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Polymerase θ inhibition activates
the cGAS-STING pathway and cooperates
with immune checkpoint blockade in
models of BRCA-deficient cancer

Jeffrey Patterson-Fortin1,2, Heta Jadhav1, Constantia Pantelidou1,9, Tin Phan3,
Carter Grochala 3,10, Anita K. Mehta4,11, Jennifer L. Guerriero 4,
Gerburg M. Wulf 5, Brian M. Wolpin 1,2,6, Ben Z. Stanger 7,
Andrew J. Aguirre 1,2,6, James M. Cleary1,2,6, Alan D. D’Andrea 3,8 &
Geoffrey I. Shapiro 1,2,8

Recently developed inhibitors of polymerase theta (POLθ) have demonstrated
synthetic lethality in BRCA-deficient tumor models. To examine the contribu-
tion of the immune microenvironment to antitumor efficacy, we characterized
the effects of POLθ inhibition in immunocompetent models of BRCA1-deficient
triple-negative breast cancer (TNBC) or BRCA2-deficient pancreatic ductal
adenocarcinoma (PDAC). We demonstrate that genetic POLQ depletion or
pharmacological POLθ inhibition induces both innate and adaptive immune
responses in these models. POLθ inhibition resulted in increased micronuclei,
cGAS/STING pathway activation, type I interferon gene expression, CD8+ T cell
infiltration and activation, local paracrine activation of dendritic cells and
upregulation of PD-L1 expression. Depletion of CD8+ T cells compromised the
efficacy of POLθ inhibition, whereas antitumor effects were augmented in
combination with anti-PD-1 immunotherapy. Collectively, our findings
demonstrate that POLθ inhibition induces immune responses in a cGAS/STING-
dependent manner and provide a rationale for combining POLθ inhibition with
immune checkpoint blockade for the treatment of HR-deficient cancers.

Tumorsdeficient in homologous recombination (HR) repair secondary
to mutations in genes such as BRCA1 or BRCA2, are dependent on
alternative DNA damage response (DDR) pathways to maintain geno-
mic integrity, rendering them susceptible to synthetic lethal targeting
of these pathways1–3. Over the past several years, the principle of

synthetic lethality has been successfully employed as a therapeutic
strategy, leading to the FDA approval of inhibitors of poly (ADP-ribose)
polymerase (PARP) for clinical use in BRCA-deficient breast, ovarian,
pancreatic, and prostate cancers4. More recently, inhibitors of poly-
merase theta (POLθ, encoded by POLQ), the critical enzyme in
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microhomology-mediated end-joining (MMEJ), have been shown to
abrogate MMEJ, and are similarly synthetic lethal in tumors with HR
repair deficiency5,6. The dependence of HR repair-deficient cancers on
MMEJ is reflected by their high levels of POLθ expression7,8. Further-
more, HR-deficient tumors that acquire resistance to PARP inhibition
may retain increased POLθ expression and MMEJ dependence, so that
POLθ inhibition may overcome PARP inhibitor resistance5.

Multiple cell-intrinsic and cell-extrinsic mechanisms account for
the synthetic lethality between PARP inhibition or POLθ inhibition and
HR-deficiency4,9–11. Regarding cell-extrinsic mechanisms, DNA damage
mediated by PARP inhibition in BRCA1-deficient cancers induces T-cell
infiltration and activation via the cyclic GMP-AMP synthase (cGAS)/
stimulator of interferon genes (STING) innate immunity pathway,
leading to increased expression of type I interferons12,13. Consequently,
the addition of PD-1 or PD-L1 blockade enhances the therapeutic effi-
cacy of PARP inhibition in preclinical models12–15. Notably, Polq
knockout mice exhibit increased micronucleation16,17 and therefore a
source of immunostimulatory DNA. Based on this phenotype, as well
as the synthetic lethality between POLθ inhibition and HR-deficiency,
and recent data demonstrating activation of the cGAS/STING pathway
upon combined knockout of POLQ and FANCD2 in esophageal
cancers18, we hypothesized that POLθ inhibition in BRCA-deficient
cancers would likewise activate the cGAS/STING pathway and lead to
increased T-cell infiltration and activation, with sensitization to
immune checkpoint blockade.

In this study, we used human cell lines and mouse models
representative of BRCA1-deficient triple-negative breast cancer
(TNBC) and BRCA2-deficient pancreatic ductal adenocarcinoma
(PDAC) to demonstrate that pharmacological inhibition of POLθ
using either novobiocin (NVB), an inhibitor of the POLθ ATPase
domain for which we have previously established biochemical and
biological specificity5, or ART558, an inhibitor of the POLθ poly-
merase domain6, as well as genetic depletion of POLQ, all induce
cGAS/STING pathway activation. Consequently, POLθ inhibition
drives the expression of type I interferon response elements,
including PD-L1, and increases CD8+ T-cell tumor infiltration and
activation, as well as activation of antigen-presenting dendritic
cells (DCs) in a paracrine fashion. Depletion of CD8+ T cells
decreased the antitumor efficacy of NVB. In contrast, the antitumor
activity of NVB was augmented with the addition of an anti-PD-1
antibody. Thus, our study uncovers a novel mechanism contribut-
ing to the activity of POLθ inhibition in BRCA-deficient breast and
pancreatic cancers that is mediated by host immune responses and
that can be enhanced by immune checkpoint blockade.

Results
POLθ inhibition enhances PD-L1 expression in vitro and in vivo
and synergizes with anti-PD-1 immunotherapy in HR-deficient
cancers
Given the synthetic lethal relationship between HR deficiency and
POLθ inhibition, aswell as the known stimulationof antitumor immune
responses by DNA damage, we hypothesized that POLθ inhibition
would promote antitumor immunity7,19,20. To investigate the interac-
tions of POLθ inhibition with the immune microenvironment in HR-
deficient cancers, we first determined the effect of POLθ inhibition on
PD-L1 expression in two different BRCA-deficient cancer cell lines. We
treated both BRCA1-deficient MDA-MB-436 TNBC cells and BRCA2-
deficient CAPAN-1 PDAC cells with the POLθ ATPase domain inhibitor
NVB and analyzed PD-L1 expression by immunoblot and quantitative
PCR (qPCR)5. TreatmentwithNVB significantly increased the total level
of PD-L1 protein (Fig. 1a, b, left panels) and CD274/PDL1 mRNA
expression (Fig. 1a, b, right panels) in both cell lines. To confirm that
PD-L1 inductionwas specifically due to POLθ inhibition byNVB and not
by an off-target effect, we also knocked down POLQ using siRNA in
both MDA-MB-436 and CAPAN-1 cells. Consistent with NVB-mediated

pharmacological inhibition, PD-L1 expression was increased in POLQ-
depleted MDA-MB-436 (Supplementary Fig. 1a) and CAPAN-1 (Sup-
plementary Fig. 1b) cells. In addition, PD-L1 upregulation upon POLθ
inhibition was confirmed by treatment of MDA-MB-436 (Supplemen-
tary Fig. 1c) and CAPAN-1 cells (Supplementary Fig. 1d) with an inhi-
bitor of the POLθ polymerase domain, ART558, demonstrating that
results are similar regardless of the use of an ATPase inhibitor or a
polymerase domain inhibitor of POLθ6.

We next determined whether upregulation of PD-L1 upon
NVB treatment requires the synthetic lethal relationship between
HR-deficiency and POLθ inhibition. We reasoned that upregula-
tion of PD-L1 expression would be abrogated if this relationship
were rescued by HR proficiency. To investigate this hypothesis,
we utilized isogenic pairs of parental and BRCA1 or BRCA2-
reconstituted MDA-MB-436 and CAPAN-1 cells21,22. Treatment with
NVB did not increase the total level of PD-L1 protein in BRCA1-
reconstituted MDA-MB-436 cells or BRCA2-reconstituted CAPAN-
1 cells by immunoblot analysis (Fig. 1c, d, left panels). These
results were again validated by quantitative PCR, demonstrating
absence of increased CD274/PDL1 expression with NVB treatment
in BRCA-reconstituted cells (Fig. 1c, d, right panels). The under-
lying mechanism of this loss of increased PD-L1 expression is
likely decreased POLQ expression in BRCA-reconstituted (i.e., HR-
proficient) cancer cells (Supplementary Fig. 1e, f), which corre-
lates with decreased sensitivity to NVB-mediated POLθ
inhibition7,8.

