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PD-L1 deficiency sensitizes tumor cells to
DNA-PK inhibition and enhances cGAS-STING activation
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Abstract: Immunotherapies that block PD-L1/PD-1 immune checkpoint proteins represent a landmark breakthrough
in cancer treatment. Although the role of PD-L1 in suppressing T cell activity has been extensively studied, its cancer
cell-intrinsic functions are not well understood. Herein, we demonstrated that PD-L1 is important for the repair of
DNA damage in cancer cells. Mechanically, depletion of PD-L1 led to the downregulation of the critical molecules
involved in the homologous recombination (HR) repair pathway, such as ATM and BRCA1, but did not obviously
affect the non-homologous end joining (NHEJ) pathway. Notably, PD-L1 silence sensitized cancer cells to chemo-
therapy agents and the inhibitor of DNA-PK, which is an important kinase for NHEJ. Furthermore, PD-L1 depletion
potentiated DNA damage-induced cGAS-STING pathway and induction of IFNB. The regulation of DNA repair and
cGAS-STING pathway by PD-L1 represents its connection with innate immunity that can be exploited to enhance the
efficacy of existing immunotherapy. Our findings thus expand the focus of PD-L1 from tumor antigen-specific CD8+
T cells to innate immunity, and support targeting tumor-intrinsic PD-L1 combined with DNA-PK inhibition for tumor
eradication, through promoting synthetic lethality and innate immune response.
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Introduction HR, ATR is crucial for maintaining replication

fork stability, and DNA-PK is critical for NHEJ [5,

Genomic instability is one of the hallmarks of
cancer [1]. DNA damage response (DDR), which
involves a complex network of proteins acting
to cope with damaged DNA, is essential for the
maintenance of genomic integrity. Deficiency in
certain high fidelity DDR machineries, such as
homologous recombination (HR), will lead to
higher dependence on the compensatory non-
homologous end-joining (NHEJ), which is likely
error-prone [2-4]. DDR signaling events are
largely coordinated by three key apical kinases:
Ataxia telangiectasia mutated (ATM), ATM- and
RAD3-related (ATR), and DNA-dependent pro-
tein (DNA-PK). ATM plays an important role in

6]. Defects in DDR provide opportunities for uti-
lizing the concept of synthetic lethality to devel-
op new cancer treatment modalities [7]. Several
DDR inhibitors targeting ATM, ATR and DNA-PK
have been evaluated in clinical trials [8].
Biomarkers of responsiveness to DNA-PK inhi-
bition remain unclear, and further identification
of exploitable defects is needed to improve the
efficacy of the DDR inhibitor.

DDR deficiency has been linked with the activa-
tion of anti-tumor immunity primarily via pro-
moting innate immune response, which is ini-
tially characterized as the first host line to
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defense against pathogens [9]. Cytosolic dam-
aged DNA caused by DDR gene inactivation or
DNA-damaging treatments can be recognized
by the nucleic acid sensor cyclic GMP-AMP
(cGAMP) synthase (cGAS). Upon binding of cy-
tosolic DNA, cGAS promotes the synthesis of
cGAMP that bind to and activate the endoplas-
mic reticulum-anchored stimulator of interferon
gene (STING), which then recruits and activates
TANK-binding kinase 1 (TBK-1) and heterodi-
meric IKKa/B kinase. These kinases in turn
activate interferon regulatory factor 3 (IRF3)
and nuclear factor-kB (NF-kB), leading to the
release of type | interferon (IFNs) IFN-a and
IFN-B. IFNs bind to the heterodimeric IFN recep-
tor and activate Janus kinase 1 (JAK1)-the sig-
nal transducer and activator of transcription
(STAT) signaling, ultimately inducing the ex-
pression of IFN-stimulated genes and promot-
ing the mobilization of CD8+ T cells for tumor
eradication [10]. As agonists of cGAS-STING
pathway, DNA damage-inducing therapies have
been shown to act synergistically with anti-
PD-1/PD-L1 immunotherapy to inhibit tumor
growth [11]. A more comprehensive under-
standing of the DNA-damage-induced innate
immune responses is essential to further im-
prove the efficacy of current cancer therapies.

PD-L1 is a key immune checkpoint protein that
binds to PD-1 on T cells and suppress T cell
activity [12]. Imnmunotherapies that block PD-1/
PD-L1 binding have achieved promising clinical
outcomes in multiple cancer types. Interesting-
ly, increasing evidence indicates that PD-L1 is
also involved in a variety of PD-1-independent
functions in cancer cells [13-18], including its
crosstalk with DNA damage repair. PD-L1 ex-
pression can be significantly induced by con-
ventional DNA damaging-agents such as ra-
diotherapy and chemotherapy, in an ATR-de-
pendent manner [19-21]. Moreover, knock-
down of PD-L1 has been shown to sensitize
cancer cells to ionizing radiation (IR) [16]. The-
se findings suggest that PD-L1 is potentially
involved in the process of DDR. However, the
specific function of PD-L1 in regulating DDR
needs to be further clarified.

