Cell Reports

Medicine

PARP11 inhibition inactivates tumor-infiltrating
regulatory T cells and improves the efficacy of

immunotherapies

Graphical abstract

[ 1PARP11
|,
*  Tumor-derived

@ Cancer cell
factors

ITK7
(@) CD8* Tcel (@D Treg cel

Highlights
e Tumor-derived factors upregulate PARP11 in the tumor-
infiltrating Treg cells

e PARP11 supports the immunosuppressive properties of Treg
cells

e Pharmacologic inhibition of PARP11 inactivates intratumoral
Treg cells

e PARP11 inhibitor augments the efficacy of immunotherapies

Basavaraja et al., 2024, Cell Reports Medicine 5, 101649
July 16, 2024 © 2024 The Author(s). Published by Elsevier Inc.
https://doi.org/10.1016/j.xcrm.2024.101649

Authors

Raghavendra Basavaraja, Hongru Zhang,
Agnes Holczbauer, ...,

Vladimir S. Spiegelman,

Michael S. Cohen, Serge Y. Fuchs

Correspondence
syfuchs@upenn.edu

In brief

Basavaraja et al. demonstrate that
induction of PARP11 in the intratumoral
regulatory T (Treg) cells is required for
their regulatory functions and contributes
to the immunosuppressive tumor
microenvironment. The selective inhibitor
of PARP11 ITK7 inactivates tumor Treg
cells and improves the efficacy of
immunotherapies against tumors.

¢? CellPress


mailto:syfuchs@upenn.edu
https://doi.org/10.1016/j.xcrm.2024.101649
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrm.2024.101649&domain=pdf

¢? CellPress

OPEN ACCESS

Cell Reports Medicine

PARP11 inhibition inactivates tumor-infiltrating
regulatory T cells and improves
the efficacy of immunotherapies

Raghavendra Basavaraja,’ Hongru Zhang,'-° Agnes Holczbauer," Zhen Lu," Enrico Radaelli,

Charles-Antoine Assenmacher,? Subin S. George,® Vamshidhar C. Nallamala,’ Daniel P. Beiting,? Mirella L. Meyer-Ficca,*
Ralph G. Meyer,* Wei Guo, Yi Fan,® Andrew J. Modzelewski," Vladimir S. Spiegelman,” Michael S. Cohen,?

and Serge Y. Fuchs'-10*

1Department of Biomedical Sciences, School of Veterinary Medicine, University of Pennsylvania, Philadelphia, PA 19104, USA
2Department of Pathobiology, School of Veterinary Medicine, University of Pennsylvania, Philadelphia, PA 19104, USA

3Institute for Biomedical Informatics, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA 19104, USA

4Department of Veterinary Clinical and Life Sciences, College of Veterinary Medicine, Utah State University, Logan, UT 84332, USA
SDepartment of Biology, School of Arts & Sciences, University of Pennsylvania, Philadelphia, PA 19104, USA

8Departments of Radiation Oncology and of Neurosurgery, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA 19104,
USA

“Division of Pediatric Hematology and Oncology, Department of Pediatrics, The Pennsylvania State University College of Medicine, Hershey,
PA 17033, USA

8Department of Chemical Physiology and Biochemistry, Oregon Health & Science University, Portland, OR 97239, USA

9Present address: Department of Biochemistry and Molecular Biology. College of Life Sciences, Nankai University, Tianjin 300071, China
10 ead contact

*Correspondence: syfuchs@upenn.edu

https://doi.org/10.1016/j.xcrm.2024.101649

SUMMARY

Tumor-infiltrating regulatory T cells (TI-Tregs) elicit immunosuppressive effects in the tumor microenviron-
ment (TME) leading to accelerated tumor growth and resistance to immunotherapies against solid tumors.
Here, we demonstrate that poly-(ADP-ribose)-polymerase-11 (PARP11) is an essential regulator of immuno-
suppressive activities of TI-Tregs. Expression of PARP11 correlates with TI-Treg cell numbers and poor re-
sponses to immune checkpoint blockade (ICB) in human patients with cancer. Tumor-derived factors
including adenosine and prostaglandin E2 induce PARP11 in TI-Tregs. Knockout of PARP11 in the cells of
the TME or treatment of tumor-bearing mice with selective PARP11 inhibitor ITK? inactivates TI-Tregs and
reinvigorates anti-tumor immune responses. Accordingly, ITK7 decelerates tumor growth and significantly
increases the efficacy of anti-tumorimmunotherapies including ICB and adoptive transfer of chimeric antigen
receptor (CAR) T cells. These results characterize PARP11 as a key driver of TI-Treg activities and a major
regulator of immunosuppressive TME and argue for targeting PARP11 to augment anti-cancer immunother-
apies.

INTRODUCTION

Immunotherapeutic approaches including immune checkpoint
blockade (ICB) and adoptive transfer of chimeric antigen recep-
tor (CAR)-bearing T cells have emerged to revolutionize anti-can-
cer treatment and have greatly benefited some patients across
many types of malignancies. Regrettably, these benefits are
not observed in at least two-thirds of all treated patients who
fail to display a complete response to ICB."? The success rate
of CAR T cell therapy is also limited, especially in solid tumors.®
The immunosuppressive tumor microenvironment (TME) of solid
tumors is central to their ability to escape from immune surveil-
lance and to resist ICB and adoptive cell transfer therapy
(ACT).*® Within the TME, there are numerous cellular and acel-
lular factors that attenuate anti-tumor immune responses. These

factors including lactate, transforming growth factor g (TGF-B),
adenosine, prostaglandin E, (PGE,), interleukin-10 (IL-10),
immunosuppressive myeloid cells, and regulatory T (Treg) cells
promote tumor growth and confer resistance to immune
therapies.*”’

Treg cells are CD4* T cells characterized by constitutive
expression of the scurfin transcription factor (also termed fork-
head box P3, FOXP3). These cells are pivotal for restraining im-
mune responses and preventing autoimmune disorders and
immunopathology.®'" Treg cells elicit immunosuppression
through many mechanisms that involve contact with effector
T cells or antigen-presenting cells or result from the secretion
of immunosuppressive soluble factors such as PGE,, adenosine,
TGF-B, and IL-10."%"? Whereas factors in the TME stimulate the
recruitment and differentiation of Treg cells, the tumor-infiltrating
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Treg cells (TI-Tregs) enable immunotolerance of cancer cells and
thus promote the growth and progression of solid tumors.™15-"°
Accordingly, these TI-Tregs are instrumental in eliciting immune
suppression in the TME, and their presence is associated with
unfavorable prognosis for multiple cancers.'® '® Diverse mecha-
nisms are also implicated in TI-Tregs’ role in resistance to immu-
notherapies. For example, anti-programmed death 1 (PD1) treat-
ment stimulates the immunosuppressive activities of TI-Tregs.'®
Furthermore, a byproduct generation of CAR-bearing Treg cells
notably impedes the efficacy of CAR T therapies.?%?’

Therapeutic targeting of Treg cells is complicated by the
paucity of TI-Treg-specific agents and by the autoimmune or/
and immunopathological side effects associated with systemic
Treg inhibition.?>2* For example, the clinical efficacy of moga-
mulizumab that depletes CCR4" Tregs is compromised by the
concurrent elimination of anti-tumor central memory CD8*
T cells, which also exhibit low levels of CCR4 expression.?®
One strategy is to identify and inhibit the TME pathways that
selectively support suppressive activities of TI-Tregs without
deleterious systemic inhibition of Treg cells. Additional benefits
could be gained from the use of agents both interfering with TI-
Treg and preventing the inhibition of the CD8" cytotoxic T lym-
phocytes (CTLs) in the TME.

Our previous work identified the poly-(ADP-ribose)-polymer-
ase (PARP) family member PARP11 as a pivotal mediator of
CTL suppression by the tumor-derived factors in the TME.*®
Here, we investigate whether PARP11 regulates the immuno-
suppressive activities of TI-Treg cells. We demonstrate that
PARP11 is induced in the TI-Tregs, and its expression is associ-
ated with poor responses to immunotherapies in mice and in hu-
man patients with cancer.