To determine whether NVB-mediated POLθ inhibition in HR-
deficient cancer cells would upregulate PD-L1 expression in vivo, we
employed two HR-deficient immunocompetent mouse models. To
recapitulate BRCA1 deficiency in breast cancer, tumors derived from
the K14-Cre-Brca1f/f;Trp53f/f immunocompetent genetically engineered
mouse model of TNBC were orthotopically implanted into the mam-
mary fat pads of FVB/129P2 syngeneic mice. To recapitulate BRCA2
deficiency in pancreatic cancer, Brca2 was knocked out by CRISPR/
Cas9 in amurine PDACcell linederived from late-stage primary tumors
from an autochthonous mouse model of KrasG12D and Trp53R172H-
mutated PDAC (KPC)23 (Fig. 1f). Brca2-null KPC cells were sub-
cutaneously injected into immunocompetent C57BL/6 mice. In both
models, mice were treated with vehicle or NVB for 5 days. Analysis of
Brca1-deficient breast tumors from NVB-treated mice demonstrated
significant upregulation of PD-L1 expression by immunohistochem-
istry (IHC) (Fig. 1e) and by flow cytometry (Fig. 1h; Supplementary
Fig. 1g, h). Whole-tumor Cd274/Pd-l1 mRNA expression was also sig-
nificantly increased in NVB-treated mice compared to vehicle-treated
mice (Fig. 1i). Consistent with these results, Brca2-deficient PDAC from
NVB-treated mice also demonstrated significantly upregulated PD-L1
expression by IHC (Fig. 1g) and by flow cytometry (Fig. 1j). Similarly,
whole-tumor Cd274/Pdl1mRNA expression was significantly increased
in NVB-treated compared to vehicle-treated mice (Fig. 1k). Altogether,
these results demonstrate that NVB-mediated POLθ inhibition upre-
gulates PD-L1 expression in HR-deficient cancers both in vitro and
in vivo.

Given that PD-L1 expression was significantly increased following
NVB treatment in HR-deficient cancers both in vitro and in vivo, we
hypothesized that PD-1 blockademight augment the antitumor activity
of NVB. Brca2-deficient KPC cells were subcutaneously injected into
immunocompetent C57BL/6 and treated with vehicle or NVB, with or
without anti-PD-1 blockade, for 28days, all ofwhichwerewell tolerated
(Supplementary Fig. 1i). Mice treated with vehicle or anti-PD-1 alone
showed no antitumor response. Mice treated with NVB-alone demon-
strated tumor growth inhibition (Fig. 1l) and overall survival (Fig. 1m)
that was significantly improved with the addition of anti-PD-1 block-
ade. Thus, NVB-mediated POLθ inhibition increases PD-L1 expression
and demonstrates enhanced antitumor activity when combined with
anti-PD-1 immunotherapy in HR-deficient cancers.
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Efficacy of POLθ inhibition in HR-deficient cancers requires
CD8+ T cells
Given the effects of NVB-mediated POLθ inhibition on PD-L1 expres-
sion and the interaction with anti-PD-1 blockade in HR repair-deficient
cancers, we reasoned that the antitumor activity of NVB may depend
on tumor cell-extrinsic responses in addition to the known cell-

intrinsic mechanisms. To this end, we sought to further characterize
the effects of NVB on the tumor immune microenvironment of Brca1-
deficient TNBC and Brca2-deficient PDAC by IHC and flow cytometry,
with particular emphasis on T-cell subsets given the induction of PD-L1
upon POLθ inhibition (Fig. 1). IHC analyses of Brca1-deficient TNBC or
Brca2-deficient PDAC tumors from NVB-treated immunocompetent

a

55

MW
KDa

55

MDA-MB-436

VE
H

N
VB

PD-L1

b

VE
H

N
VB

55

MW
KDa

55

Tubulin

PD-L1

Tubulin

CAPAN-1

VEH NVB
0

1

2

3

4

m
R

N
A 

Fo
ld

 C
ha

ng
e

p = 0.0019
PD-L1 PD-L1

VEH NVB
0

2

4

6

8

m
R

N
A 

Fo
ld

 C
ha

ng
e

p = 0.000074

c d

55

MW
KDa

55

MDA-MB-436
+ BRCA1 WT

VE
H

N
VB

PD-L1

Tubulin

VEH NVB
0

1

2

m
R

N
A 

Fo
ld

 C
ha

ng
e

ns

PD-L1

VEH NVB
0

1

2

m
R

N
A 

Fo
ld

 C
ha

ng
e

ns

PD-L1

PD-L1

Tubulin

VE
H

N
VB

55

MW
KDa

55

CAPAN-1
+ BRCA2 WT

e

VEH NVB
0

50

100

150

200

250

PD
-L

1+ /
M

M
2

p = 0.000040

PD
AC

 P
D

-L
1+

 

VEH NVB
0

100

200

300

PD
-L

1+ /
M

M
2

p = 0.0077

TN
BC

 P
D

-L
1+

 

h

f

g

100 μM

VEH NVB

100 μM

100 μM

100 μM

VEH NVB

117

MW
KDa

460

Brca2

Vinculin

B
rc

a2
 K

O

KPC

W
T

VEH NVB
0

2

4

6

8

10

%
 P

D
-L

1+
 o

f l
iv

e 
ev

en
ts

p = 0.0001

VEH NVB
0

5

10

15

20

m
R

N
A 

le
ve

ls
 re

la
tiv

e 
to

 A
C

TB

p = 0.0356

l

TNBC PD-L1 of CD45- i j k

VEH NVB
0

5

10

15

%
 P

D
-L

1+
 o

f l
iv

e 
ev

en
ts p = 0.00004

p = 0.0075

p = 0.00004

p = 0.0246

p = 0.0028

p = 0.0032

VEH NVB
0

2

4

6

8

10

m
R

N
A 

le
ve

ls
 re

la
tiv

e 
to

 A
C

TB

p = 0.0025

PDAC PD-L1 of CD45-TNBC Pd-l1 mRNA PDAC Pd-l1 mRNA

m

0 10 20 30 40 50
0

10

20

30

40

Days

Fo
ld

 c
ha

ng
e 

in
 tu

m
or

 v
ol

um
e Vehicle

NVB

Anti-PD-1

NVB + Anti-PD-1

Stop treatment

0 10 20 30 40 50
0

25

50

75

100

Days 

Pr
ob

ab
ilit

y 
of

 S
ur

vi
va

l

Vehicle (25 days)

NVB (29.5 days)
Anti-PD-1 (25 days)
NVB + Anti-PD-1 (38 days)

Article https://doi.org/10.1038/s41467-023-37096-6

Nature Communications |         (2023) 14:1390 3

RETRACTED A
RTIC

LE



mice showed increased CD3+, CD4+, and CD8+ T-cell infiltrates (Fig. 2a,
b), confirmed in both models by flow cytometry (Fig. 2c–f; Supple-
mentary Fig. 2a–d). Importantly, the recruited CD8+ T cells were
cytolytically active, as demonstratedby increasedGranzymeB staining
(Fig. 2c, d). Although the number of CD4+ T cells was increased, the
proportion of regulatory FOXP3+, CD4+ T cells (Treg) was not sig-
nificantly affected, suggesting that conventional CD4+ Twere recruited
andmay also contribute to NVB-mediated antitumor effects (Fig. 2e, f).
Indeed, many types of immune cells may be engaged in mediating
immune responses upon POLθ inhibition, as the proportions of CD11c
+CD11b− dendritic cells (DCs) and CD11b+CD11c− macrophages were
also increased (Fig. 2g, h; Supplementary Figs. 2a, 3a, b). To evaluate
the importance of a T-cell-mediated immune response for the anti-
tumor efficacy of NVB, we depleted CD8+ T cells using an anti-CD8
antibody in both syngeneic models of BRCA-deficient cancers and
treated with vehicle or NVB. Antibody-mediated depletion of CD8+

T cells decreased the tumor growth inhibition mediated by NVB
(Fig. 2i, j; Supplementary Fig. 2c–e). Thus, we conclude that CD8+

T cells are required for NVB-mediated POLθ inhibition to be fully
effective in vivo.

