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ABSTRACT

Background Poly(ADP-ribose) polymerase (PARP)
inhibitors (eg, olaparib) are effective against BRCA-
mutated cancers at/near maximum tolerated doses by
trapping PARP-1 on damaged chromatin, benefitting
only small patient proportions. The benefits of targeting
non-DNA repair aspects of PARP with metronomic doses
remain unexplored.

Methods Colon epithelial cells or mouse or human bone
marrow (BM)-derived-myeloid-derived suppressor cells
(MDSCs) were stimulated to assess the effect of partial
PARP-1 inhibition on inflammatory gene expression or
immune suppression. Mice treated with azoxymethane/
four dextran-sulfate-sodium cycles or APC"™* mice

bred into PARP-1*/~ or treated with olaparib were used
to examine the role of PARP-1 in colitis-induced or
spontaneous colon cancer, respectively. Syngeneic MC-
38 cell-based (microsatellite instability, MSI™®") or CT-26
cell-based (microsatellite stable, MSS) tumor models
were used to assess the effects of PARP inhibition on host
responses and synergy with anti-Programmed cell Death
protein (PD)-1 immunotherapy.

Results Partial PARP-1 inhibition, via gene heterozygosity
or a moderate dose of olaparib, protected against colitis-
mediated/APC""-mediated intestinal tumorigenesis and
APC™-associated cachexia, while extensive inhibition, via
gene knockout or a high dose of olaparib, was ineffective
or aggravating. A sub-1C50-olaparib dose or PARP-1
heterozygosity was sufficient to block tumorigenesis

in a syngeneic colon cancer model by modulating the
suppressive function, but not intratumoral migration or
differentiation, of MDSCs, with concomitant increases in
intratumoral T cell function and cytotoxicity, as assessed
by granzyme-B/interferon-y levels. Adoptive transfer of
WT-BM-MDSCs abolished the protective effects of PARP-
1 heterozygosity. The mechanism of MDSC modulation
involved a reduction in arginase-1/inducible nitric oxide
synthase/cyclo-oxygenase-2, but independent of PARP-1
trapping on chromatin. Although a high-concentration
olaparib or the high-trapping PARP inhibitor, talazoparib,
activated stimulator of interferon gene (STING) in BRCA-
proficient cells and induced DNA damage, sub-IC50
concentrations of either drug failed to induce activation
of the dsDNA break sensor. STING expression appeared

dispensable for MDSC suppressive function and was
not strictly required for olaparib-mediated effects.
Ironically, STING activation blocked human and mouse
MDSC function with no additive effects with olaparib. A
metronomic dose of olaparib was highly synergistic with
anti-PD-1-based immunotherapy, leading to eradication of
MSI"™" or reduction of MSS tumors in mice.
Conclusions These results support a paradigm-shifting
concept that expands the utility of PARP inhibitor and
encourage testing metronomic dosing of PARP inhibitor
to enhance the efficacy of checkpoint inhibitor-based
immunotherapies in cancer.

BACKGROUND

Poly(ADP-ribose) polymerase inhibitors (PARPi)
(eg, olaparib and talazoparib) are primarily
effective against BRCA-defective ovarian or
breast cancers, benefitting only a small propor-
tion of patients with cancer.' The ultimate goal
of the therapy is maximal inhibition of PARP
to achieve synthetic lethality, taking advantage
of the inability of BRCA-deficient cancer cells
to repair DNA.* A number of clinical trials
explored the efficacy of PARPi in the treatment
of other cancers with no obvious mutations in
BRCAL1? The role of PARP-1 in DNA repair does
not require full activity of the enzyme, as PARP-1
gene heterozygosity, which leads to ~50%
reduction in the levels of the enzyme, or treat-
ment with low concentrations of PARPi is not
associated with major defects in DNA repair.**
The function of PARP-1 in cancer is intimately
related to its ability to provide an alternative
pathway for cancer cells to survive especially
those associated with defects in DNA repajr.7
The mechanism by which PARP-1 contributes
to immune responses may be entirely different.
We reported that PARP-1 heterozygosity or
a metronomic dose of PARPi substantially
blocked atherogenesis in mice® and blocks Th2
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inflammation in allergen-exposed mice.” ' Altogether, these
reports suggest that low-to-moderate doses of PARPi have
completely different immunomodulatory effects than those
mediated by high doses of the drugs.