In this study, we sought to investigate the role
of PD-L1 in DNA damage repair and cGAS-
STING mediated innate immunity, aiming to
broaden the understanding of PD-L1 biological
functions and provide the rationale for target-
ing tumor-intrinsic PD-L1 for cancer treatment.

2364

Materials and methods
Cell lines, compounds, and antibodies

The MDA-MB-231 and BT549 triple-negative
human breast cancer cell lines and A549
lung cancer cell line were obtained from the
American Type Culture Collection (ATCC, Ma-
nassas, VA, USA). The cells were cultured in
RPMI-1640 or DMEM medium (Thermo Fisher
Scientific, Waltham, MA, USA) supplemented
with 10% fetal bovine serum (Thermo Fisher
Scientific) at 37°C in a humidified atmosphere
with 5% CO,. NU7441, PI-103, VE-822, and
KUB60019, Olaparib, cisplatin, etoposide were
obtained from Selleck (Houston, TX, USA).
The comet assay reagent kit (Catalog # 4250-
050-K) was obtained from Trevigen (Gaithers-
burg, MD, USA). ATM, p-ATM (S1981), ATR,
p-ATR (Thr1989), DNA-PK, p-DNA-PK (S2056),
p-STAT1 (Tyr701), p-STING (Ser365), p-TBK1
(Serd72), p-IRF3 (Ser386), Caspase-3, PARP,
cleaved PARP, cGAS, yH2AX (Ser139) and
B-actin antibodies were purchased from Cell
Signaling Technology (Cambridge, MA, USA).

Generation of stable cells by lentiviral infection

To generate PD-L1 stable knockdown or PD-L1
over-expression (OE) cells, 293T cells were
co-transfected with shPD-L1 or PD-L1 over-
expression constructs (4 pg) with pCMV-dR8.2
(3 ug) and pCMV-VSVG (1 ug) helper constructs
using Lipofectamine 2000 reagent (Life Tech-
nologies, Carlsbad, CA, USA). Viral stocks were
harvested from the culture medium after 2
days and then filtered to remove non-adherent
293T cells. To select cells that stably express
PD-L1 shRNA or OE constructs, cells were plat-
ed at sub-confluent densities and infected with
a cocktail of 1 ml of virus-containing medium, 1
ml of regular medium and 8 ug/ml polybrene,
and then selected in 1 pg/ml of puromycin
(InvivoGen, San Diego, CA, USA) 48 hours after
lentivirus infection.

Cell proliferation assay

Cell viability was determined using a Cell
Counting Kit-8 (CCK8) assay (Bimake.cn,
Shanghai, China). Cells (4x10° cells/100 uL/
well) were seeded in 96-well plates and then
subjected to drug treatments for 48 h. After
drug exposure, 10 pL of CCK8 reagent was
added to each well, and the cells were cultivat-
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ed at 37°C for 1.5 h with 5% CO,. The ab-
sorbance at 450 nm was measured with a
microplate reader (Beckman Coulter, Brea, CA,
USA). The half-maximal inhibitory concentra-
tion (IC50) values were calculated using Gra-
phPad Prism.

Alkaline comet assay

Alkaline comet assay was performed using a
comet assay reagent kit according to the ma-
nufacturer’'s instructions. Briefly, after drug
treatment, cells were collected and mixed gen-
tly with LM agarose, and added onto comet
slides. The slides were then placed at 4°C in
the dark for 10 min and immersed in lysis solu-
tion for 1 h at 4°C. After that, the slides were
immersed in freshly prepared alkaline unwind-
ing solution for 20 min at room temperature
and subsequently electrophoresed under alka-
line conditions. The slides were then fixed with
70% ethanol, stained with SYBR Gold staining
solution, and visualized with a fluorescence
microscope.

Western blotting analysis

Cells were collected and lysed on ice in RIPA
lysis buffer containing protease and phospha-
tase inhibitors (Med Chem Ex-press, Shanghai,
China). The samples were centrifuged at
15,000 r/min for 15 min at 4°C. Protein ali-
quots of 25 ug were loaded for SDS-polya-
crylamide gel electrophoresis, transferred to a
PVDF membrane (Bio-Rad, Hercules, CA, USA),
and then blocked with 5% nonfat milk or 5%
bovine serum albumin at room temperature for
1 h. The membrane was then incubated with
primary antibodies at 4°C overnight and then
with an HRP-conjugated species-specific sec-
ondary antibody (ZSGB-BIO, Beijing, China) at
room temperature for 1 h. The immunoreactive
bands were visualized using Immobilon We-
stern HRP Substrate (Millipore, Billerica, MA,
USA).