POLθ inhibition activates the cGAS/STING pathway in HR-
deficient cancers
Mammalian Polq was first identified in a mutagenesis screen for
chromosome instability mutants using a flow cytometric peripheral
blood micronucleus assay16. Micronuclei are a known source of
immunostimulatory cytosolic DNA that activates the cGAS/STING
pathway, leading to increased expression of type I interferons, as can
occur after exposure to other DNA repair pathway inhibitors12,13,17,24.
Accordingly, we sought to determine whether NVB-induced cytotoxic
T-cell recruitment and synergy with anti-PD-1 therapy is mediated by
the cGAS/STING pathway, as PD-L1 is an interferon response gene25,26.
To test this hypothesis, we first examined cGAS/STING pathway acti-
vation in the MDA-MB-436 and CAPAN-1 isogenic paired cell lines
(Fig. 3; Supplementary Fig. 4). NVB-mediated POLθ inhibition sig-
nificantly increased cytosolic dsDNA contained inmicronuclei inMDA-
MB-436 HR-deficient but not BRCA1-reconstituted HR-proficient cells
(Fig. 3a; Supplementary Fig. 4a). Similar results were observed in
CAPAN-1 HR-deficient and BRCA2-reconstituted cells (Fig. 3b; Sup-
plementary Fig. 4b). This free DNA was sensed by the cytosolic DNA
sensor cyclic GMP-AMP (cGAMP) synthetase (cGAS) in HR-deficient
MDA-MB-436 and CAPAN-1 cells but not in their BRCA-reconstituted
derivatives (Fig. 3a-d; Supplementary Fig. 4a, b)27–30. cGASmediates the
synthesis of cGAMP in response to increased cytosolic dsDNA, and
NVB consequently significantly increased cGAMP production only in
HR-deficient cells, but not in their HR-proficient counterparts (Fig. 3e,
f). cGAMP binds to and activates stimulator of interferon genes

(STING), triggering phosphorylation of TBK1 and ultimately of IRF3.
Phosphorylated IRF3 subsequently translocates to the nucleus, where
it activates the expression of type I interferon and interferon-
responsive genes23,28–31. Treatment of HR-deficient cell lines with NVB
led to activation of the STING pathway, as evidenced by phosphor-
ylation of STING, STAT1, and TBK1 (Fig. 3g). Similar results were
observed with siRNA-mediated knockdown of POLQ (Fig. 3h) or with
ART558-mediated inhibition of POLθ (Fig. 3i) in bothMDA-MB-436 and
CAPAN-1 cells, indicating that the consequences of NVB treatment
were unlikely due to off-target effects. To demonstrate that POLθ
inhibition also leads to the activation of IRF3 in HR-deficient but not
HR-proficient cells, we performed immunofluorescence for phos-
phorylated IRF3 in MDA-MB-436 or CAPAN-1 cell lines and their BRCA-
reconstituted derivatives treated with NVB (Fig. 3j, k; Supplementary
Fig. 4c, d). Increasedphosphorylation and activation of IRF3 correlated
with DNA damage accumulation, as evidenced by formation of γH2AX
foci upon NVB treatment (Fig. 3l, m).

Since phosphorylated IRF3 is a transcription factor for type I
interferon genes, we predicted that NVB would lead to increased
mRNA expression of type I interferon genes32. Indeed, NVB treatment
of BRCA1-deficient MDA-MB-436 or BRCA2-deficient CAPAN-1 cells
significantly increasedmRNA expression of a panel of type I interferon
genes (ISG15, IRF7, CCL5, CXCL10, and IFNB1) (Fig. 4a, b). Consistently,
siRNA-mediated depletion of POLQ or treatmentwith ART558 similarly
increased type I interferon gene mRNA expression (Fig. 4c–f; Supple-
mentary Fig. 4e–h).

Although BRCA-reconstituted cells no longer have MMEJ depen-
dence or NVB sensitivity, we have previously shown that BRCA-
deficient cells exposed to graded concentrations of a PARP inhibitor
until acquired resistance emerges retain high levels of POLQ expres-
sion and NVB sensitivity5. We therefore asked whether NVB-mediated
POLθ inhibition would also activate the cGAS/STING pathway in the
setting of acquired PARP inhibitor resistance, using MDA-MB-436
rucaparib-resistant (MDA-MB-436-RR) cells that are cross-resistant to
other PARP inhibitors and cisplatin21. Consistent with the persistent
sensitivity of PARP inhibitor-resistant cells to POLθ inhibition, we
observed robust activation of the cGAS/STING pathway in response to
NVB in the resistant cells (Fig. 4g, h; Supplementary Fig. 4i).

To determine whether NVB would activate the cGAS/STING
pathway in HR-deficient cancers in vivo, we performed flowcytometric
analysis of both Brca1-deficient TNBC tumors and Brca2-deficient
PDAC tumors from immunocompetent mice treated for 5 days with
NVB. Consistent with the in vitro data, POLθ inhibition significantly
increased theproportion of pTBK1+ CD45− (Fig. 5a, b) andpIRF3+ CD45−

cells (Fig. 5c, d; Supplementary Fig. 5a–c). In vivo activation of the
cGAS/STING pathway consequently led to increased expression of a
panel of type I interferon genes (Fig. 5e, f).

Fig. 1 | POLθ inhibition induces PD-L1 expression in vitro and in vivo and is
enhanced by anti-PD-1 immunotherapy in HR-deficient cancers. a–d BRCA1-
mutant MDA-MB-436 TNBC (a) cells, or BRCA2-mutant CAPAN-1 PDAC (b) cells,
and their isogenic pairs, BRCA1-expressing MDA-MB-436 (c), or BRCA2-
expressing CAPAN-1 (d), were exposed to 100μMnovobiocin (NVB) for 48 h. Left:
Immunoblot for PD-L1 expression. Right: Quantification of PD-L1 mRNA levels by
RT-qPCR. Transcript levels are measured relative to ACTB by qPCR. Data, mean
+/− SD of three independent experiments, unpaired two-tailed t-test. e Tumor
chunks derived from the K14-Cre-Brca1f/f;Trp53f/f GEMM were transplanted in
syngeneic FVB/129P2 mice treated with vehicle (VEH, n = 5) or NVB (n = 7) at
75mg/kg via intraperitoneal (IP) injection twice daily, were harvested after 5 days
of treatment for PD-L1 expression by IHC. Staining was quantified using Aperio
algorithms. (Left: Representative IHC images at 40x magnification, scale bars,
100μM. Right: Quantification, Data, mean +/− SEM, unpaired two-tailed t-test.
f Immunoblot analysis of Brca2 protein expression in CRISPR knockoutKrasLSL-G12D;
TP53LoxP; Pdx1-Cre; Rosa26YFP/YFP (KPC) cells. Vinculin serves as an internal
loading control. Representative immunoblot of three independent experiments.

g Brca2 KO KPC cells were injected into the flanks of syngeneic C57BL/6 mice and
treatedwith VEH(n = 5) or NVB (n = 5) at 75mg/kg via IP injection twice daily. After
5 days of treatment, tumors were harvested and subjected to IHC for PD-L1
expression. Left: Representative IHC images at 40x magnification, scale bars,
100μM. Right: Quantification, Data, mean +/− SEM, unpaired two-tailed t-test.
h, i PD-L1 protein (h) or mRNA (i) expression in K14-Cre-Brca1f/f;Trp53f/f TNBC
tumors. VEH, n = 7; NVB, n = 6 in (h); VEH, n = 9; NVB, n = 9 in (i). j, k PD-L1 protein
(j) or mRNA (k) expression in Brca2 KO KPC PDAC tumors. VEH, n = 10; NVB, n = 9
in (j); VEH, n = 5; NVB, n = 5 in k. Error bars, SEM. Statistical analyses were per-
formed using unpaired two-tailed t-tests. l Brca2 KO KPC tumor-bearing syn-
geneic C57BL/6 mice were treated with VEH (n = 11) or NVB (75mg/kg IP twice
daily, n = 10), along with isotype control (n = 11) or an anti-PD-1 antibody (200 µg
twice weekly, n = 11) for 28 days, and serial fold-change in tumor volume was
recorded. Data, mean +/− SEM, one-way ANOVA analysis. m Kaplan–Meier ana-
lysis for time until tumor progression necessitated euthanasia. Median survivals
are shown in parentheses formice from 1l. Kaplan–Meier curves were analyzed by
the log-rank test.
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In summary, we conclude that POLθ inhibition activates the cGAS/
STING pathway in HR-deficient cancers, accounting for the increased
production of type I interferons and recruitment of CD8+ T cells and
underlying the decreased efficacy of NVB when combined with anti-
CD8 treatment.

