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Abstract
C57BL/6 mice implanted in the flank with murine Lewis lung carcinoma cells were randomized into control, anti-angiogenic, 
anti-PD-L1, radiotherapy (RT), RT + anti-angiogenic, RT + anti-PD-L1, and RT + anti-PD-L1 + anti-angiogenic therapy 
groups. Immune response and immunophenotyping were determined by flow cytometry. Vasculature analysis after RT and 
anti-angiogenic therapy was assessed by quantified power Doppler sonography. Antitumor response, survival, and rechal-
lenged tumor growth were evaluated. RT increased PD-L1 expression on CD8+ T, CD4+ T, dendritic, myeloid-derived 
suppressor cells (MDSCs), and tumor cells and increased PD-1 expression on CD8+ and CD4+ T cells. Anti-angiogenic 
therapy insignificantly decreased the RT-induced PD-1 expression on CD8+ and CD4+ T cells, implying a weak reversal of 
the immune-suppressive environment. Transient vessel collapse was observed within days after RT, and blood flow recov-
ered at 1 week after RT. RT + anti-PD-L1 suppressed the tumor growth, improved survival, and prolonged immune memory 
capable of protecting against tumor recurrence, evidenced by local accumulation of CD8+ T cells and reduction in MDSCs 
in microenvironment. Similar and more prominent effects were observed when anti-VEGF was added to RT + anti-PDL1 
therapies, implying an additive, rather than synergistic, antitumor immunity. Phenotypic analyses revealed that anti-cancer 
treatments increased the proportion of effector memory T cells in TILs and splenocytes, and RT, alone or in combination with 
other treatments, further increased the proportion of central memory T cells in splenocytes. These results provide evidence 
on operating the immunosuppressive tumor environment and offer insights into the design of the new combination treatment.
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Introduction

Radiotherapy (RT) is widely used in the treatment of pri-
mary and metastatic tumors [1]. The biological response of 
tumors to radiation includes DNA damage, modulation of 
signal transduction, and alteration of the tumor microen-
vironment [2]. High-dose ionizing radiation causes tumor 
cell death, however, local recurrence and metastasis are 
often observed following irradiation, indicating the inad-
equacy of RT-induced response to maintain antitumor 
immunity. Over the past decades, it has become clear that 
components within the tumor microenvironment, such as 
the tumor-infiltrating immune cells and the tumor vascular 
bed, have potential effect on RT efficacy [2, 3]. Moreo-
ver, preclinical studies have demonstrated the superiority 
of hypofractionated ablative doses on the generation of 
antitumor responses, effectively transforming the tumor 
microenvironment from one that is immunosuppressive 
to proimmunogenic, which is more favorable for cancer 
immunotherapy [4–6]. In clinical practice, high doses of 
radiation achieved by hypofractionation (40–50 Gy in 4–5 
fractions) generated promising results in both early stage 
lung cancer and oligometastases disease, and have indeed 
been incorporated in the clinical treatment guidelines [7, 
8].

Therapeutic blockade of programmed death-ligand 1 
(PD-L1) can enhance the function of effector T cells, how-
ever, it might not be useful as an efficacious monotherapy 
against all tumors [9]. Within the tumor microenviron-
ment, RT induces PD-L1 expression on tumor cells and in 
the microenvironment, leading to an immunosuppressive 
mechanism and resistance to anticancer treatment [3, 10]. 
Targeting the immunosuppressive mechanism via thera-
peutic blockade of the PD-L1 axis has been demonstrated 
to be effective in overcoming RT-induced immune resist-
ance, eliciting therapeutic benefits in combination with 
RT [4, 6, 11–13].

RT also affects the vasculature. Specifically, single 
high-dose irradiation induces apoptosis and senescence 
of endothelial cells resulting in tissue hypoxia with the 
vascular rebound effect as a consequence of growth factor-
induced vasculogenesis and angiogenesis, thereby provid-
ing opportunities for anti-vascular endothelial growth fac-
tor (anti-VEGF) therapeutic intervention in combination 
with RT [14, 15]. Ablative RT causes transient reduction 
in, and subsequent recovery of, tumor blood flow [16]. 
Furthermore, anti-angiogenic therapy preceding RT gener-
ates a normalization period during which tumor oxygena-
tion increases, with an enhanced radiation response [17].

In the tumor microenvironment, VEGF plays a central 
role in suppressing tumor-directed immune responses 
and promoting angiogenesis [18]. Hence, modulating the 

VEGF-induced suppressive state in the tumor microenvi-
ronment through inhibition of angiogenesis is an attractive 
complementary strategy for immune checkpoint inhibi-
tors [19]. Anti-angiogenic therapy may enhance antican-
cer immune responses by normalizing tumor vasculature 
and reprogramming the tumor microenvironment to an 
immune-permissive status [20]. Initial studies of the com-
plex relationship between angiogenesis, VEGF signaling, 
and the immune system suggest that the combination of 
immune checkpoint blockade with inhibition of angiogen-
esis has therapeutic potential [21, 22]. In fact, simultane-
ous immune checkpoint blockade and anti-VEGF therapy 
demonstrated encouraging antitumor activity and safety in 
a prospective human clinical trial [23].

