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type-l IFN response in ATM deficient cancer cells and drives dendritic cell activation
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ABSTRACT

The concept of exploiting tumor intrinsic deficiencies in DNA damage repair mechanisms by inhibiting
compensatory DNA repair pathways is well established. For example, ATM-deficient cells show increased
sensitivity to the ATR inhibitor ceralasertib. DNA damage response (DDR)-deficient cells are also more
sensitive to DNA damaging agents like the DNA crosslinker pyrrolobenzodiazepine (PBD) SG-3199.
However, additional antitumor benefits from targeting the DDR pathways, which could operate through
the activation of the innate immune system are less well studied. DNA accumulation in the cytosol acts as
an immunogenic danger signal, inducing the expression of type-I interferon (IFN) stimulated genes (ISGs)
by the activation of the cGAS-STING pathway. Here, we demonstrate that ATM ~~ FaDu tumor cells have
higher basal expression of ISGs when compared to WT cells and respond to ceralasertib and PBD SG-3199
by inducing higher levels of ISGs in a cGAS-STING-dependent manner. We show that sensitive tumor cells
treated with ceralasertib and PBD SG-3199 activate dendritic cells (DCs) via a type-l IFN-dependent
mechanism. However, STING deficiency in tumor cells does not prevent DC activation, suggesting that
transactivation of the STING pathway occurs within DCs. Furthermore, depletion of the cytosolic DNA
exonuclease TREX1 in tumor cells increases DC activation in response to PBD SG-3199-treated tumor cells,
indicating that an increase in tumor-derived cytosolic DNA may further enhance DC activation. In
summary, in this study, we show that ceralasertib and PBD SG-3199 treatment not only intrinsically target
tumor cells but also extrinsically increase tumor cell immunogenicity by inducing DC activation, which is

ARTICLE HISTORY
Received: 22 December 2021
Revised: 16 August 2022
Accepted: 16 Aug 2022

Keywords

DNA damage repair; DDR;
ATR; ATM; ceralasertib; PBD
SG-3199; Interferon; DC;
STING; TREX1

enhanced in ATM-deficient cells.

Introduction

The treatment of cancer by radiotherapy and chemotherapy
agents often relies on the accumulation of DNA damage, ulti-
mately leading to cell death as a function of uncontrolled
proliferation coupled with dysfunctional DNA repair mechan-
isms. DNA damage can be repaired by multiple DNA damage
repair pathways; however, the intrinsic impairment of these
pathways is common in cancer cells and leads to dependency
on compensatory DNA repair mechanisms. Therefore, inhibit-
ing DNA damage responses with targeted therapies can induce
tumor cell death by synthetic lethality in specific tumor
genotypes' and can also be used in combination with DNA
damaging agents. This has been shown in the case of Ataxia
Telangiectasia and Rad3-related (ATR) and Ataxia
Telangiectasia Mutated (ATM) proteins, two apical DNA
damage signaling kinases, where ATR inhibition has been
reported to induce synthetic lethality in ATM-deficient cells.”
Also, defects in DNA damage repair sensitize cells to DNA
damaging agents such as the pyrrolobenzodiazepine (PBD)
SG-3199; a warhead used in antibody drug conjugates
(ADC),” which binds to the DNA minor groove thereby cross-
linking DNA and inducing cytotoxicity.

In addition to the direct antitumor effect that increasing
DNA damage with chemo- and radiotherapy has on cancer

cells, some cancer therapies such as anthracyclines* and
radiation® not only exert direct antitumor activity but can
also have an indirect activity by inducing an antitumor
immune response. Treated dying tumor cells can release
damage-associated molecular patterns (DAMPs) recognized
by dendritic cells (DCs) as a cellular stress trigger via pattern-
recognition receptors (PRRs)® and can induce the uptake of the
dying tumor cells by dendritic cells, a process called
efferocytosis,” as well as trigger multiple pro-inflammatory
responses. Consequently, DCs can process and present tumor
antigens to CD8" T cells in an adequate cytokine context
required for the priming of tumor antigen specific CD8" T
cells®*'* and this process plays an essential role in the efficacy of
these therapies.

Cytosolic DNA is a danger signal that can be produced by
unrepaired DNA damage and trigger multiple pro-inflamma-
tory responses, including the production of type-I IFN."" The
DNA sensor cyclicGMP-AMP synthase (cGAS) recognizes
cytoplasmic dsDNA in a sequence independent manner and
produces the second messenger 2’,3’-cyclic GMP-AMP
(cGAMP). The endoplasmic reticulum adaptor protein
STING (stimulator of interferon genes), also known as
TMEM173, recognizes cGAMP and oligomerizes to form tet-
ramers which then act as a scaffold for TBK1 activation. TBK1
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then phosphorylates the transcription factors IRF3 and NFkB
leading to their homodimerization and nuclear translocation
resulting in the induction of type-I IFN expression.'>”'® The
activation of STING has been reported to be essential to induce
type-I IFN in response to intracellular exogenous DNA from
pathogens and more recently to be also involved in the
immune response against tumors. It has been reported that
the activation of STING in antigen presenting cells (APCs) is
required for the activation of antigen specific CD8" T cells
against tumor cells.!” Moreover, the IFN-driven antitumor
activity induced by radiation therapy has been shown to be
STING-dependent.'® Also, direct activation of STING in
tumors induces a potent antitumor immunity in mice."’

To further understand how targeting the DNA damage
response in cancer cells can potentiate an antitumor immune
response, we studied the effects of the ATP competitive ATR
inhibitor ceralasertib (AZD6738)*° and the DNA damaging
agent PBD SG-3199 on modulating the activation of the
immune system and how deficiency in the DDR protein
ATM can modulate this process. We have observed that target-
ing the DNA damage response in cancer cells results in the
increased production of ISGs by cancer cells via a STING-
dependent mechanism, the efferocytosis of drug-treated sensi-
tive tumor cells and activation of DCs, which was enhanced in
ATM-deficient tumor cells. These results demonstrate the
direct antitumor effect of ceralasertib and PBD SG-3199 on
sensitive cancer cells is compounded by an indirect antitumor
effect from the immune system as a result of increased immu-
nogenicity of the drug-treated cancer cells.

Materials and methods
Cell lines and media

All cell lines used in the experiments described in this article
were kept in culture for a maximum of 2 months before start-
ing new cultures from master vials. FADu WT and FaDu ATM
'~ cells*' were obtained from internal stocks and were cultured
in MEM (Gibco) supplemented with 10% FBS (Gibco) and 1%
NEAA (Gibco). THP-1-dual WT, STING ~~ and TREX1 ~~
cells were obtained from Invivogen and were cultured in RPMI
1640 Glutamax media (Gibco), supplemented with HEPES
(ThermoFisher Scientific), 10% FBS (Gibco), 0.05 mM p-mer-
captoethanol (ThermoFisher Scientific) and the selection anti-
biotics blasticidin (10 pug/ml) and zeocin (10 pg/ml) (both
Invivogen). The selection antibiotics were removed from the
culture media to perform the experiments. All cell lines were
verified in-house by short tandem repeat (STR) fingerprinting
and routinely tested for mycoplasma.