Immunofluorescence microscopy

Cells were fixed in 4% paraformaldehyde at
room temperature for 20 minutes and blocked
with 5% BSA for 1 h. The cells were then incu-
bated with primary antibodies overnight at 4°C,
washed with PBS, and further incubated with
a fluorochrome-conjugated secondary antibody
for 1 h at room temperature in the dark. The
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nuclei were stained with 4’,6-diamidino-2-phe-
nylindole (DAPI) contained in the mounting
reagent. Fluorescence images were captured
using an Olympus microscope.

Real-time PCR

Total RNA was isolated using Trizol reagent
(Invitrogen, Carlsbad, CA, USA). The first-strand
cDNA was prepared using the Prime Script 1st
strand cDNA Synthesis Kit (Vazyme, Nanjing,
China) according to the manufacture’s protocol
with 1 pg of total RNA. All RT-PCR reactions
were performed in a 20-ul mixture containing
1xSYBR Green Master Mix (Vazyme Biotech
Co., Ltd China), 0.2 ymol/L of each primer, and
2 ul of cDNA template. Primers used are sh-
own in Table S1. Real-time PCR was perform-
ed using the Applied Biosystem 7900 system
(USA) under the following cycling conditions:
(step 1) 95°C for 3 min, (step 2) 40 cycles of
95°C for 10 sec, and 60°C for 30 sec, followed
by the melting curve stage. The relative PD-L1,
ATM, ATR, DNA-PK and BRCA1 expression lev-
els were normalized to that of GAPDH.

Crystal violet staining

Cells were seeded in a 24-well plate and incu-
bated for 18-24 h to enable adhesion to wells.
The cells were then subjected to drug treat-
ment for 48 h. After that, the cells were fixed
with 4% paraformaldehyde (500 pL/well) at
room temperature for 0.5 h, stained with 0.5%
crystal violet staining solution (500 pL/well)
at room temperature for 30 min, and then
washed three times with deionized water.

Flow cytometry analysis of apoptosis

7-AAD was used to evaluate apoptosis. Briefly,
cells were treated with drugs for 48 h and then
collected and stained with 7-AAD for 15 min in
the dark. The cells were analyzed by flow cytom-
etry (BD Biosciences) within 1 h. The data were
analyzed with FlowJo software.

Gene correlations analysis

The correlations between PD-L1 and DDR-
associated genes ATM, ATR and DNA-PK in
breast cancer (BRCA) and TNBC were analyz-
ed on TIMER 2.0 (http://timer.cistrome.org/).
Correlations were calculated by using Spear-
man’s correlation coefficient (rho). The breast
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Figure 1. PD-L1 depleted cancer cells show deficiency in DNA damage repair. A. Western blot and gRT-PCR analy-
sis of PD-L1 expression in MDA-MB-231 and BT549 cell lines with or without PD-L1 KD. B. Western blot analysis
of yH2AX in MDA-MB-231 cells with or without PD-L1 KD treated with cisplatin at the indicated doses for 20 h. C.
Western blot analysis of yH2AX in MDA-MB-231 cells with or without PD-L1 KD treated with 5 uM cisplatin at the indi-
cated time points. D. Western blot analysis of yH2AX in BT549 cells with or without PD-L1 KD treated with etoposide
at the indicated doses for 20 h. E. Western blot analysis of yH2AX in BT549 cells with or without PD-L1 KD treated
with 50 uM etoposide at the indicated time points. F. Analysis of DNA comet tails by alkaline comet assay in MDA-
MB-231 cells with or without PD-L1 KD treated with 50 uM etoposide for 20 h and then released from etoposide for
0 h and 3 h to allow DNA repair.

cancer (BRCA) gene expression data were ob-
tained from The Cancer Genome Atlas (TCGA)
database, 1104 samples were divided into two
groups according to the expression level of
PD-L1, and the expression of ATM, ATR and
DNA-PK in each group was calculated.

considered to indicated statistical significance.
(*P < 0.05, **P < 0.01, ***P < 0.001).

Results

PD-L1 is essential for DNA damage repair

Statistical analysis

Statistical analyses were performed using
GraphPad Prism 8.0 software. All data are pre-
sented as the mean + standard deviation (SD).
Unpaired two-tailed t tests were used for com-
parisons between two groups. P < 0.05 was
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To investigate the function of PD-L1 in DNA
damage repair, we generated PD-L1 stable
knockdown (KD) MDA-MB-231 and BT549 tri-
ple-negative breast cancer (TNBC) cells and
verified the KD efficiency by western blot and
gRT-PCR. As shown in Figure 1A, the levels of
PD-L1 protein (upper panel) and mRNA (lower
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panel) were significantly inhibited in PD-L1 KD
cells. Next, we treated these cells with cispla-
tin or etoposide, two conventional DNA-da-
maging agents, as indicated doses and time,
and evaluated the levels of rH2AX, a well-
established marker for DNA damage. We found
that, compared with PD-L1 WT cells, PD-L1 KD
cells exhibited significantly higher rH2AX levels
in response to DNA damage induced by cispla-
tin or etoposide (Figures 1B-E, S1A and S1B).
Similar results were found by immunofluores-
cence analysis (Figure S1C and S1D). We spec-
ulated that the enhanced DNA damage might
result from the alteration of DNA repair capaci-
ty. To test the hypothesis, we used a comet
assay to evaluate their DNA repair capacity
after recovery from the treatment of etoposide.
The “comet head” represents undamaged DNA,
whereas the extension of the “comet tail” re-
flects the extent of DNA breaks in a particular
cell. As shown in Figure 1F, after 3-hour recov-
ery from etoposide treatment for 20 h, DNA
damage was well repaired in PD-L1 WT cells, in
contrast, obvious comet tails were still observed
in PD-L1 KD cells, suggesting that PD-1 deple-
tion leads to deficiency in DNA damage repair.
Together, these results indicate that PD-L1 is
essential for the repair of DNA damage.