POLθ inhibition in HR-deficient tumors activates the cGAS/
STING pathway in dendritic cells (DCs)
NVB treatment of immunocompetent mice bearing Brca-deficient
tumors also resulted in an increased proportion of CD11c+CD11b− DCs
in the tumormicroenvironment (SupplementaryFig. 2a). Furthermore,
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NVB-mediated POLθ inhibition led to increased concentration of a
potent DC chemokine, CCL533, in the media of both MDA-MB-436 or
CAPAN-1 cells (Supplementary Fig. 5d, e). Given that the cGAS/STING
pathway can be activated in DCs and that NVB treatment activates this
pathway in tumor cells, we asked whether cGAS/STING pathway acti-
vation is also increased in response to NVB in DCs. Consequent
expression of type I interferons would be expected to facilitate tumor
antigen presentation on DCs and help activate DCs28. Flow cytometric
analysis of the CD11c+CD11b− cells derived from either Brac1-deficent
TNBC or Brca2-deficient PDAC tumors demonstrated a significant
increase in the proportion expressing pTBK1, pIRF3, and PD-L1 after
NVB exposure (Fig. 6a, b; Supplementary Fig. 5f–h).

To determine if the activation of the cGAS/STING pathway in DCs
is a direct effect of NVB, we treated human DCs with increasing con-
centrations of NVB ex vivo. As a positive control, DCswere also treated
with the STING agonist ADU-S100. Whereas treatment of DCs with
ADU-S100 enhanced type I interferon gene expression, there was no
change in type I interferon gene expression upon NVB treatment
(Fig. 6c). This result suggests that POLθ inhibition does not directly
activate the cGAS/STING pathway in DCs. We therefore performed co-
culture experiments with DCs together with vehicle- or NVB-treated
BRCA1-deficient MDA-MB-436 cells or BRCA2-deficient CAPAN-1 cells
(Fig. 6d). We observed significant enhancement of type I interferon
gene expression in DCs co-cultured with NVB compared to vehicle-
treated BRCA1-deficient TNBC cells (Fig. 6e) or BRCA2-deficient
CAPAN-1 cells (Fig. 6f), likely secondary to the increased 2,3 cGAMP
observeduponNVB-mediatedPOLθ inhibition (Fig. 3e, f). These results
indicate NVB-mediated POLθ inhibition in BRCA-deficient cancer
activates the cGAS/STING pathway in dendritic cells in a paracrine
fashion.

cGAS/STING pathway activation is required for the pro-
inflammatory response and PD-L1 upregulation mediated by
POLθ inhibition
We next sought to directly link the pro-inflammatory response and
consequent upregulation of PD-L1 expression observed in NVB-treated
BRCA-deficient cancers to cGAS/STING pathway activation. To estab-
lish dependence of these events on the cGAS/STING pathway, we
depleted STING by siRNA in BRCA1-deficient MDA-MB-436 cells and in
BRCA2-deficient CAPAN-1 cells and assayed phosphorylated TBK1
levels by immunoblot in response toNVB. Depletion of STING by siRNA
abrogated NVB-mediated phosphorylation of TBK1 in both cell lines
(Fig. 7a, b). We then determined if STING depletion would prevent the
enhanced type I interferon gene expression observed upon NVB-
mediated POLθ inhibition. As predicted, qPCR demonstrated that the
enhanced type I interferon gene expression seen upon NVB treatment
was abrogated upon STING depletion (Fig. 7c, d). To confirm that
activation of the cGAS/STING pathway is dependent on POLθ inhibi-
tion, we depleted POLQ, STING, or both in MDA-MB-436 or CAPAN-1
cells. As expected, POLQ depletion was accompanied by STING path-
way activation, evidenced by TBK1 phosphorylation. However,

combined deletion of POLQ and STING abrogated TBK1 phosphoryla-
tion (Fig. 7e, f). Additionally, whereas POLQ depletion alone resulted in
upregulation of PD-L1 expression, this was also abrogated by com-
bined POLQ and STING depletion (Fig. 7e, f). These results reflect the
ability of type I interferons to upregulate PD-L1 expression25. Taken
together, these data are consistent with reduced POLθ activity leading
to cGAS/STING pathway activation that is required for PD-L1
upregulation.

To determine if STING pathway activation is required for NVB-
mediated antitumor efficacy in vivo, we generated Sting KO cells using
CRISPR/Cas9 in KPC Brca2 KO cells (Fig. 8a). KPC Brca2 KO cells were
employed since NVB-mediated POLθ inhibition did not activate the
cGAS/STING pathway in KPC cells (Supplementary Fig. 6). We next
confirmed that these KPC Brca2 Sting double knockout (DKO) cells did
not activate a pro-inflammatory response upon NVB treatment com-
pared to KPC Brca2 KO cells. As expected, CRISPR/Cas9-mediated
depletion of Sting abrogated both NVB-mediated phosphorylation of
TBK1 and enhanced type I interferon gene expression (Fig. 8b; Sup-
plementary Fig. 7a). Consequently, CRISPR/Cas9-mediated depletion
of Sting abrogated NVB-mediated upregulation of PD-L1 expression
(Fig. 8c). To directly assess the requirement of cGAS/STING pathway
activation in the antitumor efficacy of NVB, we implanted KPC Brca2
KO or KPC Brca2 Sting DKO cells into syngeneic mice and treated with
NVB. Consistent with our previous results, NVB treatment significantly
increased themRNA expression of pro-inflammatory type I interferons
in KPC Brca2 KO tumors (Fig. 8d, Supplementary Fig. 7b) and the
proportion of infiltrating T cells (Fig. 8e, f), an effect thatwas lost in the
Brca2 Sting DKO PDAC tumors (Fig. 8d–f; Supplementary Fig. 7b).
Notably, PD-L1 expressionwas also significantly decreased in the Brca2
Sting DKO PDAC tumors despite NVB-mediated POLθ inhibition, con-
sistent with our in vitro data, supporting a direct role for POLθ
inhibitor-mediated cGAS/STINGactivation in theupregulationof PD-L1
(Fig. 8e, f). As previously observed, tumor volume was significantly
reduced in response to NVB in mice bearing KPC Brca2 KO cells;
however, the antitumor efficacy of NVB was significantly impaired in
STING-depleted tumors (Fig. 8g; Supplementary Fig. 7c). These results
demonstrate that NVB-mediated POLθ inhibition activates the cGAS/
STING pathway leading to a pro-inflammatory response that is
required for antitumor efficacy in vivo.

