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ABSTRACT Despite recent advances in the use of immunotherapy, only a minority of patients

with small cell lung cancer (SCLC) respond to immune checkpoint blockade (ICB).
Here, we show that targeting the DNA damage response (DDR) proteins PARP and checkpoint kinase 1
(CHK1) significantly increased protein and surface expression of PD-L1. PARP or CHK1 inhibition
remarkably potentiated the antitumor effect of PD-L1 blockade and augmented cytotoxic T-cell
infiltration in multiple immunocompetent SCLC in vivo models. CD8* T-cell depletion reversed the
antitumor effect, demonstrating the role of CD8* T cells in combined DDR-PD-L1 blockade in SCLC.
We further demonstrate that DDR inhibition activated the STING/TBK1/IRF3 innate immune pathway,
leading to increased levels of chemokines such as CXCL10 and CCL5 that induced activation and func-
tion of cytotoxic T lymphocytes. Knockdown of cGAS and STING successfully reversed the antitumor
effect of combined inhibition of DDR and PD-L1. Our results define previously unrecognized innate
immune pathway-mediated immunomodulatory functions of DDR proteins and provide a rationale for
combining PARP/CHK1 inhibitors and immunotherapies in SCLC.

SIGNIFICANCE: Our results define previously unrecognized immunomodulatory functions of DDR
inhibitors and suggest that adding PARP or CHK1 inhibitors to ICB may enhance treatment efficacy
in patients with SCLC. Furthermore, our study supports a role of innate immune STING pathway in

DDR-mediated antitumor immunity in SCLC.

See related commentary by Hiatt and MacPherson, p. 584.

INTRODUCTION

In the past several years, immunotherapies that harness or
enhance a patient’s own immune system to target and kill can-
cer cells have been developed (1, 2). The most commonly used
therapeutic approaches use antibodies against inhibitory sig-
naling molecules expressed on tumor and immune cells. Com-
mon targets include the immune checkpoints PD-1, PD-L1,
and CTLA4 (3). Since the first FDA approval of ipilimumab
(anti-CTLA4) for melanoma, several such immune checkpoint
blockade (ICB) agents have been approved for patients with
advanced cancers, including non-small cell lung cancer (4-6).

Although ICB agents are very promising, their activity
varies across different cancer types, and there is increasing
evidence of primary and adaptive resistance to ICB in mul-
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tiple cancer types (7). Thus, efforts are under way to develop
new therapeutic strategies with novel drug combinations to
enhance the antitumor efficacy of ICB. High mutational bur-
den has been reported as a potential predictor of response
to immunotherapy (8). However, despite having one of the
highest mutational burdens, small cell lung cancer (SCLC)
is often accompanied by relatively high immunosuppres-
sion with low levels of T-cell infiltration and reduced anti-
gen presentation (9-11). Consistent with this, clinical trials
investigating PD-1 or PD-L1 blockade in patients with SCLC
have shown low overall response rates (12, 13).

Recent studies have demonstrated the potential of targeting
the DNA damage response (DDR) pathway as a therapeutic
strategy for SCLC (14-19), including drugs targeting PARP
and checkpoint kinase 1 (CHK1). Several DDR inhibitors have
been developed and are now either approved for the treatment
of other cancers (e.g., PARP inhibitors) or in clinical trials (20).
Although best known for its functions in repairing DNA dam-
age and controlling the cell cycle, the DDR pathway has also
been shown to be involved in the antitumor immune response
(21). For example, the PARP inhibitor olaparib was recently
reported to show a synergistic effect with PD-L1 blockade
in triple-negative breast cancer in preclinical models (22).
However, little is currently known regarding the mechanistic
interactions between DDR targeting and response to ICB, as
well as the immune-activating properties of DDR targeting.

In the current study, we identified a role of DDR targeting
through CHK1 and PARP inhibition in modulating T-cell
action via regulation of the innate immune response path-
way. We found that pharmacologic inhibition of CHKI or
PARP increased levels of tumor-infiltrating T lymphocytes
and synergized with anti-PD-L1 therapy in multiple SCLC
models. Taken together, our results elucidate a mechanism
of action for DDR inhibitors in antitumor immunity and
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suggest that treatment with DDR inhibitors may increase the
effectiveness of ICB in patients with SCLC.

RESULTS

DDR Inhibition Enhances PD-L1 Expression
In Vitro and In Vivo

To determine the effect of DDR targeting on PD-L1 expres-
sion in SCLC models, we treated a panel of human SCLC cell
lines with either a CHKI inhibitor (prexasertib, 300 nmol/L)
or a PARP inhibitor (olaparib, 1 umol/L) for 72 hours and
analyzed protein expression by reverse phase protein array
(RPPA), immunoblot, and flow cytometry. DDR targeting sig-
nificantly increased the total level of PD-L1 protein in all cell
lines tested with prexasertib inducing the greatest PD-L1 fold
change (up to 5-fold) and olaparib inducing an appreciable
PD-L1 increase (up to 3-fold) as detected by RPPA (P < 0.05,
Fig. 1A). The RPPA result was validated by immunoblot analysis,
which further demonstrated PD-L1 upregulation upon DDR
targeting in a time-dependent manner (Fig. 1B). As PD-L1 must
be expressed on the cell surface for successful targeting, we then
assayed cell surface PD-L1 expression by FACS. Cell surface
PD-L1 levels significantly increased following treatment with
either prexasertib or olaparib in a time-dependent manner in
both human (Fig. 1C) and murine (RPP/mTmG; Fig. 1D) SCLC
cell lines (P < 0.05 for all).

To confirm that PD-L1 upregulation is specifically due to
inhibition of CHK1 or PARP and not an off-target effect of
the inhibitors, we knocked down (KD) CHEKI or PARP in
multiple SCLC cell lines. Consistent with pharmacologic inhi-
bition, PD-L1 expression was substantially higher in CHEKI
knockdown (Supplementary Fig. S1A) or PARP knockdown
(Supplementary Fig. S1B) cells compared with the scrambled
control. PD-L1 upregulation upon CHKI targeting was fur-
ther confirmed by treating cells with a second CHK1 inhibi-
tor (LY2603618) in SCLC cell lines (Supplementary Fig. S1C).

Olaparib- and prexasertib-induced cytogenetic stress was
evaluated using a micronuclei (MN) assay and represented
as MN frequency, as demonstrated in Supplementary Fig.
S1D and S1E. Treatment of SCLC cell lines H69, H446,
and RPP/mTmG with prexasertib (1 umol/L) or olaparib
(10 umol/L) for 24 hours led to a significant (P < 0.001)
increase in MN frequency in treated samples. Representative
micrographs using DAPI have been provided in Supplemen-
tary Fig. S1D, and number of MN/1,000 cells (H69, H446,
and RPP/mTmG) is summarized in Supplementary Fig. S1E.