Combinations of any two of the following: radio-, 
immune-, or anti-angiogenic therapies, have reported thera-
peutic potential for improving treatment outcomes [24]. 
Based on previously described interactions and synergy, 
a trimodal approach combining RT with anti-angiogenic 
therapy and cancer immunotherapy offers an innovative and 
interesting therapeutic strategy for treatment of cancer [25]. 
Here, we evaluated the antitumor efficacy of a combination 
of high-dose irradiation, anti-PD-L1, and anti-angiogenic 
therapies.

Materials and methods

Mice and cell lines

Six-week-old C57BL/6 mice were purchased from the 
National Laboratory Animal Center (Taipei, Taiwan). All 
mice were maintained under specific pathogen-free condi-
tions. The in vivo experimental protocols were approved by 
the Institutional Animal Care and Use Committee (IACUC 
20160399). Lewis lung carcinoma (LLC) cells were pur-
chased from the Food Industry Research and Development 
Institute (FIRDI, Hsinchu, Taiwan) and were maintained 
at 37 °C in a humidified atmosphere of 5% CO2/95% air 
in DMEM supplemented with 10% heat-inactivated fetal 
bovine serum and penicillin–streptomycin under sterile tis-
sue culture conditions. All cell lines were cultured to limited 
passage before implantation.

Antitumor therapy

C57BL/6 mice were implanted subcutaneously with 2 × 105 
LLC cells on the flanks [13, 26]. All mice were group-
housed (five mice/cage) under a fixed light–dark cycle with 
access to sterilized food and water ad libitum and were evalu-
ated for signs of deteriorating physical and behavioral health 
with the assistance of veterinary technicians. LLC cells were 
allowed to grow, allowing the tumors to become established 
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9 days after implantation (mean starting volume = 40 mm3). 
The tumor-bearing mice were then randomized into seven 
treatment groups: control, anti-VEGF (100 µg on day 0, 3, 
6, 9, total 400 µg), anti-PD-L1 (100 µg on day 1, 4, 7, 10, 
total 400 µg), RT (40 Gy/4 fx on day 1, 2, 3, 4), RT + anti-
VEGF, RT + anti-PD-L1, and RT + anti-PD-L1 + anti-VEGF. 
Drugs were administered intraperitoneally. Tumor volume 
and body weight were measured every 3 days for 8 weeks. 
The tumor volume was calculated as (length × width2)/2. 
Humane endpoints were determined according to a clini-
cal scoring system based on that outlined in the IACUC of 
our institution. Animals with a weight loss of 20% or more, 
tumor diameter larger than 20 mm, tumor causing severely 
impaired ambulation, or tumor ulceration were euthanized. 
For tumor rechallenge experiments, mice were implanted 
on contralateral flanks with 4 × 105 LLC cells on day 40 of 
experiments. Monoclonal antibodies against mouse PD-L1 
(clone 10F.9G2, isotype rat IgG2b kappa) were purchased 
from Bio-Xcell [27, 28]. Bevacizumab—a recombinant 
humanized monoclonal antibody against VEGF, is com-
posed of the consensus human IgG1 framework regions and 
the antigen-binding regions of the murine IgG1 anti-human 
VEGF monoclonal antibody A.4.6.1, and is cross-reactive 
with other species including murine xerografts—was used as 
the anti-VEGF therapy (purchased from Genentech through 
the National Taiwan University Hospital pharmacy) [29–31]. 
RT (40 Gy in four fractions) was administered using a Gam-
maCell 40 (Cs-137, 337 cGy/min dose rate, CIS Bio Inter-
national, Saclay, France), with a custom-made lead shield 
to deliver RT to one tumor and minimal dose to other areas 
[32].

Tumor vasculature analysis

To assess tumor vasculature response to RT and anti-VEGF 
therapy, quantified power Doppler sonography (Prospect T1, 
S-Sharp Corporation, New Taipei City, Taiwan) was used 
before RT and on days 0, 3, 6, and 9 post-RT, to assess 
vasculature response to RT (40 Gy) and anti-VEGF therapy 
[16]. Ultrasonic contrast imaging was performed by inject-
ing 10 µL of the microbubble agent, USphere Prime (aver-
age diameter of 1.2 µm phospholipid-coated microbubbles, 
Trust Bio Sonics, Zhubei City, Taiwan), to each mouse fol-
lowed by 0.1 mL normal saline injection. Real-time ultra-
sound imaging was performed before RT, as well as 3 and 
9 days post-RT, to capture microbubble flow paths, and to 
calculate maximal intensity projection (MIP) for evaluat-
ing the path of moving microbubbles with summation over 
time in the tumor vasculature [33]. Tumors were sonographi-
cally imaged using the following scanning parameters: fre-
quency 33–50 MHz, and pulse repetition frequency (PRF) 
1–10 kHz.