PARP11 catalyzes “MARylation,” i.e., the transfer of a mono-
ADP-ribose moiety from NAD* onto diverse proteins®’ including
beta-transducin repeats-containing protein (8-TrCP) E3 ubiqui-
tin ligase.?®?° MARylation of B-TrCP protects this protein from
self-ubiquitination and subsequent proteasomal degradation.
As a result, stabilized B-TrCP facilitates accelerated ubiquitina-
tion and degradation of its substrate proteins.”®**° Among
those are critical regulators of the Treg cell function. For
example, B-TrCP facilitates ubiquitination and degradation of
I«Ba, an inhibitor of the nuclear factor kB (NF-kB) pathway,*°
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which plays a key role in enabling Treg-suppressive activities.”"
Conversely, B-TrCP-dependent proteolysis of B-catenin,>® a
regulator of the WNT pathway which suppresses the Treg func-
tion,*?*% should increase the intratumoral immunosuppression
by TI-Tregs. Similarly, B-TrCP facilitates ubiquitination and
degradation of the interferon alpha/beta receptor 1 (IFNAR1)
chain of type | interferon (IFN1) receptor and inactivates the
IFN1 pathway,®* which otherwise inhibits TI-Treg activities
and induces their fragility.>>-°

Here, we demonstrate the pivotal role of PARP11 in controlling
the suppressive functions of TI-Tregs without a detectable sys-
temic effect on the Treg cells outside of the TME. We also pro-
vide a pre-clinical characterization of the selective small-mole-
cule inhibitor of PARP11, ITK7.°” We demonstrate that this
agent is well tolerated yet it robustly blocks the immune-sup-
pressive activities of TI-Tregs, prevents the generation of CAR-
bearing Treg cells, and enhances the efficacy of ICB and CAR
T immunotherapies.

RESULTS

Expression of PARP11 is upregulated in TI-Tregs and
associated with failure of ICB therapies

We sought to determine whether expression of PARP11 is asso-
ciated with survival outcomes of immunotherapies in patients
with cancer.®® Analysis of The Cancer Genome Atlas database
revealed that high expression of PARP11 was associated with
poor survival outcomes for either pembrolizumab-treated pa-
tients with bladder cancer (Figure 1A) or for patients with mela-
noma receiving nivolumab (Figure 1B). Other reports highlighted
a similar association in patients with glioblastoma multiforme.*°
Conversely, lower levels of PARP11 expression were found in
patients with melanoma who responded to pembrolizumab ther-
apy*® compared to either partial responders or non-responders
(Figure 1C). These findings link PARP11 expression in tumor tis-
sues to a lack of responsiveness and/or resistance to ICB
therapy.

Analysis of data mined from a human melanoma single-cell
RNA sequencing database®’ indicates that PARP11 is ex-
pressed in all types of immune cells infiltrating human cutaneous
melanoma tumors including TI-Treg cells (Figure S1A). Tl-Treg

Figure 1. Expression of PARP11 is upregulated in TI-Tregs and associated with failure of ICB therapies

(A) Association between PARP11 expression and overall survival in patients with bladder cancer treated with pembrolizumab.

(B) Association between PARP11 expression and overall survival in patients with metastatic melanoma treated with nivolumab.

(C) PARP11 expression in patients with metastatic melanoma treated with pembrolizumab and grouped by indicated therapeutic outcomes: complete response

(CR), partial response (PR), or non-responsive (NR).

(D) Association between PARP11 expression with tumor-infiltrating Treg cells (TI-Tregs) and FOXP3 expression in human melanoma (skin cutaneous melanoma),
pancreatic (pancreatic adenocarcinoma), and colon (colon adenocarcinoma) cancers.
(E) gPCR analysis of Parp11 expression in Tregs cells isolated from tumors (TI-Treg, TU) or spleens (SP) from the Foxp3-YFP mice bearing MC38 s.c. tumors

(n=4).

(F) gPCR analysis of Parp11 expression in iTregs exposed to B16F10 tumor conditioned media (TCM) or control serum-free media (SFM) for 12 h.
(G) gPCR analysis of Parp11 expression in iTregs treated with vehicle or tumor-derived factors including PGE, (1 uM), VEGFA (20 nM), or adenosine (1 mM) for

12 h (n = 4).

(H) gPCR analysis of Parp11 expression in iTregs treated with forskolin (FRS; 10 uM), adenosine (ADO; 1 mM), or prostaglandin E, (PGE,; 1 uM) with or without

PKA inhibitor H89 (10 uM) for 6 h (n = 4).

(I) Levels of BTrCP in the splenic Tregs or TI-Tregs isolated from MC38 s.c. tumor-bearing mice (n = 4).
Data are presented as mean + SEM. Statistical analysis was performed using 1-way ANOVA with Tukey’s multiple comparison test (C, G, and H) or two-tailed
unpaired Student’s t test (E, F, and I). A p value of less than 0.05 was considered as statistically significant for all.
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cells exhibited high levels of the NF-«kB-inducible genes
(e.g., NFKB1 and BIRC3) and low levels of IFN-stimulated
(IRF7, IFITM1, and CH25H) and WNT/B-catenin-driven (DKK1/
2, AXIN2, and TCF7) genes (Figure S1A). Within human mela-
noma tumors, PARP11 expression correlated with the expres-
sion of FOXP3, a marker of Treg cells, and with numbers of intra-
tumoral Treg cells. Similar results were observed in colorectal
adenocarcinoma and pancreatic ductal adenocarcinoma
(PDAC) tumors (Figure 1D). In all, these findings are consistent
with the ability of human TI-Treg cells to express PARP11.

Next, we aimed to determine whether PARP11 expression in
TI-Treg cells can be recapitulated in mouse models. To this
end, we inoculated transgenic mice expressing yellow fluores-
cent protein (YFP) under the control of FOXP3 promoter with
subcutaneous syngeneic MC38 colon adenocarcinoma tumors.
We isolated YFP* Treg cells from either tumor or splenic tissues
and analyzed the levels of Parp71 mRNA. Increased expression
of Parp11 mRNA was detected in Tl-Tregs compared to Treg
cells isolated from the splenic tissues (Figure 1E).

Inthe TME, TI-Treg cells are exposed to diverse tumor-derived
factors such as adenosine, PGE,, vascular endothelial growth
factor (VEGF), and others.” We further determined the effects
of the tumor-derived factors on the induced Treg cells (iTregs)
produced by differentiation in vitro. Treatment of these cells
with media conditioned by B16F10 tumor cells significantly
increased Parp11 expression (Figure 1F). Similar results were
achieved after treatment with adenosine or PGE, (Figure 1G),
suggesting that some tumor-derived factors can upregulate
Parp11 in Treg cells.

Both adenosine and PGE; act via cognate G protein-coupled
receptors that signal through the generation of cyclic AMP, acti-
vation of protein kinase A (PKA), and ensuing phosphorylation
and transactivation of the cAMP response element-binding pro-
tein (CREB) transcription factor.'? Intriguingly, numerous CREB-
binding sites were predicted within the promoter and introns of
the PARP11 gene (Figure S1B). Moreover, treating iTreg cells
with either adenosine or PGE, increased phosphorylation of
CREB (Figure S1C) and its ability to bind to the Parp11 promoter
region (Figure S1D) in a PKA-dependent manner. Furthermore,
while the activator of PKA, forskolin, increased phospho-
CREB1 binding to DNA (Figure S1D) and upregulated Parp11
mRNA in iTreg cells, pre-treatment of these cells with PKA inhib-
itor H89 prevented the induction of Parp11 in response to either
adenosine or PGE, (Figure 1H). These results demonstrate that
tumor-derived factors can induce PARP11 in Treg cells and
implicate the PKA pathway in this induction.

Previous studies demonstrated that PARP11 MARylates and
stabilizes B-TrCP.?° Accordingly, treatment of iTreg cells with tu-
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mor-conditioned media in vitro also upregulated B-TrCP in these
cells (Figure S1E) and induced the NF-kB-driven genes (Adoar1
and Cxcl/13) while decreasing the expression of either IFN1-stim-
ulated (Stat1, Irf1, and Irf7) or the WNT/B-catenin-dependent
(Dkk1, Tbox3 and Axin2) genes (Figure S1F). Importantly, TI-
Tregs from MC38 tumors displayed greater levels of B-TrCP
compared to the splenic Treg cells from the same mice (Fig-
ure 11). These results suggest that tumor-derived factors upregu-
late PARP11 and B-TrCP levels in TI-Treg cells.

PARP11 supports the immune-suppressive activities of
TI-Tregs

To assess the significance of PARP11 induction in the function of
Treg cells, we employed Parp?1~/~ knockout mice. As
described previously, these mice exhibited teratozoospermia
and male infertility but otherwise developed normally and did
not show obvious signs of pathology®®*? such as deleterious
autoimmune phenotypes, which were seen in FOXP3-deficient
scurfy mice.®® Naive splenic Treg cells from these mice did not
significantly differ from their wild-type (WT) counterparts in either
frequency or expression of immunosuppressive markers such as
TGF-B, IL-10, CD39, and CD73 (Figures S2A and S2B). Further-
more, no difference in frequency or number of the splenic Treg
cells was observed in MC38 tumor-bearing mice (Figures S2C
and S2D). These results suggest that inactivation of PARP11
does not elicit a systemic perturbation in Treg homeostasis.

To evaluate the roles of PARP11 in the immunosuppressive
functions of TI-Treg cells, we used an MC38 colon adenocarci-
noma mouse model. In line with our previous report,?® the growth
of MC38 tumors was decelerated in the syngeneic Parp11
knockout mice (Figure 2A). PARP11-deficient TI-Treg cells
from MC38 tumors displayed a decrease in frequency and
numbers (Figures 2B and S2C). Similar results were observed
in experiments using additional tumor models including
MH6419c¢5 PDAC (Figures S2E and S2F) and B16F10 melanoma
(Figures S2G and S2H).