PD-L1 depletion leads to decreased expres-
sion and activation of ATM and ATR

To investigate the underlying molecular mecha-
nisms, we evaluated the expression of DDR-
related genes in these cells. As shown in Figure
2A, we found that both the mRNA (left panel)
and protein (right panel) levels of ATM, one of
the major kinases in HR pathway, were dramati-
cally decreased in PD-L1 KD cells, suggesting
that PD-L1 is important for the expression of
ATM. The expression of BRCA1, another key
protein mediating HR, was also significantly
lowered in PD-L1 KD cells (Figure 2B). Similar-
ly, the expression of ATR, the major kinase in
response to the replication stress, was also
down-regulated in PD-L1 KD cells (Figure 2C).
In contrast, the level of DNA-PK, a crucial
kinase for NHEJ, was not obviously altered
upon PD-L1 depletion (Figure 2D). These re-
sults suggest that PD-L1 is important for the
expression of core proteins in HR pathways,
such as ATM and BRCAL. The initiation of DNA
repair relies on the phosphorylation and ac-
tivation of ATM, ATR or DNA-PK. The altered
expression of these key DDR kinases promot-
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ed us to investigate whether their activation
status in response to DNA damage was affect-
ed. Next, we treated the cells with etoposide
and evaluated the phosphorylation of these
kinases. Consistently, the phosphorylation lev-
els of ATM (p-ATM S1981) and ATR (p-ATR
Thr1989) induced by etoposide were signifi-
cantly decreased in PD-L1 KD cells (Figure 2E
and 2F). In contrast, the phosphorylation of
DNA-PK (p-DNA-PK S2056) was not obviously
affected by PD-L1 depletion (Figure 2G). These
results demonstrate that PD-L1 depletion leads
to downregulation of ATM and ATR expression
and attenuates their activation in response to
DNA damage, but does not have an obvious
effect on DNA-PK.

ATM expression is significant positively corre-
lated with PD-L1 expression in cancer patients

To validate the clinical relevance of the results,
we used the TIMER 2.0 database to calculate
the correlation of PD-L1 expression with ATM,
ATR or DNA-PK, in two subsets of breast can-
cer patients, BRCA and TNBC. The Spearman’s
correlation coefficient (rho) was shown with the
associated p value. We found that the expres-
sion of each of the three DDR kinases was posi-
tively correlated with PD-L1 (Figure 3A). Nota-
bly, ATM and ATR showed significant positive
correlation with PD-L1, with rho values of
0.508 and 0.426 (P < 0.01) in BRCA dataset,
and 0.518 and 0.519 (P < 0.01) in TNBC data-
set, respectively (Figure 3A, left and middle
panels), while DNA-PK showed less significant
correlation, with rho values of 0.325 (P < 0.01)
in BRCA dataset and 0.31 (P < 0.01) in TNBC
dataset (Figure 3A, right panel). To further vali-
date the findings, we evaluated the expression
of these DDR kinases in cancer patients with
high or low PD-L1 expression using TCGA BRCA
sample data (Figures 3B-D, S2A-C). Compared
with the PD-L1 low-patients, the patients with
PD-L1 high expression showed higher expres-
sion of ATM (P < 0.01) (Figure 3B), but not of
ATR (P < 0.01) (Figure 3C) or DNA-PK (P=0.034)
(Figure 3D). These results suggest that ATM, a
critical kinase for HR pathway, is significantly
positively correlated with PD-L1 in cancer pa-
tients.