Tumor‑infiltrating lymphocyte (TIL) and splenocyte 
preparation

To isolate tumor-infiltrating lymphocytes (TIL), solid tumors 
were excised 10 days after irradiation, single-cell suspen-
sions were processed using a gentleMacs dissociator and a 
murine tumor dissociation kit (Miltenyi Biotec), followed 
by density gradient centrifugation on an 80/40% Percoll (GE 
Healthcare, Piscataway, NJ, USA) gradient. For splenocyte 
preparation, the spleen was removed 10 days after irradia-
tion and a single cell suspension was prepared by forcing 
the spleen through a 400 μm stainless steel mesh strainer. 
Erythrocytes were lysed with hypotonic buffered solution 
and lymphocytes were washed with Hanks’ balanced salt 
solution prior to being resuspended in RPMI medium sup-
plemented with 10% fetal calf serum.

Flow cytometry and immunophenotyping

Single cell suspensions were prepared from spleens and 
tumors. Cells were stained with fluorescent-labeled antibod-
ies (BD Biosciences, San Diego, CA, USA) and analyzed 
by a LSRII flow cytometer (BD Biosciences, San Diego, 
CA, USA). For analysis, nonspecific binding was blocked 
and expression levels of CD4, CD8, CD45, CD44, CD62, 
CD11b, CD11c, Gr1, F4/80, Foxp3, PD-1, and PD-L1 were 
examined by multiparameter flow cytometry.

Statistical analysis

Statistical analyses were performed using the Statistical 
Package for Social Sciences for Windows, version 17.0 
(SPSS Inc., Chicago, IL, USA). Experiments were repeated 
at least twice by two independent experiments with an 
interval of 1 month. Comparisons between experimental 
groups were assessed using two-tailed unpaired Student’s t 
test. Survival data were analyzed by log-rank Mantel–Cox 
test. p values < 0.05 (*), < 0.01 (**), and < 0.001 (***) 
were considered statistically significant for comparisons 
between experimental groups. When Bonferroni correction 
was applied for multiple comparison (RT, anti-VEGF, anti-
PD-L1, either alone or in combination), p-values < 0.01 (**) 
and < 0.001 (***) were considered statistically significant 
[34].

Results

Increased PD‑L1 and PD‑1 expression in the tumor 
microenvironment following RT

Localized ablative irradiation has been shown to mediate 
tumor regression; however, relapse often occurs, which 
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may be partly due to radiation-induced adaptive immunity 
resulting from engagement of T cell negative regulatory 
pathways, such as the PD-L1/PD-1 axis. LLC cells were 
implanted subcutaneously on the flanks of mice, and the 
tumor-bearing animals were then treated with high-dose 
ablative irradiation of 40 Gy in four fractions (one fraction 
per day) for 4 days. Thereafter, we examined the expres-
sion of PD-1 and PD-L1 on tumor cells and in the micro-
environment on day 3 after irradiation (Fig. 1a). High-dose 
ablative irradiation increased PD-L1 expression on CD8+ T 
cells (p = 0.002), CD4+ T cells (p = 0.003), dendritic cells 
(DC, CD11c+, p = 0.001), myeloid-derived suppressor 
cells (MDSCs, CD11b+Gr1+, p = 0.018), and tumor cells 
(CD45–, p = 0.002), and increased PD-1 expression on 
CD8+ (p = 0.001) and CD4+ T cells (p < 0.001) (Fig. 1b, 
c). Hence, radiotherapy-induced increase in the PD-L1/PD-1 
axis in the tumor microenvironment may inhibit T cell func-
tion and result in tumor relapse, an important mechanism for 
acquired radioresistance in tumors.

Effects of combinatorial anti‑VEGF therapy 
on RT‑induced PD‑L1 and PD‑1 expression 
in the tumor microenvironment

Anti-VEGF therapy in addition to RT may enhance antican-
cer immune response by normalizing tumor vasculature and 
reprogramming the tumor microenvironment to an immune-
permissive status. As shown in Fig. 1b, c, anti-VEGF ther-
apy alone did not significantly alter the expression of PD-1 
or PD-L1 on tumor cells or in the microenvironment, as 
compared to the control group. Combination of anti-VEGF 
therapy and high-dose ablative irradiation did not show 
any significant alteration in RT-induced PD-L1 or PD-1 
expression on tumor cells or microenvironment components 
including dendritic cells, MDSCs, and macrophages. Inter-
estingly, when anti-VEGF therapy was administered along 

with RT, PD-1 expression on CD8+ (p = 0.026) and CD4+ T 
cells (p = 0.016) tended to decrease, implying a insignificant 
reversal of the immune-suppressive environment.