Given that PD-L1 expression was significantly enhanced
following CHK1 inhibition (CHK1i), we hypothesized that
CHKI1i may induce an immune response in addition to direct
antitumor effects in SCLC in vivo models and that CHK1i
would be more effective in the immunocompetent (IC) set-
ting. To test this possibility, we compared the effect of a low
dose of prexasertib (12 mg/kg, b.i.d., 2 of 7 days, i.e., total
48 mg/kg/week), previously shown to cause growth delay
but not tumor regression (18), on flank tumors grown in
immunocompromised (nude) versus IC (B6129F1) mice. For
these experiments, we used murine RPP/mTmG cells derived
from a genetically engineered SCLC mouse with conditional
loss of TrpS$3, p130, and Rb1 (RPP; refs. 23, 24). The prexa-
sertib-induced delay in tumor growth in the IC (B6129F1)

model was significantly greater as compared with the immune-
compromised (nude) model (P < 0.001), demonstrating the
efficacy of CHKI1 targeting in the context of an intact immune
system (Fig. 1E). Prexasertib treatment induced PD-L1 protein
expression in both the immunodeficient (ID) and IC in vivo
model. However, a greater degree of PD-L1 upregulation was
seen in the IC model (FC =3.07) as compared with the ID model
(FC = 1.28; Fig. 1F). The enhancement of PD-L1 expression in
the IC model was further confirmed by immunoblot (Fig. 1G).

Next, we sought to determine whether CHK1i may induce
changes in tumor-infiltrating immune cells in the lung micro-
environment. We treated an IC model of SCLC, 4 months after
Ad-CMV Cre intubation, bearing appreciable spontaneous RPP
lung tumors (at least 50 tumors/lung; refs. 23, 24), with prexa-
sertib at a dose that was previously shown to reduce tumor
growth (10 mg/kg, b.i.d.; ref. 18). As predicted, prexasertib
treatment increased PD-L1 protein expression in this model in
a time-dependent manner (Supplementary Fig. S1F). At day 7,
prexasertib-treated lung tumors had significantly more CD3*
total T cells (Supplementary Fig. S1G) and CD8" cytotoxic T cells
(Supplementary Fig. S1H), but decreased CD4* helper
T cells (Supplementary Fig. S1I), PD-1*/TIM3" exhausted
T cells (Supplementary Fig. S1J), and CD62L" naive T cells
(Supplementary Fig. S1K) with a corresponding enhancement
of CD44" memory/effector T-cell (Supplementary Fig. S1L)
infiltration as compared with vehicle-treated tumors. The
induction of PD-L1 expression, rapid tumor regression, and
intratumoral immune infiltration following CHKI1 targeting
support a direct role for DDR modulation in regulating the
immune microenvironment in these SCLC models.

CHK1i Augments Anti-PD-L1 Antibody-Induced
Antitumor Immunity

As CHKI1i alone is not sufficient to eradicate tumors
despite reduced tumor growth, increased T-cell infiltration,
and abrogated T-cell exhaustion in vivo, we next evaluated
the ability of CHK1i to sensitize tumors to PD-L1 blockade.
We treated B6129F1 IC flank RPP/mTmG tumor-bearing
mice with prexasertib (10 mg/kg, 2/7days, b.i.d., days 1 and 2,
ie, total 40 mg/kg/week) and/or anti-PD-L1 (300 pg, 1/7 days,
day 3) for 3 weeks (n = 10 per group; Supplementary Fig.
S2A). Mice treated with anti-PD-L1 alone showed no anti-
tumor response in this model and were sacrificed due to
excessive tumor burden within 3 weeks. However, within
1 week, remarkable tumor regression was observed in the
combination-treated group (Fig. 1H-J). Of the 10 mice
treated with the combination of prexasertib and anti-PD-L1,
6 had a complete response (100% reduction).

Tumors were resected at day 21 (when available) and
analyzed by multicolor flow cytometry for the changes in
tumor-infiltrating lymphocytes (TIL; Supplementary Fig.
S2B). Combination treatment with CHK1i and PD-L1 block-
ade significantly increased CD3* total T-cell infiltration
(Fig. 2A and B; P < 0.001) and CD8* cytotoxic T-cell infil-
tration (Fig. 2C and D; P < 0.001). In addition, the single-
agent prexasertib treatment increased the CD44" memory/
effector T-cell population, which was further enhanced
in the combination treatment (P < 0.001; Fig. 2E and F).
Prexasertib + anti-PD-L1 treatment furthermore reduced
the CD62L* naive T-cell population (P < 0.001; Fig. 2E-G).
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Figure 1. DDRinhibition enhances PD-L1 expression in vitro and in vivo and enhances antitumor response of anti-PD-L1 antibody in SCLC. A-D, DDR
inhibition by targeting with small-molecule inhibitors of CHK1 (prexasertib) and PARP (olaparib) enhances the PD-L1 protein expression as measured

by RPPA (A) and immunoblot analysis (B), and increases PD-L1 surface expression, as measured by flow cytometry in human (C) and murine (D) SCLC cell
lines. E, Tumor growth curve of IC B6129F1 (red lines) model and immunocompromised nude (black lines) SCLC RPP/mTmG (flank) models treated with
CHK1 inhibitor prexasertib (12 mg/kg, b.i.d., 2 of 7 days) for 30 days. Prexasertib showed enhanced antitumor efficacy in IC model (TC=0.13; P<0.001)
as compared with immunocompromised model (T/C=0.47; P<0.01). F, Prexasertib treatment enhanced PD-L1 protein expression in SCLC tumors, with
improved enhancement of PD-L1 expression in IC RPP/mTmG B6129F1 model (FC=3.07; P <0.001) as compared with ID RPP/mTmG nude model (FC=1.28;
P =0.005). G, Immunoblot analysis confirms higher PD-L1 protein expression after prexasertib treatment in IC RPP/mTmG B6129F1 model. Hand I,
Tumor growth curves + SEM (H) and for each RPP/mTmG B6129F1 mouse (1) from vehicle (black, n =10, median tumor volume = 1,110 mm?), prexasertib
alone (10 mg/kg, 2 of 7 days, b.i.d., blue, n =10, median tumor volume =410 mm?3), anti-PD-L1 alone (300 ug, 1 of 7 days, i.p., green, n= 10, median tumor
volume =1,020 mm?3), and prexasertib + anti-PD-L1 (red, n= 10, median tumor volume = 40 mm?). J, Representative hematoxylin and eosin (H&E) of the
tumor sections from vehicle, prexasertib alone, anti-PD-L1 alone, and combination-treated group. All data represent at least three independent experi-
ments. Mean £ SEM are plotted. In all plots, *, P < 0.05; **, P < 0.01;**, P < 0.001; ns, not significant.
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Figure 2. Analysis of immune infiltrates of tumors after CHK1i. A-H, SCLC tumors in Fig. 1H were harvested at day 21, the immune profiling was ana-
lyzed by FACS at the endpoint, and the representative plots and cumulative data for all the tumors are shown. FACS analysis of CD3*CD45" total