DNA damage induction, inhibitors and agonists

DNA damage was induced by ionizing radiation (IR) with the
indicated Gray (Gy) in the figure legends using a Faxitron
CellRad irradiator (130 kV, 5 mA, 0.5 mm Al) or by treatment
of cells with PBD SG-3199 (40 pM for FaDu cells and 400 pM
for THP-1 cells)® obtained from internal stock. Ceralasertib *°
(1 uM) or AZDO0156 22 (10 nM) were obtained from internal
stocks, recombinant human IFN (300 U/ml, R&D) and the

JAK1/2 inhibitor INCB018424 ruxolitinib (1 uM, Chemietek)
were obtained commercially. The ¢cGAS agonist dsSDNA HT-
DNA (25 pg/ml, Sigma) and the STING agonist 2'3'-cGAMP
(25 pg/ml, Invivogen) were transfected into tumor cells using
2 ul Lipofectamine™ 2000 (ThermoFisher Scientific) according
to manufacturer’s instructions.

Cell cycle, proliferation, apoptosis, cell death and
micronuclei formation assays

For cell cycle analysis assays, cells were fixed with 70% etha-
nol at —20°C for at least 16 hours followed by washing with
PBS and staining with propidium iodide solution containing
RNase (FxCycle™ PI/RNase, Life technologies) as per the
manufacturer’s instructions and analyzed by flow cytometry.
For proliferation assays, percentage of cell confluency was
determined by analyzing phase contrast images acquired
every two hours for five days in the Incucyte ZOOM System
(Sartorius). Alternatively, cells were incubated with CellTiter-
Glo reagent (Promega) following manufacturer’s instructions
and luminescence was measured on the EnVision instrument.
For apoptosis and cell death assays, cells were stained with
Dead Cell Apoptosis Kit with Annexin V Alexa Fluor™ 488 &
Propidium Iodide (PI) (Invitrogen) as per the manufacturer’s
instructions and analyzed by flow cytometry. Early apoptotic
cells (defined as percentage of AnnexinV'PI") and dead cells
(defined as percentage of AnnexinV'PI" cells) of the single
cell population were quantified using FlowJo. Alternatively,
cells were stained with Live/Dead Fixable Blue Dead Cell
Stain (ThermoFisher Scientific) for 30 minutes and percen-
tage of dead cells was defined as percentage of blue® cells
within the single cell population. For micronuclei formation
assay, FaDu cells (1e*) were plated in cell carrier-96 ultra-well
plates (Perkin Elmer). Following treatments, cells were fixed
with 4% formaldehyde in PBS and stained with Hoechst (10
pg/ml) and HCS CellMask Deep Red stain (1 pug/ml) (both
Invitrogen) in 0.1% Triton X — 100 (Sigma) in PBS for
30 minutes at room temperature in the dark. Images were
acquired with a Yokogawa CV7000 confocal scanner (40x
objective) and analyzed using Columbus software (Perkin
Elmer) as described in.?

siRNA knockdown and RT-qPCR

Cells (2¢°) were transfected with siRNA-lipofectamine
RNAIMAX complexes (30 pM siRNA/ 1 pl lipofectamine™
RNAIMAX) as per the manufacturer’s instructions (Thermo
Fisher Scientific). siRNA encoding STING (ID: s50644), cGAS
(ID: s41746) and Cy3-labeled negative control were from
Ambion (Life Technologies). Total RNA extracted using
RNeasy Plus Mini Kit (50) (QIAGEN) and reverse transcribed
using high-capacity cDNA reverse transcription kit (Applied
Biosystems). Then, cDNA was incubated with the indicated
TagMan gene expression probes (FAM) (Ifnbl
Hs01077958_s1, Isgl5 Hs00192713_ml, Ifitl Hs00356631_gl,
Ifil6 Hs00194261_m1, Mx1 Hs00895608_m1, Cxcl10/ IP-10
Hs00171042_m1), Human GAPDH Endogenous Control
(VIC) (4326317E) and TagMan™ Fast Advanced Master Mix
(4444557) (all Thermo Fisher Scientific). The cDNA



corresponding to the amplified mRNA was quantified using
the AA cycle threshold (CT) method normalizing to GAPDH.

Western blot

Cells were detached with Accutase (Sigma), collected and lysed
in RIPA buffer (Pierce) supplemented with complete phospha-
tase and protease inhibitors (Cell signaling). Proteins were
quantified by BCA (ThermoFisher Scientific) and 20 pg of
proteins were separated by gel electrophoresis in NuPAGE 4-
12% Bis-Tris Gel Novex (ThermoFisher Scientific) with
NuPAGE 1x MOPS buffer (Life technologies). Proteins were
transferred to nitrocellulose membrane (Life technologies) by
iBlot™ 2 Transfer Device (ThermoFisher Scientific).
Membranes were blocked with Odyssey blocking buffer PBS
(LI-COR) and probed with primary antibodies as indicated for
16 hours at 4°C at a concentration of 1:500 for Phospho-
histone H2A.X (Ser139) (Cell Signaling 2577), Phospho-P-53
(Ser 15) (Cell Signaling 9284), Phospho-STAT1 (Tyr701)
(58D6) (Cell Signaling 9167), STING (D2P2F) (Cell Signaling
13647) and cGAS (D1D3G) (Cell Signaling 15102), P-S1981-
ATM [EP1890Y] (Abcam 81292) and GAPDH (Millipore
MAB374), followed by either IRDye680LT goat anti-rabbit
(LI-COR, 926-68021) or IRDye800CW goat anti-mouse (LI-
COR, 925-32210) as per the manufacturer’s instructions and
analyzed in LI-COR Odyssey.

Cytokine analysis

IFNP and IP-10 concentrations in the culture media were
measured by meso-scale discovery (MSD) assay using the
human U-plex kit following manufacturer’s instructions.

Human monocyte-derived dendritic cell generation and
co-culture with treated tumor cells