Myeloid-derived suppressor cell (MDSC) recruitment
and expansion represent critical events during cancer
progression by providing an advantage to cancer cells,
allowing them to evade the immune system.'" MDSCs
are specialized in blocking T cell function by depriving T
cells of essential amino acids through expression of argi-
nase (ARG)-1, producing oxidizing molecules through
the expression of inducible nitric oxide synthase (iNOS)
or cyclo-oxygenase (COX)-2, as well as blocking T cell
recruitment to tumors.'! Therefore, it is clear that inter-
fering with the function and/or recruitment of MDSCs
may provide important benefits to strategies targeting
cancer cells, representing an attractive strategy to treat
not only colon cancer but also many other cancers.

The stimulator of interferon genes (STING) were
reported to play an important role in PARPi-mediated
tumor cell toxicity in a BRCA deficiency-dependent
manner.'? 1? However, the PARPi—STING relation-
ship was also reported in BRCA-proficient cells."* The
common link in these studies is the requirement for DNA
damage, which can only be induced by high concentra-
tions of PARPi. The STING pathway was also shown to be
involved in MDSC differentiation and antitumor immune
responses.’” '® A primary goal of the current study was to
explore the effects of partial PARP inhibition achieved by
gene heterozygosity or a metronomic dose of olaparib on
different models of colon cancer and to examine whether
such approaches exert different immune responses to
carcinogenesis by focusing primarily on MDSCs. We
also examine whether the effects of PARP inhibition on
MDSC function would synergize with anti-Programmed
cell Death protein (PD)-1 immunotherapy in microsatel-
lite instability (MSI™®") and microsatellite stable (MSS)
colon cancer mouse models.

MATERIALS AND METHODS
Details of the materials and methods used in this study are
outlined in online supplemental materials and methods.

Animals and genotyping

Mice were housed in a specific pathogen-free facility at
Louisiana State University Health Sciences Center. The
different mouse strains were genotyped using standard
protocols (online supplemental table S1 and figure S6).

Cell isolation, culture, treatments, RNA extraction,
complementary DNA synthesis and quantitative PCR

Primary colon epithelial cells (CECS)17 and the different
cell lines were maintained as described in online supple-
mental materials and methods. Total RNA was analyzed
by Real-Time (RT)-quantitative PCR with previously vali-
dated primer sets (online supplemental table §1).18%0
MDSCs were generated by incubating bone marrow

(BM)-derived hematopoietic stem cells with granulocyte-
macrophage colony-stimulating factor (GM-CSF), Granu-
locyte colony-stimulating factor (G-CSF), and interleukin
6 (IL-6). Tumor infiltrating MDSCs were isolated by enzy-
matic digestion of engrafted tumors followed by selection
of the CD117Gr-1" subset. For some experiments, CD45"
cells were isolated as mixed immune cell populations.
For the suppression assay, tumor-derived or BM-derived
MDSCs were cocultured with CD3/CD28-stimulated
carboxyfluorescein succinimidyl ester (CFSE)-labeled T
cells, and proliferation was assessed by flow cytometry.

Tumor models

The colitissinduced (azoxymethane (AOM)/dextran
sulfate sodium (DSS)), APCM™* and syngeneic tumor
models are described in detail in online supplemental
materials and methods.

Tissue processing, immunohistochemistry,
immunofluorescence, cytokines measurement, and FACS
analysis

Serial tissue sections were subjected to H&E staining,
immunohistochemistry or immunofluorescence, as
described,21 with relevant antibodies.?? Sera of mice were
assessed for tumor necrosis factor-o. (TNF-a), I1-6, and
monocyte chemoattractant protein MCP)-1 by ELISA.
Single-cell suspensions obtained from digested tumors
were subjected to fluorescence-activated cell sorting
(FACS) analysis using the fluorescently labeled anti-
bodies. The details of the gating strategy are described in
online supplemental figure S7.

Cell fractionation, protein extraction and immunoblot analysis
Tumor tissues and single cells were homogenized using stan-
dard protocols. MDSCs and Jurkat cells were subjected after
treatments to nuclear fractionation as described,” and the
remaining chromatin pellets were sonicated in lysis buffer.
Protein extracts were subjected to immunoblot analysis,”
with the relevant antibodies described in figure legends (also
see online supplemental materials and methods).

Statistical analysis

All data are presented as mean+SEM. Analysis of vari-
ance for the different groups (same experiment) was
conducted using a one-way analysis of variance followed
by Tukey’s multiple comparison test. When a comparison
is conducted between two groups, an unpaired Student’s
t-test was used. These analyses were facilitated by the
PRISM software (GraphPad, San Diego, California).