Whereas splenic WT and Parp11~/~ Treg cells did not signifi-
cantly differ in the levels of Ki67 proliferation marker, a decrease
in Ki67 was observed in PARP11-deficient TI-Tregs (Figure 2C).
Importantly, ablation of PARP11 led to a notable downregulation
of immunosuppressive mediators such as IL-10, TGF-, CD39,
and CTL-associated protein 4 (CTLA-4), as well as the regulator
of Treg fragility neuropilin 1 (NRP1)**** in TI-Tregs but not in the
splenic Tregs (Figures 2D-2H). Importantly, PARP11-deficient
TI-Treg cells exhibited increased T helper type 1 (Th1) markers
including TBET and IFN-y (Figures 21 and 2J). These results sug-
gest that PARP11 supports the immune-suppressive activities of
TI-Treg cells.

Figure 2. PARP11 supports immune-suppressive activities of TI-Tregs

(A) Volume and mass (on day 21 after inoculation) of s.c. MC38 tumors growing in WT or Parp11 knockout mice (n = 4).
(B) Frequencies (percentage of CD45" cells) and absolute numbers (per gram of tumor tissue) of TI-Tregs isolated from MC38 tumor-bearing mice as

indicated in (A).

(CHl) Levels of Ki67, IL-10, TGFB, CD39, CTLA4, NRP1, and TBET in the splenic Tregs (SP) and TI-Tregs (TU) isolated from WT (blue symbols) or Papr11~/~ (red

symbols) mice described in (A).

(J) Flow cytometry analysis of percentage of IFN-y* Tregs isolated from mice described in (A).
Data are presented as mean + SEM. Statistical analysis was performed using 1-way ANOVA with Sidak’s multiple comparison test (C-I) or log rank test (A) or two-
tailed unpaired Student’s t test (A, B, and J). A p value of less than 0.05 was considered as statistically significant for all.
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To directly assess the significance of PARP11 in the regula-
tory functions of Treg cells, we treated naive mouse CD4*
T cells with TGF-B to generate in-vitro-differentiated iTregs,
which themselves produce TGF-8, IL-10, adenosine, and other
immunosuppressive mediators.*® Such a population prepared
from Parp11~/~ cells exhibited lower levels of FOXP3 and Ki67
than the WT population (Figures S3A and S3B). Therefore, we
have conducted subsequent experiments by normalizing the
input of iTregs (WT or Parp11 knockout) using equal numbers
of FOXP3* cells in all experimental groups. Under these con-
ditions, knockout of PARP11 in iTreg cells led to a partial
loss of B-TrCP levels and an increase in cell surface IFNAR1
levels (Figure 3A). Accordingly, compared to WT iTreg cells,
PARP11-deficient iTregs displayed an increase in expression
of IFN1-stimulated and WNT-stimulated genes and downregu-
lation of NF-kB-driven genes (Figure 3B). Furthermore, WT
iTreg cells displayed greater levels of immunosuppressive me-
diators and regulators such as CD39, CD73, and NRP1 than
PARP11-deficient iTregs (Figures S3C-S3E). Conversely,
PARP11-null iTreg cells expressed higher levels of the Th1
marker TBET (Figure S3F) and greater levels of IFN-y
(Figure S3G).

We further compared the regulatory functions of iTreg cells
derived from WT or Parp71~/~ mice. First, we tested the ability
of these cells to suppress in vitro proliferation of activated CD8"*
T cells assessed by dilution of the CellTrace Violet dye. WT but
not Parp11~/~ iTreg cells significantly suppressed this prolifer-
ation (Figure 3C). Second, we used an in vitro tumoricidal assay
that detects killing of luciferase-expressing MC380OVA tumor
cells by antigen-specific OT1 CTLs.?® Under these conditions,
neither WT nor PARP11-deficient iTregs elicited cytotoxic ef-
fects alone (Figure 3D). When co-incubated with OT1 CTLs,
WT iTreg cells exhibited a notable suppression of tumor cell
killing. Importantly, PARP11 knockout rendered iTreg cells
inactive under these conditions (Figure 3D). We corroborated
this conclusion using in vitro generated cells by studies, in
which TI-Treg cells were isolated from MC38 tumors grown in
WT or Parp11~’~ mice. Under these conditions, knockout of
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Parp11~~ in TI-Tregs significantly diminished their ability to
inhibit the cytotoxic activity of OT1 CTLs (Figure 3E). These re-
sults further demonstrate that PARP11 promotes the immune-
suppressive activities of Treg cells.

Besides inactivating CTLs, Treg cells can suppress other
immune cells."®*® For example, Treg cells elicit their regulato-
ry activities by CTLA-4-dependent removal of CD80 and CD86
regulators from the surface of the antigen-presenting cells via
the processes of trans-endocytosis or/and trogocytosis.*”*8
This removal is important for the tumor-promoting function
of TI-Tregs.**°° We compared the ability of WT and Parp11~/~
iTregs to downregulate CD80 and CD86 from the surface of
dendritic cells upon co-incubation. Whereas WT iTreg cells
decreased CD80 and CD86 levels, PARP11-deficient iTregs
did not display this activity (Figures 3F and S3H), further sug-
gesting the importance of PARP11 in supporting the regulatory
functions of Treg cells.

We next sought to determine whether PARP11 regulates
Treg cells in vivo. To this end, we used two independent
yet complementary approaches. First, we examined the
ability of iTreg cells to temper the anti-tumor effects of adop-
tively transferred OT1 CTLs against MC380VA tumors in
Rag7-null mice (Figure 3G). As expected, the transfer
of OT1 cells notably decelerated the growth of MC380VA
tumors and prolonged the survival of host mice (Figures 3H
and 3l). This therapeutic effect was prevented by administration
of WT but not Parp11~/~ iTregs (Figures 3H and 3I), indicating
the functional deficiency of iTreg cells lacking PARP11.

Second, we compared the effects of adoptive transfer of
WT versus Parp?1~/~ iTregs on tumor growth in an immuno-
competent model (Figure 3J). Administration of WT
iTreg cells significantly accelerated the growth of MC38
tumors and decreased the lifespan of syngeneic WT mice,
while Parp71~/~ iTregs failed to display such activity
(Figures 3K and 3L). Taken together, these data suggest that
the induction of PARP11 in TI-Treg cells supports their immu-
nosuppressive activities and may help them to promote tumor
growth.

Figure 3. Loss of PARP11 is associated with reduced immunoregulatory functions of Tregs
(A) Levels of intracellular B-TrCP and cell surface IFNAR1 in iTregs derived from WT or Parp1 17/~ mice and normalized per FOXP3 levels (n = 4).

(B) gPCR analysis of expression of genes representing IFN1 pathway (Stat1, Irf1, Irf7, Isg15, Ifitim1, and Ch25h), WNT pathway (Tcf1, Tcf4, lef1, Dkk1, TBox3, and
Axin2), and NF-kB pathway (Nfkb1, Adoar1, Il6, and Cxcl13) in iTregs derived from WT or Parp71~/~ mice and normalized per FOXP3 levels (n = 5).

(C) Flow cytometry analysis and quantification of CD8* T cell proliferation index in vitro. Activated WT CD8* T cells stained with CellTrace Violet were co-cultured
for 72 h with or without WT and Parp71~/~ iTregs in the ratio 2:1 (n = 4).

(D) Lysis of MC380VA-luc cells by OT1 CTLs pre-incubated for 24 h with or without WT or Parp11 ~/~ iTregs (OT1:iTreg = 3:1; OT1: MC380OVA-luc = 10:1; n = 6).
(E) Lysis of MC380VA-luc cells by OT1 CTLs pre-incubated for 24 h with or without TI-Treg cells isolated from MC38 tumors growing in WT or Parp11 ~/~ mice
(OT1: Treg = 2:1; OT1: MC380VA-luc = 10:1; n = 6).

(F) Cell surface levels of CD80 and CD86 on CD11c*MHCII* dendritic cells upon being co-cultured (1:1) with WT or Parp11 ~/~ iTregs for 18 h (n = 3). Repre-
sentative raw data are shown in Figure S3H.

(G) Schematic depiction of experiment to test comparative immunosuppressive activities of WT or Parp11~/~ iTregs (2.5%10° cells/mouse) administered into
MC380VA tumor-bearing immunocompromised host (Rag?~~) in vivo before adoptive transfer of OT1 CTLs (5 x 10° cells/mouse) (n = 3-5).

(H) Volume of MC380OVA s.c. tumors in mice described in (G).

(I) Kaplan-Meier analysis of survival of MC380OVA tumor-bearing mice described in (G).

(J) Schematic depiction of experiment to test comparative immunosuppressive activities of WT or Parp11~/~ iTregs (1x10° cells/mouse) administered into
C57BL/6 hosts before inoculation of MC38 tumors (1x 108 cells/mouse, n = 4-5).