T cells (A and B), CD3*CD45*CD8* cytotoxic T cells (C and D), memory effector CD8* T cells: CD45*CD3*CD8*CD44"CD62L" (E and F), and naive T cells
CD45+CD3+*CD8*CD44°CD62L" (E and G) from the endpoint primary tumors. The statistical summary is shown with ANOVA test. ns, no significance;

* P<0.05;** P<0.01;** P<0.001.Hand |, The CD3 and CD8 IHC staining were performed in tumors from the resected tumors at day 21 (from

Fig. 1H). Representative images of staining intensity are shown (H). The staining intensity and percentage of positive cells were analyzed and used to
generate an H-score for each sample that passed quality control. Samples were stratified as CD3/8* (+1, +2, +3) and CD3/8~ (0 and lower). The percentage
of each expression pattern of CD3 and CD8 IHC staining was summarized and shown in the bar chart (1). prexa, prexasertib.
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Prexasertib treatment alone or combination with PD-L1
blockade decreased CD4* helper T-cell infiltration (P < 0.001;
Supplementary Fig. S2C), the PD-17/TIM3* exhausted CD8"
T-cell population (P < 0.001; Supplementary Fig. S2D), and
CD25%/FOXP3* regulatory T-cell infiltration (P < 0.001; Sup-
plementary Fig. S2E).

CD3 and CD8 IHC staining and scoring were performed
on the resected tumors (from Fig. 1H). The IHC data confirm
the flow cytometry observations with higher CD8 staining
intensity and percentage of CD8" cells in the prexasertib-
treated group as compared with vehicle or anti-PD-L1 alone
and further enhancement of this population in the anti-
PD-L1 + prexasertib treatment tumors (P < 0.05; Fig. 2H and I).
Therefore, CHK1 targeting by prexasertib significantly aug-
ments the antitumor immune response of anti-PD-L1 and
causes cytotoxic T-cell infiltration and activation in an IC
in vivo model of SCLC.

CD8*T Cells Are Required for Antitumor
Immunity Induced by CHK1i with or without
Anti-PD-L1 Blockade

As CHKIi plus PD-L1 blockade resulted in complete
tumor regression in 60% of the animals and FACS pro-
filing of TILs from day 21 resected tumors revealed that

prexasertib + anti-PD-L1 treatment induced CD8* but not
CD4* T-cell infiltration, we hypothesized that the observed
responses were mediated through CD8" immune cell popu-
lations. To test whether intratumoral CD8" T-cell suppres-
sion would reverse the antitumor effect of this combination,
tumor-bearing mice (RPP/mTmG- flank) were treated with
prexasertib + anti-PD-L1 antibody in the presence of either
control IgG or anti-CD8 antibody to immunodeplete CD8*
T cells (Supplementary Fig. S3A). CD8 depletion slightly
enhanced tumor growth in the vehicle- and PD-L1 antibody-
treated groups (Fig. 3A). In tumors treated with single-agent
prexasertib or combined treatment of prexasertib and anti-
PD-L1, we observed that depletion of CD8" cytotoxic T cells
significantly decreased the degree of tumor shrinkage rela-
tive to the control arms (P < 0.001; Fig. 3A; Supplementary
Fig. S3B).

Flow cytometry confirmed successful intratumoral CD8*
T-cell depletion in tumors from all treatment arms (P < 0.001;
Fig. 3B and C). In the CD8* T cell-depleted models, we did not
observe significant changes in the CD3" total T-cell (Fig. 3D
and E) or CD4* helper T-cell infiltration following combination
treatment as compared with the vehicle (Fig. 3C; Supplemen-
tary Fig. S3C). However, CD8* T-cell depletion was associated
with a higher percentage of exhausted T cells (PD-1*/TIM3")
in animals treated with the combination, as compared with the

A 2,000 1 RPP/MTMG (B6129F1 flank) Vehicle
< 1,800 Anti—PD-L1
w 1,600 ) CD8* T cell-depleted
%) Prexasertib
+ 1,400 - .
mE Anti—PD-L1 +
E 1,200 - prexasertib |
o 1,000 - .
E 800 ] — — Vehicle
©
; 600 - —  —— Anti~PD-L1
| x : 1gG control
5 400 — — Prexasertib 9
200 1 __ Anti-PD-L1 +
0 prexasertib |
3 6 9 12 15 18 21
Days elapsed
C Control CD8" T cell-depleted
B CD8* cytotoxic T cells A Vehicle Anti—PD-L1 A Vehicle ! Anti—PDL1
50 xax el ogeyw % Foa74% w1 49.5% I
v ot 1ot 10 > ¥ |o‘i
@ 40 4 10° 10% J i
ko % ° e i
S 39 vy -1 19.4% <o #49.8% ] 1 El%
'_ ...._a..... i 1‘6‘ ‘05. H ......0.... al ...‘.6‘. ..‘05. < .- .._D.. — ...‘.00.. ';Eﬁ
& hS Anti-PD-L1+ § Anti-PD-L1 +
8 204 o u] o Prexa prexa 2 prexa
N a A S| e 10.6% ‘051 s 9.95% 35,1%_ T
I I “ o Taa " | o o ‘M] b 33.7%
d 3 . 1 3. = i o8+
0 iy w =+ e S L % i
Veh Anti-PD-L1 Prexa Anti-PD-Li+ Veh Anti-PD-L1 Prexa Anti-PD-L1+ 10 5 4031' (& o
prexa prexa gt et T TSR B wOE 1-_%.7./.“
0 10t 10° 0 10t 10° 0 10t 10
IgG control CD8* T cell-depleted > >
% CD8

Figure 3. CD8* T cells are required for antitumor immunity induced by CHK1i with or without anti-PD-L1 blockade. A, Tumor growth curves +SEM from
vehicle, prexasertib alone (10 mg/kg, 2 of 7 days, b.i.d.), anti-PD-L1 alone (300 pg, 1 of 7 days), and prexasertib + anti-PD-L1 treatment groups in RPP B6
mice in IgG control and CD8* T cell-depleted (anti-CD8, 200 ug, 2 of 7 days) groups. B and C, CD8* T cells measured by flow cytometric analysis in single-
cell suspensions prepared from tumors (n=10) in CD8* T cell-depleted groups as compared with IgG control groups. The analysis was independently
repeated at least 3 times. t test, P< 0.0001. prexa, prexasertib. (continued on next page)
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Figure 3. (Continued) D-H, SCLC tumors in A were harvested at day 21, the immune profiling was analyzed by FACS at the endpoint, and the
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CD8-intact group (Fig. 3F and G). CD8* T-cell depletion also
did not cause any significant changes in the naive (CD44medium/
CD62LM) or memory/effector (CD44M/CD62L") T cells (Sup-
plementary Fig. S3D and S3E). Thus, we conclude that CHK1i
greatly potentiates the effects of PD-L1 blockade in vivo
through a CD8* T cell-induced antitumor immune response.

