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1  | INTRODUC TION

Immune checkpoint inhibitors (ICIs) targeting programmed death 
1 (PD-1) and its ligand, PD-L1, have established clinical benefit in 
various types of malignancies.1-4 The PD-1/PD-L1 axis is known 

to influence tumor microenvironment, including T cells, macro-
phages, dendritic cells, and tumor cells. It is well established that 
the reinvigoration of pre-existing T cells and/or induction of novel 
clones of CTLs play central roles in the antitumor effects mediated 
by PD-1/PD-L1 blockade.5-8 However, as macrophages aside from 
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Abstract
Immune checkpoint inhibitor (ICI) programmed death (PD)-1/PD-ligand 1 (PD-L1) 
blockade has been approved for various cancers. However, the underlying antitumor 
mechanisms mediated by ICIs and the predictive biomarkers remain unclear. We re-
port the effects of anti-PD-L1/PD-1 Ab in tumor angiogenesis. In syngeneic mouse 
models, anti-PD-L1 Ab inhibited tumor angiogenesis and induces net-like hypoxia 
only in ICI-sensitive cell lines. In tumor tissue and serum of ICI-sensitive cell line-
bearing mice, interferon-γ (IFN-γ) inducible angiostatic chemokines CXCL10/11 were 
upregulated by PD-L1 blockade. In vitro, CXCL10/11 gene upregulation by IFN-γ 
stimulation in tumor cell lines correlated with the sensitivity of PD-L1 blockade. The 
CXCL10/11 receptor CXCR3-neutralizing Ab or CXCL11 silencing in tumor cells in-
hibited the antiangiogenic effect of PD-L1 blockade in vivo. In pretreatment serum 
of lung carcinoma patients receiving anti-PD-1 Ab, the concentration of CXCL10/11 
significantly correlated with the clinical outcome. Our results indicate the antiangio-
genic function of PD-1/PD-L1 blockade and identify tumor-derived CXCL10/11 as a 
potential circulating biomarker of therapeutic sensitivity.
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T cells are also directly involved in antitumor effects through the 
phagocytic function,9 the major mechanisms underlying antitumor 
effects mediated by PD-1/PD-L1 blockade remain incompletely 
understood.

Recent reports have revealed that ICIs have stronger effects 
on some specific populations of tumor patients than on others. For 
example, in non-small-cell lung carcinoma (NSCLC) patients, some 
predictive biomarkers of ICIs have been reported, including the ex-
pression of PD-L1, tumor mutation burden, and tumor-infiltrating 
lymphocytes (TILs).10-12 However, these biomarkers require tumor 
tissue samples collected by a biopsy. Noninvasive biomarkers have 
also been investigated in order to predict the clinical outcome of ICI 
therapy, including serum cytokines, soluble PD-L1, circulating tumor 
cells, and peripheral blood immune cells.13-17 In NSCLC patients, 
changes in the serum levels of CXCL8 were identified as a biomarker 
of the response to anti-PD-1 Ab,18 and an early increase in interleu-
kin (IL)-6 after PD-1 blockade was reported to correlate with a better 
clinical outcome.19 However, circulating biomarkers that might pre-
dict the efficacy of ICIs before the treatment has been initiated have 
yet to be identified in clinical practice.

Programmed death ligand 1 has been proposed to also be ex-
pressed by vessel endothelial cells.20 Tumor angiogenesis is an 
essential mechanism involved in tumor progression by avoiding hy-
poxia.21,22 In addition, several studies have revealed that tumor an-
giogenesis modifies tumor immunity by inhibiting the infiltration of 
antitumor immune cells, recruiting regulatory T cells and suppressing 
the maturation of immune cells.23,24 However, the effects of PD-1/
PD-L1 blockade on tumor angiogenesis remain unclear.

In the present study, we hypothesized that the molecular mech-
anisms underlying the regulation of the antitumor effect of PD-1/
PD-L1 blockade have yet to be fully clarified and examined tumor 
angiogenesis.

2  | MATERIAL S AND METHODS

2.1 | Cell lines

The mouse malignant pleural mesothelioma (MPM) cell line AB1-HA, 
a transfectant with the gene encoding influenza HA into AB1 cells, 
the mouse MPM cell line AC29, and the mouse squamous cell lung 
carcinoma cell line KLN205 were purchased from Public Health 
England. The mouse lung cancer cell line Lewis lung carcinoma (3LL), 
293FT producer cells for production of lentiviral particle, and mouse 
vessel endothelial cell line MS-1 were purchased from ATCC. The 
mouse fibrosarcoma cell line MCA205 and mouse colon carcinoma 
cell line MC38 were generously provided by Dr SA Rosenberg (NCI, 
NIH). AB1-HA and 293FT were maintained in DMEM supplemented 
with 10% heat-inactivated FBS, penicillin (100 U/mL), and strepto-
mycin (50 μg/mL). KLN205 was maintained in E-MEM with 10% FBS 
and 1% nonessential amino acids. The other cell lines were main-
tained in RPMI-1640 medium. All cells were cultured at 37°C in a 
humidified atmosphere of 5% CO2 in air.

2.2 | Reagents

Anti-PD-L1 (clone 10F.9G2), anti-PD-1 (clone RMP1-14), and CXCR3-
neutralizing (clone CXCR3-173) Abs were purchased from BioXCell. 
Isotype control IgG (rat IgG1, rat IgG2a, and hamster IgG) were also 
purchased from BioXCell.

2.3 | Animals

Six-week-old male BALB/c mice, athymic BALB/c nude mice, CBA/J 
mice, DBA/2 mice, and C57BL/6 mice were obtained from Charles 
River Japan Inc. All experiments were carried out in accordance with 
the guidelines established by the Tokushima University Committee 
on Animal Care and Use. At the end of each in vivo experiment, the 
mice were anesthetized with isoflurane and killed humanely by cut-
ting the subclavian artery. All experimental protocols were reviewed 
and approved by the animal research committee of The University 
of Tokushima, Japan.

