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Programmed death ligand 1 (PD-L1), an immune-checkpoint pro-
tein expressed on cancer cells, also functions independently of the
immune system. We found that PD-L1 inhibits the killing of cancer
cells in response to DNA damage in an immune-independent man-
ner by suppressing their acute response to type | interferon (IFN;
IFN-I). In addition, PD-L1 plays a critical role in sustaining high lev-
els of constitutive expression in cancer cells of a subset of IFN-
induced genes, the IFN-related DNA damage resistance signature
(IRDS) which, paradoxically, protects cancer cells. The cyclic GMP-
AMP synthase-stimulator of the IFN genes (cGAS-STING) pathway
is constitutively activated in a subset of cancer cells in the pres-
ence of high levels of PD-L1, thus leading to a constitutive, low
level of IFN-B expression, which in turn increases IRDS expression.
The constitutive low level of IFN-f expression is critical for the sur-
vival of cancer cells addicted to self-produced IFN-p. Our study
reveals immune-independent functions of PD-L1 that inhibit cyto-
toxic acute responses to IFN-1 and promote protective IRDS expres-
sion by supporting protective chronic IFN-I responses, both of
which enhance the resistance of cancer cells to DNA damage.

programmed death ligand 1 (PD-L1) | type | interferon (IFN-I) | DNA
damage resistance | cGAS-STING pathway

Programmed death ligand 1 (PD-L1) is an immune check-
point protein expressed on cancer cells that inhibits T cell
function by binding to programmed cell death protein 1 (PD-1)
on T cells (1). Recent studies have revealed that PD-L1 also
functions in an immune-independent manner, protecting cancer
cells from radiation, chemotherapy, and exposure to high levels
of interferon-p (IFN-B) in a cancer cell-intrinsic manner, inde-
pendently of the immune system (2-6). PD-L1 increases resis-
tance to radiation or cisplatin by stabilizing NBS1, BRCAI, and
other proteins that facilitate the repair of DNA damage (5).
PD-L1 also diminishes IFN-p cytotoxicity by inhibiting an IFN-
p—induced STAT3/caspase-7-dependent pathway (6). Interest-
ingly, radiation, chemotherapy, and IFN-f all increase the
expression of PD-L1, suggesting that PD-L1 provides acquired
resistance to these exogenous therapeutic agents (2-6). In some
cancer cells resistant to DNA damage, the basal levels of PD-L1
are constitutively high (2-4). PD-L1 expression in cancer cells is
increased by several different mechanisms, including gene ampli-
fication and translocation, transcriptional activation by oncogenic
proteins (MYC, HIF-1a, STAT3), posttranscriptional regulation
by microRNAs, and posttranslational modulation (1, 7).

Recent studies have revealed that the responses to DNA dam-
age are regulated by type I IFN (IFN-I) in cancer cells (8-10). In
response to cytotoxic levels of DNA damage, IFN-I is induced in
cancer cells and the resulting acute IFN-I response contributes
to killing these cells. Anthracyclines (e.g., doxorubicin) stimulate
IFN-I induction through Toll-like receptor 3 (TLR3), promoting
cancer cell death through the expression of chemokine (C-X-C
motif) ligand 10 (CXCL10) (9). Cytotoxicity induced by ionizing
radiation (IR) is correlated with IFN-p expression, and inhibiting
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the response to IFN-p by using neutralizing antibodies or knock-
ing out the IFN-I receptor decreases cancer cell death in
response to IR (10). Our previous work showed that most of the
IFN-stimulated genes (ISGs) that encode cytotoxic proteins are
induced in the acute phase of IFN signaling (11). On the other
hand, chronic stimulation with low doses of IFN-§ contributes to
resistance to DNA damage. The chronic responses to IFN-p
increase the levels of U-ISGF3 (ISG factor 3 lacking tyrosine
phosphorylation of STATs 1 and 2), which induce the expression
of about a quarter of the ISGs, the IFN-related DNA damage
resistance signature (IRDS) (12). Chronic IFN-I responses and
elevated IRDS expression are often observed in cancer cells
exposed to repeated or prolonged radiation or chemotherapy,
which correlates with acquired resistance to the therapy (8, 10,
13). Some intrinsic factors also induce chronic IFN-I responses
in cancer cells, which might be responsible for their intrinsic
resistance to DNA damage. For example, dysfunction of Ataxia-
telangiectasia mutated (ATM), a central component of the DNA
repair machinery, results in constitutive IFN-f expression
through the cytosolic DNA-sensing stimulator of IFN genes
(STING) pathway (14), and loss of tumor-suppressor p53 func-
tion leads to IFN-f expression through a double-stranded
(ds)RNA-dependent pathway, reducing the cytotoxicity of the
DNA damaging agent doxorubicin (15).

We have investigated cancer cell-intrinsic functions of
PD-L1, which suppress cytotoxic acute responses to IFN-I and
promote protective chronic responses through IRDS expression,
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thus enhancing the resistance of cancer cells to DNA damage
independently of the immune system.

Results

PD-L1 Increases the Resistance of Cancer Cells to DNA Damage
Independently of the Immune System. To better understand the
immune-independent functions of PD-L1, we used an in vitro
model in which only cancer cells are present. We knocked
PD-L1 expression down by using short-hairpin (sh)RNA in
H196 small cell lung carcinoma (SCLC) and H226 non-SCLC
(NSCLC) cells, which express relatively high levels of PD-L1
(the levels of PD-L1 after knockdown [KD] are shown in Fig.
1C and SI Appendix, Fig. S14). The percentage of dead cells
following treatment with cisplatin, assessed by the real-time
cell monitoring system, was significantly higher in PD-L1 KD
cells (shPD-L1) compared to control cells (ShNON) 15 h after
cisplatin treatment and at later times (Fig. 14). In response to
IR, the PD-L1 KD cells were substantially more sensitive than
control cells at all doses tested (2, 4, and 8 Gy) (Fig. 1B). We
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Fig. 1.

conclude that high levels of PD-L1 make cancer cells more
resistant to DNA damage in an immune-independent manner.