PD-L1 depletion sensitizes cancer cells to
DNA-PK inhibition and chemotherapy agents

Based on the findings that ATM expression was
lowered in PD-L1 depleted cells, we speculated

Am J Cancer Res 2022;12(5):2363-2375
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Figure 2. PD-L1 depletion leads to decreased expression and activation of ATM and ATR. A. QRT-PCR analysis and
western blot analysis of ATM in MDA-MB-231 and BT549 PD-L1 WT and KD cells. B. QRT-PCR analysis and western
blot analysis of BRCA1 in MDA-MB-231 and BT549 PD-L1 WT and KD cells. C. QRT-PCR analysis and western blot
analysis of ATR in MDA-MB-231 and BT549 PD-L1 WT and KD cells. D. QRT-PCR analysis and western blot analysis
of DNA-PK in MDA-MB-231 and BT549 PD-L1 WT and KD cells. E. Western blot analysis of the phosphorylation level
of ATM (p-ATM S1981) in MDA-MB-231 and BT549 PD-L1 WT and KD cells treated with 50 uM etoposide for 20 h.
F. Western blot analysis of the phosphorylation level of ATR (p-ATR Thr1989) in MDA-MB-231 and BT549 PD-L1 WT
and KD cells treated with 50 uM etoposide for 20 h. G. Western blot analysis of the phosphorylation level of DNA-
PK (p-DNA-PK S2056) in MDA-MB-231 and BT549 PD-L1 WT and KD cells treated with 50 uM etoposide for 20 h.

that ATM-mediated HR is compromised in th- cells more significantly than that of PD-L1
ese cells, which would render the cells highly WT cells (Figure 4A), suggesting that PD-L1
dependent on DNA-PK-mediated NHEJ repair depletion increased the sensitivity of cancer
pathway and consequently more susceptible to cells to DNA-PK inhibition. Similar results were
DNA-PK inhibitor. To test our hypothesis, we observed by the crystal violet staining assay, as
treated the cells with NU7441, a specific small demonstrated by the higher inhibition of cell
molecule inhibitor of DNA-PK, and evaluated growth by NU7441 in PD-L1 KD cells (Figures
their response by CCK-8 assay. We found that 4B and S3A). In agreement, higher proportions
NU7441 inhibited the proliferation of PD-L1 KD of apoptotic cells were induced by NU7441 in
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Figure 3. ATM expression is positively associated with PD-L1 expression in cancer patients. A. The correlations
analysis of PD-L1 with ATM, ATR or DNA-PK in BRCA and TNBC patients was carried out by TIMER 2.0. B. The expres-
sion of ATM in BRCA with low or high PD-L1 expression was analyzed from TCGA database. C. The expression of ATR
in BRCA with low or high PD-L1 expression was analyzed from TCGA database. D. The expression of DNA-PK in BRCA
with low or high PD-L1 expression was analyzed from TCGA database.

PD-L1 depleted cells, as determined by flow
cytometric analysis of 7-AAD staining (Figure
S3B). Consistently, PD-L1 deficiency also con-
ferred sensitivity to PI-103 (Figure 4C), another
inhibitor of DNA-PK. In addition, PD-L1 deplet-
ed cells exhibited higher sensitivity to conven-
tional DNA-damaging agents, such as etopo-
side (Figure 4D), cisplatin (Figure 4E), and their
combination with NU7441, respectively (Figure
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4F), but not to other DDR inhibitors, such as
ATM inhibitor (KU60019), ATR inhibitor (VE-
822), or PARP inhibitor (Olaparib) (Figure S3C-
E). To further validate our findings, we assess-
ed the levels of cleaved PARP and Caspase-3,
two well-established markers for apoptosis.
We found that upon treatment with NU7441,
etoposide or their combination, PD-L1 KD ce-
lls showed higher levels of cleaved PARP and
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Figure 4. PD-L1 depletion confers sensitivity to DNA-PK inhibition and chemotherapy agents. A. Evaluation of cell
proliferation by CCK8 assay in MDA-MB-231 and BT549 PD-L1 WT and KD cells treated with NU7441 for 48 h. B.
Crystal violet staining of MDA-MB-231 and BT549 PD-L1 WT and KD cells after treatment with 20 uM NU7441 for 48
h. C. Evaluation of cell proliferation by CCK8 assay in MDA-MB-231 and BT549 PD-L1 WT and KD cells treated with
P1103 for 48 h. D. Evaluation of cell proliferation by CCK8 assay in MDA-MB-231 and BT549 PD-L1 WT and KD cells
treated with etoposide for 48 h. E. Evaluation of cell proliferation by CCK8 assay in MDA-MB-231 and BT549 PD-L1
WT and KD cells treated with cisplatin for 48 h. F. Evaluation of cell proliferation by CCK8 assay in BT549 PD-L1
WT and KD cells treated with NU7441 in combination with cisplatin or etoposide for 48 h. G. Western blot analysis
of Caspase-3, cleaved PARP, and yH2AX in MDA-MB-231 and BT549 PD-L1 WT and KD cells treated with 30 uM
NU7441 for 24 h. H. Western blot analysis of Caspase-3 in MDA-MB-231 PD-L1 WT and KD cells treated with 10 uM
etoposide for 48 h. . Western blot analysis of Caspase-3 and yH2AX in MDA-MB-231 PD-L1 WT and KD cells treated
with the combination of NU7441 (5 uM) and etoposide (5 uM) for 48 h. The IC50 for each cell line is indicated in
parentheses. All data are presented as the mean + SD from at least three independent experiments.

