VEGFR2 tyrosine kinase inhibitor in TNBC animal models

Small-molecule anti-angiogenic tyrosine kinase inhibitors (TKI),

such as apatinib, have been approved for treating several types of

cancer. To investigate whether our findings can be translated to the

small-molecule VEGFR2 inhibitor setting, we tested high and low

doses of apatinib in combination with anti–PD-1 therapy in 4T1

and EMT-6 TNBC models. Similar to the results with DC101

(Fig. 1), low-dose apatinib (50 mg/kg) showed a better antitumor

effect than high-dose apatinib (150 mg/kg) when combined with

anti–PD-1 (Supplementary Fig. S7A and S7B). Low-dose apatinib

normalized tumor blood vessels better than high-dose apatinib

(Supplementary Fig. S7C and S7D). The combination of low-

dose apatinib increased CD8þ T-cell infiltration more than high-

dose (Supplementary Fig. S7E). Similarly, the PD-1 expression on

tumor infiltrated CD45þ immune cells was upregulated by low-dose

but not high-dose apatinib (Supplementary Fig. S7F). Low-dose

apatinib stimulated CD8þ T cells to secrete OPN, an effect not

observed after high-dose treatment (Supplementary Fig. S7G). In

summary, our data suggest that low-dose anti-angiogenic TKI also

synergize with anti–PD-1 better than high-dose.
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Combined low-dose VEGFR2 inhibitor and PD-1 blockade

exhibits antitumor activities in patients with advanced TNBC

To assess whether low-doseVEGFR2 inhibitor combinedwith anti–

PD-1 antibody can produce clinical antitumor activity in patients with

breast cancer, we conducted a phase II, open-label trial of SHR-1210

(anti–PD-1 antibody) in combination with apatinib (VEGFR2-TKI)

for advanced TNBC (NCT03394287). Samples of pre-treatment met-

astatic/recurrent tumor tissues or metastatic/recurrent tissues were

Figure 2.

PD-1 expression on tumor-infiltrating

immune cells was upregulated only

by low-dose anti-VEGFR2 treatment in

4T1models.A, Flow-cytometry analysis

of PD-L1 on EPCAMþ tumor cells, CD31þ

blood vessel endothelial cells, and

CD45þ immune cells in 4T1 tumors trea-

ted as indicated (n ¼ 5 per group).

B, Flow-cytometry analysis of IFN-g on

CD8þ T cells (n ¼ 5 per group).

C, Flow cytometry of PD-1 on total

CD45þ immune cells (n¼ 6 per group),

CD8þ T cells (n ¼ 6 per group), CD4þ

T cells (n ¼ 3 per group), F4/80þ

macrophages (n ¼ 6 per group),

and CD19þ B cells (n ¼ 5 per group).

Data are presented as means � SEM.
� , P < 0.05; ��, P < 0.01; ��� , P < 0.001 by

Student t test.
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Figure 3.

Low-dose of anti-VEGFR2 antibody upregulatedPD-1 expression in tumor-infiltrating immune cells by inducing TGF-b secretion by tumor cells.A,Cytokine arrays for

condition media of CD45þ immune cells sorted from 4T1 tumors. B, ThemRNA expression verification for CD45þ immune cells sorted from 4T1 tumors and cytokine

protein levels of cell supernatant, whichwere validated by ELISA (n¼ 4 per group). C, Flow-cytometry analysis of PD-1 expression in CD45þ immune cells sorted out

from IgG-treated 4T1 tumors and treated with different doses of OPN and progranulin (n ¼ 4 per group). D, Flow-cytometry analysis of PD-1 expression in CD45þ

immune cells, CD8þ T cells, CD4þ T cells, F4/80þmacrophages, and CD19þ B cells after treatment with 5 ng/mL recombinant mouse TGF-b1 for 30 hours (n¼ 4 per

group). E, ELISA assay of TGF-b1 secretion from the condition media collected from tumor cells and CD45þ immune cells, whichwere treatedwith different doses of

OPN and progranulin (n¼ 4per group). F, ELISA assay of TGF-b1 secretion from the conditionmedia collected from tumor cells andCD45þ immune cells, whichwere

cultured alone for 48 hours (n ¼ 6 per group). G, TGF-b1 expression in 4T1 tumors. Representative images of TGF-b1 (red), EPCAM (cyan), and CD45 (cyan)

immunostaining, and DAPI nuclear staining (blue) of 4T1 tumors treated as indicated; scale bars, 50 mm. Represents the average of 5–10 images (n ¼ 4 per group).