Discussion
Here we report that POLθ inhibition enhances PD-L1 expression in
BRCA1-deficient breast and BRCA2-deficient pancreatic cancer cells
but not in BRCA-reconstituted isogenic pairs. Consequentially and
significantly, the antitumor activity of POLθ inhibition is augmentedby
anti-PD-1 immunotherapy in a Brca2-deficient mouse model of PDAC,
representing a novel therapeutic strategy to sensitize HR-deficient
cancers to immunotherapy. This effect is mediated through recruit-
ment of cytotoxic granzyme B-positive CD8+ T cells, along with para-
crine activation of DCs. Depletion of CD8+ T cells decreased the
antitumor efficacy of POLθ inhibition.Mechanistically, POLθ inhibition

Fig. 2 | Efficacy of POLθ inhibition inHR-deficient cancers requires CD8+ T cells.
a, b K14-Cre-Brca1f/f;Trp53f/f TNBC tumors from syngeneic FVB/129P2 mice (VEH,
n = 5; NVB, n = 7) (a), or Brca2 KO KPC PDAC tumors from syngeneic C57BL/6 mice
(VEH, n = 7; NVB, n = 6) (b) were subjected to IHC for CD3, CD4, and CD8 expres-
sion. Left: Representative IHC images at 40x magnification, scale bars, 100 μM.
Right: Quantification of IHCusing Aperio algorithms. Data,mean +/−SEM, unpaired
two-tailed t-tests. c, d K14-Cre-Brca1f/f;Trp53f/f tumors TNBC (VEH, n = 7; NVB, n = 6)
(c), or Brca2 KO KPC PDAC tumors (VEH, n = 10; NVB, n = 9) (d) were harvested
5 days after treatment and analyzed by flow cytometry. Scatter plots show sig-
nificant increases in CD45+, CD3+, CD8+, and Granzyme B+ cells in NVB-treated
animals. Error bars, SEM. Statistical analyses were performed using unpaired two-
tailed t-tests. e, f TNBC tumors (VEH, n = 7; NVB, n = 6) (e) or PDAC tumors (VEH,
n = 10; NVB, n = 9) (f) were analyzed by flow cytometry. Scatter plots show CD4+

cells, CD4+ T regulatory (FoxP3+) cells. Error bars, SEM. Statistical analyses were
performed using unpaired two-tailed t-tests. g, h TNBC tumors (VEH, n = 7; NVB,
n = 6) (g) or PDAC tumors (VEH, n = 10; NVB, n = 9) (h) were analyzed by flow
cytometry for macrophages (CD11b + , CD11c-). Error bars, SEM. Statistical analyses
were performed using unpaired two-tailed t-tests. i K14-Cre-Brca1f/f;Trp53f/f GEMM
tumor-bearing syngeneic FVB/129P2 mice were treated with vehicle (n = 6) or NVB
(75mg/kg twice daily; n = 8), along with isotype control (n = 6) or an anti-CD8
antibody (200 µg twice weekly; n = 8) for 28 days. Graph shows the serial fold-
change in tumor volume. Data, mean +/−SEM, one-way ANOVA analysis. j Brca2 KO
KPC PDAC tumor-bearing syngeneic C57BL/6mice were treatedwith vehicle (n = 9)
or NVB (75mg/kg twice daily; n = 10), along with isotype control (n = 9) or an anti-
CD8 antibody (200 µg twiceweekly; n = 10) for 28days. Graph shows the serial fold-
change in tumor volume. Data, mean +/−SEM, one-way ANOVA analysis.
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in BRCA-deficient, but not in BRCA-proficient cancer cells, induced
significant micronucleation likely related to the recently recognized
role of POLθ in DSB repair during mitosis34, causing progression
through mitosis with residual DSBs, which leads to micronuclei
formation35. This resulted in intratumoral activation of the cGAS/
STING pathway and enhanced expression of type I interferon genes,
including PD-L1. Depletion of STING in tumor cells abolished the pro-
inflammatory response mediated by POLθ inhibition, prevented
recruitment ofCD8+ T cells, and abrogated increasedPD-L1 expression.
Importantly, results were similar with two different POLθ inhibitors,

NVB and ART558, indicating that inhibition of either the ATPase
domain or the polymerase domain of POLθ can modulate the tumor
immune microenvironment. Our findings demonstrate that POLθ
inhibition combined with immunotherapy has significant antitumor
effects, suggesting that this combination could be clinically valuable in
cancers not thought historically responsive to immunotherapy, such
as PDAC.

In addition to harboring mutations in BRCA1 or BRCA2, which is
associated with increased POLQ expression (Supplementary Fig 1e,
f)8,11, HR-deficient TNBC and PDAC aremore likely to harbormutations
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in TP53, which leads to evenmore pronounced expression of POLQ36,37.
Indeed, increased expression of POLQ is a biomarker of NVB
sensitivity5,37. Thus, it would be expected that BRCA- and TP53-
deficient cancers would be particularly sensitive to NVB-mediated
POLθ inhibition, leading to micronucleation and potential synergy
with immunotherapies such as anti-PD-1 blockade. POLθ inhibitors are
under active clinical development, and these hypotheses can now be
tested in HR repair-deficient patient populations.

Preclinically, POLθ inhibitors, such as NVB or ART558, have
demonstrated substantial benefits in HR-deficient models of breast
and ovarian cancers, secondary to the synthetic lethality induced by
combined loss of HR and MMEJ leading to accumulation of single-
strandedDNA intermediates andnon-functional RAD51 foci5,6.We have
now extended these findings to demonstrate that POLθ inhibition in
HR-deficient TNBC and PDAC cancers in vivo display a cell-extrinsic
antitumor mechanism involving the activation of local and systemic
antitumor immune responses. This mechanism of POLθ inhibitor-
mediated antitumor activity is dependent on underlying HR defi-
ciency, activation of the cGAS/STING pathway, and the recruitment of
cytotoxic CD8+ T cells.

Our results raise several caveats, as well as new avenues of
research. First, our findings were dependent onHRdeficiency, as POLθ
inhibition in HR-proficient TNBC and PDAC cancers did not activate
the cGAS/STING pathway. These results are consistent with the lack of
cGAS/STING pathway activation seen upon PARP inhibition in HR-
proficient breast or ovarian cancers12,13. Given the synergy observed
between POLθ and PARP inhibition by us and others, it would be
expected that combined POLθ and PARP inhibition would even more
robustly activate the cGAS/STING pathway in HR-deficient cancers.
Additionally, since POLθ inhibition can reverse acquired PARP inhi-
bitor resistance, particularly when mediated by DNA end-resection
rewiring5,6, it will be important to determine if POLθ inhibitors can also
modulate the immune microenvironment of PARP inhibitor-resistant
cancers in vivo. Our in vitro results suggest this will be the case, asNVB
was able to induce cGAS/STING activation in BRCA1-mutant MDA-MB-
436 cells with acquired PARP inhibitor resistance. Therefore, in both
PARP inhibitor-sensitive and -resistant backgrounds, a PARP inhibitor/
POLθ inhibitor/anti-PD-1 antibody triplet may lead to robust and dur-
able antitumor responses.

Second, the pro-inflammatory response mediated by POLθ inhi-
bition was dependent on the cGAS/STING pathway. Depletion of
STING by siRNA prevented phosphorylation of TBK1 and consequent
type I interferon gene expression and prevented increased PD-L1
expression in response to POLθ inhibition or POLQ depletion. Con-
sistent with these effects, intratumoral CRISPR knockout of Sting
decreased PD-L1 expression upon NVB treatment of Brca2-deficient
PDAC in vivo. Thus, upregulation of PD-L1 expression secondary to
POLθ inhibition or depletion likely occurs directly by cGAS/STING
activation through theobservedupregulationof IFNB1. AlthoughPD-L1
upregulation has been more strongly linked to type II interferons, it

may also be upregulated by a type I response25. Similar findings were
observed with PARP or CHK1 inhibition24, reinforcing the importance
of cGAS/STING pathway activation in mediating the response to DNA
damage inhibitors12,24. STING agonists are currently under clinical
investigation in combination with chemotherapy or with
immunotherapy34, raising the question of whether the antitumor effi-
cacy of NVB-mediated POLθ inhibition could be augmented by STING
agonism, similar to the improved antitumor response of combined
STING agonism and PARP inhibition in Brca1-deficient TNBC38.

Finally, our work has largely interrogated the T-cell component
of the tumor microenvironment in response to POLθ inhibition.
Other DNA repair inhibitors, including PARP inhibitors, have been
reported to also modulate other immune cell populations, with
complex effects on the phenotype of tumor-associated
macrophages39. In fact, PARP inhibition in Brca1-deficient TNBC
resulted in the recruitment of immune-suppressivemacrophages39,40.
This avenue of research is especially important given that pre-
liminary data from clinical trials have not yet confirmed that the
addition of immunotherapy to PARP inhibition improves antitumor
responses compared to PARP inhibitor monotherapy41, raising the
possibility that depletion or repolarization of macrophages will be
necessary to realize the full potential of combined PARP and immune
checkpoint blockade. Indeed, we observed increased infiltration of
macrophages in response to POLθ inhibition, not only in the same
immunocompetent model of Brca1-deficient TNBC, but also in Brca2-
deficient PDAC. Further work will be required to assess the pheno-
type of thismacrophage population andwhether it is programmed as
antitumor or immunosuppressive42. Additional studies will be
necessary to carefully assess whether other immune cell populations
are modulated by POLθ inhibition and whether they are immunos-
timulatory or suppressive, so that the immune microenvironment
can be manipulated to maximize antitumor responses.