PARP Inhibition Augments Anti-PD-L1
Antibody-Induced Antitumor Immunity

Based on the findings above, we next tested whether tar-
geting a second important DNA repair protein, PARP, could
enhance the antitumor immunity of anti-PD-L1 antibody,
similar to the effect we observed with CHK1i. We have previ-
ously shown that PARP is overexpressed in SCLC tumors (14)
and that PARP inhibition has activity in preclinical models
(15, 25), and recent clinical trials have demonstrated clinical
benefit from PARP inhibitors in some patients with SCLC
(16, 19). As described above, we observed a significant increase
in PD-L1 levels following PARP inhibition or knockdown in
SCLC cell lines in culture (Fig. 1A-C).

To test the effect of PARP targeting on response to
ICB and the immune microenvironment, we treated an IC
SCLC model (RPP) with an FDA-approved PARP inhibi-
tor (olaparib, 50 mg/kg, 5 of 7 days) and/or anti-PD-L1
(10 mg/kg, 3 of 7 days; Supplementary Fig. S4A). Single-

agent olaparib treatment had no significant antitumor
activity, and consistent with the previous observation, anti-
PD-L1 alone had no antitumor effect in these models
(Fig. 4A). However, we observed striking tumor regressions
in animals treated with the combination of olaparib and
anti-PD-L1. All animals had a complete tumor regression
as early as day 7, and the effect was sustained until day 80
(Fig. 4A and B). Consistent with these findings, the overall
survival of the olaparib + anti-PD-L1-treated group was
significantly higher than the IgG-, anti-PD-L1-, or olaparib-
treated groups (P < 0.001; Fig. 4B).

Due to total tumor regression in the olaparib + anti-
PD-L1-treated group in the IC RPP flank model (Fig. 4A and
B), there were no resectable tumors for downstream analyses.
Thus, we tested a lower dose of olaparib and collected tumors
from all treatment arms on day 21 to determine changes
in the immune microenvironment. In this experiment, we
treated established RPP flank tumors in IC B6129F1 mice
with olaparib (50 mg/kg, days 1-4 of 7 days) and/or anti-
PD-L1 (300 pg, 1 of 7 days) for 3 weeks (Supplementary
Fig. S4B). As expected, neither single-agent olaparib nor
anti-PD-L1 antibody demonstrated significant antitumor
benefit as compared with IgG vehicle control (Supplemen-
tary Fig. S4C and S4D). However, even at a lower dose, the
combination treatment led to significant delay in tumor
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nation of prexasertib and anti-PD-L1 (n=6 per group) treated for 21 days. In all plots, *, P< 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant.
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growth (Supplementary Fig. S4C and S4D). Following olapa-
rib treatment, we again observed a significant increase in
tumor PD-L1 protein expression by RPPA analysis (P < 0.001,
FC = 1.47; Supplementary Fig. S4E) which was confirmed by
immunoblot analysis (Supplementary Fig. S4F).

To investigate the effects of this combination in the endog-
enous lung microenvironment, we tested olaparib and anti-
PD-L1 in the spontaneous RPP genetically engineered mouse
model (GEMM) mode of SCLC. We further performed histologic
analysis of the pretreatment tumors at 4 months after Ad-CMV-
Cre administration to ascertain tumor burden. As expected from
prior experience with this model, we observed appreciable tumor
burden at this time by analysis of hematoxylin and eosin (H&E)-
stained sections (Supplementary Fig. SSA). The mice were rand-
omized into groups based on their baseline tumor burden (as
measured by luciferase imaging represented in Supplementary
Fig. SSB) to ensure comparable tumor burdens between treat-
ment groups. Based on prior experience with this model (18),
we treated spontaneous RPP tumor-bearing mice with olaparib
(50 mg/kg, days 1-4 of 7 days) and/or anti-PD-L1 (300 pg, 1 of
7 days) for 3 weeks (treatment schema, Supplementary Fig. S4B)
starting about 4 months after administration with Ad-CMV-
Cre, when all mice had more than 50 SCLC tumors growing in
their lungs. When tumor burden was quantified after 3 weeks
of treatment (Fig. 4C), single-agent olaparib or anti-PD-L1
did not cause any appreciable change in the tumor burden as
compared with the IgG control mice. However, olaparib + anti-
PD-L1-treated tumors occupied a significantly smaller fraction
of the total lung area and were fewer in number, suggestive of
tumor regression (Fig. 4C; P < 0.001). We further performed an
immunoblot analysis of tumor lysates resected from the lungs
for a panel of apoptosis markers (cleaved caspase 3 and 9) to
investigate tumor cell killing in the animals treated with the
combination regimen. In agreement with the changes in tumor
volume, we observed no appreciable change in cleaved caspase 3
or 9 after olaparib or anti-PD-L1 single-agent treatments (Fig.
4D). However, there was a noticeable increase in the expression
of cleaved caspase 3 and 9 in the tumors treated with the combi-
nation of olaparib and anti-PD-L1, thus confirming tumor cell
killing with this treatment (Fig. 4D). Moreover, olaparib treat-
ment appreciably increased PD-L1 protein expression compared
with vehicle-treated animals (P < 0.001; Fig. 4E). IHC staining
of lung sections demonstrated no change in CD8-positive cells
in the olaparib-treated group as compared with vehicle or anti-
PD-L1 alone. However, we observed a significantly higher CD8
staining intensity and percentage of CD8" cells in anti-PD-L1 +
olaparib-treated group (Fig. 4F).