Human PBMCs (peripheral blood mononuclear cells) were
isolated from leukocyte cones from healthy volunteers with
Ficoll-Paque PLUS (GE Healthcare). Monocytes (CD14%)
were isolated from PBMCs using EasySep™ Human CD14
Positive Selection Kit II (Stemcell) and differentiated to DCs
with IL-4 (100 ng/ml, Peprotech) and GM-CSF (100 ng/ml,
Peprotech) in RPMI 1640 medium Glutamax ™ 1 (Gibco)
supplemented with 10% FBS and penicillin/streptomycin
(Gibco) for 6 days. At day 3 of differentiation, fresh IL-4
(100 ng/ml) and GM-CSF (100 ng/ml) were added to the
media. Tumor cell lines were labeled with CellTrace violet
(Invitrogen) as per the manufacturer’s instructions and pla-
ted. The following day, the tumor cells were treated with
compounds for 48 hours or with ionizing radiation for
24 hours as indicated in the figures. Then, the tumor cells
were collected by accutase treatment, washed twice with PBS
and counted. 2e” tumor cells were co-cultured with le* den-
dritic cells for 24 hours (ratio 20:1 target tumor cell: effector
dendritic cell). Alternatively, le* dendritic cells were stimu-
lated with 10 ng/ml LPS (026:B6) from Sigma (L2654, lot
025M4088) for 24 hours as positive control or treated with
compounds for 48 hours. Cells were then collected, washed
with PBS, stained with Live/Dead Fixable Blue Dead Cell
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Stain (ThermoFisher Scientific) for 30 minutes followed by
staining with CD11c-PerCP (Clone Bul5, Biologend 337234),
CD86-PE (Clone IT2.2, BD 555665), CD80-FITC (Clone
L307.4, BD 557226), and HLA-DR-APC/Cyanine7 (Clone
1243, Biolegend 307618) in flow cytometry staining buffer
(eBioscience), cells were analyzed in a BD Fortessa cytometer
and data was analyzed with Flow]Jo. Efferocytosis was defined
as percentage of CD11c" CellTrace Violet™ cells within live
CD11c" single cell population, and DC activation was mea-
sured as mean fluorescence intensity (MFI) of CD86, CD80 or
HLA-DR (within the CD86"CD11c*, CD80*CD11c" or HLA-
DR*CD11c" live single cell populations, respectively). DC
viability was determined as percentage of live cells (blue
dead™ CD11c" cells within single cell population.

Results

ATM-deficient tumor cells are more sensitive to treatment
with the ATR inhibitor ceralasertib or DNA damage
induction by PBD SG-3199

Tumor cells with defects in the DNA damage response path-
way have been shown to be more susceptible to DNA damage
induction® and ATR inhibition has been described to induce
synthetic lethality in ATM '~ cells.>*>** To confirm these
results, we treated FaDu ATM ~'~ cells with the ATR inhibitor
ceralasertib or with the DNA damaging agent PBD SG-3199
and analyzed the effect on cell cycle progression and cell
death. Treatment with ceralasertib®® induced phosphorylation
of the DNA damage marker y-H2AX in both FaDu WT and
FaDu ATM '~ tumor cells, whereas it induced phosphoryla-
tion of the downstream protein p53 only in WT cells, con-
sistent with requiring ATM activity for phosphorylation
(Figure 1a). ATM '~ cells had a lower percentage of cells in
G1 (Figure 1b and S1A) as well as an increased early apop-
tosis by 48 hours and cell death by 72 hours of culture in
DMSO treated controls in comparison with WT cells (Figure
1c). Moreover, ceralasertib induced an increase in the S-phase
fraction in WT cells after 48 hours of treatment whereas in
ATM '~ cells occurred by 24 hours, and was enhanced in
comparison with WT cells (Figures 1b and S1A). Ceralasertib
also increased the G2/M fraction of cells by 72 hours in ATM
= cells but not in WT cells (Figure 1b and S1A).
Furthermore, ceralasertib induced early apoptosis (Figure
1b-c and S1A) and cell death (Figure 1c) and inhibited
proliferation (Figure S1B) in ATM '~ cells but not in WT
cells.

Treatment with PBD SG-3199 induced the phosphoryla-
tion of y-H2AX and p53, cell cycle arrest in both S and G2/M
phases, inhibition of proliferation, early apoptosis, and cell
death in both WT and ATM ~/~ FaDu cancer cells (Figures
la-c and S1A-B). However, WT cells had enhanced cell cycle
arrest in response to PBD SG-3199 compared with ATM ~/~
cells (Figures 1b and S1A), whereas ATM '~ cells had
increased inhibition of proliferation (Figure S1B), early
apoptosis (Figures 1b-c and S1A), and tumor cell death
(Figure 1c) compared with WT tumor cells. In conclusion,
ATM '~ tumor cells are more sensitive to ATR inhibition and
to DNA damage.
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Figure 1. Enhanced sensitivity of ATM-deficient tumor cells to ATR inhibition and DNA damage.

FaDu WT and FaDu ATM ~~ cells were treated with ceralasertib (1 uM), PBD SG-3199 (40 pM) or DMSO for the times indicated. (a) Cell lysates were subjected to SDS/
PAGE and immunoblotted with antibodies to the indicated proteins. (b) Cell cycle analysis by flow cytometry. Data are shown as mean + SEM percentage of cells in
subG1/apoptotic, G1, S and G2/M stages of the cell cycle of the single cell population from three independent experiments. Each experiment was performed in
duplicate. (c) Apoptosis and cell death analysis by flow cytometry. Data are shown as mean + SEM of percentage of early apoptotic cells (AnnexinV*PI™) and dead cells
(AnnexinV*PI") of the single cell population from two independent experiments. Each experiment was performed in duplicate. (b-c) Statistical testing by t-test (p < .05
* p <.01** p<.001*** comparing treatment vs DMSO control in each genotype; t test p < .05 +, p <.01 ++, p <.001 +++ comparing each treatment group in WT vs

ATM ~~ cells). See also Supplementary Figure S1.

ATR inhibition or treatment with PBD SG-3199 leads to
enhanced micronuclei formation in ATM-deficient cells

It has been proposed that double-stranded DNA breaks gen-
erated by ionizing radiation (IR) leads to the formation of

. S . L 2526
micronuclei during cell cycle progression through mitosis

and ATR inhibition has been previously shown to induce
micronuclei formation®»*” and this is enhanced in ATM ~/~
cells.”® Therefore, we investigated if PBD SG-3199 can also
induce micronuclei formation and if this is increased by



Micronuclei

Fold change

Ceralasertib

Time (hours)

ONCOIMMUNOLOGY €2117321-5

PBD SG-3199

1 r;

WT DMSO

WT Ceralasertib

WT PBD SG-3199
ATM 7~ DMSO

ATM 7~ Ceralasertib
ATM 7~ PBD SG-3199

Figure 2. ATR inhibition and PBD SG-3199 induce increased micronuclei formation in ATM-deficient cells.

FaDu WT and FaDu ATM ~~ cells were treated with ceralasertib (1 uM), PBD SG-3199 (40 pM) or DMSO as control for the times indicated and analyzed by automated
microscopy for micronuclei formation. (a) Representative images after 72 hours of treatment. Red arrows indicate micronuclei. (b) Quantification of micronuclei. Data
shown as mean + SEM fold increase of micronuclei per number of nucleus compared with WT cells treated with DMSO at each end point from three independent
experiments. Each experiment was performed in duplicate or triplicate. Statistical testing by t-test (p < .05 *, p< .01 **, p< .001 *** comparing treatment vs DMSO

control in each genotype; p< .05 +, p< .01 ++, p< .001 +++ comparing each treatment group in WT vs ATM

ATM deficiency in tumor cells. Treatment of both WT and
ATM '~ tumor cells with either ceralasertib or PBD SG-3199
induced the formation of micronuclei (Figure 2a-b and S2).
ATM depletion induced enhanced micronuclei formation in
response to ceralasertib (Figure 2a-b and S2) and PBD SG-
3199 (Figure 2a-b). Furthermore, ATM "~ tumor cells had
higher basal levels of micronuclei” (Figure 2a-b). Of note, the
fold increase of micronuclei above DMSO control in response
to PBD SG-3199 was reduced in ATM ™'~ cells in comparison
to WT cells (Figure S2), probably due to already high basal
levels of micronuclei (Figure la-b) and/or increased levels of
cell death in ATM /™ cells (Figure 1b-c and S1A). These
results confirm the published findings on ceralasertib and
show that increasing DNA damage with PBD SG-3199 also
results in micronuclei formation and that this is enhanced in
ATM " cells.