High Levels of PD-L1 Inhibit the Acute Response to IFN-. DNA
damage induces IFN-f expression, which helps to kill cancer
cells in response to radiation or chemotherapy (9, 10). To
understand the role of PD-L1 in the acute response to IFN-p,
in which cytotoxic genes are induced, we treated PD-L1 KD
and control H196 cells with IFN-f for 2 h (Fig. 1C). The IFN-
p-induced phosphorylation of STAT1 and STAT2 is substan-
tially higher in PD-L1 KD cells, showing that high levels of
PD-L1 suppress the acute IFN-I response. Gato-Canas et al. (6)
have shown that PD-L1 decreases IFN- cytotoxicity by inhibit-
ing an IFN-p-induced STAT3/caspase-7-dependent pathway in
mouse melanoma cells, but we observed that the levels of
STAT3 or PY-STAT3 were not increased by PD-L1 KD in H196
cells in the presence or absence of IFN-p (Fig. 1D). We con-
firmed these results in HME (normal mammary epithelial) and
HeLa (cervical cancer) cells after increasing PD-L1 expression
using lentiviral constructs. When we treated the cells with IFN-f,
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PD-L1 enhances the resistance of cancer cells to DNA damage in an immune-independent manner. (A) PD-L1 was knocked down using shRNA

(shPD-L1). H196 or H226 cells were treated with 20 or 40 uM of cisplatin, respectively. The number of dead cells was monitored every 3 h using the Incu-
Cyte ZOOM real-time cell monitoring system, and percentages of dead cells over the total number of cells at the time of cisplatin treatment were calcu-
lated at each time point. Means of triplicates + SD are shown. ****P < 0.0001 in two-way ANOVA. (B) H196 or H226 cells were treated with IR (2, 4, or
8 Gy) and cultured for 7 or 14 d, respectively. Total nucleic acid from surviving cells was measured to determine the fraction of surviving cells. The per-
centage of surviving irradiated cells over unirradiated cells was calculated at each dose. Means of quadruplicates + SD, **P < 0.01; ***P < 0.001 in the t
test. (C and D) H196-shPD-L1 or -shNON cells were treated with IFN- (300 IU/mL) for 30 min, 1 h, or 2 h, and the levels of the indicated proteins were
assessed by the Western method. The densitometry analyses were performed using ImageJ and the ratio (%) of phospho STAT/total STAT is presented at
the bottom. shPD-L1, PD-L1 KD cells; shNON, nontarget-shRNA transduced control cells. Representative data, reproduced at least three times, are shown.
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the phosphorylation of STAT1 and STAT2 was suppressed by
high levels of PD-L1 (SI Appendix, Fig. S1B). These results show
that PD-L1 inhibits the acute response to IFN-f, which contrib-
utes to cancer cell death in response to radiation and
chemotherapy.

PD-L1 Expression Is Correlated with IRDS Gene Expression in Cancer
Cells. The IRDS, a group of genes highly up-regulated in various
types of cancers, correlates with resistance to radiation or che-
motherapy (16). The observation that PD-L1 increases resis-
tance to DNA damage prompted us to investigate whether a
possible correlation between PD-L1 levels and IRDS expression

in cancer cells. Data from patients with lung adenocarcinoma,
from The Cancer Genome Atlas (TCGA), reveal that the
expression of PD-L1 (CD274) is significantly positively corre-
lated with the expression of the IRDS signature (Fig. 2 A, Left).
To ensure that this conclusion is not due to contaminating
immune cells, we repeated the analysis in lung cancer cell lines,
finding the same result (Fig. 2 A, Right). We validated this obser-
vation further by analyzing RNA-sequencing (RNA-seq) data
from 60 diverse human cancer cell lines (NCI-60) (17), compar-
ing the expression of PD-L1 and the representative IRDS genes
OAS1, OAS2, Mxl, IFIT1, and IFIT3. Thirteen (22%) of these
cell lines express high levels of PD-L1. Among these, six (46%)
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Fig. 2. IRDS genes are induced by chronic low levels of IFN-, originating from cancer cells and correlated with PD-L1 expression. (A) Correlation of PD-L1
(CD274) expression levels with IRDS signature score in tumors from lung adenocarcinoma patients (Left) or lung cancer cell lines (Right). Significance
determined by Spearman rank correlation coefficient for all comparisons. (B) Correlation of IFN-p (IFNB1) expression levels with IRDS signature score in
lung cancer cell lines. Significance determined by Spearman rank correlation coefficient for all comparisons. (C and D) Chronic IFN-I response signatures
(PY-STAT1, PY-STAT2, total STAT1, STAT2, and IRF9) were assessed by the Western method in H196 or BT549 cells after KD of IFN-p (C) or IFNAR1 (D).
(E and F) The expression of IRDS genes (Mx1, IFIT1, and IFIT3) was assessed using qRT-PCR after the KD of IFN-B (E) or IFNAR1 (F). Means of triplicates + SD
**P < 0.01; ***P < 0.001; ****P < 0.0001 in t test. (G) The level of PD-L1 protein was assessed by the Western method in H196 cells after KD of IFN-§ or
IFNAR1. shIFNpB or shIFNAR1, IFN-B or IFNAR1 KD cells; shNON, control cells transduced with nontargeted shRNA. Representative data, reproduced more
than three times, are shown.
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express high levels of IRDS genes (SI Appendix, Fig. S2-14).
These cell lines originated from breast cancer (BT549), colon
cancer (HT29), melanoma (LOX IMVI), NSCLC (H226), and
kidney cancer (RXF393 and A498), indicating that the coeleva-
tion of PD-L1 and IRDS genes is not limited to specific types
of cancer.