2.4 | In vivo subcutaneous implantation models of 
mouse tumor cells

AB1-HA cells (1.0 × 106 cells per mouse) suspended in 0.1 mL PBS 
were subcutaneously inoculated to the right flank of BALB/c mice or 
athymic BALB/c nude mice. 3LL, MC38, and MCA205 cells (1.0 × 106 
cells per mouse) were subcutaneously inoculated to C57BL/6 mice. 
KLN205 (1.0 × 106 cells per mouse) and AC29 cells (2.0 × 106 cells 
per mouse) were subcutaneously inoculated to DBA/2 and CBA/J 
mice, respectively. The tumor size was measured using Vernier cali-
pers twice a week, where volume = ab2 2−1 (a, long diameter; b, short 
diameter).

To determine the effect of PD-1/PD-L1 blockade on tumor 
growth, the mice were treated twice a week with anti-PD-L1 Ab 
(5 mg per kg per mouse), anti-PD-1 Ab (200 µg per mouse) or isotype 
control IgG by intraperitoneal injection from day 7 until they became 
moribund. The mice were killed humanely, and the tumors were re-
sected for further analyses on days 14 and 21. To examine the ef-
fects of combination treatment with anti-PD-L1 Ab and anti-CXCR3 
Ab, the mice were treated twice a week with 200 μg per mouse anti-
CXCR3 Ab or isotype control IgG by intraperitoneal injection from 
day 7 (early treatment) or day 14 (late treatment) in addition to anti-
PD-L1 Ab treatment.

2.5 | Immunohistochemical studies of mouse 
tumor tissue

The excised tumor tissues from the model mice were placed into 
OCT compound (Sakura Finetechnical Co.) and snap-frozen. Frozen 
tissue sections (8 μm thick) of tumors were fixed with 4% paraform-
aldehyde solution in PBS. To detect endothelial cells, rat anti-CD31/
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PECAM-1 mAb (1:100, MEC 13.3; BD Pharmingen) was used. To as-
sess hypoxia of tumor tissue, rabbit anti-CA9 polyclonal Ab (1:1000; 
Novus Biologicals) was used. Appropriate secondary Abs conjugated 
with peroxidase (ready to use, Nichirei) and the DAB Liquid System 
(Dako) were used to detect immunostaining. Nuclei were counter-
stained with hematoxylin (Dako). The number of CD31+ vessel struc-
tures per field was evaluated at 200× magnification. One vessel 
structure stained with CD31+ was counted as one regardless of the 
thickness or length. The immature vessels without lumens were ex-
cluded from the number of vessels. The number of total CD31+ cells 
contained the number of both tumor vessels and immature vessels. 
The CA9-positive areas were calculated using the ImageJ software 
program (NIH) at 200× magnification. Images were acquired using a 
Keyence BZ-9000 microscope.

2.6 | Immunofluorescence of mouse tumor tissues

Frozen tissue sections (8  μm thick) were fixed with 4% para-
formaldehyde solution in PBS and used for the identification of 
CD8+ and CD4+ T cells using a rat anti-CD8a mAb (1:150, 53-6.7; 
BD Pharmingen) and a rat anti-mouse CD4 (1:150, H129.19; BD 
Pharmingen), respectively. Anti-interferon-γ (IFN-γ) Ab and rabbit 
polyclonal Ab (1:50; Abcam) were used to examine the localization 
of IFN-γ. A rat anti-CD31/PECAM-1 mAb (1:150, MEC 13.3; BD 
Pharmingen), rabbit anti-collagen IV polyclonal Ab (1:400; Abcam), 
and rabbit anti-NG2 polyclonal Ab (1:150; Millipore) were used to 
detect endothelial cells, basement membrane, and pericytes, re-
spectively. A rabbit anti-TIM-3 mAb (1:200, D3M9R; Cell Signaling 
Technology) was used to detect exhausted T cells. Alexa488- and 
Alexa594-labeled secondary Abs (1:250; Invitrogen) were used for 
immunofluorescent detection. Nuclei were counter-stained with 
DAPI (blue). In each slide, the number of positive cells was counted 
under a fluorescent microscope at 200× magnification. The peri-
cyte coverage of the tumor vasculature was determined by double 
staining for CD31 and NG-2. These images were acquired using an 
Olympus BX61 fluorescence light microscope.

2.7 | Tissue clearing and 3D immunofluorescence

Tumor tissue clearing was undertaken with the CUBIC protocol.25 
We prepared ~1 cm3 blocks of tumor tissue derived from MCA205 
bearing mice treated twice a week with anti-PD-L1 Ab (5  mg per 
kg per mouse) or isotype control IgG on day 21. Tumor tissue were 
fixed with 4% paraformaldehyde solution in PBS for 24 hours before 
clearing. After washing in PBS, tumor tissue was delipidated with 
CUBIC-L (Tokyo Chemical Industry) with shaking for 4 days at 37°C. 
The CUBIC-L was refreshed every 2  days during the delipidation. 
For 3D staining of tumor vessels, the delipidated tissues were in-
cubated with rat anti-CD31/PECAM-1 mAb (1:100, MEC 13.3; BD 
Pharmingen) in PBST with shaking for 3 days at 37°C. After washing 
in PBST, tumor tissue was stained with Alexa488-labeled secondary 

Abs (1:100; Invitrogen) in PBST for 2 days at 37°C. The 3D stained 
tumor tissue was fixed with 1% paraformaldehyde solution in PBS 
for 3 hours at room temperature. Tumor tissue was refractory index-
matched with CUBIC-R+ (Tokyo Chemical Industry). The sample was 
first incubated in 1:1 water-diluted CUBIC-R+ at room temperature 
with shaking overnight. The sample was then immersed in nondiluted 
CUBIC-R+ at room temperature for 24 hours. The 3D stained and 
cleared samples were mounted for imaging on 35-mm glass bottom 
dishes (Matsunami Glass) with mounting solution (Tokyo Chemical 
Industry). The 3D imaging was carried out using a confocal micro-
scope (A1R; Nikon) equipped with diode lasers (405 and 488  nm; 
Coherent) and a 10× Objective (PlanApo λ, NA 0.45, WD 4  mm). 
Optical slices for a part of the cleared samples (XY: 984 × 984 µm, Z: 
230 µm) were collected with a 2× scan zooming at a 10-µm interval 
(Z), then reconstructed using the NIES elements software (Nikon).