(K) Volume of s.c. MC38 tumors in mice described in (J).

(L) Kaplan-Meier analysis of survival of MC38 tumor-bearing mice as described in (J) (n = 4-5).

Data are presented as mean + SEM. Statistical analysis was performed using 2-tailed unpaired Student’s t test (A and B), 1-way ANOVA with Tukey’s multiple
comparison test (C, D, E, F, H, and K), or log rank test (I and L). A p value of less than 0.05 was considered as statistically significant for all.
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Figure 4. PARP11-specific inhibitor ITK7 mimics the loss of PARP11 phenotype on Tregs suppressive function

(A) Frequencies of CD25"FOXP3"* cells (percentage of CD4* cells) within the WT iTreg population pre-exposed or not to ITK7 (5 nM) for 48 h (n = 4).

(B-D) Levels of B-TrCP, IL-10, and TGF- in iTreg cells treated as described in (A).

(E) Flow cytometry analysis and quantification of CD8* T cell proliferation index in vitro. Activated WT CD8* T cells stained with CellTrace Violet were co-cultured
for 72 h with or without WT iTreg cells (Treg:CD8 = 1:2) pre-treated or not with ITK7 (5 nM, 48 h) (n = 5).

(F) Lysis of MC380VA-luc cells by OT1 CTLs pre-incubated (OT1:iTreg = 3:1; OT1:MC380VA-Iu = 10:1; n = 6) for 48 h with iTregs derived from mice of indicated
genotype (WT, Parp1 17/=, or Ifnar1~""). These iTreg cells were pre-exposed to ITK7 (5 nM, 48 h) or vehicle.

Data are presented as mean + SEM. Statistical analysis was performed using 2-tailed unpaired Student’s t test (A-D) and 1-way ANOVA with Tukey’s multiple
comparison test (E and F). A p value of less than 0.05 was considered as statistically significant.

Selective PARP11 inhibitor ITK7 disrupts the immune- hibitor of PARP11.%” Treatment of naive CD4 T cells differenti-
suppressive activities of TI-Tregs and activates the ated into iTregs with ITK7 modestly yet significantly decreased
immune pathways in the TME the yield of FOXP3* cells (Figure 4A). When equal numbers of

To validate and complement findings from genetic experiments FOXP3* cells were analyzed, we observed that ITK7 treatment
involving Parp11~/~ mice, we employed a pharmacologic resulted in downregulation of intracellular B-TrCP (Figure 4B)
approach using ITK7, a selective and potent small-molecule in-  and upregulation of cell surface IFNAR1 levels (Figure S4A). In
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addition, iTreg cells exposed to ITK7 displayed an increased
expression of IFN1-stimulated and WNT/B-catenin-stimulated
genes (Figure S4B).

Importantly, iTreg cells treated with ITK7 expressed
decreased levels of IL-10 (Figure 4C), TGF-B (Figure 4D), and
NRP1 (Figure S4C), and a trend for decreased CD39 (Fig-
ure S4D), suggesting that pharmacologic inhibition of PARP11
may undermine the regulatory activities of Treg cells. Indeed,
ITK7 treatment of fully differentiated WT iTreg cells attenuated
their ability to reduce proliferation of CD8" T cells (Figure 4E) or
conventional CD4* T cells (Figure S4E).

Furthermore, ITK7 treatment significantly attenuated the abil-
ity of iTregs to limit the killing of MC380OVA-luc cells by OT1 CTLs
(Figure 4F). Effects of ITK7 were not seen in iTreg cells derived
from the Parp11 knockout mice indicating target specificity of
this agent (Figure 4F). A modest yet significant effect of ITK7
was also seen in IFNAR1-null iTreg cells (Figure 4F), suggesting
potential importance of pathways in addition to those involving
IFN1. In all, these results suggest that inhibition of PARP11 cat-
alytic activity with ITK7 can disrupt the immunosuppressive ac-
tivities of Treg cells.

We next profiled gene expression in the subcutaneous (s.c.)
MC38 tumors from mice treated or not with ITK7 in vivo using
RNA sequencing. Expression of many genes was either upregu-
lated or downregulated in these tumors (Figures 5A and S5A).
Gene signatures associated with the synthesis of cholesterol
and other sterols were among those decreased upon ITK7 treat-
ment (Figure 5B). Conversely, pathways associated with stimula-
tion of the immune system including humoral immune response,
adaptive immune response, and others were notably activated in
tumors harvested from the ITK7-treated mice (Figure 5B).
Accordingly, ITK7 treatment promoted immune gene expression
signatures such as regulation of lymphocyte-mediated immu-
nity, T cell proliferation, and T cell activation (Figure 5C) and
regulation of immune effector process and activation of immune
response (Figure S5B). These results are consistent with the hy-
pothesis that ITK7 can reactivate immune responses in the TME
in vivo.

To further test this hypothesis, we analyzed immune cells from
these MC38 tumors (Figure S5C) and found that administration
of ITK7 decelerated tumor growth and decreased the numbers
of TI-Tregs but not splenic Tregs (Figures 5D and S5D). Further-
more, ITK7 downregulated BTrCP (Figure 5E) and immunosup-
pressive mediators including IL-10, TGF-B, and CD39 in TI-

Cell Reports Medicine

Tregs from MC38 tumors (Figure 5F). No statistically significant
changes in the levels of BTrCP, IL-10, TGF-B, or CD39 were
found in the splenic Treg cells of mice treated with ITK7 (Fig-
ure S5E). We also noted that TI-Tregs from mice administered
with ITK7 displayed decreased levels of Ki67 and increased
levels of IFN-y (Figure 5G), suggesting that ITK7 inactivates TI-
Treg cells. Similar changes or trends in the numbers and IFN-y
expression of TI-Treg cells were observed in experiments
wherein ITK7 was administered into mice bearing either subcu-
taneous (Figure S5F) or orthotopically grown MH6419c4 PDAC
tumors (Figure S5G).

ITK? reactivates CTLs and elicits anti-tumor effects
alone and in combination with immunotherapies

PARP11 also plays an important role in attenuation of activities of
the intratumoral CTLs.?® Accordingly, a greater frequency of in-
tratumoral CD8* CTLs was found in MC38 tumors from mice
administered with ITK7 (Figure 6A). These CTLs exhibited
increased levels of Ki67 and IFN-y (Figure 6B). Similarly,
increased numbers and IFN-y expression were seen in the
CTLs isolated from the subcutaneous MH6499c4 PDAC tumors
(Figures S6A and S6B).

We next examined the CTLs isolated from the MH6499c4
PDAC tumors orthotopically growing in the pancreas. This anal-
ysis revealed that ITK7 treatment increased the presence of tu-
mor-infiltrating CTLs (Figure 6C) and their expression of cyto-
toxic markers such as IFN-y and granzyme B (Figure 6D). In
all, these data suggest that, while inactivating Tl-Treg cells,
ITK7 can reactivate the intratumoral CTLs.

Treatment of MC38 colon adenocarcinoma cells with ITK7
in vitro led to a modest decrease in the rate of their proliferation
or ability to form colonies (Figures S6C and S6D). When admin-
istered to naive or tumor-bearing mice, ITK7 was very well toler-
ated and did not cause overt pathology in any of the examined
internal organs (Table S1). Mice administered with ITK7 did not
differ from the vehicle-treated animals in body weight or weight
of internal organs including the spleen, kidney, liver, and heart
(Figure S6E). This observation encouraged us to examine the
therapeutic effects of ITK7.

As was seen from Figure 5D, mice treated with ITK7 exhibited
a significantly decelerated growth of s.c. MC38 tumors. A similar
anti-tumor effect of ITK7 was observed against either orthotopic
(Figure 6E) or s.c. (Figure 6F) MH6499c4 PDAC tumors growing
in the WT mice. Although tumor growth was accelerated in

Figure 5. Selective PARP11 inhibitor ITK7 disrupts the immune-suppressive activities of TI-Tregs and activates the immune pathways in the

TME

(A) Enhanced volcano plot of differentially expressed genes in MC38 s.c. tumors from mice administered with ITK7 (100 ng/mouse intraperitoneally [i.p.]) on days

7,10, 13, 16, and 19 and harvested on day 20 after tumor inoculation (n = 2).

(B) Top 20 significantly enriched suppressed and activated gene set enrichment analysis (GSEA) pathways in MC38 tumors described in (A). Color indicates the
adjusted p values and dot size indicates the number of genes within a particular pathway.
(C) GSEA and Kyoto Encyclopedia of Genes and Genomes plots of indicated signatures detected in MC38 tumors described in (A).

(D) Growth s.c. MC38 tumors and TI-Tregs frequencies (percentage of CD45™) and numbers (per gram of tumor tissue) in mice treated with vehicle or ITK7 (100 pg/
mouse) as shown in the schema (n = 5).

(E) Levels of B-TrCP on TI-Tregs isolated from MC38 tumors described in (D).

(F) Levels of IL-10, TGF-B, and CD39 in TI-Tregs from tumors described in (D).