Data are presented as means � SEM. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001 by Student t test.
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collected after 8 weeks of combination therapy. At the cutoff date for

data analysis of this study, a total of 12 patients were enrolled in the

continuous dosing arm and received low-dose apatinib (250mg/d, half

of the recommended 500mg/d dose for patients with advanced TNBC)

combined with SHR-1210 (200 mg/Q2W). Among these patients, 10

(83.3%) had visceral metastasis, and 7 (58.3%) were PD-L1 negative on

tumor cells, while 9 (75%) were PD-L1 negative on immune cells. At

the time of data analysis, three patients were still on treatment, and two

of them had been on treatment for more than one year. The minimum

follow-up time for these patients was 3 months. The median

Figure 4.

Blocking ofOPN in vivo diminished the antitumor effect of anti–PD-1 plus low-doseDC101 combination treatment.A, Tumor growth curves of 4T1 tumor-bearingmice

treated as indicated (n ¼ 4 per group). The black arrow indicates the start of treatment, and the gray one indicates the start of OPN depletion. B, Flow-cytometry

analysis of TGF-bþ tumor cells (n¼ 4per group).C, Flow cytometry of PD-1 expression on CD45þ immune cells, CD8þT cells, CD4þ T cells, F4/80þmacrophages and

CD19þ B cells (n ¼ 4 per group). Data are presented as means � SEM. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001 by Student t test.
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progression-free survival (PFS) for these 12 patients was 3.7 months

[95% confidence interval (CI), 1.7–not reached], which was more

favorable than for similar patients enrolled in the phase IbKEYNOTE-

012 trial who received single-agent anti–PD-1 antibody (median PFS,

1.9 months; 95% CI, 1.7–5.5; ref. 2). We then stratified all patients into

good-responder and poor-responder groups according to the median

PFS (Fig. 6A). For safety analysis, only one (8.3%) patient discon-

tinued apatinib therapy, and two (16.7%) patients required apatinib

dose reduction. The adverse effects (AE) of these 12 patients are

summarized in Fig. 6B, and the majority of these AEs were mild and

tolerable. We found that the vessel density exhibited minimal changes

in tumors among patients in the poor-responders group after com-

bination treatment. In contrast, notable vascular remodeling effects

were observed in the good-responders group (Fig. 6C). We then

Breast carcinoma Vessel normalization

More sensitive to anti–PD-1

Endothelial cells

More CD8+ T-cell infiltration

More B-cell infiltration

More macrophage infiltration

Tumor cells

Secretion

Secretion

Secretion

PD-L1

PD-L1

PD-1

PD-1

PD-1

TGF-β

Induction

Induction

Increase

IFNγ

OPN

CD8+ T cells B cellsMacrophage Endothelial cells Tumor cells Pericyte OPN TGF-β IFNγ

Figure 5.

Anoverview schematic demonstrating that low-dose anti-VEGFR2 antibodymodifies the tumormicroenvironment and potentiates the antitumor effect of anti–PD-1

immune therapy.
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Figure 6.

Anti–PD-1 antibody and blood vessel normalization dose VEGFR2-TKI combination therapy showed favorable antitumor activities in patients with advanced TNBC.

A, The Kaplan–Meier curves for PFS of patients in the good- and poor-responder groups. B, Key advance events of the enrolled patients. C, Vessel density

and vascular normalization in patients with TNBC. Representative images of CD31 (red) andNG2 (cyan) immunostaining andDAPI nuclear staining (blue) of patients

with TNBC who were less or more sensitive to treatment; scale bars, 200 mm. Each dot indicates one tumor per patient and represents the average of 5–8 images.