RESULTS

Partial PARP-1 inhibition achieves better protection against
colitis-driven colon tumorigenesis than complete or extensive
inhibition

PARP-1 gene heterozygosity in primary CECs reduced
PARP-1 expression by ~50% compared with WT cells
(figure 1A). Figure 1B shows that lipopolysaccha-
ride (LPS)-induced expression of IL-6, TNF-o, iNOS,
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Figure 1 Partial PARP-1 inhibition is sufficient to block chronic inflammation and associated colon tumorigenesis. (A) CECs
were isolated from WT, PARP-1*~ or PARP-17"" mice. Total protein extracts were subjected to immunoblot analysis with
antibodies to PARP-1 or actin. (B) CECs were treated with 2 ug/mL LPS or 10 ng/mL TNF-a for 6 hours, after which RNA

was extracted; complementary DNAs were subjected to real-time PCR using sets of primers for mouse TNF-q, IL-6, ICAM-

1 or B-actin. Fold changes (AACT values) were then calculated using -actin as a normalization control. These experiments
were conducted in triplicates. (C) WT, PARP-1*"~ and PARP-1~ mice (n>6) received 10 mg/kg of AOM intraperitoneally once,
followed by four cycles of 1.25% DSS in drinking water. At 21 weeks of age, mice were sacrificed and colon tumor burden was
assessed. (D) H&E staining of colon tumor sections from the different experimental groups. (E) IHC with antibodies to PCNA.
(F) H&E staining showing the protective effect of PARP-1 gene heterozygosity and knockout against AOM/DSS-induced colitis.
(G) WT mice were subjected to AOM/DSS protocol as described above. Mice from all experimental groups (n>6) received
intraperitoneal injections of 5 or 25 mg/kg olaparib or a vehicle twice a week immediately after AOM administration and until a
day prior to sacrifice (21 weeks). Colon tumor numbers were counted. (H) H&E staining showing the protective effect of PARP-1
inhibition by olaparib against AOM/DSS-induced colitis. (I) Sera from the different experimental groups were assessed for IL-6,
TNF-o, or MCP-1 using sandwich ELISA. For B, C, G, and I: *p<0.05, **p<0.01, **p<0.001, ***p<0.0001. Bar=50 pm. AACT, AA
cycle threshold;AOM, azoxymethane; CECs, colon epithelial cells; DSS, dextran sulfate sodium; IHC, immunohistochemistry;
IL-6, interleukin 6; ICAM-1, ntercellular adhesion molecule-1; INOS, inducible nitric oxide synthase; MCP-1, monocyte
chemoattractant protein; PARP, poly(ADP-ribose) polymerase; PCNA, proliferating cell nuclear antigen; TNF-o, tumor necrosis
factor-o;; VCAM-1, vascular cell adhesion molecule; WT, wild type.
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intercellular adhesion molecule (ICAM)-1, and vascular
cell adhesion molecule (VCAM)-1 in WT CECs was effi-
ciently reduced by PARP-1 heterozygosity or knockout.
Remarkably, PARP-1 heterozygosity was as effective as
knockout in reducing or blocking the expression of the
examined genes. In response to TNF-o, PARP-1 hetero-
zygosity was either equally effective or even better than
knockout in reducing the expression of ICAM-1 and
VCAM-1, respectively (figure 1B). When considering
that synthetic lethality in BRCA-deficient cells requires
maximum PARP inhibition, the effects of partial inhi-
bition on inflammatory or immune factors entail a
completely different and DNA repair-independent
mechanism(s).

To begin testing the above-mentioned concept, we used
the inflammation-driven AOM/DSS-based colon cancer
model. AOM/DSS-treated PARP-17~ mice displayed a
significantly lower tumor burden than similarly treated
WT mice (figure 1C), consistent with a recent report.24
However, partial PARP-1 inhibition generated by gene
heterozygosity was more effective. The tumors detected
in all groups were small (~2 mm in diameter), reaching
adenoma or adenocarcinoma status (>1 mm) only in
AOM/DSS-treated WT and PARP-1"" mice. The colon
of AOM/DSS-treated WT mice displayed typical colon
tumors with marked hyperplasia and dysplasia and devel-
opment of large aberrant crypt foci (ACF), which were
not drastically different from those of similarly treated
PARP-I"" mice (figure 1D). Conversely, the tumors from
AOM/DSS-treated PARP-1"~ mice were smaller and
consisted mainly of large ACFs. High immunoreactivity
to proliferating cell nuclear antigen (PCNA), a marker of
cell proliferation, was detected in tumors of AOM/DSS-
treated WT and PARP-17" mice (figure 1E), and this was
much lower in tumors of treated PARP-I"" mice (online
supplemental figure S1). AOM/DSS treatment-induced
damage to the colonic mucosa in PARP-1"~ and PARP-
17" mice was not as prevalent as that observed in simi-
larly treated WT mice (figure 1F). It is noteworthy that
the mucosa of AOM/DSS-treated PARP-I"" or PARP-1"~
mice showed some disorganization and injury, but the
colonic crypts were relatively intact or appear to be in the
process of recovery. These results are consistent with a
previous report.”