Tumor vasculature response to RT and anti‑VEGF 
therapy

To assess tumor vasculature response to RT and anti-VEGF 
therapy, we examined tumor vasculature before RT and 0, 
3, 6, 9 days post-RT by quantified power Doppler sonogra-
phy (Fig. 2a). As shown in Fig. 2b, c, the color density of 
pixel levels, as compared to the control group, insignificantly 
decreased at 3 days (p = 0.034) and 6 days (p = 0.024) after 
RT, and recovered 1 week after RT. This indicates that RT 
causes transient vessel collapse leading to mildly diminished 
blood flow within 6 days after RT, after which the blood flow 
is restored. The blood flow assessment results of the com-
binatorial anti-VEGF therapy + RT group is similar to that 
in the control group, suggesting that the combinatorial anti-
VEGF therapy restores the RT-induced transient vasculature 
obliteration with preserved tumor blood flow. Moreover, the 
ultrasonic contrast imaging using microbubble agents was 
performed before RT, 3 and 9 days post-RT, with MIP dem-
onstrating the path of microbubbles throughout the tumor 
summation over time (Fig. 2d, e). Varying blood flow sum-
mation without statistical difference was observed between 
groups, suggesting that even if RT incidentally diminished 
the blood flow, the combinatorial anti-VEGF therapy may 
restore the tumor blood flow.

Potential anticancer effect of RT, anti‑VEGF, 
and anti‑PD‑L1 therapy in antitumor immunity

Irradiation-induced upregulation of PD-L1 can provide an 
opportunity for PD-L1 blockade that would uncover the full 
cytotoxic potential of host immunity against the tumor. Anti-
angiogenic therapy would strengthen the efficacy of immu-
notherapy as low immune cell infiltration represents a major 
obstacle for cancer immunotherapy. Whether the trimodal 
approach, combining RT with anti-angiogenic therapy and 
immunotherapy, is a promising therapeutic strategy requires 
further investigation. Therefore, LLC cells were implanted, 
and the tumor-bearing mice were treated with anti-VEGF, 
anti-PD-L1, high-dose ablative irradiation (RT, 40 Gy/4 
fx on day 1, 2, 3, 4), RT + anti-VEGF, RT + anti-PD-L1, 
or trimodal combination of RT + anti-PD-L1 + anti-VEGF 
therapies (Fig. 3a). Noteworthy, the bimodal and trimodal 
therapies administered in the study were well tolerated 
without significant adverse effects. Irradiation alone, or in 
combination with anti-PDL1 and/or anti-VEGF therapies, 
significantly slowed the tumor progression (Fig. 3b). On day 
29, mice treated with irradiation, with or without other treat-
ments, had significantly smaller tumor volumes (p < 0.01), 

Fig. 1   PD-L1 and PD-1 expression profiles in tumor microenviron-
ments after radiotherapy (RT) and anti-VEGF therapy. a C57BL/6 
mice were subcutaneously injected into the flank with 2 × 105 LLC 
cells. Once the tumor was established, mice were locally treated 
with 10-Gy dose/fraction of RT, one fraction per day, for 4 days, to 
a total dose of 40 Gy, and 100 µg anti-VEGF was administered intra-
peritoneally every 3  days for a total of two times. Three days after 
RT treatment, tumors were removed and digested into single-cell 
suspensions, which were blocked with anti-FcR mAbs and then 
subjected to surface staining. Representative flow cytometric data 
(b) and median fluorescence intensity histograms (c, means ± SEM) 
for PD-1 and PD-L1 expression on CD8+ and CD4+ T cells, den-
dritic cells (CD11c+), myeloid-derived suppressor cells (MDSCs, 
CD11b+Gr1+), macrophages (CD11b+F4/80+), and tumor cells 
(CD45−). *p < 0.05, **p < 0.01, and ***p < 0.001. Experimental 
groups contained five mice per group. Studies were conducted twice 
in two independent experiments with an interval of 1 month, and the 
presented histograms (c) are the combined data of the two independ-
ent experiments

◂
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as compared to those in the non-RT groups. On day 53, as 
compared to the RT alone group, RT + anti-VEGF therapy 
did not synergistically control the tumor growth (p = 0.261). 
Compared to the RT alone group, bimodal therapies of 
RT + anti-PDL1 therapy achieved significant tumor sup-
pression efficacy (p = 0.008; Fig. 3b) and showed a trend 
toward improved survival (p = 0.014; log-rank Mantel–Cox 
test; Fig.  3c). When anti-VEGF therapy was combined 
with RT + anti-PDL1 therapy, similar and more prominent 
effects were observed along with effective tumor suppression 
(p = 0.007) and significantly improved survival (p = 0.003; 
Fig. 3c).