We further validated the data by qPCR, also including H196
cells, which are not included in the NCI-60 panel but express
high levels of IRDS genes and PD-L1 (SI Appendix, Fig. S2-1 B
and C). Eight cancer cell lines, including MDA-MB-231, express
high levels of PD-L1, but not the IRDS genes (SI Appendix, Fig.
S2-1 B and C), showing only about a half of cancer cells express-
ing high PD-L1 express high levels of IRDS genes. To confirm
that the positive correlation between PD-L1 and IRDS can be
generalized across different cancer types, we analyzed the rela-
tionship across cell lines from 19 different cancers (S Appendix,
Fig. S2-1D) as well as patient tumors from 32 solid tumor types
(from the TCGA) (SI Appendix, Fig. S2-1E). The IRDS score
was significantly positively correlated with PD-L1 in most of
the cancer cell lines analyzed (15 of 19 cancer types) as well
as in patient tumors (30 of 32 cancer types). Recent studies
show that some cancer cells express PD-1 (18-20), but the
cancer cell lines used in this study do not (SI Appendix, Fig.
S2-1F). We analyzed in the database correlations between
PD-1 expression and IRDS score across cell lines from 20 dif-
ferent cancers, finding no significant correlation in most can-
cer cell lines (SI Appendix, Fig. S2-1G). PD-1 expression was
not correlated with PD-L1 expression in cancer cells either
(SI Appendix, Fig. S2-1H).

IRDS Genes Are Induced by Chronic Low Levels of IFN-§ that Origi-
nate from Cancer Cells. It is not well understood why some can-
cer cells express high levels of the proteins encoded by the
IRDS genes while others do not. Our previous study revealed
that IRDS expression is increased by chronic exposure to low
doses of IFN-B (12). We found that cancer cell-intrinsic basal
levels of IFN-f expression are positively correlated with the
expression of IRDS genes in lung cancer cell lines (Fig. 2B),
suggesting that cancer-produced IFN-f may be responsible for
chronic IFN-I responses and increased IRDS expression in
cancer cells. The positive correlation between IFN-f expres-
sion and IRDS was also detected in lung tumors (S Appendix,
Fig. S2-24) and was conserved across multiple cancer types
(cell lines from 18 of 19 cancer types, tumors from 30 of 32
cancer types) (SI Appendix, Fig. S2-2 B and C). We confirmed
this observation by qRT-PCR, finding that cancer cell lines
expressing high levels of both PD-L1 and IRDS genes
(BT549, HT29, A498, and H196) constitutively express endog-
enous IFN-B, while others (MDA-MB-231, HeLa) do not
(SI Appendix, Fig. S2-2D). The IFN-p response is required to
induce the expression of IFN-a and IFN-A (21, 22), whose sig-
naling is mediated by ISGF3. We analyzed the correlation
between IFN-a and IRDS expression. Our analysis revealed
that IFN-al was not detected in most cancer cell lines. It was
detected only in certain types of patients’ tumors, suggesting
that noncancer cells in the tumor microenvironment may
express IFN-al (SI Appendix, Fig. S2-2F). IFN-o2 was
detected in only limited types of cancer cells, among which
only four types show a correlation between IFN-a2 and IRDS
expression (SI Appendix, Fig. S2-2E). In patients’ tumors,
IFN-al and -2 correlated with IRDS expression in limited
types of cancer (S Appendix, Fig. S2-2F), suggesting that IFN-
a, which originates from the tumor microenvironment, is not
the main driver of IRDS expression. Our previous study shows
that IFN-A, whose expression is dependent on IFN-f
responses, increases the levels of U-ISGF3 and IRDS expres-
sion in hepatocytes (22). We analyzed correlations between
IFN-As (A1, A2, and A3) and IRDS expression, finding positive
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correlations in most types of cancer cells and patients’ tumors
(SI Appendix, Fig. S2-2 G-I). These results show that self-
produced IFN-f and IFN-A are responsible for high levels of
IRDS expression in cancer cells.

Since IFN-A expression is dependent on the response to
IFN-B (22), we further investigated the effects of cancer cell-
produced IFN-p on IRDS expression. In cancer cells that
express high levels of PD-L1/IRDS (e.g., H196 and BT549
cells), we observed that the basal levels of phosphorylated
STAT1 and STAT?2 are constitutively high in the absence of any
exogenous stimulation (shNON control cells in Fig. 2C). When
IFN-B or the IFN-I receptor subunit IFNAR1 was knocked
down (the levels of KD are shown in SI Appendix, Fig. S2-2 J
and K), the basal levels of phosphorylated STAT1 and STAT2
were reduced (Fig. 2 C and D; it is of note that these figures
are from long-exposure films because the basal levels of
P-STAT1/2 are significantly lower compared to IFN-p-induced
P-STAT1/2 shown in Fig. 1C). The decreased chronic IFN-I
responses also down-regulate total levels of the U-ISGF3 com-
ponents STAT1, STAT2, and IRF9 (Fig. 2 C and D), since the
corresponding genes are ISGs (12). Increased levels of STATI,
STAT2, and IRF9, driven by chronic exposure to low doses of
IFN-B, are required to induce a high level of IRDS expression
(12). The expression of the IRDS genes (Mx1, IFIT1, IFIT3,
OAS1, and OAS2) was down-regulated by KD of IFN-p or
IFNARI1 (in H196 and BT549 cells in Fig. 2 £ and F and
SI Appendix, Fig. S2-2 L and M; in HT29 and A498 cells in
SI Appendix, Fig. S2-2 N and O), showing that endogenous
IFN-B is responsible for their high levels of expression. PD-L1
expression is also down-regulated by decreased IFN-f or
IFNARI in H196 cells, but not in BT549 cells (Fig. 2G and SI
Appendix, Fig. S2-2P), suggesting that endogenous IFN-f is
responsible for the high levels of PD-L1 expression in some
cancer cells, but not all.