2.8 | Quantitative RT-PCR

Tumor cell lines (3 × 105 cells per 2 mL) were each plated into 6-well 
plates (BD Biosciences) in 10% FBS containing DMEM and incubated 
for 24 hours. The culture medium was then changed to fresh me-
dium with or without recombinant mouse IFN-γ protein (20 ng/mL; 
PeproTech), after which the cells were incubated for an additional 
48 hours. Total RNA was extracted from the tumor cell lines or tissue 
using the RNeasy Mini Kit (Qiagen) and reverse-transcribed to cDNA 
using a High Capacity cDNA Reverse Transcription Kit (Applied 
Biosystems). The RT-PCR was carried out using the CFX96 real-time 
PCR system (Bio-Rad) or SYBR Premix Ex Taq (Takara). Mouse RPS29 
mRNA was used as a housekeeping gene, and quantification was 
performed using the ΔΔCt method. The specific PCR primer pairs 
used for each studied gene are shown in Table S1.

2.9 | Detection of protein expression in serum of 
tumor-bearing mice

To collect serum from AB1-HA or KLN205 tumor-bearing mice, 
the mice were anesthetized with isoflurane. Whole blood was col-
lected from the heart using a 27-G needle with a 1-mL syringe and 
incubated overnight at 4℃, then centrifuged at 20 g for 10 minutes. 
The supernatant was transferred and stocked as serum. Serum from 
tumor-bearing mice was used to detect the concentrations of mouse 
CXCL9, CXCL10, and CXCL11 using ELISA kits (Abcam).

2.10 | Detection of protein expression in serum of 
NSCLC patients

Serum from 17 NSCLC patients were provided by The University 
of Tokushima. Informed consent was obtained from all patients, 
and the protocol was approved by the Institutional Review Board 
of Tokushima University Hospital (No. 2924). Whole human blood 
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was centrifuged at 210 g for 10 minutes. The supernatant was trans-
ferred and stocked as serum. Serum from NSCLC patients were 
used to detect the concentrations of human CXCL9, CXCL10, and 
CXCL11 using ELISA kits (Abcam) according to the manufacturer’s 
instructions.

2.11 | Cell proliferation assays of mouse vessel 
endothelial cells

MS-1 mouse vessel endothelial cells (2  ×  103  cells per 100  μL) 
were plated into each well of a 96-well plate (BD Biosciences) in 
10% FBS containing RPMI-1640 and incubated for 24 hours. Anti-
PD-L1 Ab or anti-PD-1 Ab (0.004-12.5  μg/mL) was then added, 
and the cells were incubated for an additional 72 hours. The pro-
liferation of MS-1 was measured using the MTT dye reduction 
method. The absorbance was measured with a SUNRISE Remote R 
microplate reader (Tecan).

2.12 | Flow cytometry

To examine the surface expression of PD-L1 and IFN-γ receptor 1 
(IFNGR1) in mouse tumor cell lines, phycoerythrin-conjugated Abs 
to CD274 (PD-L1, 1:50, MIH5; eBioscience) and CD119 (IFNGR1, 
1:50, 2E2; eBioscience) were used. The stained cells were ana-
lyzed by flow cytometry using a BD LSRFortessa (BD Bioscience) 
for acquisition and the FlowJo software program (Tree Star) for 
the analysis.

2.13 | Transfection of lentiviral shRNA

Lentiviral shRNA pLKO.1 constructs (Horizon) were used to 
make self-inactivating shRNA lentivirus for NM_019494 CXCL11 
(TRCN0000068243), and a nontarget random scrambled sequence 
control. To harvest the lentiviral particles, shRNA was cotransfected 
with MISSION Lentiviral Packaging Mix (Sigma-Aldrich) in packag-
ing cells (293FT) by using FuGENE 6 (Roche). For virus transduction, 
2.0  ×  106 AB1-HA cells were incubated with lentivirus containing 
5 μg/mL polybrene (Chemicon International) for 24 hours. The suc-
cessfully transduced clones were identified by puromycin (Sigma-
Aldrich) selection.

2.14 | Statistical analyses

Data are presented as the mean ± SEM. The statistical analyses were 
undertaken using Student’ s t test for unpaired samples, the Mann-
Whitney U test or a one-way ANOVA, followed by Tukey’s multiple 
comparison post-hoc test, as appropriate. The correlation was es-
timated by Pearson’s correlation and a linear regression analysis. P 
values of less than .05 were considered to be statistically significant.

3  | RESULTS

3.1 | Antiangiogenic effects of PD-1/PD-L1 
blockade in a mouse model

Initially, to investigate the efficacy of anti-PD-L1 Ab, we subcuta-
neously injected syngeneic mice with various types of malignant 
mouse cell lines. Seven days after tumor injection, anti-PD-L1 Ab 
was given twice a week for two weeks. Anti-PD-L1 Ab showed an 
antitumor effect in AB1-HA, MCA205, MC-38, and AC-29 cell lines 
compared to the control IgG (Figures 1A and S1). In contrast, PD-L1 
blockade had no effect on the tumor progression in KLN205- and 
3LL-bearing mice (Figures 1B and S1).