ATR inhibition and DNA damage induce a type-I IFN
response which is increased in ATM-deficient cells

We have shown that ceralasertib and PBD SG-3199 induce
higher levels of DNA damage and cell death in ATM ~/~

= cells).

tumor cells compared to WT counterparts. Some cancer thera-
pies can also exert an indirect antitumor effect by inducing the
activation of the immune system via the release of danger
signals such as type-I IFN.”® It has been proposed that DNA
damage can induce the production of type-I IFN through the
activation of the STING pathway by cytosolic DNA.*
Moreover, micronuclei can be recognized by cGAS leading to
STAT1 activation and type-I IFN production.”® The extrinsic
effect that ceralasertib and PBD SG-3199 can exert on the
activation of the immune system has not been characterized.
Therefore, we explored the induction of type-I IFN production
in response to ceralasertib and PBD SG-3199 in tumor cells
deficient or proficient for ATM. Firstly, as some cancer cells
have a deficiency in the activation of the STING pathway which
is associated with poor prognosis,”>*" we validated our model
system to confirm competency for STING and type-I IFN
activation. To this aim, we studied the mRNA induction of
type-I IFN genes in response to transfection with the specific
STING agonists dsDNA HT-DNA and 2'3-cGAMP>>*
(Figure S3A) and to stimulation with IFNP. In response to
dsDNA and IFN, there was significant mRNA induction of all
the ISG studied (IFN, IP-10, ISG15, MX1, IFI16 and IFIT1) in
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FaDu WT and ATM ~~ cells (Figure S3B-G). 2'3’-cGAMP
treatment in ATM ~'~ tumor cells also induced mRNA expres-
sion of all the ISG genes studied, however it significantly
induced only ISG15, MX1 and IFI16, but not IFNp, IP-10 or
IFIT1 in WT tumor cells (Figure S3B-G). Moreover, we
observed mRNA induction of all ISGs in response to HT-
DNA, 2'3’-cGAMP and IFN was significantly enhanced in
ATM ' cells (Figure S3B-G). These data corroborate that
human FaDu tumor cells have a proficient STING-IFN path-
way, and that ATM deficiency enhances sensitivity to STING
agonists and IFNp stimulation.

We then investigated the effect of ceralasertib and PBD SG-
3199 on the mRNA induction of a type-I IFN mRNA signature
in WT and ATM '~ cells. Treatment with either ceralasertib or
PBD SG-3199 induced the mRNA expression of IFNf and
type-I IFN stimulated genes (Figure 3a-f and S4A-F).
Moreover, we observed that ATM ~'~ FaDu tumor cells had
higher basal level of ISGs transcripts (Figure 3a-f and S3B-G)
and an enhanced induction of ISG transcripts in response to
ceralasertib (Figure 3a-f and S4A-F). PBD SG-3199 also
induced a more rapid increase of ISG transcripts in ATM ~/~
cells as observed at 24 hours (Figure 3a-f and S4A-F).
However, for some ISGs, mRNA induction was significantly
higher at 48 hours in WT cells (Figure 3a-f) and the fold
change of ISG mRNAs above DMSO control in response to
PBD SG-3199 was reduced in ATM-deficient cells in compar-
ison to WT cells at 48 hours (Figure S4A-F), possibly
accounted for by increased apoptosis and cell death in ATM
= cells as shown in Figure 1b-c and S1A. Moreover, cytokine
release of IFNP and the ISG IP-10 was also increased in ATM
=/~ cells treated with ceralasertib and PBD SG-3199, as well as
in basal conditions, in comparison with WT cells (Figure 3g-
h). Furthermore, inhibition of ATM with the ATM inhibitor
AZDO0156°* in WT cells treated with ceralasertib or PBD SG-
3199 led to increased mRNA expression of IFNP compared
with ATM inhibition alone (Figure S5A-B). However, treat-
ment of WT tumor cells with AZD0156 (Figure S5A-B) failed
to reproduce the increased basal mRNA expression of IFNB
observed in the ATM '~ tumor cells (Figure 3a and S3B),
suggesting differences in phenotype between complete loss of
ATM and pharmacological inhibition. A potential caveat to
these data is that the Fadu ATM ~'~ lineage may have deviated
from the parental cells as a consequence of gene silencing and
clonal selection. Taken together, these data indicate that ATR
inhibition and induction of DNA damage by PBD SG-3199
induce the expression of ISGs and that this induction is
enhanced by ATM deficiency or ATM inhibition.

Induction of IFN following ATR inhibition or DNA damage
is dependent on signaling through cGAS-STING

The induction of type-I IFN by DNA damage has been pro-
posed to occur by the activation of the cGAS-STING pathway.-
*% Since ceralasertib and PBD SG-3199 induce the expression of
type-I ISGs, we investigated if this was dependent on the
activation of the cGAS-STING pathway. Depleting cGAS or
STING in FaDu cells by siRNA (Figure 4a) abolished the
induction of IFNp mRNA by ceralasertib and PBD SG-3199
in both FaDu WT and FaDu ATM '~ cells (Figure 4b and S6)

showing that activation of the cGAS-STING pathway in these
tumor cells is required. Moreover, PBD SG-3199 also induced
IFNB mRNA in THP-1 tumor cells and this induction was
greatly reduced by STING depletion (Figure 4c), demonstrat-
ing that IFNP induction by PBD SG-3199 in THP-1 tumor cells
is also STING dependent.