Constitutive Cancer Cell-Intrinsic IFN-f Is Synthesized through the
cGAS-STING Pathway. The cyclic GMP-AMP synthase (cGAS)-
STING pathway is activated by cytoplasmic DNA, which may
come from an infecting DNA virus or damaged nuclear or
mitochondrial DNA (8, 23). Several studies have shown that
IRDS expression is induced by the cGAS-STING pathway fol-
lowing DNA damage from prolonged or repeated radiation or
treatment with chemotherapeutic drugs, leading to enhanced
resistance to the therapies (8, 13). In H196 and BT549 cells
constitutively expressing IFN-p and IRDS proteins, we found
that STING and its downstream transcription factor IRF3 are
constitutively phosphorylated (P-STING on Ser-366, P-IRF3 on
Ser-386) without exogenous stimulation (Fig. 3 A4, lanes 1 and
4). KD of cGAS (SI Appendix, Fig. S34), which activates
STING by synthesizing cyclic GMP-AMP (cGAMP), sup-
pressed the levels of P-STING and P-IRF3 (Fig. 3 A4, lanes 2
and 5) and substantially decreased endogenous IFN-p expres-
sion (Fig. 3B and SI Appendix, Fig. S3B). Treatment of cGAS
KD cells with the cGAMP analog STING agonist ADU-S100
(24) restored high levels of P-STING and P-IRF3 and induced
IFN-B expression (Fig. 3 A, lane 3, and SI Appendix, Fig. S3C).
KD of ¢GAS also decreased the chronic IFN-p response signa-
ture (constitutive P-STAT1 and P-STAT2 and elevated total
STAT1, STAT2, and IRF9) (Fig. 3C). The expression of IRDS
genes was also decreased by ¢cGAS KD (in H196 and BT549
cells in Fig. 3 D and E; in HT29 and A498 cells in ST Appendix,
Fig. S3 D and E). PD-L1 expression was decreased by KD of
cGAS, which was restored by ADU-S100 or IFN-, in H196
cells (Fig. 3F). We confirmed this observation by using c-176, a
small molecule that inhibits STING activation (25), which
decreased constitutive STING activation in H196 cells (SI
Appendix, Fig. S3F). c-176 substantially down-regulates chronic
IFN-B response signature (PY-STATI1, PY-STAT2, and total
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Fig. 3. Constitutive cancer cell-intrinsic IFN-B is synthesized through the cGAS-STING pathway. (A) The levels of P-STING (phosphorylated on Ser-366) and
P-IRF3 (phosphorylated on Ser-386) were assessed by the Western method in H196 or BT549 cells after KD of cGAS (sh cGAS, lanes 2 and 5). Lysates of
H196-sh cGAS cells treated with 10 pM of ADU-5100 (lane 3) for 48 h were also analyzed. (B and D) The mRNA levels of IFN-B (B) and the IRDS gene prod-
ucts Mx1, IFIT1, and IFIT3 (D) were assessed using gRT-PCR. Means of triplicates + SD, *P < 0.05; ***P < 0.001; ****P < 0.0001 in t test. (C and E) The levels
of indicated proteins were assessed by the Western method. *ns, nonspecific bands (lower band). (F) The levels of PD-L1 protein were assessed in H196-sh
CGAS cells untreated or treated with 10 pM of ADU-S100 or 10 IU/mL IFN-B for 48 h. shNON, nontarget shRNA transduced control cells.

STAT1, STAT2, and IRF9) (SI Appendix, Fig. S3G), leading to
decreased expression of PD-L1 and IRDS proteins OAS1 and
OAS2 in H196 cells (SI Appendix, Fig. S3H). However, KD of
cGAS did not decrease PD-L1 expression in BT549 cells (S
Appendix, Fig. S3I). These results indicate that the constitu-
tively activated cGAS/STING/IFN-f pathway sustains high lev-
els of IRDS expression, and also PD-L1 expression in some
cancer cells.