In summary, POLθ inhibition in HR-deficient TNBC and PDAC
mouse models led to cGAS-STING-mediated expression of type I
interferons known to be required for optimal immunological control
of cancer, thereby resulting in increased immunogenicity of otherwise
immunosuppressed tumors such as PDAC43. Activation of the cGAS/
STING pathway also led to enhanced expression of PD-L1, providing a
rationale for investigating the role of immunotherapy in combination
with POLθ inhibition. Moreover, our results demonstrating the
improved efficacy of the combination of PD-1 blockade with POLθ
inhibition provide a strong scientific rationale for combining these
modalities in clinical trials. Since POLθ inhibitors are only just entering
early phaseclinical trials (e.g., NCT04991480andNCT05687110), itwill
be important to confirm our preclinical findings of cGAS/STING
pathway activation and increased CD8+ T-cell recruitment using paired
tumor biopsies to interrogate the immune microenvironment. Such
efforts to understand the scope of biological effectsmediated by POLθ
inhibition will ultimately inform patient stratification, predictive bio-
markers, and rational combinatorial strategies.

Fig. 3 | POLθ inhibition activates the cGAS/STING pathway in BRCA-deficient
cancers. a–d The pair ofMDA-MB-436 +/− BRCA1 isogenic cell lines (a), or the pair
of CAPAN-1 +/− BRCA2 isogenic cell lines (b) were treated with vehicle (VEH) or
100μM NVB for 48 h, fixed and stained with picogreen, and subjected to immu-
nofluorescence (IF) for cGAS. a, b and Supplementary Fig. 3a, b, Representative IF
images at 100xmagnification, scale bars, 10 μM. c, dQuantification of the number
of cGAS-colocalized micronuclei expressed as a percentage of total nuclei
(n = 100 imaged cells / treatment group). Significance of difference determined
by one-way ANOVA. e, f Analysis of 2′3′-cGAMP levels by ELISA in the isogenic cell
line pair MDA-MD-436 +/− BRCA1 (e), and the isogenic cell line pair CAPAN-1 +/−
BRCA2 (f) treated with VEH or 100μM NVB for 48 h. Data, mean +/− SD of three
independent experiments, one-way ANOVA. g MDA-MD-436 (left) and CAPAN-1
(right) cell lines cell lines were treated with VEH or 100μM NVB for 48 h and
whole-cell lysates were subjected to immunoblotting with representative

immunoblot of three independent experiments. h MDA-MD-436 (left) and
CAPAN-1 (right) cell lines cell lines were transfected with siRNA targeting POLQ
and whole-cell lysates were subjected to immunoblotting with representative
immunoblot of three independent experiments. iMDA-MD-436 (left) and CAPAN-
1 (right) cell lines were treated with VEH or 1 μM ART558 (ART) for 48 h. Whole-
cell lysates were subjected to immunoblotting with representative immunoblot of
three independent experiments. j, k Isogenic cell line pairs (MDA-MD-436 +/−
BRCA1, j) and (CAPAN-1 +/− BRCA2, k) were treatedwith DMSOor 100μMNVB for
48 h, and subsequently subjected to immunofluorescence for pIRF3Ser396. For
representative IF images, see Supplementary Fig. 3c, d. Quantification of each cell
line (n = 100 imaged cells/treatment group), data, mean +/− SD, one-way ANOVA.
l,m Representative IF images of respective cell lines, MDA-MD-436 (l) or CAPAN-1
(m), treated with 100μM NVB for 48 h and subjected to IF for γH2AX and
pIRF3Ser396.
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Methods
Cell lines
Human TNBC BRCA1-deficient MDA-MB-436 isogenic pairs were
grown in RPMI (Gibco) supplemented with 10% FBS and have been
previously described21. Human MDA-MB-436 rucaparib-resistant
(MDA-MB-436-RR) cells that are cross-resistant to other PARP

inhibitors and cisplatin were grown in RPMI supplemented with 10%
FBS as previously described21. Human pancreatic cancer BRCA2-
deficient CAPAN-1 isogenic pairs were a gift from Dr. Christopher
Lord and were grown in DMEM (Gibco) supplemented with 20% FBS.
The murine pancreatic cancer cell line (KrasLSL-G12D; Trp53 LoxP-; Pdx1-
Cre; Rosa26YFP/YFP, referred to as KPC) was derived from late-stage
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primary tumors from an autochthonous mouse model of Kras and
TP53-mutated PDAC, as previously described23. These cells were
cultured in DMEM (Gibco) supplemented with 10% FBS and were
used to generate Brca2-deficient KPC cells using the CRISPR-based
multi-guide Gene Knockout Kit v2 (Synthego). Three guides (AAAGC
UCCUCAAACCAAUUG, UUAUACUCAGAUUCCUCCGG, GAAGCAAA-
CUGAUGGUAGGG) targetingmurineBrca2were electroporated. 48 h
post-electroporation, genomic DNA was extracted and analyzed by
DNA sequencing to confirm the disruption of the functional Brca2

allele and confirmed by Western blot analysis. Similarly, KPC Brca2
cells were used to generate KPCBrca2/StingDKOcells, also utilizing 3
guides (GCGAGGCUAGGUGAAGUGCU, GAUGAUCCUUUGGGUGGC
AA, ACCUGCAUCCAGCCAUCCCA). Human dendritic cells were
obtained from Lonza (CC-2701) and cultured in RMPI (Gibco) con-
taining 10% FBS, 800U/mLGM-CSF (R&DSystems), and 800U/mL IL-
4 (R&D Systems). For co-culture of tumor cells and dendritic cells,
3 × 105 tumor cells were cultured in a 6-well plate and treated with
DMSO or NVB. After 48 h, media was removed, and tumor cells

Fig. 4 | POLθ inhibition inducesan invitropro-inflammatory response inBRCA-
deficient cancers. a, b MDA-MD-436 (a) cells or CAPAN-1 (b) were treated with
DMSO or 100 μM NVB for 48h. RNA was extracted and qPCR performed. ISG15,
IRF7, CCL5, CXCL10, and IFNB1 mRNA levels were normalized to ACTB internal
control. Data,mean+/−SDof 3 independent experiments, unpaired two-way t-tests.
c, d Indicated cell lines (MDA-MD-436, c; CAPAN-1, d) were transfected with siRNA
targeting POLQ, and RNA was extracted, and qPCR performed. ISG15, and CCL5
mRNA levels were normalized to ACTB internal control. Data, mean +/−SD of 3
independent experiments. Statistical analyses were performed using unpaired two-
tailed t-tests. e, f Indicated cell lines (MDA-MD-436, e; CAPAN-1, f) were treatedwith
1μM ART558 (ART) for 48 h, and RNA was extracted, and qPCR performed. ISG15,

andCCL5mRNA levelswere normalized toACTB internal control. Data,mean +/−SD
of 3 independent experiments. Statistical analyses were performed using unpaired
two-tailed t-tests. g PARP inhibitor (PARPi) sensitive or resistant MDA-MB-436 cell
lines were treated with DMSO or 100μMNVB for 48h, and whole-cell lysates were
subjected to immunoblotting. POLθ inhibition increased TBK1 phosphorylation
and PD-L1 expression in both PARPi sensitive and resistant MDA-MB-436 cells, with
representative immunoblot of three independent experiments. h PARPi resistant
MDA-MB-436 cell lines were treated with DMSO or 100μM NVB for 48h, and RNA
was extracted, and qPCR performed for ISG15 and CCL5, normalized to ACTB
internal control. Data, mean +/−SD of three independent experiments, unpaired
two-tailed t-tests.
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Fig. 5 | POLθ inhibition induces an in vivo pro-inflammatory response in BRCA-
deficient cancers. a–d TNBC tumors from vehicle- or NVB-treated mice from 1h
(VEH, n = 7; NVB, n = 6) were harvested 5 days after treatment and analyzed by flow
cytometry forTBK1 andpIRF3 expression (a, c). PDAC tumors fromvehicle- orNVB-
treatedmice from 1j (VEH, n = 10; NVB, n = 9) harvested 5 days after treatment and
analyzed by flow cytometry for TBK1 and pIRF3 expression (b, d). Scatter plots
show significant increases in pTBK1+ and pIRF3+ in CD45- cells from NVB-treated