Caspase-3, and increased DNA damage, as of PD-L1 may enhance DNA-damage induced
demonstrated by higher rH2AX levels (Figures CGAS-STING pathway. Indeed, compared with
4G-1, S3F and S3G). Together, these results its WT counterpart, we found that PD-L1 de-
demonstrate that PD-L1 depletion sensitizes pletion led to higher expression of cGAS, and
cancer cells to DNA-PK inhibition and conven- increased phosphorylation of STING and TBK-1
tional chemotherapy agents. in 231 cells upon Nu7441 or etoposide treat-
PD-L1 deficiency potentiates DNA damage- ment.(Figure 5A and 5.B). Conversely, overex-
induced cGAS-STING signaling pression (OE) of PD-L1 m AF?49 .ceIIs attenuat-

ed GAS-STING-TBK1 activation in response to
Since PD-L1 deficiency impairs the repair of etoposide (Figure 5C). In addition, g-RT-PCR
DNA damage, we reasoned that knockdown analysis showed that PD-L1 depletion signifi-
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Figure 5. PD-L1 deletion enhances DNA damage-induced cGAS-STING signaling and IFNB expression. A. Western
blot analysis of cGAS, p-TBK1, and p-STING in MDA-MB-231 PD-L1 WT and KD cells treated with 20 yM NU7441 for
20 h. B. Western blot analysis of cGAS, p-TBK1, and p-STING in MDA-MB-231 PD-L1 WT and KD cells treated with
50 pM etoposide for 20 h. C. Western blot analysis of cGAS, p-TBK1, and p-STING in A549 PD-L1 WT and OE cells
treated with 50 uM etoposide for 20 h. D. qRT-PCR analysis of IFNf in MDA-MB-231 or BT549 PD-L1 WT and KD
cells treated with 20 uM NU7441 for 20 h. E. gRT-PCR analysis of IFNB in MDA-MB-231 or BT549 PD-L1 WT and
KD cells treated with 50 uM etoposide for 20 h. F. QRT-PCR analysis of IFNB in MDA-MB-231 or BT549 PD-L1 WT
and KD cells treated with the combination of NU7441 (5 uM) and etoposide (5 uM) for 48 h. G. qRT-PCR analysis
of IFNB in A549 PD-L1 WT and OE cells treated with 50 uM etoposide for 20 h. H. Western blot analysis of p-STAT1
in MDA-MB-231 PD-LAWT and KD cells treated with 20 yM NU7441 for 20 h. I. Western blot analysis of p-STAT1 in
MDA-MB-231 PD-L1 WT and KD cells treated with 50 uM etoposide for 20 h. J. Western blot analysis of p-STAT1 in
MDA-MB-231 PD-L1 WT and KD cells treated with treated with the combination of NU7441 (5 uM) and etoposide
(5 uM) for 48 h.

cantly increased the expression of IFN induc- in 231 and BT549 cells (Figure 5D-F), and
ed by Nu7441, etoposide or their combination PD-L1 OE in A549 cells led to a decrease in the
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induction of IFNB mRNA in response to the dr-
ug treatment (Figures 5G, S4A). The effect of
PD-L1 KD or OE on IFNy expression in respon-
se to DNA damage was similar to that of IFNf3
but in a less significant extent (Figure S4B-D).
Furthermore, knockdown PD-L1 triggered a
more robust activation of IFN signaling upon
treatment with Nu7441, etoposide or their com-
bination, as evidenced by the increased phos-
phorylation of STAT1 (Figures 5H-J, S4E). Con-
sistently, the level of phosphorylated STAT1
was decreased after PD-L1 OE (Figure S4F).
Taken together, these results indicate PD-L1
deficiency enhances DNA damage-induced in-
nate immunity.

Discussion

PD-L1 is a well-established immune checkpo-
int that is expressed on cancer cells and binds
to PD-1 receptor on CD8+ T cells to inhibits
their cytotoxic activity [22, 23]. However, accu-
mulating evidence indicates that PD-L1 partici-
pates in a variety of cellular processes, such
as sister chromatid separation, pyroptosis etc.
[13-15, 17, 24], in addition to inhibiting T cell
immune function. In this study, we reported
that cancer cell-intrinsic PD-L1 was essential
for DNA damage repair, potentially via regulat-
ing the HR repair pathway. By using the comet
assay, we demonstrated that PD-L1 depleted
cells exhibited deficiency in DNA repair capa-
city. Mechanically, we showed that the expres-
sion of ATM and BRCA1, the key molecules in
HR repair pathway was significantly decreased
upon PD-L1 depletion. Consistently, the activa-
tion of ATM in response to DNA damage was
also dramatically attenuated in PD-L1 KD cells.
These results suggest that PD-L1 is critical for
the expression and activation of the critical
molecules in HR pathway, and thus plays an
important role in DNA damage repair. In good
line with our results, PD-L1 has been shown to
bind and stabilize the RNA of DNA damage-
related genes [16]. Therefore, our findings, to-
gether with others’ work, highlight the role of
intracellular PD-L1 in DDR, especially in the
HR pathway, thus broadening the understand-
ing of PD-L1 biological functions.