PD-L1 Promotes Constitutive Cancer Cell-Intrinsic STING Activation,
Increasing IFN-B and IRDS Expression. One potential source of
constitutive cGAS-STING activation in cancer cells is endoge-
nous DNA damage, which can promote the accumulation of
cytosolic DNA. We analyzed the correlation between IRDS
expression and basal DNA damage response (DDR) activation
(defined by levels of P-CHK1 and P-CHK?2) in lung cancer cell
lines. Since PD-L1 expression is correlated with IRDS expres-
sion (Fig. 24 and SI Appendix, Fig. S2-1), we analyzed this cor-
relation in cancer cells expressing high or low levels of PD-L1.
This analysis revealed that levels of IRDS expression are posi-
tively correlated with basal levels of DDR activation only when
lung cancer cell lines express high levels of PD-L1 (Fig. 4 A4,
Left), while no significant relationship between DDR activation
and IRDS expression was observed in lung cancer cell lines
expressing low levels of PD-L1 (Fig. 4 A, Right). These results
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suggest that high expression of PD-L1 facilitates increasing
IRDS expression through the cGAS-STING pathway. In cancer
cells expressing high levels of PD-L1/IRDS, KD of PD-L1 sub-
stantially decreased IRDS expression (in H196 and BT549 cells
in Fig. 4 B and C, in H226 and A498 cells in SI Appendix, Fig.
S4). PD-L1 KD also down-regulated chronic IFN-I response
signature (PY-STAT1, PY-STAT2, and total STAT1, STAT?2,
and IRF9) (Fig. 4D). To understand what causes the reduced
IFN-p responses by PD-L1 KD, we examined the expression of
IFN-p mRNA and the basal levels of P-STING and P-IRF3
proteins (Fig. 4 E and F), finding that KD of PD-L1 substan-
tially decreased the expression of IFN-f mRNA due to the
down-regulation of STING and IRF3 phosphorylation. We con-
firmed the effect of PD-L1 on STING activation in HME cells.
Since HME cells express low basal levels of PD-L1 and IRDS
expression and show no basal levels of P-STING and P-IRF3,
we stimulated HME cells exgressing basal (Vec control) or high
levels of PD-L1 (PD-L1"€") with ADU-S100 to induce the
phosphorylation of STING and IRF3 (Fig. 4G). The levels of
ADU-S100-induced P-STING and P-IRF3 were substantially
higher when PD-L1 expression was elevated compared to con-
trol cells. These results show that high levels of PD-L1 play a
critical role in sustaining the constitutive-expression of IFN-p
and IRDS genes in cancer cells, thus enhancing resistance to
DNA damage.
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Fig. 4. PD-L1 promotes constitutive cancer cell-intrinsic STING activation, increasing IFN-p and IRDS expression. (A) Spearman rank correlation coefficient
between DDR activation, determined by levels of P-CHK1 and P-CHK2, and IRDS signature expression in PD-L1 high (Left) or PD-L1 low (Right) lung cancer
cell lines. Mean PD-L1 (CD274) expression level was used to divide cell lines into PD-L1 high and low. (B-F) Lysates from H196 or BT549 cells after PD-L1
KD (shPD-L1) and nontargeted shRNA-transduced control cells (shNON) were analyzed. The levels of the IRDS proteins (OAS1 and OAS2 in B) and the
chronic IFN-I signature (PY-STAT1, PY-STAT2, total STAT1, STAT2, and IRF9 in D) were assessed by the Western method. The mRNA levels of IRDS gene
products (Mx1, IFIT1, IFIT3 in C) and IFN-B (E) were assessed using qRT-PCR. Means of triplicates + SD, **P < 0.01; ***P < 0.001; ****P < 0.0001 in t test.
The levels of P-STING (phosphorylated on Ser-366) and P-IRF3 (phosphorylated on Ser-386) were assessed by the Western method (F). (G) HME cells trans-
duced with lentiviral vectors containing PD-L1 cDNA (PD-L1"9") and the matching control (Vec) were treated with 10 uM of ADU-S100 for 6 or 24 h. The

levels of P-STING or P-IRF3 were assessed by the Western method. Representative data, reproduced at least three times, are shown.

Cancer Cells Expressing Constitutive Endogenous IFN-3 Are Addicted
to the Self-Produced IFN-, which Is Critical for Their Survival. High
levels of PD-L1 are critical for inducing constitutive IFN-p
expression in some cancer cells that experience endogenous
DNA damage (Fig. 4). We observed that cancer cells producing
IFN-p did not survive when their IFN-p expression was
knocked down (Fig. 5). After 5 d of introducing an shRNA
against IFN-p (after selecting transduced cells with puromycin
for 3 d), we seeded the same number of control (shNON) and
IFN-p KD (shIFNB) A498 cells and monitored the numbers of
dead and live cells. The IFN-p KD cells underwent massive
spontaneous apoptosis (Fig. 54) and most cells died after 2 d
(7 d after KD) (Fig. 5). However, when IFN-p KD cells were
cultured in media supplemented with IFN-B, their apoptosis
was significantly reduced and the number of surviving cells was
increased (Fig. 5 and SI Appendix, Fig. S54). We observed simi-
lar results with H196 cells, which are less affected by IFN-p KD
compared to A498 cells (SI Appendix, Fig. S5 B and C). We
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conclude that cancer cells expressing constitutive endogenous
IFN-B are addicted to the self-produced IFN-f, requiring it
for survival.

Discussion

In this study, we have elucidated cancer cell-intrinsic functions
of PD-L1 that enhance resistance to DNA damage in an
immune-independent manner. In response to DNA damaging
agents, such as radiation or cisplatin, IFN-I expression is
induced and the acute responses it stimulates contribute to kill-
ing cancer cells (Fig. 6). We found that PD-L1 protects cancer
cells from DNA damage-induced cell death by two different
mechanisms. First, high levels of PD-L1 inhibit acute responses
to IFN-I, which help to kill cancer cells in response to DNA
damage. Second, PD-L1 sustains constitutive activation of the
cGAS-STING pathway and the expression of low levels of IFN-
B, which induces prosurvival IRDS expression. In some cancer
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Fig. 5. KD of IFN-B induces apoptosis in cancer cells expressing constitu-
tive endogenous IFN-B. IFN-B mRNA in A498 cells was knocked down by
infecting cells with a pseudovirus containing an shRNA against IFN-§ (open
circles) or nontarget control shRNA (closed circles). IFN- KD cells were cul-
tured in the absence or presence of recombinant IFN-p (15 or 50 IU/mL) in
the media and seeded (5,000 cells per well in 96-well plates) 5 d after
pseudovirus infection. The number of apoptotic cells (caspase 3/7 green-
positive in A) or live cells (B) was quantified by using the IncuCyte ZOOM
real-time cell monitoring system for the next 48 h. Means of triplicates +
SD, ****P < 0.0001 in two-way ANOVA. Representative data, reproduced
three times, are shown.