For pharmacological studies, we elected to be consis-
tent with our previous reports and use the moderate
olaparib dose of 5 mg/kg in addition to a dose that is
five times higher (25 mg/kg). Treatment with olaparib
at either dose significantly reduced tumor burden and
accompanying colitis compared with treatment with the
vehicle (figure 1G,H). Figure 1I shows that all forms of
PARP-1 inhibition were associated with a marked reduc-
tion in the levels of TNF-o. and MCP-1 but a moderate
effect on IL-6 levels. These results suggest that the role of
PARP-1 in colon inflammation may constitute, in part, the
underlying mechanism by which the enzyme participates
in the pathogenesis of colon cancer.

Partial PARP-1 inhibition protects against, while complete
inhibition aggravates, APC""-induced tumor burden in mice
We next examined the role of PARP-1 in colon tumori-
genesis in the spontaneous APC""-based mouse model.
PARP-1 heterozygosity provided remarkable protection
against tumor development (figure 2A). Surprisingly,
PARP-1 knockout not only failed to provide any protec-
tion but actually significantly aggravated tumor burden.
In addition, PARP-1 heterozygosity completely blocked
the generation of large tumors (>4 mm) with a signifi-
cant concomitant decrease in small-sized (<2 mm) and
medium-sized (2-4 mm) tumors (figure 2B). Conversely,
PARP-1 knockout promoted an increase in the number
of small tumors. PCNA immunoreactivity in tumors
of APCY™* mice did not differ from that observed in
APCM™*PARP-17~ mice (figure 2C), but the difference
between these two groups and that of PARP-I"~ mice was
more pronounced. Paradoxically, intratumoral inflamma-
tion as assessed by immunoreactivity to COX-2 (figure 2D)
was equally reduced in tumors of PARP-I"~ and PARP-
17~ mice. PARP inhibition from the moderate dose of
olaparib (5 mg/kg) provided good protection against
tumor development. Although the higher dose resulted
in great variability in response, overall it provided no
significant protection against tumor burden (figure 2E).
While PARP-1 heterozygosity completely prevented
APC""induced cachexia, PARP-1 knockout prevented
such weight loss only to a small level, although it aggra-
vated tumor burden in APC™* mice (figure 2F). While
the moderate dose of olaparib protected against cachexia
in APC™* mice, the high dose did not. As expected,
APCM™* mice displayed splenomegaly (figure 2G) and
systemic inflammation (figure 2H), as assessed by the
increased levels of MCP-1, TNF-o, and IL-6. All forms of
PARP-1 inhibition reduced the size of spleens and MCP-1
and TNF-o levels. IL-6 levels remained high. These results
suggest that the protective effects of partial PARP-1 inhi-
bition are not strictly associated with a modulation in
systemic inflammation, but may also be related to host
responses, including that of the immune system, to
inflammation and tumorigenesis.

A metronomic dose of olaparib or PARP-1 gene heterozygosity
is sufficient to promote a tumor-suppressive environment in
mice

We took advantage of a widely used syngeneic model
based on the colon adenocarcinoma cell line MC-38,
which represents MSI"®" colon cancer.” It is noteworthy
that MC-38 cells express high levels of PARP-1 (figure 3A).
Engraftment of MC-38 cells into the flanks of WT mice
led to sizeable tumors (figure 3B), while engraftment
into either PARP-I"~ or PARP-I”" mice led to significantly
smaller tumors displaying little inflammation as assessed
by ICAM-1-immunoreactivity (figure 3C). These effects
were accompanied by a maintenance of normal-sized
spleens (figure 3D). Because a moderate dose of 5 mg/
kg olaparib provided superior protection compared with
a high dose in the APCM™* mouse model, we continued
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Figure 2 Partial inhibition of PARP-1 protects, while complete inhibition is ineffective, against APC*"-induced tumor burden in
mice. (A) APCM™+ APCMM*PARP-1*~, and APCY™*PARP-1~"~ mice (n>10) were sacrificed at 16 weeks of age. Tumor numbers
were then counted. (B) Tumor burden was analyzed based on size and divided into groups with tumors lower than 2 mm,