Immune profiling by flow cytometry of resected lung
tumors showed no change in the CD3* total T-cell, CD4*
helper T-cell, or CD8" cytotoxic T-cell infiltration upon single-
agent olaparib or anti-PD-L1 treatment (Supplementary Fig.
S5C-S5G). However, there was a significant increase in the
CD3* total T-cell and CD8* cytotoxic T-cell and decrease in
the CD4* helper T-cell infiltration in the olaparib + anti-
PD-L1 treatment group (Supplementary Fig. SSC-SSQG).
Interestingly, we observed an increase in the PD-1*/TIM3*
exhausted T cells and CD25"/FOXP3" T-regulatory cells upon
treatment with single-agent olaparib or anti-PD-L1 antibody
(Supplementary Fig. SSH-S5K). However, consistent with the
antitumor response, treatment with olaparib + anti-PD-L1

antibody decreased the percentage of tumor-infiltrating
PD-1*/TIM3" exhausted CD8" T cells and CD25"/FOXP3*
CD4* T-regulatory cells (Supplementary Fig. SSH-SSK).

We further performed immune profiling of flank tumors
shown in Supplementary Fig. S4C and S4D to see whether
consistent changes were induced versus the endogenous lung
tumors. Single-agent olaparib or anti-PD-L1 antibody did not
change CD3* total T-cell or CD8" cytotoxic T-cell and only
minimally decreased CD4* helper T-cell infiltration as compared
with IgG control (Supplementary Fig. S6A-S6E). However, treat-
ment with the combination of olaparib and anti-PD-L1 led to a
significant increase in the CD3* total T-cell or CD8" cytotoxic
T-cell, and decrease in CD4" helper T-cell, infiltration as com-
pared with IgG control (Supplementary Fig. S6A-S6E). Further-
more, we observed either single-agent olaparib or anti-PD-L1
treatment increased CD25'FOXP3* CD4 T-regulatory and
PD-1*/TIM3" CD8" exhausted T-cell infiltration with a signifi-
cant decrease in these populations upon combined inhibition
with olaparib and anti-PD-L1 (Supplementary Fig. S6F-S6I).

Thus, in summary, although PARP targeting by olaparib alone
did not significantly change CD8" cytotoxic T-cell infiltration,
combined inhibition of PARP and PD-L1 caused remarkable
tumor regressions and increased infiltration of CD8" cytotoxic
T cells, and a decrease in the exhausted and regulatory T cells.

To further confirm that the synergistic antitumor effect
of combined DDR-PD-L1 targeting is not model-specific, we
investigated the effect of this combination in additional SCLC
models. For this, we selected an additional RPP model (KP11
cell line) and a Tips37 Rb17* (TrpS37/-/Rb17~) double-knockout
RP model (KP1 cell line). We treated B6129F1-IC flank RPP/
KP11 (Fig. 4G) and RP/KP1 (Fig. 4H) tumor-bearing mice
with prexasertib (10 mg/kg, 2/7days, b.i.d., days 1 and 2) or
olaparib (50 mg/kg, 5 of 7 days) with or without anti-PD-L1
(300 pug, 1/7 days) for 3 weeks (n = S per group). As expected,
anti-PD-L1 had no antitumor benefit in either the KP11 or
KP1 model (Fig. 4G and H). Similar to the effect observed in the
RPP/mTmG model, we saw no change in tumor growth with
olaparib treatment in either the KP11 or KP1 model (Fig. 4G
and H). Single-agent prexasertib, however, showed significant
delay in tumor growth in both models (Fig. 4G and H). Nota-
bly, in agreement with previous models, combined targeting of
PD-L1 and either CHK1 or PARP led to remarkable antitumor
effect in these models. In KP11, by day 21, we observed complete
tumor regression in 2 of 5 animals when treated with prexas-
ertib + anti-PD-L1 antibody, and complete regression in 5 of 5
animals when treated with olaparib + anti-PD-L1 antibody. In
KP1, by day 21, we observed complete tumor regression in 1 of
5 animals when treated with prexasertib + anti-PD-L1 antibody
and complete regression in 3 of 5 animals when treated with
olaparib + anti-PD-L1 antibody. These observations clearly
demonstrated that the synergistic antitumor benefit of com-
bined DDR and PD-L1 blockade is not model-specific in SCLC.

Antitumor Immune Response after
DDR Targeting Is Mediated via the
STING-TBK1-IRF3 Pathway in SCLC

Based on the rapid antitumor immune response we
observed following DDR inhibitor treatment, we hypoth-
esized that the immune modulation induced by DDR tar-
geting may occur, at least in part, through activation of
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the innate immune system. Previous reports have shown
that DNA damage that arises from cytotoxic agents can
activate the STING pathway, an innate immune pathway
activated by cytoplasmic DNA (26-30). Cyclic guanosine
monophosphate (GMP)-adenosine monophosphate (AMP)
synthase (cGAS) is a DNA sensor that triggers innate
immune responses through production of the second mes-
senger, cyclic GMP-AMP (cGAMP), which binds and acti-
vates the adaptor protein STING (26-30). cGAMP binding
to STING triggers phosphorylation of IRF3 via TBK1, and
IRF3 then translocates to the nucleus to trigger transcrip-
tion of inflammatory genes.

To test whether the STING pathway was activated in
SCLC models in response to the DDR inhibitors prexasertib
and olaparib (31), we treated SCLC cell lines and tumors
with prexasertib and olaparib and assessed STING path-
way activation by transcriptomic and proteomic assays. We
observed the presence of cytosolic DNA after treatment with
prexasertib and olaparib, which is indicative of DNA damage
(Supplementary Fig. S7A). We next found that treatment
with prexasertib for 24 and 72 hours led to a time-dependent
activation of the STING pathway including pSTING_S366,
pTBK1_S172, cGAS, and pIRF3_S396 in multiple human
SCLCcelllines (H82,H69,and H841;Fig. 5A). STING pathway
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Figure 5. Antitumor immune response after DDR targeting is mediated via the STING-TBK1-IRF3 pathway in SCLC. A and B, Immunoblots of markers
in the STING pathway including total and phospho (p) STING (5366), total and phospho TBK1 (5172), cGAS, total and phospho IRF3 (5396) in lysates col-
lected from SCLC cell lines and tumors treated with prexasertib (A) or olaparib (B). Actin served as a loading control. C and D, qPCR measurement of IFNS
mRNA expression in SCLC cell lines 24 and 72 hours after prexasertib (C) and olaparib (D) treatment. E and F, gPCR measurement of IFNS mRNA expres-
sion in SCLC tumor models after treatment with prexasertib in RPP flank model (E) and olaparib in RPP flank and spontaneous (F) SCLC in vivo models.

G and H, gPCR measurement of IFNB mRNA expression 72 hours after treatment with prexasertib (G) and olaparib (H). IRF3 expression was KD 24 hours
prior to drug treatment using siRNA targeting IRF3. A scrambled siRNA control (SCR) is included. All data representative of mean = SD.* P <0.05;**, P <
0.01;** P<0.001.1and J, Immunoblot of PD-L1 in SCLC cells treated with prexasertib (1) and olaparib (J; 72 hours). IRF3 expression was KD in all cells
24 hours prior to drug treatment using siRNA targeting IRF3. A scrambled siRNA control (SCR) is included.