cells, but not all, the expression of PD-L1 is increased by IFN-p
produced by the cancer cells themselves, providing a positive
feedback loop. When we analyzed a large number of cancer
cell lines (1,376 all types of cancer, 206 lung cancer), 9.2%
of each group express high levels of IFN-B/IRDS/PD-L1
(SI Appendix, Fig. S6), suggesting that this working model oper-
ates in about 10% of all cancer cells.

Our previous study showed that IFN-I increases the expres-
sion of cytotoxic genes in the initial acute phase and that their
expression returns to basal levels in a prolonged phase of IFN
signaling, in which the tyrosine phosphorylation of STATs 1 and
2 has been down-regulated. In the prolonged phase, IFN-
induced high expression of U-STATs 1 and 2, which, together
with IRF9 (constituting U-ISGF3), drive the transcription of
the IRDS subset of ISGs (12). We also found that the levels of
U-ISGF3 and IRDS proteins, which are correlated with resis-
tance to DNA damage, are elevated by chronic exposure of
cells to low doses of IFN-p (12). These results indicate that the
effects of IFN-I are determined by the strength and duration of
stimulation; strong and acute IFN-I responses are cytotoxic,
whereas weak and chronic IFN-I responses promote cell survival
(26). Many studies have shown that the cytotoxicity of DNA dam-
age is related to IFN-I responses. Cytotoxic levels of radiation or
chemotherapy induce IFN-I expression in cancer cells, which
facilitates cell death (9, 10, 27). On the other hand, cancer cells
exposed to prolonged radiation or repeated treatment with drugs
that damage DNA acquires resistance to these therapies, accom-
panied by weak and chronic IFN-I responses and IRDS expres-
sion (10, 13, 28). The elevated expression of IRDS genes is a
feature of cancer cells resistant to DNA damage (16). From
recent studies of others, we learned that PD-L1 expression is also
increased by repeated DNA damage (2-4) and enhances resis-
tance to DNA damage (2, 3, 5). We found that PD-L1 is critical
for sustaining constitutive IRDS expression in about 10% of all
cancer cell lines available in public databases. Our studies and
those of others reveal that PD-L1 mediates a self-defense mecha-
nism in cancer cells, protecting them from deleterious IFN-I
responses that are induced by cytotoxic DNA damage and poten-
tiating their viability by promoting constitutive IFN-§ expression
through the cGAS-STING pathway.
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We discovered how cancer cells express high levels of IRDS
proteins, finding that a subset of these cells produces IFN-p
constitutively, through the activity of cell-intrinsic factors, in the
absence of exogenous stimulation. Leonova et al. (15) reported
that the loss of p53 induces IFN-p by increasing dsRNA
expression, thus facilitating the transcription of repetitive ele-
ments in the genome. p53 deficiency alone induces low levels
of IFN-p, decreasing the cytotoxicity of doxorubicin, a DNA
damaging agent, and a combination of p53 deficiency and 5-
aza-2'deoxycytidine—induced DNA demethylation leads to
extremely high levels of IFN-p that induce massive cell death
(15). Coinactivation of the ARF tumor suppressor in addition
to p53 helps cells to produce IFN-p and IRDS proteins, pro-
moting long-term proliferation in vitro and tumorigenesis
in vivo (29). We found that the cGAS/STING/IFN-$ pathway
is constitutively activated in a subset of cancer cells (Fig. 3).

Several studies have revealed the presence of cytoplasmic DNA
in cancer cells (8, 14). Cytosolic single-stranded DNA was
observed in various breast cancer cells and the basal level of cyto-
plasmic DNA is correlated with IRDS expression and DNA dam-
age resistance (8). Cancer cells constantly experience endogenous
DNA damage, producing cytoplasmic DNA (8, 30). Endogenous
DNA damage in cancer cells is caused by the collapse of damaged
replication forks, and also through damage caused by reactive oxy-
gen species (30). To survive endogenous DNA damage, as well as
the exogenous DNA damage caused by therapy, cancer cells
develop protective mechanisms. Our recent study showed that the
IRDS protein OASI inhibits cell death in response to oxidative
DNA damage (31), suggesting that constitutive IFN-p and IRDS
expression play important roles in enabling cancer cells to survive
such damage. Defects in ATM, a DNA repair kinase, increases
both cytoplasmic DNA and IFN-I expression (14). Aging is
another factor that increases cytoplasmic DNA through the activa-
tion of retrotransposons, long-interspersed nuclear elements
(LINEs), creating DNA damage in the nucleus and causing LINE
c¢DNA to accumulate in the cytoplasm (32, 33).