(G) Flow cytometry analysis of percentage of Ki-67* and IFN-y* Tregs isolated from MC38 tumors described in (D) (n = 5).

Data are presented as mean + SEM. Statistical analysis was performed with 2-tailed unpaired Student’s t test (D-G) or 1-way ANOVA with Tukey’s multiple
comparison test (for tumor volumes shown in D). A p value of less than 0.05 was considered as statistically significant for all.
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lymphocyte-deficient Rag7-null mice and decelerated in
Parp11~/~ mice, administration of ITK7 did not significantly alter
MH6499c4 PDAC tumor growth in either of these hosts (Fig-
ure 6F). These results suggest that ITK7 acts specifically via in-
hibiting PARP11 and elicits the anti-tumor effects in the manner
that requires adaptive immunity.

Given that ITK7 inhibits TI-Treg cells and reactivates the intra-
tumoral CTLs, we sought to determine whether inclusion of
ITK7 into the anti-cancer immunotherapeutic regimens may
increase their effectiveness. The combination of ITK7 with anti-
PD1 ICB treatment elicited a significantly greater anti-tumor
therapeutic effect against either “cold” s.c. PDAC MH6419c5 tu-
mors (Figures 6G-6l), orthotopic MH6499c4 PDAC tumors
(Figures 6J and 6K), or s.c. MC38 tumors (Figures S6F and S6G).

Given that the generation of CAR-bearing Treg cells impedes
CAR T therapies,”>?" we next sought to determine whether the
use of ITK7 while manufacturing CAR T cells can increase their
effectiveness. Treatment with ITK7 did not affect the expression
of anti-hnCD19 CAR transduced into human T cells (Figure S7).
Yet, this treatment significantly decreased the expression of
the mediator of adenosine production CD39 (Figure 7A). In addi-
tion, ITK7 prevented further increase in CD39 levels in CAR
T cells treated with adenosine (Figure 7A). Furthermore, ITK7 in-
hibited adenosine-induced increase in the levels of lymphocyte-
activation gene 3 (LAG3) and PD1 exhaustion markers on CAR
T cells (Figures 7B and 7C).

Accordingly, pre-treatment of anti-hCD19 CAR T cells with
ITK7 significantly increased their ability to kill B16F10 mouse
melanoma cells expressing human CD19 (B16F10-hCD19)
in vitro (Figure 7D). Furthermore, while pre-treatment of CAR
T cells with immunosuppressive mediator adenosine protected
B16F10-hCD19 cancer cells from lysis, the addition of ITK7
restored the killing phenotype (Figure 7D).

Genetic studies have demonstrated that ablation of PARP11
in mouse or human CAR T cells increases their anti-tumor ef-
ficacy.”® Thus, we next tested the effect of ITK7 on the effi-
cacy of adoptive transfer of anti-hCD19 CAR T cells in the
model of B16F10hCD19 tumors grown in the Rag7-null mice
that lack native lymphocytes (Figure 7E). Under these condi-
tions, administration of ITK7 alone had a modest effect on tu-
mor volume and animal survival (Figures 7F and 7G), perhaps

Cell Reports Medicine

reflecting the importance of lymphocytes in responses to ITK7.
Whereas adoptive transfer of anti-hCD19 CAR T cells signifi-
cantly decelerated the growth of B16F10hCD19 tumors, co-
administration of ITK7 in vivo notably stimulated the anti-tumor
effects. Furthermore, merely pre-incubating CAR T cells with
ITK7 ex vivo before the adoptive transfer of these cells signif-
icantly increased their therapeutic effects as manifested by
suppression of tumor growth (Figure 7F) and increased animal
survival (Figure 7G). Taken together, these results demon-
strate that ITK7 improves CAR T cells’ fitness and activities
and optimizes the efficacy of CAR T cell-based adoptive
therapy.

DISCUSSION

In this study, we demonstrate that expression of PARP11 is
linked with TI-Tregs tumor infiltration and poor responses to
ICB therapy in human patients with cancer. Induction of
PARP11 by tumor-derived factors in TI-Treg cells is accom-
panied by upregulation of B-TrCP and altered expression of
B-TrCP-regulated genes within the IFN1, NF-kB, and WNT/
B-catenin pathways. Genetic and pharmacologic studies
reveal that PARP11 is dispensable for homeostasis of
Treg cells in normal tissues yet is essential for the regulatory
functions of TI-Treg cells. The selective PARP11 inhibitor
ITK7 inactivates TI-Treg cells, elicits anti-tumor activities,
and increases the efficacies of ICB and CAR T cell
immunotherapies.

Upregulation of PARP11 in TI-Treg cells

Knockout of PARP11 did not significantly affect splenic Treg
cells but decreased the numbers and activities of TI-Treg cells
(Figure 2). We attribute this phenomenon to dependence of TI-
Tregs on the PARP11-dependent mechanisms that protect
them from destabilization and inactivation that can occur in the
sites of inflammation,®’ including the inflammatory TME.%?
Perhaps to ensure such protection, PARP11 expression is
increased in TI-Tregs. Tumor-derived factors such as adenosine
and PGE; induce Parp11 in Treg cells (Figure 1). Given that func-
tional Treg cells themselves produce these immunosuppressive
mediators,'? it is plausible that upregulation of PARP11 is

Figure 6. ITK7 reactivates CTLs and elicits anti-tumor effects alone and in combination with immunotherapies

(A) Frequencies (percentage of CD45%) and numbers (per gram of tumor) of CD8* cells from s.c. MC38 tumors described in 5D (n = 5).

(B) Flow cytometry analysis of percentage of Ki67* and IFN-y* among the CD8" CTLs T cells from MC38 tumors described in 5D (n = 5).

(C) Frequencies (percentage of CD45%) and numbers (per gram of tumor) of CD8" cells from orthotopic PDAC MH6499c4 tumors (n = 5).

(D) Flow cytometry analysis of percentage of IFN-y* and granzyme B among the CD8" CTLs T cells from orthotopic PDAC MH6499c4 tumors (n = 5).

(E) Schematic illustration and tumor mass of testing the anti-tumor efficacy of ITK7 (100 ng/mouse) against orthotopic MH6499C4 tumors in syngeneic WT mice.

Mice were sacrificed on day 20 (n = 5).

(F) Volume of s.c. MH6499c4 tumors in WT, Parp1 17/~ or F?ag1’/’ mice treated with either vehicle or ITK7 (100 pg/mouse i.p.) on days 4, 7, 10, 13, and 16 after

tumor inoculation (n = 5).

(G) Schematic illustration of testing the anti-tumor effects of anti-PD1 (200 pg/mouse) and ITK7 (100 ng/mouse) against s.c. cold MH6419¢5 tumors in syngeneic

WT mice (n = 3-6).
(H) Volume of s.c. MH6419c¢5 tumors described in (G).

() The Kaplan-Meier survival analysis of MH6419¢5 tumor-bearing mice described in (G). Mice were sacrificed when the tumor volume reached 1,000 mm?®.
(J) Schematic illustration of testing the anti-tumor effects of anti-PD1 (200 pg/mouse) and ITK7 (100 pg/mouse) against orthotopic MH6499C4 tumors in syn-

geneic WT mice (n = 6).

(K) The Kaplan-Meier survival analysis of MH6499C4 tumor-bearing mice described in (J). Mice were sacrificed when they became moribund.
Data are presented as mean + SEM. Statistical analysis was performed with 2-tailed unpaired Student’s t test (A-E), 1-way ANOVA with Tukey’s multiple
comparison test (F and H) or log rank test (I and K). A p value of less than 0.05 was considered as statistically significant for all.
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important for sustaining and perpetuating the ability of intratu-
moral Tregs to elicit their regulatory functions.

At least in part, activation of PKA by adenosine and PGE,
mediates the increase in PARP11 expression (Figure 1).
Future studies will determine whether other agonists of the
G protein-coupled receptors that are capable of activating
PKA can also upregulate PARP11 in either TI-Treg cells or
other cell types within the TME. Importantly, many of these ag-
onists are known to suppress inflammation and restrict tissue
damage,”® and some—such as sphingosine 1-phosphate—
can stimulate the expansion of Treg cells.®* Plausibly, addi-
tional yet-to-be determined mechanisms unrelated to PKA
activation can also be involved in PARP11 upregulation in
TI-Treg cells.

PARP11 and regulatory functions of TI-Tregs

Loss of PARP11 appears to disrupt multiple regulatory proper-
ties of TI-Treg cells including production of immunosuppressive
cytokines (IL-10 and TGF-B) and the adenosine-generating en-
zymes (CD39 and CD73), as well as the expression of NRP1
and CTLA-4. Accordingly, PARP11 knockout attenuates the abil-
ity of iTreg cells to strip the antigen-presenting cells from CD80
and CD86, interfere with CTL proliferation or cytotoxic activities,
and promote tumor growth (Figure 4).