AA< —R American Association for Cancer Research

MAY 2019 CANCER DISCOVERY | 655



RESEARCH ARTICLE

Senetal.

activation was also observed in flank murine RPP tumor sam-
ples collected on days 5, 14, and 21 of prexasertib treatment
(Fig. 5A). A similar STING pathway activation was observed
upon olaparib treatment in multiple SCLC cell lines (H82,
H526, and H1048) where PARP targeting enhanced expres-
sion of pSTING_S366, pTBK1_S172, cGAS, and pIRF3_S396
in a time-dependent manner (Fig. 5B). Activation of the
STING pathway was also observed in olaparib-treated murine
RPP tumors collected from flank RPP and spontaneous lung
RPP models 21 days after treatment (Fig. 5B). In contrast,
when SCLC cell lines were treated with a drug that does
not induce DDR, paclitaxel (PTX; 10 and 20 umol/L for
48 hours), we did not observe any change in the expression
of PD-L1 or any of the main STING pathway proteins (pST-
ING_S366 and cGAS; Supplementary Fig. S7B). Phospho-
histone H3 was assessed to demonstrate ongoing cell division
(Supplementary Fig. S7B). These data indicate that, although
DDR inhibition causes release of cytosolic DNA which fur-
ther triggers STING pathway activation, no such effect is
observed with a drug that does not induce DDR.

IRF3 has been previously identified as a transcription factor
for type I interferon genes, particularly IFNf (32, 33). Because
DDR targeting led to the activation of IRF3, we predicted that
the increase in IRF3 levels after DDR targeting would enhance
the mRNA expression of IFNP. Prexasertib and olaparib treat-
ment caused significant increases in the mRNA expression of
IFN in multiple SCLC cell lines in a time-dependent manner
(Fig. 5C and D). Similar enhancement of IFNJ expression upon
treatment with prexasertib (Fig. SE) or olaparib (Fig. 5F) was
observed in SCLC RPP-mTmG in vivo tumors. In contrast,
treatment with PTX (10 and 20 pumol/L for 48 hours) did
not cause any appreciable change in the mRNA expression of
IFNB (Supplementary Fig. S7C), further demonstrating that
the STING-mediated activation of type I interferon is DDR
targeting-mediated. Moreover, prexasertib and olaparib treat-
ment caused significant increases in IFNf expression in RP-KP1
and RPP-KP11 tumors at day 21 (Supplementary Fig. S7D).
Notably, siRNA-mediated IRF3 knockdown, as confirmed by
immunoblot analysis (Supplementary Fig. S7E), abrogated the
prexasertib-mediated (Fig. 5G) or olaparib-mediated (Fig. SH)
upregulation of IFNS mRNA expression. Because the type I
interferon pathway can regulate PD-L1 expression, we next
investigated the role of IRF3 on PD-L1 expression. Interest-
ingly, IRF3 knockdown abrogated the increase in PD-L1 pro-
tein expression after prexasertib (Fig. SI) or olaparib (Fig. 5J)
treatment in SCLC models, supporting a direct role of IRF3-
mediated type 1 interferon genes in regulating PD-L1 in SCLC.

Next, we aimed to determine the extent to which the syner-
gistic antitumor effect of combined DDR-PD-L1 blockade is
mediated through tumor-cell cGAS-mediated STING activa-
tion. To accomplish this, we depleted either cGAS or STING
in SCLC RPP/mTmG cells. The knockdown efficiency was
determined by Western blot analysis (Supplementary Fig.
S7F, ¢GAS; Supplementary Fig. S7G, STING). The cGAS- or
STING-depleted tumor cells were then injected into IC mice
and treated with either prexasertib (10 mg/kg, b.i.d., 2/7
days) or olaparib (50 mg/kg, 5/7 days) with or without PD-L1
(300 pg, 1/7 days) blockade (n = 5/group). In tumors harbor-
ing knockdown of cGAS or STING, we observed a significantly
decreased degree of tumor shrinkage relative to control arms

(Fig. 6A and B). Contrary to parental control (Con) and
scrambled control (SCR) tumors, all ¢<GAS and STING KD
tumors progressed even with combined CHK1i/PARPi and
PD-L1 blockade (P < 0.001), confirming the vital role of the
cGAS/STING pathway in DDR-mediated antitumor response
in SCLC models. We collected tumors from animals treated
with either vehicle or olaparib at the end of the 3 weeks and
investigated the expression of ¢GAS and STING in control
versus knockdown tumors. As predicted, we observed an
increase in cGAS and no detectable changes in total STING
after olaparib treatment in control cells (Fig. 6C and D).
Furthermore, we observed undetectable levels of cGAS and
STING before and after olaparib treatment in cGAS and
STING knockdown tumors, respectively (Fig. 6C and D).

IRF3, a major effector of the STING/TBKI1 signaling
pathway, has been reported to regulate the expression of
chemokines such as CXCL10 and CCLS. Because CXCL10
and CCLS are key mediators for the chemotaxis of CD8*
T lymphocytes, and CXCL10 and CCLS overexpression is
associated with the presence of CD8" T lymphocytes in
melanoma and gastric and colorectal cancers (34, 35), we next
investigated the previously unexplored link between DDR
targeting and chemokine expression in SCLC. Prexasertib
and olaparib treatment caused significant upregulation of
CXCL10 and CCLS mRNA expression in multiple SCLC cell
line (Fig. 7A) and tumor (Fig. 7B) models (P < 0.001 for all).
siRNA-mediated knockdown of STING (Supplementary Fig.
S7H) resulted in significantly reduced expression of CXCL10
(Fig. 7C) and CCLS (Fig. 7D) after prexasertib or olaparib
treatment in multiple SCLC models.

In summary, we observed that DDR targeting by CHK1
or PARP inhibition induces DNA damage and activates the
STING-TBK1-IRF3 pathway in SCLC models, leading to
the expression of PD-L1 and type 1 interferon IFNp. Fur-
thermore, DDR targeting leads to the higher expression
of chemokines CXCL10 and CCLS5 in SCLC, dependent
on STING pathway activation. This activation leads to the
recruitment of CD8* T lymphocytes and antitumor immu-
nity, as summarized in our working model (Fig. 7E).