Assessment of prolonged protective antitumor 
immunity after RT, anti‑PD‑L1, and anti‑VEGF 
therapies

To address whether radiotherapy, anti-PD-L1 therapy, and 
anti-VEGF therapy results in the generation of prolonged 
protective T cell immunity, mice were rechallenged with 
a two-times higher dose of LLC cells (4 × 105 cells) on the 
opposite flank on day 40. Since mice in the control, anti-PD-
L1 alone, and anti-VEGF alone groups met humane end-
points between day 22 and day 31 after tumor implantation, 
rechallenge experiments at day 40 were not possible in the 
above-mentioned groups. At day 15 after rechallenge, com-
pared to the RT alone group, bimodal therapies of RT + anti-
PD-L1 treatment suppressed the contralateral tumor growth 
(p = 0.005, Fig. 4a) showing a trend toward improved sur-
vival (p = 0.039, log-rank Mantel–Cox test, Fig. 4b). Simi-
lar and more prominent effect, with delayed growth of con-
tralateral flank tumor after rechallenge (p = 0.002, Fig. 4a) 
and significantly improved survival (p = 0.003, log-rank 
Mantel–Cox test, Fig. 4b), was observed in the trimodal 
combination of RT + anti-PD-L1 + anti-VEGF therapies, 

compared to that in the RT alone group. RT + anti-PD-L1 
with or without anti-VEGF therapies led to the prolonged 
protective T cell immunity, and most of the mice showed no 
tumor growth after being rechallenged (60% in RT + anti-
PD-L1 + anti-VEGF group vs. 50% in RT + anti-PD-L1 
group vs. 0% in the RT alone group).

Potential effects of RT, anti‑PD‑L1, and anti‑VEGF 
therapies on tumor microenvironment

To determine whether the antitumor effect depends on the 
alteration of tumor microenvironment, we examined the pro-
portion of immune cell populations in the peripheral TILs 
after treatment. Ten days after irradiation, cells infiltrating 
the tumors and microenvironments were removed to obtain 
cell suspensions for surface staining. Anti-VEGF alone, or 
anti-PD-L1 alone did not significantly alter microenviron-
mental components compared to the control group. Mean-
while, irradiation (alone or in combination with other modal-
ities) decreased the proportion of dendritic cells, compared 
to the control group (p < 0.01, Fig. 5a). Ten days after the 
irradiation and treatments, bimodal approach of RT + anti-
PD-L1 showed a trend toward an increase in the percentage 
of CD8+ T cells (p = 0.019, Fig. 5a, b) and a decrease in 
MDSCs (p = 0.040, Fig. 5a, c), compared to that in the RT 
alone group. Furthermore, a parallel and prominent effect 
was seen in the trimodal combination of RT + anti-PD-
L1 + anti-VEGF therapies, with significant increase in the 
percentage of CD8+ T cells (p = 0.002, Fig. 5a, b), and sig-
nificant decrease in MDSCs (p = 0.003, Fig. 5a, c). The per-
centage of macrophages was unaffected between the groups. 
The regulatory T cells were defined as CD25+ and FoxP3+, 
the percentage of which within the CD4+ T cell population, 
was also unaffected (Supplementary Fig. 1) between groups. 
The local accumulation of CD8+ T cells and reduction in 
MDSCs in the tumor microenvironment may be essential for 
the therapeutic efficacy of the combination of RT, anti-PD-
L1, and anti-VEGF therapies.

Evaluation of memory T cells in TILs and splenocytes 
after RT, anti‑PD‑L1, and anti‑VEGF therapies

To determine whether RT, anti-PD-L1, and anti-VEGF ther-
apies were associated with induction of memory T cells, 
these cells in the TILs and splenocytes were quantified 
(Fig. 6). Naive T cells were defined as CD62L+ and CD44−, 
effector memory T cells as CD62− and CD44+, and central 
memory T cells as CD62+ and CD44+ [35]. Compared to 
the control group, any treatment, including RT, anti-PD-L1, 
and anti-VEGF therapies, alone or in combination with other 
treatments, increased the percentage of effector memory T 
cells (p < 0.01, Fig. 6a–d), in both TILs and splenocytes. 
However, although the central memory T cell components 

Fig. 2   Tumor vasculature response to radiotherapy (RT) and anti-
VEGF therapy. a C57BL/6 mice were subcutaneously injected into 
the flank with 2 × 105 LLC cells. Once the tumor was established, 
mice were locally treated with 10-Gy dose/fraction of RT, one frac-
tion per day, for 4  days, to a total dose of 40  Gy, and 100  µg anti-
VEGF was administered intraperitoneally every 3  days for a total 
of four times. To assess tumor vasculature response to RT and anti-
VEGF therapy, quantified power Doppler sonography was performed 
before RT and 0, 3, 6, and 9  days after RT, to assess vasculature 
response to RT (40 Gy) and anti-VEGF therapy. Ultrasonic contrast 
imaging using microbubble agents was performed before RT, as well 
as 3 and 9  days after RT, with maximal intensity projection (MIP) 
demonstrating the path of microbubbles throughout the tumor sum-
mation over time. The mean color density of pixel levels (b) and 
graphic representation (c) of power Doppler sonography; and mean 
color density of pixel levels (d) and graphic representations (e) of 
ultrasonic contrast imaging MIP from the control and treated mice 
are shown at the indicated time points. The color density of pixel 
levels ranged from 0 to 255. Higher values indicate more blood flow. 
*p < 0.05