It is plausible that these biological phenomena can be mecha-
nistically attributed to PARP11-dependent MARYylation and the
stabilization of B-TrCP in TI-Treg cells. Such stabilization is ex-
pected to accelerate the degradation of IFNAR1, B-catenin,
and IkBa. Indeed, we observed changes in gene expression
consistent with an increase in B-TrCP function including stimula-
tion of the NF-«kB pathway,*° which plays a key role in enabling
Treg-suppressive activities.®! In addition, we detected inhibition
of the WNT/B-catenin and IFN1 pathways, which act as negative
regulators of Treg function.®**>%%%¢ However, given that
PARP11 can MARylate many other proteins besides B-TrCP,?”
we cannot exclude additional mechanisms underlying
PARP11-dependent maintenance of the regulatory function of
TI-Tregs.

Immunosuppressive and pro-tumorigenic roles of
PARP11 in the TME and the limitations of our studies
Knockout of PARP11 in the host mice significantly decelerates
the growth of implanted colon adenocarcinoma, PDAC, and mel-
anoma tumors (Figures 2 and S2). A similar phenotype was
observed in WT syngeneic mice treated with PARP11 inhibitor
ITK7 (Figure 6). Inactivation of PARP11 reinvigorates the anti-tu-

Cell Reports Medicine

mor immune responses (Figures 5 and 6). In all, these results
suggest that PARP11 plays an important role in generating
immunosuppressive TME and stimulating tumorigenesis.

Itis highly likely that more than one cell type and more than one
mechanism are involved in PARP11 induction to aid immunosup-
pression and promote tumor growth. Genetic evidence suggests
the importance of PARP11 for inactivation of the intratumoral
CTLs.?® Here, we show that induction of PARP11 supports the
immune-suppressive activities of TI-Tregs. Given that induction
of PARP11 accelerates IFNAR1 downregulation that supports
the suppressive function of the granulocytic myeloid-derived
suppressor cells,”® additional studies focused on the role of
PARP11 in the intratumoral myeloid cells are warranted. Further-
more, given that loss of IFNAR1 is essential for efficient VEGF-
driven angiogenesis®® and for stromagenesis driven by activated
fibroblasts,®”"°® the role of PARP11 in non-immune mechanisms
stimulating tumor growth and progression cannot be ruled out
and should be elucidated.

To this end, future studies should overcome the limitations
associated with the use of the whole-body conventional
Parp11 knockout and involve the generation of the conditional al-
leles followed by a compartment-specific ablation of PARP11 in
diverse cell types within the TME. Furthermore, a complemen-
tary gain-of-function approach could utilize conditional overex-
pression of PARP11 in diverse cell types to mimic the situation
in the TME. Future studies delineating specific PARP11 function
in the different cellular compartments besides CTLs and Treg
cells within the TME are warranted.

Therapeutic targeting of PARP11 for treatment of
cancer
The importance of PARP11 acting on more than one cell type
within the TME to promote tumor growth and suppress anti-tu-
mor immune responses potentially renders this regulator a
vulnerability that can be targeted for treatment of solid tumors.>°
It has been noted that a non-selective Food and Drug Adminis-
tration-approved drug rucaparib, which targets PARP1/2°° but
is also capable of inhibiting PARP11,2° prevented adenosine-
induced upregulation of B-TrCP and downregulation of IFNAR1
and increased the efficacy of immunotherapies.”® However,
given a broad substrate specificity of rucaparib, these pheno-
types could not be specifically attributed to PARP11 inhibition.
Here, we provide a pre-clinical characterization of a highly se-
lective and potent PARP11 inhibitor ITK7.%” ITK7 destabilized
WT iTreg cells and attenuated their regulatory functions
in vitro. In vivo experiments demonstrate that ITK7 is well

Figure 7. ITK7 improves the efficacy of CAR T therapy

(A—C) Levels of CD39, LAG3, and PD1 in CAR T cells after their pre-incubation with either a vehicle or ITK7 (10 nM) for 72 h, followed by additional treatment with or
without adenosine (ADO, 1 uM, 24 h; n = 4).

(D) Lysis of hCD19-B16F10 cells by hCD19 CAR T cells treated as in (A) (n = 6).

(E) Schematic illustration of experiments combing CD19 CAR T cell therapy with ITK7 (100 ug/mouse) against s.c. hCD19-B16F10 tumors growing in Rag? ™~
mice.

(F) Volume of hCD19-B16F10 s.c. tumors growing in Rag? '~ mice treated as described in (E). Treatments included anti-hCD19 CAR T cells (1.5x 10%/mouse,
intravenously), pre-treated or not in vitro with ITK7 (10 nM; 72 h; n = 6), vehicle (DMSO, n = 3), ITK7 (100 ng/mouse, i.p., n = 3), or combination of ITK7 and CAR
T cells administered into mice separately (n = 5).

(G) The Kaplan-Meier analysis of survival of mice described in (F). Mice were sacrificed when the tumor volume reached 1,000 mm?.

Data are presented as mean + SEM. Statistical analysis was performed using 1-way ANOVA with Tukey’s multiple comparison test (A-F) or log rank test (G). Ap
value of less than 0.05 was considered as statistically significant for all.
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tolerated and does not cause either systemic dysfunction of Treg
cells or detectable autoimmune or immunopathological effects.
Treatment with ITK7 changes gene expression within tumors to
boost the immune response. ITK7 significantly enhances the
presence of reinvigorated intratumoral CTLs, which display
greater activity and effector function and less exhaustion. Finally,
ITK7 notably decelerated growth of tumors in WT mice.

Importantly, ITK7 did not elicit any inhibition of the PARP11-
deficient Treg cells in vitro. Furthermore, administration of ITK7
did not elicit any additional inhibition of tumor growth in
Parp11~'~ mice in vivo. These results indicate that ITK7 acts
as a highly selective PARP11 inhibitor.

The use of ITK7 in syngeneic tumor mouse models in our study
validates PARP11 as a promising therapeutic target for treating
solid tumors. Importantly, administration of ITK7 elicited little (if
any) effect on tumor growth in Rag7-null immunodeficient
mice. The findings from our preclinical mouse studies suggest
that ITK7 indeed effectively reawakens anti-tumor immunity.
Including ITK7 in immunotherapeutic regimens significantly
increased the efficacies of ICB and CAR T cell ACT immunother-
apies in mice. Thus, small-molecule inhibition of PARP11 shows
promise as a strategy for improving the immune response to
cancer.

Intriguingly, treatment of CAR T cell formulations with ITK7
prior to ACT attenuated activities of CAR Treg cells and notably
improved anti-tumor activities of CAR T cells. These results sug-
gest that further evaluation of PARP11 inhibitors should include
testing their ability to improve the manufacturing of CAR T prod-
ucts in vitro. Furthermore, given that a recently developed inhib-
itor of PARP?7 elicited the anti-tumor effects in a manner depend-
ing on its ability to stimulate the production of IFN1,°9¢" and
PARP11 inhibitor stabilizes the receptor for these cytokines, it
might be of further advantage to develop dual inhibitors of
PARP11 and PARP7.

Limitations of the study

Genetic or pharmacologic inactivation of PARP11 decreases the
numbers of TI-Treg cells while increasing the numbers of intratu-
moral CTLs. However, these findings do not differentiate be-
tween changes in T cell movement and infiltration versus
changes of T cell proliferation in situ. Additional experiments
will be needed to further uncover the mechanistic foundations
underlying these phenotypes.

Furthermore, future studies should overcome the limitations
associated with the use of the whole-body conventional
Parp11 knockout and involve the generation of the conditional al-
leles followed by a compartment-specific ablation of PARP11 in
diverse cell types within the TME. Furthermore, a complemen-
tary gain-of-function approach could utilize conditional overex-
pression of PARP11 in diverse cell types to mimic the situation
in the TME. Future studies delineating specific PARP11 function
in the different cellular compartments besides CTLs and Treg
cells within the TME are warranted.
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Zhang et al.”®
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Lietal.®
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Mouse: C57BL/6- Parp11 ~/~ Zhang et al.*® N/A
Oligonucleotides
Primers for g-PCR and ChiP gPCR see Table S1 N/A
Recombinant DNA
Retro-p-CD19-scFV-BBZ-MSGV https://doi.org/10.1016/j.cell.2021.  N/A
08.004
Software and algorithms
FlowJo v10 FlowdJo, LLC https://www.flowjo.com; RRID:SCR_008520
GraphPad Prism v9.1.0 GraphPad https://www.graphpad.com; RRID:SCR_002798
FACSDiva BD Biosciences N/A
Rv 3.6.1 The R Project for https://www.r-project.org/

Statistical Computing
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REAGENT or RESOURCE SOURCE IDENTIFIER

DESeq2 Love et al.® https://bioconductor.org/packages/release/
bioc/html/DESeq2.html

GSEA BROAD Institute https://www.gsea-msigdb.org/gsea/index.jsp

GseaVis N/A https://github.com/junjunlab/GseaVis

ClusterProfiler v3.10.1 N/A http://bioconductor.org/packages/clusterProfiler/

RESOURCE AVAILABILITY

Lead contact
Additional information and requests for resources and reagents should be directed to the lead contact, Serge Y. Fuchs (syfuchs@vet.
upenn.edu), who will fulfill these requests.