animals. Error bars, SEM. Statistical analyses were performed using unpaired two-
tailed t-tests. e, fWhole-tumorqPCRwas performedonRNA fromTNBC (VEH,n = 9;
NVB, n = 9) (e) or PDAC (VEH, n = 5; NVB, n = 5) (f) tumors. Scatter plots show
significant increases in Isg15, Irf7, Ccl5, Cxcl10, and Ifnb1mRNA levels normalized to
ACTB control from NVB-treated animals. Error bars, SEM. Statistical analyses were
performed using unpaired two-tailed t-tests.
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washed twice with PBS. Media containing 3 × 105 human dendritic
cells was added and co-cultured for 24 h. Co-cultured cells were
harvested for flow cytometry analysis and floating cells and floating
cells (representing ~90% dendritic cells) were collected for mRNA
analysis. All cell lines were regularly tested for Mycoplasma using
MycoAlert Mycoplasma Detection Kit from Lonza and identified by
theDFCIMolecular Diagnostics CoreHumanCell Line Authentication
service at periodic intervals during the course of the study.

In vivo experiments
All animal experimentswere approved by the Institutional Animal Care
and Use Committee at the Dana-Farber Cancer Institute (protocol 17-
032). Animals were maintained in housing rooms under controlled
environmental conditions (temperature: 20+/− 2 °C; humidity: 35+/−
10%; photoperiod: 12 h light/12 h dark; HEPA-filtered air; animals
enclosures provided sterile and adequate spacewith beddingmaterial,
food and water, environmental and social enrichment) at the Dana-
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Fig. 6 | POLθ inhibition in HR-deficient tumors induces the cGAS/STING path-
way in dendritic cells. a, b TNBC tumors from 1h (VEH, n = 7; NVB, n = 6) or PDAC
tumors from 1j (VEH, n = 10; NVB, n = 9), were harvested 5 days after treatment and
analyzed by flow cytometry. Scatter plots demonstrate increases in pTBK1+, pIRF3+,
and PD-L1 in dendritic cells (DCs). Error bars, SEM. Statistical analyses were per-
formed using unpaired two-tailed t-tests. cHumandendritic cells were treatedwith
100μMand 200μMNVB for 48 h. After 48 h of incubation, DCs were collected and
processed for qPCR analysis. qPCR analysis of ISG15, IRF7, CCL5, CXCL10, and IFNB1
mRNA levels normalized to ACTB control. 10μM ADU-S100 (labeled as STING) was

used as a positive control. Data, mean +/− SD of 3 independent experiments, one-
way ANOVA. d Illustration of co-culture system using human dendritic cells and
NVB-treated tumor cells. HR-deficient tumor cells were treated with vehicle or
100μMNVB for 48h, after whichwere removed and DCswere co-cultured for 24h.
Floating cells representing DCs were collected and processed for qPCR analysis.
Created using Biorender. e, f qPCR analysis of ISG15, IRF7, CCL5, CXCL10, and IFNB1
mRNA levels normalized to ACTB control in DCs co-cultured with untreated and
NVB-treated MDA-MB-436 cells (e), or CAPAN-1 cells (f). Data, mean +/− SD of 3
independent experiments, unpaired two-tailed t-tests.
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Farber Cancer Institute Animal Resource Facility. For expansion of the
Brca1-deficient TNBC model, tumor pieces generated from K14-Cre-
Brca1f/f;Trp53f/f female mice were orthotopically transplanted into the
mammary fat pad of 8-week-old first-generation female FVB/129P2
mice that were bred from FVB females (Jackson Laboratories) and
129P2 males (Envigo). For expansion of the Brca2-deficient PDAC
model, cultured Brca2 CRISPR-KO KPC or Brca2 Sting CRISPR-DKO
cells were harvested and resuspended in DMEM and mixed 1:1 with
Matrigel (Corning). A total volume of 0.2mL containing 2 × 106 cells

were injected subcutaneously into the flank of female 8-week-old
C57BL/6J mice (Jackson Laboratories). For efficacy studies, treatments
were started once the tumors were palpable and reached a volume of
50 to 100mm3 and continued until tumors either reached 2000mm3

in volume or ulcerated more than 10mm in diameter, at which point
mice were euthanized. For flow cytometry studies, mice bearing
tumorsof ~300mm3 in volumewere treatedwith PBS orNVB for 5 days
prior to harvesting. These same tumors were also harvested for IHC
and for whole-tumor mRNA extraction. PBS-reconstituted NVB was
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Fig. 7 | cGAS/STING pathway activation is required for POLθ inhibition-
mediated pro-inflammatory response. a, b MDA-MB-436 (a) or CAPAN-1 (b)
cells were depleted of STING by siRNA and then treated with vehicle or 100 μM
NVB for 48 h and subjected to immunoblotting. STING depletion as shown by
immunoblotting for STING protein levels, abolishes NVB-mediated TBK1
phosphorylation in MDA-MB-436 (a), and CAPAN-1 (b) cells. c, d MDA-MB-436
or CAPAN-1 cells depleted of STING by siRNA and treated with 100 μM NVB for
48 h were subjected to qPCR. STING depletion abolishes NVB-mediated

upregulation of ISG15 and IRF7 mRNA levels normalized to ACTB control in
MDA-MB-436 (c), and CAPAN-1 (d) cells. Data, mean +/− SD of 3 independent
experiments, one-way ANOVA. e, f MDA-MD-436 (e) or CAPAN-1 (f) cells were
depleted of STING, POLQ, or the combination by siRNA and subjected to
immunoblotting. Combination STING and POLQ siRNA-mediated depletion, as
shown by immunoblotting for STING and POLQ protein levels, abolishes TBK1
phosphorylation and increased expression of PD-L1. Representative immuno-
blot of three independent experiments.
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Fig. 8 | cGAS/STING pathway activation is required for POLθ inhibition-
mediatedantitumorefficacy and immune checkpoint activation. a Immunoblot
analysis of STING protein expression in Sting CRISPR knockout KPC Brca2 KO cells.
Tubulin serves as an internal loading control. Representative immunoblot of three
independent experiments. b Immunoblot analysis of TBK1 phosphorylation in KPC
Brca2KO cells and KPC Brca2 StingDKO cells upon 100μMNVB treatment for 48h.
Sting depletion abolishes NVB-mediated Tbk1 phosphorylation. Representative
immunoblot of three independent experiments. c Immunoblot analysis of PD-L1
expression in KPC Brca2 KO cells and KPC Brca2 Sting DKO cells upon 100μMNVB
treatment for 48h. Sting depletion abolishes NVB-mediated PD-L1 upregulation.
Representative immunoblot of three independent experiments. d PDAC tumors
(Brca2 KO, or Brca2 Sting DKO from vehicle- or twice daily 75mg/kg NVB-treated
mice (n = 5 per treatment group) were harvested 5 days after treatment and

analyzed bywhole-tumor qPCR. Scatter plots show significant increases in Isg15 and
Irf7. mRNA levels normalized to ACTB control from NVB-treated animals harboring
Brca2 KO PDAC tumors but not Brca2 Sting DKO PDAC tumors. Error bars, SEM.
Statistical analyses were performed using one-way ANOVA. e, f PDAC tumors Brca2
KO (VEH, n = 5; NVB, n = 5), or Brca2 StingDKO (VEH, n = 5; NVB, n = 6) from vehicle-
or twice daily 75mg/kg NVB-treated mice were harvested 5 days after treatment
and analyzed by IHC for CD3, CD4, CD8, and PD-L1 expression. Representative IHC
images at 40x magnification, scale bars, 100μM (e). Quantification of IHC staining
using Aperio algorithms. Data, mean +/− SEM, unpaired two-tailed t-tests (f). g KPC
Brca2 KO (VEH, n = 10; NVB, n = 10) or KPC Brca2 Sting DKO (VEH, n = 10; NVB,
n = 10) cells were transplanted in syngeneic C57/BL6mice and treated with vehicle
(VEH) or NVB. Tumor volumes (mm3) were measured at days 5 and 22. Error bars,
SEM. Statistical analysis was performed using unpaired two-way t-tests.
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diluted in PBS (Corning) immediately before 0.2mL intraperitoneal
injection and administered at 75mg/kg twice daily. Anti-CD8 and
IgG2b isotype control antibodies (Bio X Cell; #BE0117 and BE0090)
were dissolved in PBS (Corning) and administered intraperitoneally at
0.2mg/dose in a volume of 0.2mL, respectively, twice per week. Anti-
PD-1 and IgG2a isotype control antibodies (Bio X Cell; #BP0273 and
BP0089) were dissolved in PBS (Corning) and administered intraper-
itoneally at 0.2mg/dose in a volume of 0.2mL, respectively, twice per
week. Tumors were measured every 3 to 4 days using electronic cali-
pers, and tumor volumes were calculated as follows: V = (W(2) × L)/2.