◂
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did not differ between groups in TILs, an increased pro-
portion of central memory T cells in splenocytes (p < 0.01, 
Fig. 6c, d) was observed with irradiation alone or in combi-
nation with other treatments. Meanwhile, anti-VEGF alone 
or anti-PD-L1 alone did not significantly alter the central 
memory components in splenocytes, compared to the con-
trol group. Taken together, the datasets support the concept 
that anti-cancer treatments increase the proportion of effec-
tor memory T cells in TILs and splenocytes, and irradia-
tion, alone or in combination with other treatments, further 
increases the central memory T cells in splenocytes.

Discussion

Development of novel approaches for the treatment of 
advanced lung cancer is of paramount importance. Herein, 
we show that high-dose irradiation alone prompts adaptive 
responses in tumor cells and in the microenvironment, with 
upregulation of PD-L1/PD-1 expression on tumor cells and 
microenvironments leading to subsequent radioresistance; 
incorporating anti-VEGF therapy with high-dose ablative 
irradiation insignificantly reverses the immune-suppressive 
microenvironment. Using a lung cancer mouse model, 

Fig. 3   Potential anti-cancer effects of combining radiotherapy (RT), 
anti-VEGF, and anti-PD-L1 therapies. C57BL/6 mice were subcu-
taneously injected into the flank with 2 × 105 LLC cells. At 9 days 
after tumor implantation, the tumor-bearing mice were randomized 
into seven treatment groups: control, anti-VEGF (100 µg on day 0, 3, 
6, and 9; total 400 µg), anti-PD-L1 (100 µg on day 1, 4, 7, and 10; 
total 400 µg), RT (40 Gy/4 fx on day 1, 2, 3, and 4), RT + anti-VEGF, 

RT + anti-PD-L1, and RT + anti-PD-L1 + anti-VEGF, as the scheme 
shown in a. Tumor growth curves (b) and survival curves (c) in dif-
ferent treatment groups. Data are means ± SEM measured on the indi-
cated days. *p < 0.05 and **p < 0.01. Experimental groups contained 
five mice per group. Studies were conducted twice in two independ-
ent experiments with an interval of 1 month, and the presented data 
are the combined data of the two independent experiments
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we demonstrated that the efficacy of RT can be enhanced 
through the combination of anti-PD-L1, leading to the gen-
eration of immune memory in mice capable of protecting 
against tumor recurrence. Combining anti-VEGF therapy 
with high-dose irradiation and anti-PD-L1 therapy more 
prominently benefits the existing anti-cancer efficacy.

The LLC mouse syngeneic tumor model was used in the 
current study, which was established from a tumor on the 
lung of one C57BL mouse [35] and can be employed as an 
orthotopic or subcutaneous model, with the latter considered 
to be the more common. This subcutaneous model offers 
the ability to, readily establish tumors in immunocompetent 
hosts, profile tumor infiltrating lymphocytes and microen-
vironments, and investigate the mechanisms associated with 
the efficacy of immune-oncology treatments [13, 26]. There-
fore, the LLC mouse syngeneic tumor model is adequate for 
studying the trimodal combination therapy of RT, anti-PD-
L1, and anti-angiogenic treatment in our experiments.

While investigating the effect of ablative RT on tumor 
vasculature, Kim et al. found that treatment of LLC tumors 
in C57BL/6 mice hind limbs with ablative dose (20 Gy in 
one fraction) results in transient reduction in, and subse-
quent recovery of, tumor blood flow 4 days after RT [16], 
which is in accordance with our results that RT might cause 
transient vessel collapse with decreased blood flow within 
the days after ablative irradiation, and subsequent restora-
tion of blood flow. Additionally, in support of our results 
demonstrating that treatment with anti-VEGF therapy before 
ablative RT may normalize tumor vasculature and enhance 
the radiation response, Chauhan et al. have reported that 
anti-VEGF signaling creates a morphologically and func-
tionally normalized vascular network with the remaining 
vessels, resulting in improved penetration of drug particles 
into the tumor [37]. Furthermore, Winkler et al. have dem-
onstrated that anti-VEGF therapy before ablative RT creates 

a normalization window on orthotopic U87 gliomas charac-
terized by a decrease in tumor hypoxia and an increase in 
tumor oxygenation with enhanced radiation response [17].