To investigate the relationship between the antitumor effects of 
anti-PD-L1 Ab and tumor angiogenesis, tumors were harvested at 
the end-points, and the tumor microvessels were immunohistochem-
ically evaluated.26,27 Interestingly, the tumor microvessels were sig-
nificantly reduced by PD-L1 blockade in treatment-sensitive tumor 
tissues AB1-HA and MCA205, whereas the number of clustered 
CD31+ endothelial cells was significantly increased (Figures  1C,D 
and S2A,B). The same result was confirmed by administering anti-
PD-1 Ab (Figure S3). These clustered endothelial cells did not form 
the vessel lumen; however, they had a collagen IV+ basement mem-
brane and pericyte coverage (Figure  S4). These findings indicate 
that clustered CD31+ endothelial cells had features of immature 
angiogenic vessels. This “immature angiogenesis” was not observed 
in PD-L1 blockade-resistant tumor tissues, namely KLN-205 and 
3LL. To investigate the effect of PD-L1 blockade in tumor vascular 
structure, hydrophilic tissue-clearing and 3D imaging of CD31+ en-
dothelial cells were undertaken in MCA205 tumor tissue (Figure 1E). 
Notably, the vascular formations were obviously inhibited by PD-L1 
blockade, and the accumulation of clustered CD31+ endothelial cells 
was observed.

Furthermore, anti-PD-L1 Ab induced unique net-like hypoxia 
only in ICI-sensitive tumor tissues (Figures 2 and S2C,D). These re-
sults suggest that the angiostatic effects by PD-1/PD-L1 blockade 
were universally observed in relation to treatment sensitivity.

3.2 | Angiostatic effects of PD-L1 blockade and the 
need for T cell function

To determine the mechanisms by which PD-1/PD-L1 blockade reg-
ulates tumor angiogenesis, we examined the direct effect of anti-
PD-1/PD-L1 Ab on the proliferation of mouse vessel endothelial 
cells in vitro (Figure S5). The proliferation of vessel endothelial cells 
was not suppressed by anti-PD-1/PD-L1 Ab in vitro, suggesting that 
the antiangiogenic effects of PD-1/PD-L1 blockade work through an 
indirect process in the tumor microenvironment.

We then examined the antiangiogenic effects of PD-L1 block-
ade in AB1-HA tumor-bearing BALB/c nude mice to determine 
whether T cell activity contributes to the angiogenesis (Figure  3). 
Anti-PD-L1 Ab exerted no significant effects on tumor progression 
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or angiogenesis in tumor-bearing nude mice lacking mature T cells. 
These results indicate that the angiostatic effect of PD-1/PD-L1 
blockade requires the T cell function.

3.3 | Effect of PD-L1 blockade on CXCL10/11 
expression in treatment-sensitive tumors

To identify the molecules that contribute to the angiostatic effects 
of anti-PD-1/PD-L1 therapy, we examined the gene expression of 
various angiogenic or angiostatic molecules in mouse tumor tissue 
treated with anti-PD-L1 Ab by undertaking a quantitative PCR analy-
sis. The expression of angiogenesis-related molecules was examined 

on day 14 after tumor cell (AB1-HA and KLN205) inoculation, and 
a more than two-fold upregulation of mouse Ifng and Cxcl9/10/11 
was observed in PD-L1 blockade-treated AB1-HA (PD-L1 blockade-
sensitive cell line) tumor tissue (Figure 4A). However, the expression 
of mouse Cxcl10/11 was not changed by anti-PD-L1 Ab when the 
KLN205 (PD-L1 blockade-resistant cell line) tumor tissue was exam-
ined (Figure 4B).

The CXCL9/10/11 CXC chemokines lack an ELR (Glu-Leu-Arg) 
motif and are secreted in response to IFN-γ.28 The CXCL9/10/11 and 
receptor CXCR3 axis has been reported to regulate various tumor 
microenvironment cells, enhancing the migration of lymphocytes 
and suppressing tumor angiogenesis.28,29 As the gene expression 
of CXCL10/11 was increased only in the tumor tissue against which 

F I G U R E  1   Treatment with 
programmed death ligand 1 (PD-L1) 
Ab inhibits tumor angiogenesis in vivo. 
The evaluation of the tumor volume 
of (A) AB1-HA and (B) KLN205 tumor-
bearing mice treated with anti-PD-L1 Ab 
(αPD-L1 Ab) beginning 7 d after tumor 
cell injection. C, Representative images 
of sections from AB1-HA and KLN205 
tumors stained for CD31. The tumors 
were harvested at day 21 from the control 
and αPD-L1 Ab-treated groups. Scale 
bar, 200 μm. D, Quantitative evaluation 
of the total number of CD31+ cells and 
vessel structures per field in each tumor 
of mice (n = 7 per group) studied in (C). 
E, Reconstructed 3D images of cleared 
MCA205 tumors stained for CD31. 
Tumors were harvested at day 21 from the 
control and αPD-L1 Ab-treated groups. 
3D-stained tumors were imaged with 
confocal microscopy (z-stack: 240 μm/24 
slices). 3D view images (right) and x-y 
plane maximum intensity projection 
images (left) are presented. Scale bar, 
200 μm. Data are shown as mean ± SEM. 
*P < .05, Mann-Whitney U test
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PD-L1 blockade showed antitumor and antiangiogenic effects, we 
focused on CXCL10/11 as candidate molecules for modulating the 
sensitivity to anti-PD-1/PD-L1 therapy and confirmed that the 
protein expression of mouse CXCL10 was significantly increased 
and that of CXCL11 showed an increasing trend in the serum of 
PD-L1 blockade-treated AB1-HA tumor-bearing mice (Figure  4C). 
Mouse CXCL9 was also significantly increased in the serum of 
PD-L1 blockade-treated AB1-HA tumor-bearing mice. In contrast, 
an increase in serum CXCL9 protein was also detected in PD-L1 
blockade-treated KLN205 tumor-bearing mice, whereas the serum 

levels of CXCL10 and CXCL11 were not changed (Figure 4D). These 
results suggest that CXCL10/11 but not CXCL9 have potential utility 
as key modulators of the antitumor and antiangiogenesis effects of 
PD-1/PD-L1 blockade and as circulating biomarkers predicting drug 
sensitivity.