Through these diverse mechanisms, the cGAS-STING path-
way is constitutively activated in a subset of cancer cells. We
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Fig. 6. PD-L1 inhibits cytotoxic acute IFN-I responses and promotes
chronic, cancer cell-intrinsic responses to type | interferon, enhancing
resistance to DNA damage. (A) Cytotoxic levels of DNA damage induce
cancer cell death, which is facilitated by the acute responses to IFN-I that
are produced by DNA damage. (B) High levels of PD-L1 inhibit cytotoxic
acute responses to IFN-I, reducing cancer cell death in response to DNA
damage. (C) Chronic DNA damage in cancer cells constitutively activates
the intrinsic cGAS-STING pathway, which produces low levels of IFN-B,
increasing IRDS expression, which in turn promotes cancer cell survival. (D)
High levels of PD-L1 promote constitutive activation of STING, which is
induced by cancer cell-intrinsic damaged DNA.
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found that cancer cells are addicted to self-produced IFN-g,
and they initiate spontaneous apoptosis and do not proliferate
normally when IFN-f expression is knocked down. Importantly,
levels of endogenous DNA damage are correlated with IFN-p
and IRDS expression only when cancer cells express high levels
of PD-L1. In this study, we measured the levels of IFN-f
mRNA to determine the difference in its expression for the fol-
lowing reasons: 1) type I IFN induction is primarily controlled
at the transcriptional level (4); and ii) after binding to its recep-
tor, IFN and its receptor proteins are down-regulated through
endocytosis and degradation (34). KD of IFNARI1 shows simi-
lar effects to knockdown of IFN-f (Fig. 2), suggesting that the
IFN-B protein is produced and binds to its receptor to induce
downstream events.

Most studies concerning PD-L1 have focused on its immune-
dependent functions, since it induces the apoptosis of T cells by
binding to PD-1 (35). Recent studies have revealed that PD-L1
protects cancer cells not only from T cells, but also from radia-
tion, chemotherapy, or cytotoxic doses of IFN-p in an immune-
independent manner (3, 5, 6). PD-L1 promotes cancer cell
proliferation and survival in cells in culture, and tumor growth
and metastasis in immune-deficient NSG mice (19, 36). Some
cancer cells express PD-1 (18-20), but the cancer cell lines
examined in this study do not (SI Appendix, Fig. S2-1F), show-
ing that PD-1 is not involved in the cancer cell-intrinsic PD-L1
functions revealed in this study. Our analyses of public data-
bases show that PD-1 expression is not correlated with IRDS
or PD-L1 expression in cancer cells, confirming that PD-1
expression in cancer cells does not contribute to PD-L1 expres-
sion or function through IRDS expression. Recent studies have
found soluble PD-1 (sPD-1) in the sera of cancer patients at
levels higher than those found in healthy individuals (3, 6).
Some studies show that PD-1 expression in cancer cells is cor-
related with resistance to cisplatin or cytotoxic IFN-B (18-20),
suggesting the possibility of other PD-1-dependent, but not
IRDS-dependent, mechanisms of PD-L1-induced resistance to
cytotoxicity. As a cell-surface protein, PD-L1 contains only a
short cytoplasmic domain with no canonical signaling motifs
(37). Gato-Canas et al. (6) found that a phylogenetically con-
served motif in the cytoplasmic domain of PD-L1 plays a role
in inhibiting IFN-p-induced STAT3 activation, which induces
caspase 7 expression in B16 mouse melanoma cells. We found
that PD-L1 inhibits the phosphorylation of STAT1 and STAT2
in response to IFN-I in H196 small cell lung cancer cells, HME
mammary epithelial cells, and HeLa cervical cancer cells (Fig.
1C and SI Appendix, Fig. S1B). PD-L1 did not affect the expres-
sion and phosphorylation of STAT3 in response to IFN-p in the
cells we have studied (Fig. 1D). The molecular mechanisms by
which PD-L1 inhibits the IFN-f-induced phosphorylation of
STAT1 and STAT2 and promotes constitutive STING activation
in cancer cells remain to be investigated.

Our study revealed that PD-L1 promotes constitutive
STING activation, followed by constitutive IFN-f and IRDS
expression. How PD-L1 facilitates STING activation is not yet
known, but considering that STING is on the endoplasmic
reticulum, PD-L1 needs to be inside the cell to activate it.
Indeed, several studies have shown that PD-L1 is present in
both the cytoplasm and the nuclei of cancer cells, as well as on
the cell membrane, and have proposed that intracellular PD-L1
is correlated with poor prognosis (5, 20, 38-42). Gao et al. (42)
showed that the translocation of PD-L1 from the cell mem-
brane to the nucleus is regulated by p300-mediated acetylation
and HDAC2-dependent deacetylation of PD-L1. Nuclear
PD-L1 plays an important role in sister chromatid cohesion,
helping cancer cell proliferation, colony formation in vitro, and
tumor growth in vivo (41). The presence of PD-L1 in the nuclei
of circulating cancer cells correlates with poor prognosis in
colorectal and prostate cancer (40). What drives the nuclear
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translocation of PD-L1 in cancer cells is not well understood.
Ghebeh et al. (39) showed that doxorubicin down-regulates the
expression of PD-L1 on the cell surface and up-regulates its
nuclear expression in breast cancer cells. Some studies show
the correlation between the presence of cytoplasmic PD-L1
and poor prognosis in cancer. The positivity of cytoplasmic
PD-L1 is correlated with the risk of recurrence at all stages of
thyroid cancer (38). Tu et al. (5) revealed that cytoplasmic
PD-L1 promotes DNA repair by stabilizing mRNAs encoding
DNA damage-response proteins, inhibiting cancer cell death in
response to DNA damage.