PD-L1 has been found to be expressed on macrophages, 
dendritic cells and MDSCs in response to antigens and stim-
ulating factors, on T cells and B cells upon receptor signal-
ing, and on murine tumor cell lines, while PD-1 is expressed 
on the surface of activated T cells, B cells, and macrophages 
[36–38]. In line with these findings, our results showed 
expression of PD-L1 and PD-1 on tumor and microenviron-
ment cells, while the highly expressed PD-1 was observed 
following irradiation on T cells, B cells, and macrophages 
(shown by median fluorescence intensity in Fig. 1c), sug-
gesting negative regulation of the immune responses upon 
ablative irradiation.

In our study, RT + anti-PD-L1 therapy resulted in pro-
longed protective antitumor immunity in the rechallenge 
experiments, while combining anti-VEGF and RT + anti-PD-
L1 therapies augmented the existing antitumor immunity. 
Double tumor cell numbers were used for these experiments 
to confirm the development of a long-lived immune mem-
ory against tumor antigens, resulting in tumor rejection and 
preventing growth of rechallenged tumor cells [6, 39]. The 
murine monoclonal antibody, IgG2b, has a serum half-life 
of 4–6 days, as determined by enzyme-linked immunosorb-
ent assay (ELISA). At the day of rechallenge (day 40), the 
serum concentration of murine monoclonal antibodies was 
diminished to 100–1000 times lower than the initial serum 
concentrations, thus it can be assumed that no antibody 
activity was detectable [40, 41].

According to our results, local accumulation of CD8+ 
T cells and reduction in MDSCs in the tumor microenvi-
ronment may be essential for the therapeutic efficacy of 
the combination of RT, anti-PD-L1, and anti-VEGF thera-
pies, without altering the CD4+ T cell population or the 

Fig. 4   Assessment of prolonged protective antitumor immunity 
after radiotherapy (RT), anti-PD-L1, and anti-VEGF therapies. Mice 
were rechallenged with two-fold higher dose of Lewis lung carci-
noma (LLC) cells (4 × 105 cells) on the opposite flank on day 40. The 
growth curve of 4 × 105 cells injected in the untreated mice was meas-
ured as reference. Tumor growth curves (a) and survival curves (b) in 

different treatment groups are plotted. Data represent means ± SEM 
measured on the indicated days. *p < 0.05 and **p < 0.01. Experi-
mental groups contained five mice per group. Studies were conducted 
twice in two independent experiments with an interval of 1  month, 
and the presented data are the combined data of the two independent 
experiments
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regulatory T cell subpopulation. The CD4+ T cell popula-
tion contains effector T cells and Tregs, which can function 
as immune stimulators and immune suppressors, respec-
tively. In previous studies, although CD4+ T cells can medi-
ate the cytotoxic function against tumor cells when com-
bining RT and anti-PD-L1 therapies, CD4+ T cells were 
observed to be dispensable during the priming process [6], 

likely explained by both effector CD4+ T cells and regula-
tory CD4+ T cells, given the presumed opposing roles of 
each [11]. Yet, further studies are needed to evaluate the rel-
ative contributions of the subpopulations of CD4+ T cells. 
On the other hand, MDSCs have been shown to suppress 
T cell activation, promote tumor outgrowth, and alter the 
tumor immune microenvironment. In a previous study [6], 
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the combination of irradiation and anti-PD-L1 resulted in the 
elimination of MDSCs from the tumor microenvironment, 
with the associated mechanism between TNF or FAS/FASL 
pathway, which is in line with our results.

Anti-VEGF therapy, in combination with cancer immu-
notherapy, has promising results in both preclinical and 
clinical setting. Combined anti-VEGF and PD-L1 blockade 
displayed a synergistic treatment effect in a mouse model 
of small cell lung cancer, in which the tumor-associated 
PD-1/TIM-3 double positive T cell phenotype was abro-
gated by addition of anti-VEGF treatment with anti-PD-L1 
[42]. Recently, in patients with metastatic renal cell carci-
noma, anti-VEGF therapy in combination with anti-PD-L1 
treatments prolonged the progression-free survival with a 
favorable safety profile [21]. These results support the use of 
the combination of anti-VEGF therapy and cancer immuno-
therapy as a first-line treatment option for selected patients.

The trimodal approach of combining RT, anti-PD-L1, 
and anti-VEGF therapies is under investigation in both pre-
clinical and clinical setting. The trimodal strategy (RT, anti-
PD-L1, and anti-VEGF) showed similar but more promi-
nent antitumor immunity than that of the bimodal strategy 
(RT and anti-PD-L1). Our preclinical results, however, 
demonstrated no significant benefits when anti-VEGF was 

combined with RT and anti-PD-L1 therapies, which implied 
an additive, rather than synergistic, antitumor immunity. 
Furthermore, in the patients with recurrent high-grade 
glioma, the phase I trial for trimodal combination of PD-1 
blockade with RT and anti-angiogenic therapy was gener-
ally well tolerated, and half of the patients achieved durable 
objective response [25]. Thus, clinical investigation of the 
trimodal combination therapy is encouraging [24].