D, Representative immunofluorescence staining of CD8, CD19, and CD68 in the serial sections of resected breast cancer samples collected from more and less

sensitive patients before or after treatment; scale bar, 50 mm. Each dot indicates one tumor per patient and represents the average of 5–8 images. E and F,

Representative immunohistochemistry (IHC) staining of OPN (E, scale bar 50 mm), and TGF-b1 (F, scale bar 100 mm) in breast cancer samples collected

from responder and nonresponder patients before or after therapy. G, Correlation between OPN in immune cells and TGF-b in tumor cells. H, PD-1 in breast cancer

samples collected from responder and nonresponder patients before or after therapy; scale bar, 100 mm. Data are presented asmeans� SEM. � , P <0.05; �� , P <0.01;
��� , P < 0.001 by Student t test.
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performed immune profiling of the tumor-infiltrated cells and found

that good-responding tumors had more tumor-infiltrating CD8þ T

cells and B cells after treatment than poor-responders. The number of

tumor-infiltrating macrophages also trended toward enhanced sensi-

tivity to the therapy, although did not reach statistical significance

(Fig. 6D).

Finally, we found that the tumors of good-responders had

increased levels of immune cell-derived OPN and more tumor-

derived TGF-b than those from poor-responders (Fig. 6E–G). PD-1

expression on infiltrated immune cells pre- and post-treatment was

not correlated with patient response, maybe due to small sample

size (Fig. 6H).

Discussion
In summary, we showed that combining anti–PD-1 antibody and

low-dose anti-VEGFR2 therapy significantly improved antitumoral

responses in preclinical models of breast carcinoma and exhibited

encouraging therapeutic efficacy in patients with advanced TNBC.We

showed that, although both full- and low-dose DC101 enhanced PD-

L1 expression on tumor, endothelial, and immune cells, low-dose

DC101 enhanced immune cell infiltration when combined with anti–

PD-1. Furthermore, low-dose DC101 sensitized tumors to anti–PD-1

therapy via upregulation of PD-1 on immune cells through stimulating

the secretion of OPN and TGF-b. These effects were absent when

tumors were treated with full-dose DC101.

Our results suggest that OPN is a crucial factor in regulating

the tumor immune microenvironment. Blocking OPN with a

neutralizing antibody diminished the synergy of anti–PD-1 and

low-dose DC101 combination therapy. In patients with advanced

TNBC treated with low-dose VEGFR2 inhibitor apatinib and anti–

PD-1 antibody SHR-1210, we found a correlation between clinical

response and the expression of OPN and TGF-b following treat-

ment. OPN is a bone matrix protein that plays several important

roles in cell trafficking, cytokine production, and immune regula-

tion (21). OPN has been reported to induce TGF-b expression in

mesenchymal stem cells to promote transformation of cancer-

associated fibroblasts (22). High expression levels of OPN

may induce immunosuppression (23) and promote metastasis (24),

and are associated with poor prognosis in multiple cancers (25).

OPN is also involved in regulating angiogenesis, as it recruits

proangiogenic monocytes to induce blood vessel formation (26).

Crosstalk between OPN and VEGF has been reported, and prior

studies have shown that OPN blockade inhibited angiogenesis more

effectively than anti-VEGFR treatment (27–29). Our finding that

anti-VEGFR2 treatment relies on the production of OPN to poten-

tiate anti–PD-1 therapy reveals the intriguing functions of OPN and

emphasizes the complexity of intratumoral immune signaling.

However, the threshold for anti-angiogenic agents to induce OPN

secretion and the biological mechanism underlying such stimula-

tion are still unknown. In addition, the exact effects of OPN on

tumor angiogenesis, immune regulation and on the potential

responses of tumors to immune checkpoint blockades warrant

further investigations.

Anti-angiogenic therapy has been used to treat multiple types of

cancer for decades, but its efficacy is not favorable, and patient benefits

are minimal (30). Anti-angiogenic therapies often induce severe side

effects, including cardiovascular toxicities (31) andhemorrhaging (32).

When treating patients with advanced TNBC, a previous multicenter

phase II trial showed that the toxicity of apatinib depended on dosage.