Our study and those of others have shown that down-
regulation of PD-L1 sensitizes cancer cells to radiation and
chemotherapy. Another recent study from our group reveals
that PD-L1 is degraded by the ubiquitin E3 ligase FBXO022,
whose activity is inhibited by cyclin-dependent kinase 5
(CDKS5) (43). Inhibition of CDKS5 down-regulates PD-L1 and
sensitizes cancer cells to radiation and cisplatin. Tu et al. (5)
showed that H1A, a PD-L1 antibody that they developed, pro-
motes PD-L1 degradation by abrogating its interaction with
CMTMBG6, thus inhibiting cancer cell-intrinsic PD-L1 functions.
Unlike KD of PD-L1, different effects of anti-PD-L1 antibod-
ies have been reported, probably because each antibody binds
to a different epitope, leading to different effects on PD-L1
function. Two studies show that immune-independent PD-L1
functions were inhibited by specific anti-PD-L1s (5, 6), but
another study found that these functions were augmented by a
different anti—-PD-L1 (19). It has not been investigated whether
clinically approved anti-PD-L1 (atezolizumab, durvalumab,
and avelumab), which are developed to block the interaction
with PD-1 to reactivate anticancer immunity, can abolish the
immune-independent functions of PD-L1, and thus enhance
the cytotoxicity of radiation or chemotherapy. The addition of
cytotoxic doses of exogenous IFN-f to clinical regimens may
promote the efficacy of combination treatment with anti-PD-
L1 and radiation or chemotherapy because IFN-f will enhance
cell death in response to DNA damage. Monoclonal antibodies
targeting both PD-1 and PD-L1 are widely used in the clinic
for immune checkpoint blockade, which has demonstrated
unprecedented efficacy in treating a large number of advanced
malignancies (1). However, responses are too often disappoint-
ingly low and dependent on patients’ preexisting immune sta-
tus. To overcome this limitation, many clinical trials are ongoing
in which immune checkpoint blockade is combined with other
treatments, including radiotherapy, chemotherapy, and other
types of immunotherapy (1, 44, 45). Most studies investigate
the effects of combination treatments on T cell activity and
immune responses. Based on our finding that PD-L1 inhibits
the cytotoxicity of cisplatin and radiation in an immune-
independent manner, we anticipate that it will be possible to
improve current regimens to kill cancer cells more efficiently
regardless of the patients’ immune status.

Materials and Methods

Additional details (reagent catalog numbers, buffer components, detailed
description of methods, and so forth) are available in S/ Appendix,
Supplementary Materials and Methods.

Cells. Human cancer cells and normal mammary epithelial cells were cultured
in the media described in S/ Appendix, Supplementary Materials and
Methods. All cell lines were regularly tested for mycoplasma infection using
the MycoAlert Kit (Lonza) and authenticated by using Short Tandem Repeat
analysis by Genetica.

Real-Time Cytotoxicity Analyses. Cells were plated at 5,000 cells per well in
96-well plates. After 20 to 24 h, the cells were treated with cisplatin in the
presence of 250 nM of SytoxGreen dye, which does not penetrate live cells. To
detect apoptotic cells, 5 1M of caspase 3/7 Green dye was added. Images were
acquired every 3 h, using a 10x objective in the green fluorescence channel in
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the IncuCyte ZOOM image analysis system, automatically quantifying the
number of dead cells. The total number of cells was determined by counting
SytoxGreen-positive cells after adding 0.5% Triton X-100, which causes 100%
cell death. The percentage of dead cells was calculated at each time point as
100x the number of dead cells in response to drugs/total number of cells at
the time of drug treatment.

Cell Survival Analyses. The fraction of surviving cells in response to ionizing
radiation was assessed as described previously (46). H196 cells (2,500 cells per
well) or H226 cells (500 cells per well) were plated in 24-well plates and irradi-
ated on the following day. Unirradiated and irradiated cells were cultured
(H196 for 7 d, H226 for 14 d), following which dead cells were removed by
washing the wells with PBS; the remaining live cells were dissolved in 1 M
NaOH and the amounts of nucleic acid in the lysates were assessed by measur-
ing the OD,g. The percentage of surviving cells was calculated as 100 x ODygo
of irradiated cell lysate/OD,¢ of unirradiated cells.

Subcloning of PD-L1 cDNA and Gene Transfection. To increase the expression
of PD-L1 using a pseudo lentivirus, we subcloned human PD-L1 cDNA (NCBI
Ref Seq NM_014143.2) from a Sino Biological construct into pLenti-CMV-puro
using the Gateway recombination cloning technology. The construct was veri-
fied by nucleotide sequencing. The pseudo lentivirus containing supernatants
from HEK 293T cells transfected with pLenti-CMV-puro-PD-L1 were harvested
24 and 48 h after transfection, combined and stored at —80°C. To express
PD-L1, hTERT-HME1 or Hela cells were infected for 3 consecutive days with
pseudo lentivirus and then selected with puromycin.

KDs Using shRNA. shRNAs in the lentiviral vector pLKO.1-puro against PD-L1,
IFNB, IFNAR1, and cGAS were obtained from Sigma-Aldrich. Cells were
infected for two consecutive days with diluted pseudo lentivirus and then
selected with puromycin. The extent of KD in the transfected cell pool was
monitored by Western analysis (PD-L1) or real-time PCR (IFN-, IFNAR1, and
CGAS). The sequences of shRNA constructs are in S/ Appendix, Supplementary
Materials and Methods.

Western Analyses. Cells were lysed with a buffer (250 mM Tris-HCl, pH 8.0, 150
mM Nacl, 1% Triton X-100, and 0.1% SDS) containing phosphatase and prote-
ase inhibitors. Cell lysates were analyzed by electrophoresis in 8% SDS poly-
acrylamide gels. Proteins were transferred to PVDF membranes and incubated
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