ATM-deficient tumor cells treated with ATR inhibitor or
DNA damaging agents induce enhanced efferocytosis and
DC activation

It has been reported that radiation induces STING activa-
tion, and this may be required for DC activation and cross-
priming.'® Here, we have shown that ceralasertib and PBD
SG-3199 induce STING-dependent type-I IEN signaling. To
investigate if ceralasertib and PBD SG-3199 treatment of
tumor cells modulates the response of DCs against these
tumor cells, we co-cultured DCs with CellTrace violet-
labeled drug-treated tumor cells, then analyzed the uptake
of dying drug-treated tumor cells and debris by DCs, a
process known as efferocytosis,” and determined DC activa-
tion by measuring the induction of the co-stimulatory
molecules CD86 and CD80, and the MHC-II molecule
HLA-DR’*?” by flow cytometry (assay schematic in
Figure 5a). Pre-treatment of ATM ~'~ but not WT FaDu
cells with ceralasertib induced an increase in efferocytosis
(Figure 5b) and DC activation as detected by increase in
the MFI of the activation markers CD80, CD86 and HLA-
DR (Figure 5c-e). The co-culture of PBD SG-3199 treated
FaDu cells with DCs induced efferocytosis and dendritic
cell activation by both WT and ATM '~ cells, but was
enhanced in ATM /= cells (Figure 5b-e). The basal level
of efferocytosis and DC activation was increased by ATM
deficiency (Figure 5b-e and S7B-C). These data indicate
that ATM-deficient tumor cells treated with ceralasertib
and PBD SG-3199 induce higher levels of efferocytosis
and DC activation than ATM WT tumor cells, consistent
with the observed levels of DNA damage and IFNp mRNA
induced by ceralasertib and PBD SG-3199 in the FaDu WT
and FaDu ATM ~'~ tumor cells described above. The TLR4
agonist LPS, used as a positive control in the assay, also
induced DC activation (Figure 5c-e). The treatment of DC
with either ceralasertib or PBD SG-3199 had no effect on
DC viability (Figure 5f). In addition, ATM ~'~ tumor cells
were more sensitive than WT cells to irradiation treatments
as shown by the induction of IFNB in ATM '~ cells at a
lower irradiation dose (1 Gy at 48 hours) and the enhanced
induction of IFNf mRNA in ATM '~ vs WT tumor cells
(Figure S7A). Irradiated FaDu tumor cells in co-culture
with DCs induced efferocytosis of the treated tumor cells
and DC activation (Figure S7B-C). Similar to ceralasertib
or PBD SG-3199 treatments, the treatment of tumor cells
with 20 Gy radiation induced enhanced efferocytosis and
dendritic cell activation in ATM '~ tumor cells compared
to WT (Figure S7B-C). Overall, these data indicate that
treatment of tumor cells with ceralasertib, or with the
DNA-damaging agents IR and PBD SG-3199, induces effer-
ocytosis of sensitive treated tumor cells by DCs and DC
activation and this is enhanced in ATM ~'~ tumor cells.
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Figure 3. ATR inhibition and DNA damage induce type-I IFN response in FaDu tumor cells which is enhanced in ATM-deficient cells.
(a-f) FaDu WT and FaDu ATM ~~ cells were treated with ceralasertib (1 uM), PBD SG-3199 (40 pM) or DMSO for the indicated times. RT-qPCR analysis of the indicated
genes. Data normalized to GAPDH shown as mean + SEM fold increase relative to FaDu WT DMSO-treated cells at 24hours from one representative experiment out of
two performed. Each experiment was performed in triplicate. (g-h) FaDu WT and FaDu ATM /= cells were treated with ceralasertib (1 UM), PBD SG-3199 (40 pM) or
DMSO for 48 hours. IFNB and IP-10 (pg/ml) secreted into the culture medium was measured by MSD. Data shown as mean + SEM from three independent experiments.
Each experiment was performed in duplicate. (a-h) Statistical testing by t-test (p < .05 *, p< .01 **, p< .001 *** comparing treatment vs DMSO control in each genotype;
p< .05 +, p< .01 ++, p< .001 +++ comparing each treatment group in WT vs ATM ~~ cells). See also Supplementary Figures $3 and S5.
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Figure 4. Induction of IFNf by ATR inhibition or PBD SG-3199 depends on signaling through cGAS and STING.

(a) cGAS- or STING siRNA-mediated downregulation in FaDu WT and FaDu ATM ™~ cells analyzed after 72 hours by immunoblot using antibodies against the proteins
indicated in the figure. (b) RT-qPCR analysis of IFNB mRNA expression in FaDu WT and FaDu ATM '~ cells treated with siRNA against cGAS or STING or control for
24 hours followed by treatment with ceralasertib (1 pM) or PBD SG-3199 (40 pM) for 48 hours. Data normalized to GAPDH shown as mean + SEM fold increase relative to
FaDu WT DMSO-treated cells from two independent experiments. Each experiment was performed in triplicate. Statistical testing by t-test (p < .05 *, p< .01 **, p< .001
*** comparing treatment vs DMSO control in each genotype in siControl-treated cells; p< .05 +, p< .01 ++, p< .001 +++ comparing each treatment group in WT vs ATM
=~ cells in siControl-treated cells; p< .05 A, p< .01 AA, p< .001 AAA comparing sicGAS or siSTING with siControl in each treatment group and genotype group). (c) RT-
gPCR analysis of IFNB mRNA expression in THP-1 WT and THP-1 STING =/~ cells treated with PBD SG-3199 (400 pM) for the times indicated. Data normalized to GAPDH
shown as mean + SEM fold increase relative to THP-1 WT DMSO-treated cells from two independent experiments. Each experiment was performed in triplicate.
Statistical testing by t-test (p < .05 *, p< .01 **, p<.001 *** comparing treatment vs DMSO control in each genotype; p< .05 +, p< .01 ++, p< .001 +++ comparing each

treatment group in WT vs STING = cells).

Canonical JAK-STAT signaling is required for DC activation
in response to ATR inhibition or DNA damage in tumor
cells

Previous studies demonstrate that IFNf production by DCs in
response to irradiated tumor cells is cGAS-STING-IRF3
dependent and is necessary for cross-priming tumor reactive
CD8™ T cells.'®*® Here, we have shown that treatment of tumor
cells with ceralasertib and with PBD SG-3199 induced a
STING-dependent type-I IFN signature and the activation of
DCs in response to the treated tumor cells. IFNp signals
through the type-I interferon receptor activating the JAK-
STAT pathway.’® To investigate if type-I IFN signaling is
required for the activation of DCs by tumor cells treated with
ceralasertib or with PBD SG-3199, we co-cultured DCs with
ceralasertib and PBD SG-3199 treated tumor cells in the pre-
sence or absence of the specific JAK1/2 inhibitor INCB018424
(ruxolitinib)*° (Figure 6a). The results demonstrate that whilst
JAK1/2 inhibition does not modulate efferocytosis of cerala-
sertib or PBD SG-3199 treated tumor cells tumor by DCs
(Figure 6b), it does inhibit DC activation (Figure 6c-e).
Moreover, ruxolitinib also reduces CD86 and CD80,*" but

not significantly HLA-DR upregulation in response to activa-
tion by the positive control LPS (Figure 6c—e). These results
demonstrate that DC activation in response to ceralasertib or
PBD SG-3199-treated tumors requires canonical JAK-STAT
signaling.

DNA damage in TREX1-deficient tumor cells potentiates
DC activation

We have shown here that treating sensitive tumor cells with
ceralasertib or PBD SG-3199 results in the induction of type-I
IFN by the cGAS-STING pathway, efferocytosis and activation
of DCs. To further understand if the accumulation of cytosolic
DNA in the treated tumor cells is responsible for the observed
DC activation, we investigated the role of TREX1, an exonu-
clease that degrades cytoplasmic DNA and thereby limits acti-
vation of STING.*” In mouse models, TREX1 regulates the
activation of the immune system in response to radiation.*’
We analyzed if TREX1 deficiency in tumor cells enhances type-
I IFN induction and modulates the activation of DCs in
response to DNA damage in the tumor cells. To achieve this,
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Figure 5. ATR inhibition and DNA damage in ATM-deficient tumor cells induce enhanced efferocytosis of tumor cells and DC activation.