In addition, the concentration of serum CXCL10 was higher 
in AB1-HA tumor-bearing mice without PD-L1 blockade than in 
KLN205 tumor-bearing mice (Figure 4C,D), indicating that the con-
centration of angiostatic chemokines in pretreatment serum cor-
relates with the outcome of immune checkpoint blockade.

F I G U R E  2   Treatment with programmed death ligand 1 (PD-L1) Ab induces tumor hypoxia. A, Representative images of sections from 
AB1-HA and KLN205 tumors stained for CA9. The tumors were harvested at day 21 from the control and αPD-L1 Ab-treated groups. Scale 
bar, 200 μm. B, Evaluation of the CA9-positive area (n = 7 per group). Data are shown as mean ± SEM. *P < .05, Mann-Whitney U test

F I G U R E  3   T cells are required in the antiangiogenic effects of programmed death ligand 1 (PD-L1) blockade. A, Evaluation of the 
tumor volume of AB1-HA tumor-bearing BALB/c nude mice treated with αPD-L1 Ab beginning from 7 d after tumor cell injection. B, 
Representative images of sections from AB1-HA tumors stained for CD31. Tumors were harvested at day 21 from the control and αPD-L1 
Ab-treated BALB/c nude mice. Scale bar, 200 μm. C, Quantitative evaluation of the total number of CD31+ cells and vessel structures per 
field in each tumor of mice (n = 7 per group) studied in (B). *P < .01, Mann-Whitney U test. All data are shown as mean ± SEM
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F I G U R E  4   Identification of CXCL10/11 as the angiostatic factors induced by treatment with anti-programmed death ligand 1 (PD-L1) Ab. 
A, Comparison of mouse mRNA expression of proangiogenic factors and angiostatic factors in subcutaneous AB1-HA tumors treated with 
or without anti-PD-L1 Ab (αPD-L1 Ab) at day 14 after tumor inoculation. Fold-changes in the mRNA expression of the αPD-L1 Ab-treated 
tumors compared with control tumors are shown. Genes upregulated more than two-fold in αPD-L1 Ab-treated mice compared with the 
control group are shown as red columns. B, Comparison of mouse mRNA expression of CXCL9/10/11 and IFNG in the subcutaneous KLN205 
tumors treated with or without anti-PD-L1 Ab (αPD-L1 Ab). C, D, Amounts of mouse CXCL9/10/11 measured by ELISA in serum from (C) 
AB1-HA and (D) KLN205 tumor-bearing mice treated with or without αPD-L1 Ab (n = 6 per group). Data are shown as mean ± SEM. *P < .05, 
Mann-Whitney U test. ANG, angiopoietin; FGF, fibroblast growth factor; GZM, granzyme; IFN, interferon; IL, interleukin; PDGF, platelet-
derived growth factor; TGF, transforming growth factor; TNF, tumor necrosis factor; TSP, thrombospondin; VEGF, vascular endothelial 
growth factor

F I G U R E  5   Predictive utility of serum CXCL10/11 levels for the clinical outcome of non-small-cell lung cancer (NSCLC) patients treated 
with anti-programmed death 1 (PD-1) Ab. The pretreatment amount of human CXCL9/10/11 measured by ELISA in the serum from 17 
NSCLC patients who received anti-PD-1 Ab (pembrolizumab). Correlation of serum concentrations of CXCL9/10/11 and progression-free 
survival (PFS) of patients was analyzed. The correlation was estimated by Pearson’s correlation and a linear regression analysis (best-fit line is 
indicated together with 95% confidence bands)
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3.4 | Correlation of the serum concentration of 
CXCL10/11 with clinical outcome in human lung 
cancer patients who received anti-PD-1 Ab

To determine whether serum angiostatic chemokines contribute 
to the clinical outcome of ICI therapy, we examined the concen-
tration of CXCL9/10/11 protein in the pretreatment serum of 17 
NSCLC patients receiving first-line treatment with the anti-PD-1 Ab 
pembrolizumab.10

The patients’ characteristics are summarized in Table  S2. The 
correlation between the concentration of serum angiostatic chemo-
kines and progression-free survival (PFS) was analyzed. The serum 
concentration of CXCL10/11 in the pretreated NSCLC patients 
was significantly correlated with the clinical outcome of first-line 
pembrolizumab treatment (Figure  5). In contrast, serum CXCL9 
did not significantly affect the PFS in NSCLC patients treated with 
pembrolizumab.

Taken together, these findings suggest that serum CXCL10/11 
have potential utility as circulating biomarkers predicting the clinical 
outcome of anti-PD-1 therapy in NSCLC patients.

3.5 | Relevance of CXCL10/11 gene expression and 
ICI sensitivity in tumor cells

We next examined whether tumor cells are the main source of 
CXCL10/11 in response to ICI therapy. In our previous reports, PD-1 
blockade induced IFN-γ expression in TILs in AB1-HA tumor-bearing 
mice.30 In the present study, we also showed that IFN-γ was spe-
cifically expressed in CD4+ or CD8+ TILs in AB1-HA tumor-bearing 
mice treated with PD-L1 blockade (Figure S6). Thus, as we observed 
that PD-L1 blockade did not affect tumor angiogenesis in BALB/c 
nude mice, there was a possibility that the expression of angiostatic 
chemokines would be induced by T cell-derived IFN-γ. To confirm 
this, we examined the gene expression of Cxcl9/10/11 and PD-L1 in 
each mouse tumor cell line with or without mouse IFN-γ protein.