Loss of certain elements of one DNA repair
pathway can lead to dependence on a com-
pensatory pathway [25]. Exploiting the depen-
dence and targeting compensatory pathway is
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the basis of the principle of synthetic letha-
lity, as exemplified by exquisite susceptibility
of BRCA-deficient tumors to PARP inhibition
[26]. In this study, we demonstrated a novel
synthetic lethal interaction between PD-L1 and
DNA-PK. We found that depletion of PD-L1 con-
ferred sensitivity to DNA-PK inhibiton in TNBC,
a highly aggressive cancer type with limited
effective targeted therapies [27]. These results
suggests that PD-L1 depleted cells with de-
fect in ATM activation might be highly depen-
dent on DNA-PK-mediated NHEJ repair path-
way. Therefore, targeting this reliance would
lead to the accumulation of DNA repair defects
and consequent cell death. Further investiga-
tions are warranted to confirm the anti-tumor
effect in vivo by genetic or pharmacological
inhibition of intracellular PD-L1 in combination
with the DNA-PK inhibitor. Consistent with our
findings, the synthetic lethality between ATM
and DNA-PK has been reported in a variety of
tumors. The survival of ATM-deficient cancer
cells highly depends on functional DNA-PK sig-
naling, and DNA-PK inhibitors exhibit efficacy in
ATM-deficient tumors [28-30]. Intriguingly, we
did not find an increased sensitivity to PARP
inhibition in PD-L1 depleted tumors, althou-
gh the expression of BRCA1l was significantly
downregulated in PD-L1 KD cells. The underly-
ing molecular mechanisms remain to be further
dissected.

Although PD-1/PD-L1 blockade immunothera-
pies have achieved notable clinical outcomes,
only a small subset of cancer patients responds
[27]. Emerging evidence suggests that the ben-
efits of PD-1/PD-L1 inhibitors are highly depen-
dent on the inflamed “hot” tumors which exhibit
large amount of T cell infiltration and cytokin-
es, such as IFNs [31]. Strategies are therefore
needed to turn the non-responsive, “cold” tu-
mors to responsive, “hot” tumors, to enhan-
ce the efficacy of existing immunotherapies.
cGAS-STING agonists, which induce innate im-
mune response and promote the priming and
recruitment of tumor-specific CD8+ T cells,
have been gaining increasing attentions re-
cently [11]. Consistent with previous findings
[32, 33], we demonstrated that DNA damag-
ing-agents, such as etoposide and DNA-PK in-
hibitor, could slightly induce cGAS-STING sig-
naling and IFNB expression. Interestingly, we
found that this signaling pathway and IFNf
induction was significantly enhanced after de-
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pletion of intracellular PD-L1. Therefore, our
findings unveil a novel link between tumor-
intrinsic PD-L1 and innate immunity, suggest-
ing that PD-1 not only protects tumors from T
cell cytotoxicity, but could also act to inhibit
innate immune pathways. The work provides a
rationale for targeting intracellular PD-L1 com-
bined with DNA damaging-agents to control
tumors through promoting innate immunity, in
addition to direct antitumor effects via synthet-
ic lethality. Currently, a number of DNA-PK
inhibitors (M9831, M3814 and CC115) have
been evaluated in clinical trials, as monothera-
py or combined with anti-PD-L1 antibody or
DNA-damaging therapies in patients with ad-
vanced solid tumors [34, 35]. The combination
of a DNA-PK inhibitor and anti-PD-L1 antibody
has recently been shown to synergically inhibit
tumor growth in a mouse model of colon cancer
[36]. Based on our findings, we speculate that
a more potent anti-tumor effect could be pro-
duced if the DNA-PK inhibitor is combined with
an agent that reduces intracellular PD-L1 lev-
els, in addition to blocking PD-L1/PD-1 bind-
ing. Therefore, our study suggests that intracel-
lular PD-L1 represents a rational therapeutic
target to enhance the efficacy of DDR inhibi-
tors, and highlights the need for development
of novel PD-L1 inhibitors that could suppress
intracellular PD-L1 levels [37].