(a-e) FaDu WT and FaDu ATM '~ cells were labeled with CellTrace violet and treated with ceralasertib (1 uM) or PBD SG-3199 (40 pM) for 48 hours followed by co-culture
with primary human dendritic cells (DCs) (20:1 ratio tumor cells: DCs). DCs stimulated with LPS (10ng/ml) for 24 hours or unstimulated were used as positive and
negative controls, respectively. (a) Schematic representation of the co-culture assay. (b-e) Flow cytometric analysis of tumor cell efferocytosis (% CellTrace violet™/
CD11c* cells within CD11c* live single cells) (b) and DC activation (median fluorescence intensity (MFI) of CD86, CD80 and HLA-DR within CD86*CD11c*, CD80*CD11c*
and HLA-DR*CD11c" live single cells, respectively) (c-e). Data shown as mean + SEM of one representative experiment out of three independent experiments
performed. Each experiment was performed with three or four donors. Statistical analysis by paired t-test (p<.05 *, p<.01 **, p<.001 *** comparing treatment vs DMSO
control in each genotype; p<.05 +, p<.01 ++, p<.001 +++ comparing each treatment group in WT vs ATM /= cells; p<.05 & p<.01 &&, p<.001 &&& comparing
untreated and LPS-stimulated dendritic cells monoculture control). See also Supplementary Figure S7. (f) Dendritic cells were treated with ceralasertib (1uM) or PBD SG-
3199 (40 pM) for 48 hours and DC viability was analyzed by flow cytometry (% of blue dead/CD11c" live single cells).
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Figure 6. Inhibition of canonical JAK-STAT signaling pathway prevents activation of dendritic cells by ceralasertib or PBD SG-3199-treated tumor cells.

(a) DCs were treated with the JAK1/2 inhibitor (JAKi) INCB018424 ruxolitinib (1uM) or DMSO for one hour followed by recombinant human IFNB (300U/ml) for 15
minutes. Cell lysates were immunoblotted with antibodies to the indicated proteins. (b-e) FaDu WT and FaDu ATM ~/~ cells labeled with CellTrace violet were treated
with ceralasertib (1uM) or PBD SG-3199 (40 pM) for 48hours followed by co-culture with DCs (20:1 ratio tumor cells: DCs) in the presence of JAK1/2 inhibitor (1puM) or
DMSO. DCs stimulated with LPS (10 ng/ml) for 24 hours or unstimulated used as positive and negative controls, respectively. Flow cytometric analysis of tumor cell
efferocytosis (% CellTrace violet*/ CD11c* cells within CD11c* live single cells) (b) and DC activation (median fluorescence intensity (MFI) of CD86, CD80 and HLA-DR
within CD86CD11c¢*, CD80*CD11¢* and HLA-DR*CD11c™ live single cells, respectively) (c-e). Data shown as mean + SEM of one representative experiment out of three
independent experiments performed. Each experiment was performed with three or four donors. Statistical analysis by paired t-test (p<.05 *, p<.01 **, p<.001 ***
comparing treatment vs DMSO control in each genotype; p<.05 +, p<.01 ++, p<.001 +++ comparing each treatment group in WT vs ATM —/— cells; p<.05 &, p<.01 &&,
p<.001 &&& comparing untreated and LPS-stimulated dendritic cells monoculture control; p<.05 A, p<.01 AA, p<.00T AAA comparing JAKi treated vs DMSO control
treated for each treatment and genotype in co-cultures and DCs monoculture).

we used the commercially available THP-1 cells. THP-1 cells mRNA expression in untreated cells (Figure 7b and S9B).
are not sensitive to ceralasertib (Figure S8), therefore we When co-cultured with DCs, we observed that both WT and
continued the studies with PBD $G-3199 and IR treatments. TREX1 '~ cells induced efferocytosis and DC activation when
PBD SG-3199 (Figure 7a) and IR treatment (Figure S9A) treated with IR or PBD SG-3199 (Figure S9C-D and 7c-f).
induced more cell death in TREX1 '~ cells compared to WT ~ TREXI deficiency increased efferocytosis and DC activation in
cells. TREX1 depletion also increased basal cell death (Figures response to both IR and PBD SG-3199 (Figure SO9C-D and 7c-
7a and S9A). Moreover, treatment of TREX1 ~/~ tumor cells f). In addition, untreated TREX1 ~~ tumor cells induced
with IR (Figure S9B) or PBD SG-3199 (Figure 7b) resulted in  higher levels of DC activation but not efferocytosis, suggesting
increased IFNB mRNA expression as compared to WT cells. that loss of TREX1 increases cytoplasmic DNA levels (Figure
Notably, TREX1 depletion did not result in higher IFNp S9C-D and 7c-f).
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Figure 7. Enhanced cell death, IFNB mRNA induction and increased efferocytosis and DC activation by PBD SG-3199 treated TREX1-deficient tumor cells.

(a) THP-1 WT and THP-1 TREXT ~~ cells treated for 48 hours with PBD SG-3199 (400 pM) and cell death analysis was performed by flow cytometry. Data are shown as
mean + SEM of percentage of blue dead” cells of the single cell population from three independent experiments. Each experiment was performed in duplicate. (b) IFNB
mMRNA expression of THP-1 WT and THP-1 TREX1 '~ cells treated for the times indicated in the figures with PBD SG-3199 (400 pM) analyzed by RT-qPCR. Data normalized
to GAPDH shown as mean + SEM fold increase relative to THP-1 WT DMSO-treated cells from two independent experiments. Each experiment was performed in
triplicate. (a-b) Statistical testing by t-test (p<.05 *, p<.01 **, p<.001 *** comparing treatment vs DMSO control in each genotype; p<.05 +, p<.01 ++, p<.001 +++
comparing each treatment group in WT vs TREX1 ™~ cells). (c-f) THP-1 WT and THP-1 TREX1 ™~ cells were labeled with CellTrace violet and treated with PBD 5G-3199
(400 pM) for 24 hours followed by co-culture with DCs (20:1 ratio tumor cells: DCs) for 24 hours. DCs stimulated with LPS (10 ng/ml) for 24 hours or unstimulated used as
positive and negative controls, respectively. Flow cytometric analysis of tumor cell efferocytosis (% CellTrace violet*/ CD11c" cells within CD11c* live cells) (c) and DC
activation (median fluorescence intensity (MFI) of CD86, CD80 and HLA-DR within CD86"CD11c*, CD80*CD11¢* and HLA-DR*CD11c* live single cells, respectively) (d-f).
Data shown as mean + SEM from three independent experiments. Each experiment was performed with four to six donors. Statistical analysis by paired t-test (p<.05 *,
p<.01 **, p<.001 *** comparing treatment vs DMSO control in each genotype; p<.05 +, p<.01 ++, p<.001 +++ comparing each treatment group in WT vs TREX1 = cells;
p<.05 &, p<.01 &&, p<.001 &&& comparing untreated and LPS-stimulated dendritic cells monoculture control). See also Supplementary Figure S9.