Materials availability
This study did not generate new unique reagents.

Data and code availability
® Bulk-seq data are accessible at GEO under accession number GSE249299.
® No custom computer codes were generated in this study.
® Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal studies

All mice were housed in a pathogen-free facility, and all procedures were performed in accordance with policies and guidelines out-
lined by the University of Pennsylvania Institutional Animal Care and Use Committee (IACUC, approved protocol # 803995). In vivo
experiments carried out on mice of C57BI/6 background (unless specified otherwise) were approved by the Institutional Animal Care
and Use Committee of The University of Pennsylvania. C57BL/6 littermate Parp11** (‘WT’) and Parp11~/~ mice (Parp11 null) were
described previously.** All experimental mice were maintained single-sex cages, in an environment with a temperature of 20 + 2°C
and a 12 h light/12 h dark cycle, with lights turning on at 7:00 a.m. in accordance with American Association for Laboratory Animal
Science guidelines. Littermate animals from different cages were randomly assigned into experimental groups, which were either co-
housed or systematically exposed to other groups’ bedding to ensure equal exposure to the microbiota of all groups. The genotyping
PCR primers were provided in Table S2.

Cell lines

MC38 cell line, derived from C57BL6 murine colon adenocarcinoma cells, was purchased from (Kearfast, ENH204-FP). The mouse
melanoma cell lines B16F10 (ATCC CRL-6475) were purchased from ATCC. The mouse pancreatic tumor cell clone MH6499¢5°°
was a kind gift from Dr. Ben Stanger at the University of Pennsylvania, Philadelphia, PA. Dr. Suzanne Ostrand-Rosenberg from
the University of Maryland, Baltimore, USA, generously contributed mouse MC380VA cell line. The B16F10 cells, modified to express
human CD19 (hCD19-B16F10 - a gift from Andy Minn) and MC380VA cells, were both engineered to stably express Firefly luciferase,
have been previously described.?®*¢ All cells were cultured in DMEM (Gibco) with a supplement of 10% FBS (HyClone) and 100 U/mL
Penicillin-Streptomycin (Gibco). All the cell lines were regularly tested for Mycoplasma.

METHOD DETAILS

Human dataset analysis

Survival curves for bladder cancer and melanoma patients treated with Anti-PD1 therapy were derived from NCBI Gene Expression
Omnibus (GEO) repository. Their correlation with PARP11 mRNA expression and overall survival was analyzed using the KM Plotter
database (http://kmplot.com/analysis). RNA data was derived from GEO database (GSE78220), which includes 28 patients with ma-
lignant melanoma who received anti-PD-1 treatment.*® According to the response to treatment, patients were divided into two
groups: complete response, partial response, and non-response groups. After importing the data into R studio, extraneous details
in sample names were removed, and patients were classified based on their observed response to treatment into three categories:
Complete Response (CR), Partial Response (PR), and No Response (NR). Samples identified as outliers were excluded from further
analyses. The expression data underwent log10 transformation for normalization. Pairwise comparisons between the response
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groups were conducted using the Tukey’s Honest Significant Difference (TukeyHSD) test. The results were visualized using
violin plot.

For single cell analysis, single nuclei slide-tags datasets from human melanoma (SCP2171)*' were downloaded and processed
from the Broad Institute Single Cell Portal. For correlation analysis using TCGA data from TIMER 2.0, we examined the relationship
between PARP11 with FOXP3 expression, and tumor Treg infiltration, in Colon Adenocarcinoma (COAD), Skin Cutaneous Melanoma
(SKCM), and Pancreatic Adenocarcinoma (PAAD).®"

Tumor conditioned media (TCM) preparation

Tumor conditioned media (TCM) were prepared using B16F10 as outlined in a prior study.*® Briefly, B16F10 tumor cells were plated
to reach 75-80% confluency the next day. Once they reached confluency, the media was removed, and the cells were washed 2-3
times with PBS to remove residual FBS. Then, the cells were cultured in serum free media (SFM) for 48 h. After that, the conditioned
media was collected, centrifuged to remove cells and debris, and stored at —80°C until use. Our in vitro experiments with TCM
involved either serum free media (SFM) or combination of TCM with complete media in a 3:1 ratio.

Pharmacological compounds and reagents

Adenosine (Sigma, CAS A4036), transforming growth factor B (TGFB, R&D CAS 7666-MB-005/CF), prostaglandin E, (PGE,, Sigma,
CAS P0409), H89 (hydrochloride; CAS 130964-39-5; Cayman Chemical), ITK7 (Sigma, CAS SML2669), Recombinant Mouse
Interleukin-2 (IL2, Biolegend, CAS 575404), Recombinant Murine VEGF165 (VEGFA, Preprotech, CAS 450-32) were purchased.

Flow cytometry analyses

All antibodies used for flow cytometry are listed in the key resources table. Single cells suspensions from tumors or spleens were
prepared as previously described.”® Briefly, tissues were mechanically disassociated into small pieces followed by incubation
with enzymatic dissociation solution (DMEM supplemented with, 1 mg/mL collagenase and 100 pg/mL of DNase I). The cells
were then filtered through a 70 um filter membrane to eliminate debris and resuspended in FACS buffer (PBS with 1% BSA, 1mM
EDTA). Isolated cells were pre-incubated with anti-CD16/32 (Fc blocker) for 10min. Surface staining was performed using the fluo-
rescent-conjugated antibodies for 30-45 min before washing and preparation for flow cytometry analysis. For intracellular staining,
cells were fixed and permeabilized using the intra-nuclear staining kit (FoxP3 staining Buffer Set) according to manufacturer’s in-
structions (eBioscience). Fixed cells were then incubated with indicated antibodies for 1 h before washing and preparation for
flow cytometry analysis. Intracellular cytokine analysis required cells to be stimulated with the Biolegend Activating Cocktail, for
5-6 h at 37 °C with 5% CO, prior to the intracellular staining process. Cells acquisition was performed on a BD LSR Il or
FACSymphony using FACSDiva software (BD Biosciences), and analysis was performed using FlowJo software (Miltenyi). Fluores-
cence minus one (FMO) control were used to set the gates for positive staining.

Tumor growth studies
For subcutaneous tumor model, MC38 (0.5-1 x 106), MH6499¢c4 (1 x 10%) MH6419¢5 (0.75 x10%), or B16F10 (0.5 -1 x 10%) were
inoculated subcutaneously into the right flanks of syngeneic C57BL/6 mice. Tumor size was measured every other day from day
4 using a caliper. Tumor volume was calculated using formula (width x width x length x 0.5). Studies using the PDAC orthotopic
pancreatic tumor growth were carried out as described previously.®® Briefly, after anesthesia, a 1-cm nick was made in the abdominal
wall and the pancreas was exteriorized and kept moist using PBS. MH6499c4(1.5 x 10°) cells were injected into the pancreas using a
30-G needle and returned pancreas to the abdominal wall, and then the abdominal wall and skin were sutured carefully.
Forimmunotherapy experiments, 9-10 weeks-old male wild type mice were randomly divided into four groups: IgG/vehicle control,
Anti-PD1, ITK7, and Anti-PD1 combined with ITK7. Each mouse was inoculated subcutaneously with MH6419¢5 (0.5 x 10°) or MC38
(0.5 x 108) or for orthotopically with MH6499¢4 (0.2 x 10°) cells. Starting on day 5 post-inoculation, treatments were administered as
follows: ITK7 (100ng/mouse), anti-PD1 (BioXCell #BE0146, 200ng/mouse, intraperitoneally), or a combination of ITK7 and anti-PD1.
For survival analysis, mice were tracked until tumor volume reached ~1000 mm? at which point the data were considered for Kaplan-
Meier (KM) survival analysis. For orthotopic model, mice exhibiting signs of severe distress or morbidity, such as inability to move,
hunched posture were considered to have reached endpoint for KM survival analysis.

ITK? in vivo treatment

For in vivo therapeutical use, ITK7 was formulated as a 2 mg/mL solution in DMSO (Dimethyl sulfoxide). After formulation, ITK7 was
stored at either —20°C for up to one month or at —80°C for long term use. Mice were administered ITK7 at a dose of 100 ng per mouse
via intraperitoneal (i.p) injection following specified dosing regimen. To ensure the ITK7 safety, a comprehensive toxicology and path-
ological examination was performed involving healthy wild-type mice (Table S1).