The relationships between the expression of angiostatic chemo-
kines and the sensitivity to anti-PD-L1 Ab were investigated in vitro 
(Figure 6). Mouse Cxcl10/11 were upregulated by IFN-γ only in the 
PD-L1 blockade-sensitive tumor cell lines (Figure 6B,C). Cxcl9 was 
also upregulated in some tumor cell lines that showed sensitivity to 
anti-PD-L1 Ab, but MCA205 did not show any Cxcl9 upregulation 
in the IFN-γ stimulation (Figure 6A). In addition, Cxcl9 levels were 
increased in 3LL cells, which are resistant to anti-PD-L1 Ab, in vivo. 
Because the expression level of PD-L1 in tumor tissue have been 
used to predict the clinical outcome of anti-PD-1/PD-L1 Ab,10-12 
the PD-L1 expression was examined in mouse tumor cell lines 
(Figures 6D and S7). In tumor cells, the gene and cell surface expres-
sion of PD-L1 were not essential in the sensitivity to PD-L1 blockade 
in vivo. Considering the expressions of CXCL10/11 were induced by 
IFN-γ, the correlations with the IFNGR expression in tumor cells and 
the sensitivity to PD-L1 blockade were examined (Figure S7). All the 
cell lines that showed the sensitivity to IFN-γ expressed IFNGR1. 

The IFNGR expression in tumor cells could be essential for the sen-
sitivity against IFN-γ and anti-PD-L1 Ab.

These results indicate that tumor cell-derived CXCL10/11 were 
related to the antitumor effects of PD-1/PD-L1 blockade, and these 
angiostatic chemokines were regulated by IFN-γ.

3.6 | Influence of CXCR3 blockade on angiostatic 
effect of PD-L1 Ab in a mouse model

To verify the importance of the CXCL10/11-CXCR3 axis in the antitu-
mor and antiangiogenic effects of the PD-1/PD-L1 blockade in vivo, 
AB1-HA tumor-bearing mice were treated with anti-PD-L1 Ab and/or 
anti-CXCR3 Ab. In recent studies, the CXCL9/10-CXCR3 axis was re-
ported to play an essential role in ICI treatment by recruiting CXCR3+ 
T cells.31-33 Therefore, in order to examine the antitumor mechanisms 
of the CXCL10/11-CXCR3 axis, except for the T cell recruitment, we 
compared the efficacy between anti-CXCR3 Ab early (days 7-21) and 
late (days 14-21) administration after tumor inoculation. Anti-CXCR3 
Ab inhibited the antitumor effects of anti-PD-L1 Ab both in the early 
and late treatment groups (Figure 7A). However, the T cell recruitment 
via PD-L1 blockade was inhibited only in combination with the early 
treatment of anti-CXCR3 Ab (Figure 7B,C). To examine the exhaustion 
of TILs, we undertook double-staining of TIM-3 and CD8 in AB1-HA 
tumor tissue treated with anti-PD-L1 Ab (days 7-21) and anti-CXCR3 
Ab (days 14-21) (Figure  S8). The percentages of exhausted T cells 
were not increased by CXCR3 blockade. These results suggest that 
the antitumor effect of anti-PD-L1 Ab is regulated by a mechanism 
other than T cell recruitment in the late phase of treatment.

To test this hypothesis, we analyzed the angiogenesis in the tumor 
tissue of anti-PD-L1 and/or anti-CXCR3 Ab-treated mice by immuno-
histochemistry (Figure 7D,E). The number of mature vessels was de-
creased in mice treated with anti-PD-L1 Ab monotherapy. However, 
anti-CXCR3 Ab reversed the angiostatic effects of anti-PD-L1 Ab in 
both early- and late-phase treatment. In addition, the hypoxic area 
(CA9+ area) induced by PD-L1 blockade also recovered following 
both early and late treatment with anti-CXCR3 Ab (Figure  7F,G). 
Considering the effect of different duration (early, days 7-21; late, 
days 14-21) of CXCR3 blockade, we also undertook combination ther-
apy with anti-PD-L1 Ab (days 7-21) and anti-CXCR3 Ab (days 7-14) 
(Figure S9). Blockade of CXCR3 (days 7-14) also inhibited the antitumor 
effects, T cell recruitment, and angiostatic effect of anti-PD-L1 Ab as 
with the longer term treatment (days 7-21). Taken together with the 
results from human NSCLC patients, these findings suggest that the 
CXCL10/11-CXCR3 axis might be a key modulator of the antitumor 
effect of PD-1/PD-L1 blockade by suppressing tumor angiogenesis.

3.7 | Effect of CXCL11 silencing in tumor cells 
following PD-L1 Ab treatment in a mouse model

The present study showed that angiostatic chemokines were mainly 
secreted from tumor cells exposed to IFN-γ. In contrast, recent 
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studies indicated that tumor-infiltrating immune cells, such as mac-
rophages and dendritic cells, also produced CXCL9/10 to recruit T 
cells.32,33 Furthermore, the effects of CXCL11 in treatment with 
anti-PD-L1 Ab are still unclear, whereas CXCL9/10 were reported 
as the predictive biomarkers of ICI treatment.33 To examine the 
importance of tumor-derived angiostatic chemokines in the an-
titumor effects of PD-L1 blockade, we established AB1-HA cells 
transfected with shRNA plasmid targeting CXCL11 (Figure 8A). We 
revealed that PD-L1 blockade did not suppress tumor progression 
in CXCL11 knock-down cells-bearing mice (Figure 8B). In addition, 
CXCL11 silencing in tumor cells also inhibited the angiostatic effects 
of PD-L1 blockade in vivo (Figure 8C,D). Hence, the present study 
revealed that tumor-derived angiostatic chemokines played a piv-
otal role in immunotherapy with PD-L1 blockade by regulating the 
angiogenesis.