In conclusion, our study demonstrates the im-
portant role of PD-L1 in DNA repair, reveal the
synthetic lethality between PD-L1 and DNA-PK,
and connects PD-L1 with cGAS-STING mediat-
ed innate immunity. These findings shed new
light on the understanding of PD-L1 biological
functions and highlight targeting tumor-intrinsic
PD-L1 as a novel strategy to increase tumoral
IFN signaling to promote antitumoral immunity.
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Table S1. Primers used are as follows

Former primer Reverse primer
Human PD-L1 5'GGACAAGCAGTGACCATCAAG3’ 5'CCCAGAATTACCAAGTGAGTCCT3’
Human ATM 5 TTGATCTTGTGCCTTGGCTAC3’ 5'TATGGTGTACGTTCCCCATGT3’
Human ATR 5'GGCCAAAGGCAGTTGTATTGA3’ 5'GTGAGTACCCCAAAAATAGCAGG3’
Human DNA-PK 5’'CTGTGCAACTTCACTAAGTCCA3’ 5'CAATCTGAGGACGAATTGCCT3’
Human BRCA1 5 TTGTTACAAATCACCCCTCAAGG3’ 5’CCCTGATACTTTTCTGGATGCC3’
Human IFNB GCTTGGATTCCTACAAAGAAGCA ATAGATGGTCAATGCGGCGTC
Human IFNy TCGGTAACTGACTTGAATGTCCA TCGCTTCCCTGTTTTAGCTGC
Human GAPDH 5’GGAGCGAGATCCCTCCAAAAT3’ 5'GGCTGTTGTCATACTTCTCATGG3’
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Figure S1. PD-L1 depletion leads to increased rH2AX in response to chemotherapy agents. A. Western blot analysis
of yH2AX in MDA-MB-231 cells with or without PD-L1 KD treated with 10 uM cisplatin for indicated time. B. Western
blot analysis of yH2AX in MDA-MB-231 cells with or without PD-L1 KD treated with 50 uM etoposide for indicated
time. C. Immunofluorescence analysis of rH2AX in MDA-MB-231 PD-L1 WT and KD cells treated with etoposide 50
UM for 20 h. D. Immunofluorescence analysis of rH2AX in BT549 PD-L1 WT and KD cells treated with etoposide 50
UM for 20 h.
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Figure S2. The correlation analysis of DDR genes with PD-L1 expression in BRCA patients with or without radiation
therapy. A. The expression of ATM in BRCA patients’ samples with low or high PD-L1 expression was analyzed from
TCGA database. Upper panel: without radiation therapy, lower panel: with radiation therapy. B. The expression of ATR
in BRCA patients’ samples with low or high PD-L1 expression was analyzed from TCGA database. Upper panel: with-
out radiation therapy, lower panel: with radiation therapy. C. The expression of DNA-PK in BRCA patients’ samples
with low or high PD-L1 expression was analyzed from TCGA database. Upper panel: without radiation therapy, lower
panel: with radiation therapy.
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Figure S3. The effect of PD-L1 depletion on the sensitivity of cancer cells to DDR inhibitors. A. Crystal violet staining of MDA-MB-231 and BT549 PD-L1 WT and KD
cells after treatment with 40 yM NU7441 for 48 h. B. Flow cytometric analysis of apoptosis in MDA-MB-231 PD-L1 WT and KD cells after treatment with NU7441 at
the indicated dose for 48 h. C. Evaluation of cell proliferation by CCK8 assay in MDA-MB-231 and BT549 PD-L1 WT and KD cells treated with ATM inhibitor KU60019.
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D. Evaluation of cell proliferation by CCK8 assay in MDA-MB-231 and BT549 PD-L1 WT and KD cells treated with
ATR inhibitor VE-822. E. Evaluation of cell proliferation by CCK8 assay in MDA-MB-231 and BT549 PD-L1 WT and KD
cells treated with PARP inhibitor Olaparib. F. Western blot analysis of PARP in MDA-MB-231 PD-L1 WT and KD cells
treated with NU7441 (30 uM) for 24 h. G. Western blot analysis of Caspase-3 in MDA-MB-231 PD-L1 WT and KD
cells treated with the combination of NU7441 (2.5 uM) and etoposide (2.5 uM) for 48 h. The IC50 for each cell line
is indicated in parentheses. All data are presented as the mean + SD from at least three independent experiments.
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Figure S4. PD-L1 regulates the induction of IFNB and IFNy and STAT1 phosphorylation in response to DNA dam-
age. A. QRT-PCR analysis of IFNB in A549 PD-L1 WT and OE cells treated with 20 yM NU7441 for 20 h. B. QRT-PCR
analysis of IFNy in MDA-MB-231 and BT549 PD-L1 WT and KD cells treated with 20 yM NU7441 for 20 h. C. gRT-
PCR analysis of IFNy in MDA-MB-231 and BT549 PD-L1 WT and KD cells treated with 50 uM etoposide for 20 h. D.
QRT-PCR analysis of IFNy in A549 PD-L1 WT and OE cells treated with 50 yM etoposide for 20 h. E. Western blot
analysis of p-STAT1 in BT549 PD-L1 WT and KD cells treated with 20 yM NU7441 for 20 h. F. Western blot analysis
of p-STAT1 in A549 PD-L1 WT and OE cells treated with 50 uM etoposide for 20 h.