In the trial, 68% of patients in the 750 mg/d-dose group required dose

reduction or dose interruption, whereas in the 500 mg/d-dose group,

25.4% of patients discontinued apatinib therapy, and 32.2% of patients

had their dose reduced; so, the recommended dose was 500mg/d, with

a relatively lowORRof 10.7% (33). In our studywith low-dose apatinib

plus anti–PD-1 combination therapy, only one patient (8.3%)

discontinued apatinib therapy, and two patients (16.7%) required

dose reduction, suggesting that the combination therapy was

well tolerated. Therapeutically, conventional anti-angiogenic ther-

apy is intended to eradicate tumor vasculatures (17). However,

excessively inhibiting tumor blood vessel formation reduces

vessel perfusion, which impedes immune cell infiltration and drug

delivery (5, 30). The hypoxia caused by vessel abnormality further

induces resistance to other therapies and creates an immunosup-

pressive microenvironment (5). Nevertheless, studies in recent years

have demonstrated that tumor vasculature plays critical roles in the

tumor immune microenvironment and that the key to successful

anti-angiogenic therapy is to control the dose to a vessel-

normalizing level (13, 17). Huang and colleagues (13) showed that

a vascular normalizing dose of anti-VEGFR2 antibody increased

T lymphocyte infiltration and induced tumor-associated macro-

phages to polarize toward an immune-stimulatory M1 phenotype.

Targeting tumor blood vessels by genetic knockout of Rgs5 (34) or

anti-angiogenic agents that inhibited VEGFR or bio-specifically

targeted ANGPT2 and VEGFA (11, 12) enhanced the efficacy of

immunotherapies. In addition, immunotherapy may also exert

vascular normalizing effects (35–38). The reciprocal effects of

anti-angiogenic therapy and immunotherapy makes combining

these two modalities a promising novel treatment combination

that warrants further investigation in both preclinical and clinical

settings.

Although we observed a trend associating high TGF-b and OPN

levels with better response in patients, the differences between the two

groups have not reached statistical significance, likely due to the small

number of enrolled patients. The trial data showed that the good

responders had more CD8þ T-cell infiltration post-treatment, which

might be either the result of better vessel normalization, or the reason

for better immunotherapy response. Because T cells have been

reported to normalize tumor vasculatures (35, 36), it is possible that

both anti-angiogenetic agents and the checkpoint blockades contrib-

uted to themodification of the tumormicroenvironment. The phase II

study here is not a randomized controlled trial comparing anti–PD-1

monotherapy and anti–PD-1 combined with apatinib; although we

showed that low-dose apatinib or DC101 combined with anti–PD-1

had better antitumor efficacy than anti–PD-1 alone in several animal

models, the exact role of anti-angiogenic agents in this combination

with anti–PD-1 antibody for patients with breast cancer needs further

investigation. In addition, the post-treatment biopsy was performed

8 weeks after the treatment concluded; some immediate changes in the

tumor microenvironment may not have been captured at this time

point.

As we demonstrated that high-dose is less effective than low-dose

DC101 in combination with PD-1 blockade, personalizing anti-

angiogenic agents for each patient will be the most important issue

and the foremost challenge to clinical application. Determining the

optimal dosing regimen for individual patients could be challenging,

because several conditions affect anti-angiogenic therapy, such as

VEGF polymorphisms (39), circulating angiogenic molecules (39),

and the tumor microenvironment (40). One possible solution to

overcome this limitation is to closely monitor tumor vascular changes

during the course of the treatment using non-invasivemethods. Recent

studies have shown that immune checkpoint blockade can improve
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tumor vessel perfusion, which was associated with antitumor

responses (35). These non-invasive strategies provide real-time feed-

back for clinicians to adjust the dose of anti-angiogenic agents and

should be tested in future clinical trials.

In conclusion, our study demonstrated the dose-dependent synergy

of anti-angiogenic therapy and an anti–PD-1 antibody in preclinical

breast cancer models and in patients with advanced TNBC. These

results further highlight the importance of dose considerations for

anti-angiogenic therapy when combining with immune checkpoint

blockade and provide a new rationale for advancing this combination

therapeutic strategy in the clinic.
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