4  | DISCUSSION

In the present study, we discovered that anti-PD-1/PD-L1 Ab inhib-
its tumor angiogenesis in vivo, and tumor cell-derived CXCL10/11 
were identified as key molecules regulating the antiangiogenic ef-
fects of ICI. Notably, CXCL10/11 in serum of patients with lung 
cancer before treatment served as a potential biomarker for clinical 
response of ICI.

The immunohistochemical analysis of tumor microvessels clar-
ified the angiostatic effects of ICI in this study. In ICI-responder 
tumors, the vessel lumen disappeared, and the vessel continuity 
was completely lost after ICI treatment, while the numbers of 
small clusters of CD31+ cells were increased. We regarded these 
clusters of endothelial cells as immature vessels without blood 
flow, because ICI treatment significantly induced tumor net-like 

F I G U R E  6   Identification of tumor cell-derived CXCL10/11 as the prognostic factors of anti-programmed death ligand 1 Ab. A comparison 
of the mouse mRNA expression of (A) CXCL9, (B) CXCL10, (C) CXCL11, and (D) PD-L1 in mouse tumor cell lines with or without recombinant 
mouse γ-interferon (IFN-γ; 20 ng/mL) in vitro. Data are shown as mean ± SEM
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F I G U R E  7   Involvement of the CXCL10/11-CXCR3 axis in angiogenesis through programmed death ligand 1 (PD-L1) blockade. The effect 
of CXCR3 inhibition in addition to anti-PD-L1 Ab (αPD-L1 Ab) treatment in vivo. A, Evaluation of the tumor volume of AB1-HA tumor-
bearing mice treated with anti-PD-L1 Ab (αPD-L1 Ab) starting 7 d after tumor cell injection. Mice were treated with anti-CXCR3 Ab (αCXCR3 
Ab) from 7 d (early treatment) or 14 d (late treatment) after tumor inoculation. B, Representative images of sections from AB1-HA tumors 
stained for CD8a. Tumors were harvested at day 21 from each group in (A). Scale bar, 200 μm. C, Quantitative evaluation of the total number 
of CD8a+ cells in each tumor of mice (n = 7 per group) studied in (B). D, Representative images of sections from AB1-HA tumors stained for 
CD31. Tumors were harvested at day 21 from each group in (A). Scale bar, 200 μm. E, Quantitative evaluation of the total number of CD31+ 
cells and vessel structures per field in each tumor of mice (n = 7 per group) studied in (D). F, Representative images of sections from AB1-HA 
tumors stained for CA9. Tumors were harvested at day 21 from each group in (A). Scale bar, 200 μm. G, Evaluation of the CA9-positive area 
(n = 7 per group). Data are shown as mean ± SEM. *P < .05, one-way ANOVA

F I G U R E  8   Effect of CXCL11 silencing in tumor cells on the treatment of programmed death ligand 1 (PD-L1) blockade. A, Comparison 
of mouse mRNA expression of CXCL11 in AB1-HA cells transfected with nontargeting control plasmid (AB1-HA/control vector) or CXCL11-
targeting shRNA plasmid (AB1-HA/shCXCL11). Each cell was treated with mouse recombinant γ-interferon (20 ng/mL) for 24 h in vitro. B, 
Evaluation of tumor volumes of AB1-HA/control vector or shCXCL11 tumor-bearing mice treated with anti-PD-L1 Ab (αPD-L1 Ab) from 
seven days after tumor cell injection. C, Representative images of sections from AB1-HA/control vector or shCXCL11 tumors stained for 
CD31. Tumors were harvested at day 21 from each group in (B). Scale bar, 200 μm. D, Quantitative evaluation of the total number of CD31+ 
cells and vessel structures per field in each tumor of mice (n = 8 per group) studied in (C). Data are shown as mean ± SEM. *P < .05, Mann-
Whitney U test
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hypoxia. The specific patterns of angiogenic networks have po-
tential utility in predicting the outcome of ICI treatment, as with 
the PD-L1 expression and TILs in tumor tissue. In addition, recent 
studies have reported that the hypoxic condition enhances the 
cytotoxicity and cytokine producibility of T cells.34-36 Therefore, 
the present study suggested that continuous treatment with ICI 
improves antitumor immunity by not only direct effects but also 
the indirect anti-angiogenic process.

The CXCL9/10/11 chemokines have been reported to influence 
the migration and activation of antitumor immune cells.28 Gene 
transfection and CXCL9/10/11 protein administration were also re-
ported to improve antitumor immunity.37-39 Recent studies revealed 
that CXCL9/10 production from tumor-infiltrating CD103+ dendritic 
cells or macrophages were required for the antitumor effect of ICI by 
recruiting CXCR3+ T cells.32,33

However, CXCL9/10/11 are also known to have other aspects 
as antiangiogenic molecules. Feldman et al40 reported that CXCL10 
induces the apoptosis of vessel endothelial cells and inhibits tumor 
angiogenesis in vivo. Arenberg et al41 revealed that continuous 
treatment with CXCL10 inhibits tumor progression and angiogene-
sis in tumor-bearing immunodeficient mice. Although IFN-inducible 
ELR− CXC chemokines have been known to contribute to both tumor 
immunity and angiogenesis, the angiostatic effects of ICI by regulat-
ing CXCL9/10/11 have not been clarified.

Among the angiostatic chemokines, we focused on tumor-
derived CXCL10/11 in particular. The present study revealed that 
the expression levels of CXCL10/11, not CXCL9, in tumor cells or 
serum correlated with the antitumor effect of PD-1/PD-L1 blockade 
in mouse models and lung cancer patients. It is widely known that 
CXCL10 is a biomarker that can predict sensitivity to ICI32,33 and its 
angiostatic effect has been proven. However, the roles of CXCL11 
in tumor microenvironment is still unclear, compared with CXCL10. 
Therefore, we revealed that CXCL11 silencing in tumor cells sup-
pressed the antitumor and angiostatic effects of PD-L1 blockade 
(Figure  8). Taken together, we showed the importance of tumor-
derived CXCL11 in immunotherapy, as well as CXCL10.