STING deficiency in tumor cells does not prevent DC for the observed DC activation. STING deficiency did not
activation by PBD SG-3199-treated tumor cells modulate the induction of cell death in response to PBD SG-

. . 3199, however there was a baseline increase in cell death in
We }.1e'1ve shown that c'erala.sertlb or PBD SG-3199 treatment in STING "~ cells when compared to WT cells (Figare 8a). To
sensitive tumor cell lines induced a STING-dependent type-I o ) )
IFN signature and a canonical JAK-STAT signaling dependent ~determine if STING pathway competence in tumor cells is
activation of DCs. We have also shown that loss of TREX1 in  required for their efferocytosis by DCs and DC activation
THP-1 tumor cells increased tumor cell-derived type-I IEN  following treatment with PBD $G-3199, we co-cultured DCs
mRNA induction and the activation of DCs in response to with PBD SG-3199-treated THP-1 WT or THP-1 STING ~~
PBD SG-3199 treatment. These results suggest that the accu- cells. Untreated THP-1 STING '~ cells induced higher levels of
mulation of cytosolic DNA in the treated tumor cells and efferocytosis and DC activation than THP-1 WT cells (Figure
subsequent activation of the STING pathway is responsible ~8b-e). However, treatment of WT and STING ~'~ THP-1 cells
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Figure 8. STING deficiency in tumor cells does not modulate cell death, efferocytosis or prevent DC activation by PBD SG3199-treated tumor cells.

(a) THP-1 WT and THP-1 STING '~ cells treated for 48 hours with PBD $G-3199 (400 pM) and cell death analysis was performed by flow cytometry. Data are shown as
mean + SEM of percentage of blue dead™ cells of the single cell population from three independent experiments. Each experiment was performed in duplicate.
Statistical testing by t-test (p < .05 *, p< .01 **, p< .001 *** comparing treatment vs DMSO control in each genotype; p< .05 +, p< .01 ++, p< .001 +++ comparing each
treatment group in WT vs STING = cells. (b-e) THP-1 WT and THP-1 STING ~~ cells were labeled with CellTrace violet and treated with PBD SG-3199 (400 pM) for
24 hours followed by co-culture with DCs (20:1 ratio tumor cells: DCs) for 24 hours. Flow cytometric analysis of tumor cell efferocytosis (% CellTrace violet'/ CD11¢* cells
within CD11c* live single cells) (b) and DC activation (median fluorescence intensity (MFI) of CD86, CD80 and HLA-DR within CD86"CD11c*, CD80*CD11¢* and HLA-
DR*CD11c" live single cells, respectively) (c-e). DCs stimulated with LPS (10 ng/ml) for 24 hours or unstimulated used as positive and negative controls, respectively (c-
e). Data shown as mean + SEM from three independent experiments. Each experiment was performed with four to six donors. Statistical testing by paired t-test (p < .05
* p<.01** p< 001 *** comparing treatment vs DMSO control in each genotype; p< .05 +, p< .01 ++, p< .001 +++ comparing each treatment group in WT vs STING =/~
cells; p< .05 &, p< .01 &&, p< .001 &&& comparing untreated and LPS-stimulated dendritic cells monoculture control).

with PBD SG-3199 induced similar increases in both efferocy- Several DAMPs have been identified as immunogenic, such
tosis and DC activation (Figure 8b-e). These data indicate that as the ecto-expression of calreticulin, release of extracellular
competence in the STING pathway in tumor cells is not obli- ~ATP, heat shock proteins, high mobility group box 1 (HMGB1)

gatory for efferocytosis by, and activation of, DCs. proteins as well as the induction of type-I IFN (reviewed in Ref.
[28,44]. Indeed, the induction of immunogenic cell death by

some chemotherapies and radiotherapy may be critical for
their therapeutic efficacy.'

Activation of the immune system has been shown to be In this study, we sought to elucidate the effect of targeting
involved in the antitumor effect of cytoreductive therapies the DNA damage response machinery with the ATR inhibitor
including radiotherapy® and certain chemotherapies such as ~ceralasertib® or inducing DNA damage with PBD $SG-3199 on
anthracyclines.* Although the mechanism for this activation of ~ the ability of tumor cells to elicit activation of the innate
the immune system is not clearly defined, it is thought that the ~immune system against the damaged tumor. ATR inhibition

direct effect these therapies have on killing tumor cells releases  has previously been shown to cause synthetic lethality in ATM-
DAMPs that serve as immunostimulatory danger signals. deficient cells’ and we have shown here that this induces an

Discussion



enhanced cell cycle arrest and DNA damage as well as early
apoptosis and cell death and inhibition of proliferation in
ATM-deficient cells in comparison with WT cells. Moreover,
we have demonstrated that ceralasertib induces an enhanced
type-I IFN signature in ATM-deficient tumor cells. It has been
reported that ATM deficiency also increases the sensitivity of
tumor cells to DNA damaging agents. For example, defects in
the DNA damage repair protein ERCCI have been shown to
increase sensitivity to the DNA damaging agent PBD SG-
3199.> Here, we have demonstrated that ATM deficiency
enhances sensitivity of the tumor cells to PBD SG-3199 with
an increased DNA damage, early apoptosis, cell death and
inhibition of proliferation. Moreover, ATM deficiency also
increases the induction of type-I IFN in response to DNA
damage induced by IR and induces a more rapid type-I IFN
response to the DNA damaging agent PBD SG-3199.
Furthermore, ATM deficiency also increases basal levels of
type-I IFN expression. These data correlate with previous stu-
dies where it was found that loss of function mutations of ATM
in humans that result in Ataxia Telangiectasia (AT), a cancer-
prone inflammatory neurodegenerative disease with an
increase in sensitivity to radiation, induce spontaneous release
of type-IFN.>