Compounds
NVB (Selleckchem, NSC 2382) was reconstituted in DMSO at the indi-
cated concentrations for in vitro studies and in PBS at 75mg/kg for
in vivo studies. ART558 (MedChemExpress, HY-141520) was recon-
stituted in DMSO and used at a concentration of 1μM in vitro. ADU-
S100 (MedChemExpress, MIW815) was reconstituted in DMSO and
used at a concentration of 10μM in vitro.

Flow cytometry
Following 5 days of treatment with vehicle (PBS) or NVB at 75mg/kg,
mice were sacrificed, and cardiac perfusion was performed. Tumors
were excised, finely minced before being blended with the gentle-
MACS Dissociator (Miltenyi Biotec) and digested with the MACS Mil-
tenyi Tumor Dissociation Kit (Miltenyi Biotec #130-096-730)
according to the manufacturer’s instructions. Dissociated tumor cells
were washed with RPMI (Gibco) and lysed with RBC Lysis Solution
(Qiagen). Cells were resuspended influorescence-activated cell sorting
(FACS) buffer composed of PBS, 0.5% BSA, and 2mMEDTA. Cells were
then incubated with the Zombie Aqua Fixable Viability Kit in combi-
nation with anti-mouse CD16/CD32 Fcγ receptor II/III blocking anti-
body (Affymetrix #14-0161-85) for 20min at RT, prior to incubation
with primary antibodies as indicated in Supplementary Table 1 for 1 h
at 4 °C. Fixation and permeabilization was performed using the FoxP3/
Transcription Factor Staining Buffer Set (Affymetrix #00-5523-00),
according to the manufacturer’s guidelines, and incubated with anti-
bodies for intracellular antigens as indicated in Supplementary Table 1
overnight at 4 °C. The following day, cells were washed, resuspended
in PBS, and analyzed using a BD LSR Fortessa flow cytometer. Com-
pensation was performed manually using single color and isotype
controls as previously described12. All-stain, unstained and isotype
controlswereused to define signal thresholds. Analysis was performed
using FlowJo V10 and GraphPad Prism V9. Gating strategies are pro-
vided in Supplementary Fig. 1 and Supplementary Fig. 5.

Immunohistochemistry (IHC)
IHC was performed on extracted tumors fixed overnight using 10%
formalin solution using a Leica Bond automated staining platform.
Fixed tumors were paraffin embedded by the Specialized Histo-
pathology Core at the Brigham and Women’s Hospital (BWH). Thin
section slides were produced and washed with Histo-Clear II (National
Diagnostics HS-202) twice, 100% ethanol twice, and rehydrated with
washes of 90%, 80%, 70%, and 50% ethanol. Antigens were unmasked
by heating sections to 100 °Cwith ER2 buffer for 20min. Once cooled,
sections were washed sequentially with Peroxide Block for 5min and
three times with Bond Wash buffer. Sections were then stained in
blocking buffer containing primary antibody (Supplementary Table 1)
for 1 h at RT. Sections were then washed three times with 1X PBS and
incubated with linker antibody at 2.5μg/mL for 8min followed by two
washes with Bond Wash buffer and incubated with polymer for 8min.
Sections were then washed five times with Bond Wash buffer, incu-
bated with Mixed DAB Refine for 10min, washed three times with
deionized water, and incubated with Hematoxylin for 10min, followed
by thrice washing with BondWash buffer. Stained slides were scanned
on an Olympus BX41 microscope equipped with a digital camera at

40X magnification into the Aperio image analysis platform for algo-
rithmic image analysis.

Immunofluorescence
Cells were seeded on coverslips and treated as indicated. Cells were
washed once with PBS and then fixed using 4% paraformaldehyde for
10min at RT. Fixed cells were washed twice with PBS before per-
meabilization with 0.5% Triton X-100 in PBS (PBST) for 5min at 4 °C.
All subsequent wash steps were with PBST. Following permeabiliza-
tion, cells were washed twice, and then incubated with the appro-
priate primary antibody (Supplementary Table 1) for 1 h at 37 °C.
Following primary incubation, cells were washed three times, then
incubated with the appropriate secondary antibody (Supplementary
Table 1) for 1 h at 37 °C. Following secondary incubation, coverslips
were washed four times and then mounted on glass slides using
mounting media containing DAPI (Vectashield). Cells were imaged
using a Zeiss AxioObserver microscope and quantified using
Image J (NIH).

Immunoblotting
Cells were lysed in NETN buffer (10mM TrisCl, pH 7.4, 1mM EDTA,
0.05% Nonidet P-40, and protease inhibitors) containing 150mMNaCl
for 15min on ice. Protein was quantified using Protein Assay Dye
Reagent (Bio-Rad) and equal amounts were resolved on Nu-Page Bis-
Tris (Invitrogen) polyacrylamide gels usingMES buffer and transferred
to nitrocellulose membranes using Tris-Glycine wet transfer. Mem-
branes were blocked with 5% milk in TBST for 1 h at RT, and then
probed with primary antibodies (Supplementary Table 1) for 1 h at RT.
Appropriate enhanced chemiluminescence secondary antibodies
(Supplementary Table 1), were then applied for 1 h at RT. Immunode-
tection was performed using Western Lightning (Perkin Elmer) and
imaged on an AI600 Chemiluminescent Imager (Amersham).

cGAMP, CCL5 ELISA
Cell lysates from vehicle (DMSO) and NVB-treated cells were prepared
in mammalian protein extraction reagent (Thermofisher). Protein
concentration of the lysates was determined, and 25mg of lysate was
used to assess either cGAMP or CCL5 levels using an enzyme-linked
immunosorbent assay (ELISA) according to the manufacturer’s pro-
tocol (Cayman Chemical, #501700, and R&D Systems, DNR00B,
respectively).

Quantitative PCR (qPCR)
RNA was isolated using the Qiagen RNeasy kit (#74104) per the man-
ufacturer’s protocol. RNA yield was quantified by Nanodrop and
reverse transcribed using the SuperScript IV First-Strand Synthesis
System (Invitrogen) per the manufacturer’s protocol. qPCR was per-
formedusing PrimeTime qPCR ProbeAssays (IDTDNA) inQuantStudio
7 Real-Time PCR System (Thermofisher) and the delta-delta Ctmethod
(2 –ΔΔCt) was used to calculate in Microsoft Excel the relative fold
gene expression of samples using ACTB as a control. Primer sequences
are tabulated in Supplementary Table 2.

siRNA transfection
For siRNA transfection, cells were seeded at 1 × 105 cells/mL into 6-well
plates one day prior to planned transfection. Specific siRNA duplexes
targeting POLQ (Qiagen SI00090062) or STING (Santa Cruz sc-92042)
were transfected using Lipofectamine RNAiMAX Reagent (Life Tech-
nologies) according to the manufacturer’s protocol.

Statistical analyses
Statistical analyseswereperformedusingGraphPadPrismV9 software.
All data are represented as mean± SEM (in vivo) or ±SD (in vitro) cal-
culated unless indicated otherwise. Significance was tested using Stu-
dent’s t-test for comparison of two sets of measurements, or one-way
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ANOVAwith Tukey post hoc test if all sets analyzed or Sidak post hoc if
pairs of sets analyzed, for comparison of three or more sets, unless
indicated otherwise.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data supporting the findings of this study are included in this
article and its associated files. Source data are provided with
this paper.
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