Quantitative real-time PCR and chromatin immunoprecipitation assay

Total RNA was extracted either from cells or directly from snap-frozen tumor tissue using the RNA isolation kit (Qiagen, cat#74004).
The concentration of RNA was then measured using a NanoDrop 2000 spectrophotometer. For cDNA synthesis, the Applied Bio-
systems High-Capacity RNA-to-cDNA Kit (Applied Biosystems#4387406) was employed. Real-time PCR assays were performed
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using the PowerUp SYBR Green Master Mix (Applied Biosystems #A25742). Gene expression levels were calculated based on the
cycle threshold (AACT), which was set to the linear phase of DNA amplification. The raw data were normalized to Beta Actin, serving
as a standard housekeeping gene. For ChiP-gPCR, iTregs were generated as described above. These cells were then cultured either
with vehicle (DMSO), Forskolin (10uM), Adenosine (1 mM), PGE2 (1uM), or their combination with H89 (10uM) for 60 min. Post treat-
ment, cells were collected, and chromatin immunoprecipitation was performed using the SimpleChlP Enzymatic Chromatin IP Kit.
Immunoprecipitation was carried out with a phospho-CREB1 antibody at a 1:20 dilution. ChIP-gPCR for the Parp11 promoter
was performed using oligonucleotide primers designed with Primer 3 software. The sequences of all oligonucleotide primers can
be found in Table S2.

Tregs isolation and iTregs generation

In vitro generation of Tregs (iTregs) were carried as out previously described.*® Briefly, naive CD4* T cells from WT or Parp11~/~ mice
spleen was isolated with EasySep mouse naive CD4" T cell Isolation Kit (STEM CELL Technologies; Catalog # 319765). These cells
were then differentiated with ImmunoCult Mouse Treg Differentiation Supplement as per the manufacturer’s recommendations
(STEMCELL Technologies; Catalog# 10957). Post differentiation, small number of cells were collected for yield and purity assess-
ment by the expression of CD4+*CD25+FOXP3+ analyzed via flow cytometry.

For the isolation of tumor derived Tregs, mice (WT or Parp11~/~ mice with Foxp3"™~C" background) bearing MC38 tumors were
digested as previously described. Tumor Tregs were then enriched with EasySep Mouse CD4*CD25* Regulatory T cell Isolation Kit Il
(STEMCELL Technologies, 18783). Subsequently, enriched Tregs were FACS sorted to select the YFP+ cells, which were then used
for all for all downstream applications.

/=

Tregs functional studies

Cytotoxicity assays were conducted to evaluate an ability of Tregs suppressive effects on CTL mediated tumor cell killing as previ-
ously described.?®® Briefly, Tregs of different genotype (WT or Parp11~/7) or WT iTregs pretreated with 5-10nM ITK7 were co
cultured with CTLs for 24 h. These cells were then co cultured with target MC380VA cells at specific effector — to-target (E: T) ratios
in 96 well. As controls, target cells alone measured spontaneous death luminescence (spontaneous death RLU) and water-lysed cells
represented maximal killing (maximal killing RLU). After adding luciferase substrate (Bright-Glo; Promega, cat#E6110) and incubating
10 min at room temperature, luminescence was recorded using the EnVision (PerkinElmer) reader. Cell lysis percentage was calcu-
lated with a formula: % lysis = 100 x (spontaneous death RLU-tested RLU)/(spontaneous death RLU-maximal killing RLU).

The cell proliferation suppression assay was conducted as previously described®® with few modifications. Total CD8* T-cells or
CD4* CD25 cells were isolated from naive WT mice spleens using EasySep Mouse CD8" and CD4"CD25™ T cell Isolation Kit
and labeled with 5nM of Cell Trace Violet (CTV, Thermo Fisher, cat# C34557). These cells were cultured either alone or with Treg cells
from specified sources in the presence of anti-CD3e and anti-CD28. CTV staining was analyzed for proliferation using flow cytometry
after 72 h. For the study of trogocytosis between Tregs and dendritic cells (DCs), bone marrow-derived dendritic cells (BMDCs) were
generated as follows. Bone marrow cells were isolated from mice and cultured in dendritic cell differentiation medium consisting of
RPMI-1640 supplemented with mouse recombinant granulocyte-macrophage colony-stimulating factor (10 ng/mL, Invitrogen) and
mouse recombinant interleukin-4 (10 ng/mL, Invitrogen) for 7-8 days. Following culture, cells were then harvested and purified using
the EasySep Mouse CD11c Positive Selection Kit Il (StemCell Technologies, #18780), according to the manufacturer’s instructions.
The isolated DCs were then pulsed with ovalbumin (OVA) peptide (50 ng/mL) for 8 h. Subsequently, these DCs were cocultured with
iTregs at a 1:5 ratio, derived from wild-type (WT) and Par1-null mice, for 12 h. Flow cytometry analysis was then performed to measure
the surface expression of CD80 and CD86 on the cocultured DCs.

For adoptive transfer, Rag? '~ mice were subcutaneously inoculated with MC38-OVA tumor cells (1 x 10%). Upon confirmation of
tumor growth, iTregs (either WT or Parp71~/~ mice, 2.5 x 10%/mouse) were intravenously transferred into MC38-OVA tumor-bearing
mice on day 11. The following day, OT-I cells (5 x 108/mouse) were also administered. The tumor volume and survival of these mice
was then closely monitored. For comparative immunosuppressive activities, WT or Parp1 17/~ mice derived iTregs (2.5 x 108/mouse)
were intravenously administered into 8 weeks old WT male mice. This administration was performed prior to the s.c inoculation of
MC38 cells (1 x 10%/mice).

Mouse CAR T cells generation and functional studies
CART cell preparation and functional analysis were conducted as previously described.?® Briefly, total T cells were isolated from the
spleen of WT (8-9-week-old) mice using T cells isolation kit (STEM cells technologies; cat #19851). These isolated T cells were acti-
vated with magnetic beads precoated with agonist antibodies against mouse CD3 and CD28 (Gibco; cat# 11456D) according to man-
ufacturer’s instructions. On day 2, activated T cells underwent spin transduction with CD19-BBz CAR and were expanded for
4-5 days for purity assessment. Once after the confirmation of purity, CAR T cells were utilized for either in vitro or in vivo studies.
For the cytotoxicity assay, CAR T cells preincubated with either vehicle or ITK7, were co-cultured with target cells (hCD19-B16F10-
luci) at indicated E/T ratio for 5 h. Cytotoxicity was then measured using luciferase-based cytotoxicity assay (Promega Bright-Glo,
cat#E6120) as manufacture instructions. Luminescence was measured using the EnVision (PerkinElmer) plate reader. The percent-
age of lysis was calculated using the formula: % lysis = 100 X (spontaneous death RLU-tested RLU)/(spontaneous death RLU-
maximal killing RLU).
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For in vivo CAR T therapies, Rag7-null mice were subcutaneously inoculated with hCD19-B16F10 tumor cells
(0.2><105 cells/mouse). Following tumor establishment, 9-week-old male mice were grouped into: Vehicle (n = 3), ITK7 (n = 3),
CAR (n = 4), pre-ITK7 (n = 5), and CAR+ITK7 (n = 5). The vehicle and ITK7 groups received their respective treatments on days 6,
9, 12, and 15. The CAR group was administered with WT CD19-BBz CAR T cells. The pre-ITK7 group received CAR T cells pretreated
with ITK7(10nM; 72 h; 2.5 x 10° cells/mouse on day 7 and 13). The CAR+ITK7 group got CAR T cells (2.5 x 10° cells/mouse on days 7
and 13) and ITK7 on days 6, 9, 12, and 15.

RNA sequencing

Bulk MC38 tumors samples collected from Vehicle or ITK7 treated mice were snap frozen. Total RNA was then extracted with RNeasy
PlusMini Kit (QIAGEN). The extracted RNA samples were utilized RNA sequencing as previously described.*® The raw fastq files were
aligned to the mouse genome mm39 by salmon 10.1 with standardized parameters. Normalization and differential expression (DE)
analysis was conducted by DESeq?2 v. 1.28.1. Significantly DE genes were defined as based on criteria of a Bonferroni-adjusted
P-value <0.05 and a log2 fold change greater than 0.58 or less than —0.58. Gene set enrichment analysis (GSEA) was done using
the pre-rank mode and gene list was ranked by the stat value from DESeqg2 analysis. Further, significantly enriched pathways
(P-value< 0.05) were determined through gene set enrichment analysis integrated in the R/Bioconductor packages cluster Profiler
v. 3.14.3 and GseaVis in R. Data has been submitted to Gene Expression Omnibus (GSE number pending).

Statistics and reproducibility

All described results from both in vivo and in vitro experimental design are representative of at least three independent experiments.
Statistical comparisons between two groups were made using two-tailed unpaired Student’s t-test. For multiple group comparisons,
either one- or two-way ANOVA (mixed model) followed by Tukey’s post hoc test was employed. Tumor growth and survival curves
was conducted using a repeated-measure two-way ANOVA (mixed model), followed by Tukey’s multiple comparisons test. Mouse
survival data were represented using Kaplan-Meier curves. A P-value of less than 0.05 was considered statistically significant. Data
are presented as the average +S.E.M where applicable. All statistical analyses were performed using GraphPad Prism 10 software
(GraphPad Prism Software Inc.).
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