The RT dose and its fractionation influence the phe-
notype and antitumor activity in the immune response. 
Several preclinical studies have demonstrated the supe-
riority of hypofractionated ablative doses (≥ 10 Gy per 
fraction for a total dose of 10–50 Gy) on the generation of 
antitumor response, while ablative tumor radiation trans-
forms the immunosuppressive tumor microenvironment 
into one that is proimmunogenic, resulting in significant 
infiltration of CD8+ T cells and a loss of MDSCs, which 
agrees with our results [4–6]. In clinical practice, ablative 
radiation achieved by hypofractionation (40–50 Gy in 4–5 
fractions) has proven promising when incorporated into 
therapeutic regimens for early-stage lung cancer and lung 
oligometastases [7, 8]. Therefore, in the present study, 
we administered ablative dose fractionation to achieve 
adequate immunogenicity response. We observed that 
ablative RT triggers PD-L1 expression in tumor microen-
vironments within 3 days of RT, which remained elevated 
for more than one week, accompanied with elevated PD-1 
expression on tumor-infiltrating CD4+ and CD8+ T cells. 
Ablative RT doses have been shown to increase both tumor 
cells and microenvironment PD-L1-related expression [6]. 
Clinical trials using ablative RT in combination with anti-
PD-1 or anti-PD-L1 therapy are underway.

This study describes a novel anticancer strategy using 
high-dose irradiation in combination with anti-PD-L1 and 
anti-angiogenic therapies. Although our findings did not 
show outstanding benefits of combining anti-VEGF with 
ablative RT and anti-PD-L1 therapies, they indeed implied 
an additive, rather than synergistic, antitumor immunity. 
These results still broaden the scope of current endeavors 
for operating the immunosuppressive tumor microenviron-
ment and should provide insights into the design of new 
combination treatments.

Fig. 5   Influence of radiotherapy (RT), anti-PD-L1, and anti-VEGF 
therapies on T cells and myeloid-derived suppressor cells (MDSCs). 
C57BL/6 mice were subcutaneously injected into the flank with 
2 × 105 LLC cells. At 9  days after tumor implantation, the tumor-
bearing mice were randomized into seven treatment groups: control, 
anti-VEGF (100 µg on day 0, 3, 6, and 9; total 400 µg), anti-PD-L1 
(100 µg on day 1, 4, 7, and 10; total 400 µg), RT (40 Gy/4 fx on day 
1, 2, 3, and 4), RT + anti-VEGF, RT + anti-PD-L1, and RT + anti-PD-
L1 + anti-VEGF. Ten days after RT, infiltrating cells in the tumor 
microenvironments were removed to obtain cell suspensions for 
surface staining. a Quantitative data representing the proportion of 
CD8+ T cells, CD4+ T cells, dendritic cells, myeloid-derived sup-
pressor cells (MDSCs, CD11b+Gr1+), and macrophages relative to 
CD45+ cells 10 days after administration of the RT dose. Data rep-
resent means ± SEM. Flow cytometric analysis of CD8+ T cells, 
CD4+ T cells (b), and MDSCs (c) gated on CD45+ cells in tumors 
ten days after RT. *p < 0.05 and **p < 0.01. Experimental groups 
contained five mice per group. Studies were conducted twice in two 
independent experiments with an interval of 1  month, and the pre-
sented quantitative histograms (a) are the combined data of the two 
independent experiments

◂
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Fig. 6   Evaluation of memory T cells in tumor-infiltrating lympho-
cytes (TILs) and splenocytes after radiotherapy (RT), anti-PD-L1, 
and anti-VEGF therapies. C57BL/6 mice were subcutaneously 
injected into the flank with 2 × 105 LLC cells. At 9 days after tumor 
implantation, the tumor-bearing mice were randomized into seven 
treatment groups: control, anti-VEGF (100  µg on day 0, 3, 6, and 
9; total 400  µg), anti-PD-L1 (100  µg on day 1, 4, 7, and 10; total 
400  µg), RT (40  Gy/4 fx on day 1, 2, 3, and 4), RT + anti-VEGF, 
RT + anti-PD-L1, and RT + anti-PD-L1 + anti-VEGF. Ten days after 
RT, infiltrating lymphocytes were isolated from the tumor microen-

vironments and spleen to obtain cell suspensions for surface stain-
ing. Quantitative data for the proportions of the various memory T 
cell populations in TILs (a) and in the spleen (c). Flow cytometric 
analysis of memory markers on CD8+ T cells isolated from TILs (b) 
and spleen (d). Data represent means ± SEM measured. **p < 0.01. 
Experimental groups contained five mice per group. Studies were 
conducted twice in two independent experiments with an interval of 
1 month, and the presented quantitative histograms (a) and (c) are the 
combined data of the two independent experiments
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