The activation of the STING pathway has been shown to play a
critical role for the activation of the innate immune system in
response to DNA damage induction in the tumor (reviewed in Ref.
[29]). For example, it has been shown that DNA damage in tumor
cells deficient in BRCA1 induces a type-I IFN signaling by activa-
tion of the STING pathway.* Moreover, the treatment of BRCA1-
deficient tumors with the PARP1 inhibitor olaparib induces
STING-dependent antitumor immunity.46 Here, we have shown
that STING deficiency blocks the induction of IFN in response to
the ATR inhibitor ceralasertib, and by the DNA crosslinker PBD
SG-3199. cGAS'® and IFI16" are two DNA sensors that have been
reported to induce STING activation. Although, it has been pro-
posed that the activation of STING by DNA damage induced by
etoposide in human keratocytes is not cGAS dependent but IFI16
dependent instead,” here we have shown that cGAS silencing also
abolished type-IFN induction by ceralasertib and PBD SG-3199 in
FaDu tumor cells, indicating that in this context cGAS is the key
DNA sensor that induces STING activation. These data correlate
with other studies which have shown that DNA damage is detected
by cGAS. DNA damage in the nucleus generates genomic instabil-
ity leading to the accumulation of nuclear DNA in the cytosol in
the form of micronuclei. ¢cGAS co-localizes with micronuclei
formed after DNA damage® and induces the activation of type-I
IFN by cGAS-STING pathway.*® Here, we have demonstrated that
ceralasertib and PBD SG-3199 induce micronuclei formation in
both WT and ATM-deficient tumor cells but it is enhanced in
ATM-deficient cells. This may explain the induction of type-I IFN
by ceralasertib and PBD SG-3199 in these cells, but other mechan-
isms cannot be excluded. In this context, it has been published that
the cleavage of genomic DNA by the endonuclease MUS81 during
the response to replication stress induces the accumulation of
dsDNA in the cytosol of cancer cells, STING-dependent type-I
IFN induction, immune recognition of the tumor cells and
immune rejection.”® In conclusion, different forms of cytosolic
DNA can be accumulated after DNA damage induction or
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targeting DNA damage response proteins activating a STING-
dependent type-I IFN signature in the tumor cells.

Type-I IEN is essential for the induction of an adaptive
antitumor immunity and tumor regression in response to
DNA damage by IR.*®* Moreover, the induction of type-IFN
by radiation and consequent cross-priming of CD8" T cells by
dendritic cells is dependent on cGAS-STING signaling.'”
Furthermore, deletion of the type-I IFN receptor on dendritic
cells prevents the antitumor activity of radiation.'® In sum-
mary, these data suggest that dendritic cells are required for the
antitumor efficacy of radiation by inducing adaptive immune
responses. Our data shows that the treatment of sensitive
tumor cells with ceralasertib, PBD SG-3199 or IR induces the
efferocytosis of the tumor cells by human primary dendritic
cells and dendritic cell activation, boosted in ATM-deficient
tumor cells. The inhibition of the canonical JAK-STAT signal-
ing pathway downstream of type-I IEN by ruxolitinib comple-
tely abolishes dendritic cell activation in response to treated
tumor cells. These data further confirm that the activation of
dendritic cells in response to tumor cells treated with DNA
damage targeting therapies is type-I IFN dependent. We have
also shown that unlike tumor cells, DC viability is not affected
by ceralasertib or PBD SG-3199 treatment in vitro, possibly
because DCs do not proliferate.49 However, a limitation of the
present study is that we have not investigated the possible
direct effects that systemic administration of ceralasertib or
PBD SG-3199 treatment may have on DCs or other immune
cells in vivo that may affect antitumor immunity.

Deregulation of STING expression or STING signaling corre-
lates with increased tumorigenesis and poor prognosis.”>*' Here,
we have shown that the activation of dendritic cells in response to
PBD SG-3199-treated THP-1 tumor cells is not affected by STING
deficiency in the tumor cells, indicating that the activation of
STING in the tumor cells is not needed for the induction of
dendritic cell activation in response to PBD-treated tumor cells.
Recent publications have proposed that tumor-infiltrating dendri-
tic cells are the main cell type involved in STING-mediated type-I
IFN production. In response to radiation, tumor-derived DNA
can be detected in the cytosol of APCs and drive the activation of
dendritic cells."” Cell to cell contact is essential for the transactiva-
tion of the STING pathway in dendritic cells and for antitumor
immunity.”® These data suggest that tumor-derived DNA activates
the STING pathway in dendritic cells. However, we cannot
exclude the possibility that the initial production of type-I IFN
by the tumor cells has a role in antitumor immunity in vivo.
Regarding this, it has been reported that the induction of type-I
IFN by the activation of the cGAS-STING pathway in cancer cells
is required to attract dendritic cells and subsequent cross-presen-
tation of antigens to T cells.”> The precise mechanism by which
endogenous tumor DNA can access the cytosol of dendritic cells to
activate the cGAS-STING pathway in response to ceralasertib or
PBD SG-3199 remains unclear. We have shown that the treatment
of sensitive tumor cell lines with ceralasertib and PBD SG-3199
induces the efferocytosis of treated tumor cells by dendritic cells.
This may be a mechanism by which tumor-derived DNA gets into
the cytosol of dendritic cells. Exosomes have also been proposed as
a mechanism by which tumor-derived dsDNA from irradiated
tumor cells transfer to dendritic cells inducing type-I IFN.”!
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Figure 9. Proposed mechanism of action.
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The treatment of sensitive tumor cells with the DNA damage response inhibitor ceralasertib or with the DNA damaging agents PBD SG-3199 or IR induce a cGAS-STING-
dependent type-l IFN signature enhanced in ATM-deficient tumor cells. Dying treated tumor cells are efferocytosed by DC and induce type-l IFN-dependent DC
activation. The activation of dendritic cells is not prevented by STING deficiency in tumor cells, suggesting that tumor-derived DNA transactivate STING pathway in DCs.
Moreover, TREX1 depletion in tumor cells also increased type-I IFN expression by tumor cells and DC activation in response to treated tumor cells.

Further experiments would be required to fully delineate the
mechanism by which tumor DNA from ceralasertib or PBD SG-
3199 treated cells may get access to the cytosol of DCs. STING
activation is tightly regulated by the exonuclease TREX1. It has
been proposed that whereas low doses of radiotherapy are effective
at inducing antitumor responses, high doses of radiotherapy may
increase TREX1 expression in tumor cells leading to degradation
of cytosolic DNA in the tumor and attenuation of type-I IFN
dependent dendritic cell activation and cross-presentation to
CD8" T cells.”’ In contrast, in this study we show that high doses
of radiation are able to induce type-I IFN in both FaDu and THP-1
tumor cells, indicating that the ability of different doses of radia-
tion to induce type-I IFN response may be tumor cell dependent.
Nevertheless, TREX1 deficiency within the tumor cells further
increased the induction of type-I IFN and boosted dendritic cell
activation in response to co-culture with tumor cells treated with
the DNA damaging agents IR or PBD SG-3199. The increased
activation of dendritic cells by treated TREX 1-deficient tumor cells
could also be due, at least partially, to increased tumor cell death
and efferocytosis in treated TREX1 ~~ tumor cells. In general,
these data suggest that tumor-derived DNA can extrinsically
transactivate dendritic cells.

We have shown that ATM deficiency not only increases the
intrinsic sensitivity of tumor cells to DNA damaging agents
and to synthetic lethality when combined with ATR inhibition,
but that these treatments also increase the immunogenicity of
these cellular insults via STING-dependent production of type-
I IEN by dendritic cells. Moreover, we show that TREX1 is an
important rheostat for controlling this immunogenicity via the
degradation of cytosolic DNA (diagram in Figure 9). Taken
together these data offer new insights into how combinations
of cytotoxic chemotherapy payloads, such as those used in
ADC, can be combined with inhibitors of the DNA-damage

response to not only enhance direct cytotoxicity but also
immune recognition and priming.
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