DISCUSSION

DDR inhibition and ICB are both therapeutic strategies
under preclinical and clinical development for patients with
SCLC. Here, we report a previously unexplored role of DDR
pathway targeting in regulating antitumor immune response
in SCLC models, specifically that inhibition of DDR proteins
such as CHK1 and PARP potentiates the antitumor immune
response of PD-L1 blockade through T cell-mediated effects.
This effect is mediated through activation of the STING/
TBK1/IRF3 innate immune response pathway, which ulti-
mately enhances expression of the type 1 interferon gene IFNf
and downstream chemokines such as CXCL10 and CCL5 to
induce activation and function of cytotoxic T lymphocytes.
When combined with ICB, e.g., anti-PD-L1 antibody, DDR
targeting demonstrates significant antitumor effect, suggest-
ing that these combinations may be valuable clinically to
overcome primary and adaptive resistance to ICB in SCLC.

Despite significant enthusiasm for immunotherapy
approaches in lung cancer, only a minority of patients with
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Figure 6. Knockdown of cGAS and STING reverses the antitumor effect of combined DDR and PD-L1 blockade in vivo. A and B, Tumor growth curves
+SEM from vehicle, prexasertib alone (10 mg/kg, 2 of 7 days, b.i.d.), olaparib alone (50 mg/kg, 5 of 7 days), anti-PD-L1 alone (300 pg, 1 of 7 days),
prexasertib + anti-PD-L1, and olaparib + anti-PD-L1 treatment groups in B6129 mice with RPP/mTmG parental control (Con), scrambled (SCR), cGAS
knockdown (A) and STING knockdown (B) groups. C and D, Immunoblot analysis for cGAS and STING of tumors resected at the end of treatment (day 21)
from SCR or cGAS and STING knockdown models treated with either vehicle or olaparib. Actin used as loading control. In all plots, *, P < 0.05; **, P < 0.01;

*** P<0.001; ns, not significant.

SCLC respond to anti-PD-1 monotherapy or anti-PD-1/anti-
CTLA4 combination (approximately 10% with monotherapy
and 23% with the combination; refs. 36, 37). Despite having
one of the highest mutational burdens among solid tumors,
SCLC paradoxically shows lower expression of PD-L1 and
relatively immunosuppressed phenotypes with low levels of
infilcrating T cells and reduced antigen presentation (38).
Recent clinical data illustrating that tumors with defective
DDR, such as microsatellite instability-high or mismatch
repair-deficient tumors, predict improved response to anti-
PD-1 therapy support the hypothesis that the addition of
a DDR inhibitor to anti-PD-1 therapy may significantly
enhance response rates and outcomes (39). Furthermore,
some recent reports have demonstrated PD-L1 upregulation
by DNA damage (40). However, it is not known to what extent
pharmacologic inhibitors of DDR targets may enhance ICB
response or the mechanism through which this occurs.
SCLC exhibits ubiquitous loss in two key regulators of the
DNA damage and cell-cycle checkpoint pathway, TP53 and RB1,
which leads to high genomic instability and replication stress
(20,41). Therefore, we hypothesized that targeting this inherent
DNA repair vulnerability with DDR inhibitors to promote an

immune response may be an effective strategy to achieve a quick
and sustained antitumor immune response by potentiating the
effect of a combination ICB regimen. Because the response with
DDR targeting occurs quickly, we hypothesized that in SCLC
the activation of the innate immune response machinery may
lead to DDR-mediated immune activation.

Previous studies have reported the presence of cytosolic
DNA post-S phase damage, and additional evidence sug-
gests that cells may actively export DNA fragments from
the nucleus, possibly to prevent misincorporation into
genomic DNA (42). In turn, the presence of cytosolic DNA
in the absence of efficient DNA damage repair triggers cGAS-
mediated innate immune response. Here, we demonstrated
increased cytosolic DNA following treatment with either
DDR inhibitor (prexasertib or olaparib) in vitro. We further
observed that targeting CHK1 or PARP leads to the activa-
tion of the STING/cGAS/TBK1 pathway, thus upregulating
PD-L1 expression. IRF3 knockdown studies confirmed the
role of the transcription factor in the DDR targeting-medi-
ated antitumor immune response and PD-L1 regulation in
SCLC. We further observed upregulation of IFNf after DDR
targeting in SCLC, which could be an indirect mechanism
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of regulating PD-L1 levels in these tumors. Moreover, in
our models we demonstrated significant increase in the
expression of the chemokines CXCL10 and CCLS after DDR
inhibitor treatment. The abrogation of the expression after
STING knockdown indicates the role of these chemokines in
STING-TBK1-RF3-mediated antitumor immune response.
It is not known to what extent increased tumor mutation
burden induced by DDR targeting may also contribute to
enhancing ICB response. However, based on our observations
here with tumor shrinkage starting soon after treatment
(often seen within days), the rapid innate response—rather
than changes in neoantigens—seems likely to be a more
important contributor at least in the initial response. Also,
because the mouse tumors have previously been shown to
have low mutation burden (41), future studies to monitor
the effects of DDR inhibition in patients with SCLC will be
valuable to provide further insights into the effect of DDR-
mediated STING activation and immune response.

In summary, the effects of CHK1 and PARP on DNA
damage repair and cell-cycle progression lead to T-cell
recruitment and enhanced effector cell function in SCLC
tumors, mediated by the activation of the innate immune
response pathway STING/TBK1/IRF3 and increased IFN.
Activation of the STING-mediated pathway is responsible
for chemokine production in response to DNA damage
in vitro, thereby resulting in increased immunogenicity of
the otherwise immunosuppressed tumors. The pathway
also leads to the upregulation of PD-L1 expression. Expres-
sion of PD-L1 is associated with tumors deficient in DNA
damage repair, and we, for the first time, provide rationale
for investigating the role of immunotherapy in the context
of DDR targeting in SCLC. Moreover, our results dem-
onstrating the remarkable efficacy of the combination of
PD-L1 blockade with PARP or CHKI1 inhibition provide a
strong scientific rationale for combining these modalities
in clinical trials for patients with SCLC. Further studies will
be necessary to carefully interrogate the contribution, if any,
of the neoantigen load and other immune cell populations,
such as natural killer cells (43), during DDR-mediated T-cell
activation. Because prexasertib, olaparib, and other PARP
inhibitors are already in clinical trials for SCLC, we expect
that these findings have the potential for rapid translation
into the clinic.

METHODS

Cell Lines and Characterization

SCLC human-derived cell lines were obtained from the American
Type Culture Collection (ATCC) or Sigma-Aldrich between the years
2011 and 2015.

The GEMM-derived SCLC cell lines were established from a
genetically engineered mouse model, derived from either a double-
knockout Trp5375 Rb1Yt (pS37/-/Rb17/-) (RP-KP1) model or a triple-
knockout model of SCLC, which closely mimics the human disease
and has a Trps37, Rb127%, Rb17F (pS37~/p1307~/Rb17-) (RPP/mTmG;
RPP/KP11) allelic genotype with a ROSA26R reporter. Complete cell
line information is provided in Supplementary Table S1.