Based on the results of combination treatment with anti-PD-L1 
Ab and anti-CXCR3 Ab in a syngeneic mouse model (Figure 7), the 
early phase of ICI treatment was shown to require CD8+ T cell re-
cruitment through the CXCL10/11-CXCR3 axis to suppress tumor 
progression, as in recent investigations.31-33 However, the present 
results showed that CXCR3 blockade also inhibits the antitumor and 
angiostatic effects of ICI even after the recruitment of T cells. The 
efficacy of late-phase ICI treatment was thus presumed to depend 
on the antiangiogenic activity of CXCL10/11, not on the immune cell 
recruitment.

The present study indicated that the productivity of angiostatic 
chemokines and sensitivity to IFN-γ in tumor cells could have the po-
tential to influence the clinical outcome of ICI treatment. Although 
all the cell lines that showed sensitivity to IFN-γ expressed IFNGR1, 
3LL cells, which showed poor sensitivity to IFN-γ, also expressed 
IFNGR1 in the present study (Figure S7). Manguso et al found that 
the deletion of IFN-γ pathway-related molecules, such as IFNGR, 

JAK1/2, and STAT1, induced resistance to anti-PD-1 therapy in tumor 
cells.42 In melanoma patients, loss-of-function mutations in JAK1/2 
were found to contribute to acquired resistance to anti-PD-1 treat-
ment.43 These mechanisms could regulate the production of angio-
static chemokines in IFNGR+ tumor cells in response to IFN-γ.

In our study, anti-PD-L1 Ab did not exert antiangiogenic effects 
in tumor-bearing BALB/c nude mice, which lack T cells (Figure  3). 
In addition, treatment with anti-PD-L1 Ab induced the upregu-
lation of the IFNG gene in both ICI-sensitive and ICI-resistant cell 
lines, whereas CXCL10/11 were induced only in ICI-responder cells 
(Figure 6). Tumor-infiltrating lymphocytes are recognized as the main 
source of IFN-γ in the tumor microenvironment.30 The present find-
ings suggest that T cell-derived IFN-γ was essential for the upregula-
tion of the CXCL10/11 expression in tumor tissue treated with ICIs. 
According to current knowledge, an increase in TILs and the upregu-
lation of IFN-γ in tumor tissue are prognostic factors associated with 
a better clinical outcome following ICI treatment.12,13,44 However, 
the present findings suggest that the loss of the secreting function 
for CXCL10/11 in tumor cells might inhibit the antitumor effects of 
ICIs, even in the high-TIL and IFN-γ rich tumors.

We also evaluated the usefulness of tumor-derived CXCL10/11 
as a circulating predictive biomarker of ICI treatment. Inflammatory 
cytokines in peripheral blood have attracted attention as circulat-
ing biomarkers of immunotherapy for evaluating the tumor immune 
status both noninvasively and continuously. However, reports on 
the utility of cytokine biomarkers for assessing the outcome of ICI 
therapy have been limited, although cytokine gene expression pro-
files of tumor tissue, such as IFN-γ, CCL5, TGF-β, and CXCL9/10/11, 
have been shown to correlate with clinical response.33,44-46 In 
NSCLC patients, the changes in serum levels of IL-6 and IL-8 by ICI 
treatment were shown to contribute to clinical outcomes,18,19 but 
a pretreatment circulating biomarker that predicts the clinical out-
come of ICI therapy is needed in order to facilitate personalized 
immunotherapy.

The present study has several potential clinical implications. 
First, based on our preclinical data generated using mouse mod-
els, the suppression of neovascularization and tumor hypoxia was 
observed only in tumors from ICI-responding mice. Therefore, the 
immunohistochemical evaluation of microvessel density might be 
useful for predicting the clinical outcome of patients treated with 
ICIs. Second, tumor-derived CXCL10/11 could be a key regulator of 
the sensitivity to anti-PD-1/PD-L1 therapy by not only recruiting 
effector CD8+ T cells but also by suppressing tumor angiogenesis. 
In addition, an in vitro study suggested that the CXCL10/11 produc-
tion capacity of tumor cells in response to IFN-γ was required for 
the antitumor effects of PD-1/PD-L1 blockade in vivo. Thus, it could 
be instructive to focus on the sensitivity of tumor cells to IFN-γ in 
order to improve the efficacy of anti-PD-1/PD-L1 inhibitor. Third, 
the baseline serum CXCL10/11 levels could be useful as noninva-
sive biomarkers of sensitivity to anti-PD-1 Ab in NSCLC patients. 
However, there are several limitations in our study regarding this 
issue. First, the sample size used for the analysis of the correlation of 
serum CXCL10/11 level and the efficacy of ICIs in NSCLC patients is 
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too small to draw the conclusions. Second, recent therapy with ICIs 
against solid tumors including lung cancer has been shifted from ICI 
monotherapy to combined therapy with ICIs and other drugs, such 
as cytotoxic agents and molecular-targeted agents. Therefore, it is 
unclear whether the baseline serum CXCL10/11 levels are useful as 
predictive biomarkers of combined immunotherapy with ICIs.

In summary, we identified a novel mechanism for regulating the 
sensitivity to anti-PD-1/PD-L1 therapy, involving antiangiogenic ef-
fects through the production of tumor-derived CXCL10/11. Serum 
CXCL10/11 levels were also identified as noninvasive predictive 
biomarkers in both preclinical mouse models and NSCLC patients 
treated with anti-PD-1/PD-L1 inhibitors. These findings shed new 
light on the advent of personalized immunotherapy by monitoring 
the pretreatment immune status of individual patients.
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