All cell lines were tested and authenticated by short tandem repeat
profiling (DNA fingerprinting) within 6 months of the study and
routinely tested for Mycoplasma species before any experiments were
performed.

Chemical Compounds

LY2603618 was obtained from Selleckchem.com. Prexasertib and
olaparib were manufactured by MD Anderson’s Institute for Applied
Chemical Science. All compounds were dissolved in dimethyl sulfox-
ide for in vitro treatments.

DNA Fingerprinting to Confirm Cell Line Identity

DNA from 5 to 6 X 10° cells was isolated using a QlAamp DNA
mini kit (Qiagen), following the manufacturer’s protocol. The iso-
lated DNA was eluted in elution buffer (100 uL; Buffer AE, Qia-
gen). The concentration of the DNA and its purity was measured
by NanoDrop. Cell line authentication was done by using DNA
(50 ng) for DNA fingerprint analysis of short tandem repeat profil-
ing (PowerPlex 1.2, Promega). Fingerprinting results for each cell line
were compared with reference fingerprints provided by Dr. Minna or
the ATCC.

Mice

For the syngeneic mouse model, 6-week-old IC female B6129F1
(Taconic) were used. These animals were maintained in accordance
with the Institutional Animal Care and Use Committee of The
University of Texas MD Anderson Cancer Center and the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals.

The spontaneous GEMM mice were maintained according to
practices prescribed by the NIH at the Stanford Research Animal
Facility, which is accredited by the Association for the Assessment
and Accreditation of Laboratory Animal Care. The RPP conditional
knockout mouse model induced by intratracheal administration of
Ad-CMV-Cre for SCLC has been described previously (24).

Establishment of Syngeneic Flank Tumors
and Studies in B6129F1 Mice

The mouse SCLC cell line was derived from tumors isolated from
RPP mice (RPP-mTmG; RPP-KP11 cell lines) or RP mice (RP-KP1).
For subcutaneous injections, 0.5 X 10® mouse SCLC (mTmG) cells
were injected into one flank of each mouse with Matrigel (1:1; BD
Biosciences).

Treatment Schedule of SCLC In Vivo Models

Mice with mouse SCLC tumors received one of the following
treatments: (1) vehicle; (2) anti-PD-L1 (9G2; BioXcell; 300 pg) once
per week; (3) prexasertib (10 mg/kg twice daily) 2 consecutive days
per week; or (4) combination of anti-PD-L1 (300 pg) once per week
and prexasertib (10 mg/kg twice daily) 2 consecutive days per week.

For the PARP inhibitor experiments, mice received one of the fol-
lowing treatments: (1) vehicle; (2) olaparib (50 mg/kg daily) 4 times
per week; (3) anti-PD-L1 (300 pg) once per week; or (4) combination
of olaparib and anti-PD-L1.

Tumors were collected for single-cell preparation for flow cytom-
etry, snap-frozen in liquid nitrogen for protein isolation, or fixed in
4% paraformaldehyde in PBS at 4°C and processed for paraffin his-
tologic analysis. Sections of paraffin-embedded tissues (4 um) were
stained with H&E and collected for IHC.

Development of Spontaneous SCLC Tumors
and Dosing Schedule

Mice were maintained according to practices prescribed by the
NIH at the Stanford Research Animal Facility, which is accredited by
the Association for the Assessment and Accreditation of Laboratory
Animal Care. The RPP triple-knockout mouse model for SCLC has
been previously described. The mice were bred onto a mixed genetic
background composed of C57BL/6, 129/Sv], and 129/SvOla. Tumors
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were induced in young adult mice by intratracheal instillation of
4 x 107 plaque-forming units of adenovirus expressing Cre recombi-
nase (Ad-Cre; Baylor College of Medicine, Houston, TX).

To determine baseline amount of tumors before treatment, mice
were injected with luciferin (Biosynth), anesthetized with isoflurane
(VetOne), and dorsal hair shaved between the head and stomach. The
mice were imaged for luciferase luminescence using an IVIS CCD
camera. The mice were separated into treatment groups to ensure
all cohorts had comparable levels of luminescence, which is propor-
tional to the amount of tumors in the mouse.

Treatment was initiated 4 months after Ad-Cre delivery, at a
time when infected mice had developed more than 50 independent
lesions. The CHKI1 inhibitor prexasertib (10 mg/kg, b.i.d.) was
injected subcutaneously at the nape of the neck every 12 hours for
3 days in a row, for 1 week (i.e., 10 mg/kg, twice daily, days 1, 2, and
3 of a 7-day cycle, for one cycle). For olaparib, the mice were treated
either with olaparib (50 mg/kg, 4/7) and/or with anti-PD-L1 (300 pg,
1/7). Control mice were injected with IgG control. The lung tumors
were collected and processed for single-cell isolation.

Real-Time PCR

Real-time PCR was done using SYBR Select Master Mix (Life Tech-
nologies, cat# 4472908) according to the manufacturer’s protocol.
The primers were purchased from Sigmaj; the details of the primers
are given in Supplementary Table S2. Triplicate PCR reactions were
run on ABI (7500 Fast Real Time PCR System) according to the
manufacturer’s instructions. The comparative Ct method using the
average 2AACT value for each set of triplicates was used, and
the average of the biological replicates was calculated. Negative con-
trols were included for every primer set, and GAPDH was used as the
positive control.

Flow Cytometry

Single-cell suspensions were prepared and stained according to
standard protocols for flow cytometry with antibodies listed in Sup-
plementary Table S3. For intracellular staining, cells were fixed and
permeabilized with BD Cytofix/Cytoperm (BD Biosciences). The data
were acquired on a Fortessa or Calibur platform (BD Biosciences) and
analyzed with FlowJo software (version 7.6; Tree Star). For analyzing
the abundance and the function of CD4" or CD8" TILs, single-cell
suspensions were prepared from tumors and inguinal lymph nodes
and stained; the staining of inguinal lymph node cells was used as the
reference of lymphocyte gating, then CD3"* cells were gated, and then
CD4* or CD8* population was analyzed.

For details on cell culture, transient knockdown of CHEK1, PARP,
IRF3, and TMEM173 (STING), stable knockdown of STING and
MB21D1 (cGAS), RNA isolation, reverse transcription, primer infor-
mation, preparation of protein lysates, Western blot analysis, West-
ern blot antibodies, RPPA, method for tumor growth assessment,
in vivo CD8 depletion, flow cytometry antibodies, histologic analy-
sis, micronuclei assay, and statistical methods, see Supplementary
Materials and Methods.
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