2-4 mm, and bigger than 4 mm. Colon tumor sections from the three different groups were subjected to IHC with antibodies
specific to PCNA (C) or COX-2 (D). (E) APCM" mice were randomized into three groups (n>6) and received, intraperitoneally, 5
or 25 mg/kg olaparib twice a week, or vehicle (0.005% DMSO in saline) from 5 weeks up to 16 weeks of age. Mice were then
sacrificed and tumor burden was quantified. Total body (F) or spleen (G) weight of mice from the different groups at 16 weeks of
age. (H) Sera from the different mouse groups were assessed for TNF-q, IL-6, or MCP-1 using sandwich ELISA. For A, B, E-H:
*p<0.05, **p<0.01, **p<0.001. Bar=50 ym. COX-2, cyclo-oxygenase-2; DMSO, dimethyl sulfoxide ; IHC, immunohistochemistry;
IL-6, interleukin 6; MCP-1, monocyte chemoattractant protein; PARP, poly(ADP-ribose) polymerase; PCNA, proliferating cell
nuclear antigen; TNF-co, tumor necrosis factor-o; WT, wild type.
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Figure 3 A metronomic dose of olaparib or PARP-1 heterozygosity is sufficient to promote a tumor-suppressive environment in
a syngeneic colon cancer mouse model. (A) Protein extracts from MC-38 cells, RAW264.7 cells, or mouse embryonic fibroblasts
derived from WT, PARP-1*"~, or PARP-1~"~ mice were subjected to immunoblot analysis. (B) MC-38 cells (2.5x10°% were injected
subcutaneously into the left flanks of WT, PARP-1*"~ or PARP-17~ mice (n>6). Tumor sizes were measured on day 21. (C) Mice
were sacrificed and tumor sections were subjected to H&E (left panels) or IHC staining (right panels) with antibodies to ICAM-1.
(D) Spleen weight of mice from the different groups. (E) MC-38 cells were engrafted into WT mice (n>6 per group). When tumors
became palpable (~20 mm?®), mice received different doses of olaparib or vehicle. Tumor volume was measured on the indicated
days. (F) Mice were sacrificed on day 24 and tumor sections were subjected to IHC staining with antibodies to ICAM-1. (G)

Sera from the different mouse groups were assessed for TNF-q, IL-6 or MCP-1 by ELISA. For B, D-E, and G: *p<0.05, **p<0.01,
***p<0.001. Bar=50 pym. ICAM-1, ntercellular adhesion molecule-1; IHC, immunohistochemistry; IL-6, interleukin 6; MCP-1,
monocyte chemoattractant protein; MEF, mouse embryonic fibroblasts; PARP, poly(ADP-ribose) polymerase; TNF-c, tumor
necrosis factor-o..; WT, wild type.
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using it, but also examined the effects of 0.2 mg/kg, a
25-fold lower metronomic dose. Although the moderate
dose of olaparib significantly reduced the size of MC-38
cell-based tumors, the lower dose was more effective
(figure 3E). Both doses promoted a reduction in intratu-
moral inflammation (figure 3F). Systemic inflammation
was moderately reduced by either olaparib dose, despite
the different outcomes on tumor burden (figure 3G).
Overall, these results suggest that a low dose of olaparib
may exert a superior antitumor effect compared with a
high dose despite the relatively similar reduction in intra-
tumoral and systemic inflammation.

PARP-1 plays a key role in MDSC function, and partial
inhibition of PARP-1 by gene heterozygosity or low-to-
moderate doses of olaparib are sufficient to block the
suppressive activity of these cells
The 0.2 mg/kg olaparib dose did not significantly affect
the frequency of tumor infiltrating MDSCs (figure 4A,B).
The 5 mg/kg olaparib dose, however, significantly
increased the numbers and percentages of M-MDSCs
(figure 4C). PARP-1 heterozygosity was associated
with a minor but statistically significant increase in the
percentage of CD11b'ly6C" MDSC subset, with a concom-
itant decrease in the percentage of CD11b'ly6G" MDSCs.
The overall cell numbers, however, were comparable with
those detected in tumors on WT mice (figure 4C). Only
the low dose of olaparib increased CD3" T cells and most
of these were CD8" T cells (figure 4D). The spatial distri-
bution of intratumoral MDSCs (Grl*) and CDS8" cells in
the different groups was corroborated using immunohis-
tochemistry and immunofluorescence (figure 4E). Inter-
estingly, in the spleens, only the moderate dose of olaparib
promoted a substantial decrease in overall CD3" T cells
and a concomitant decrease in CD8" T cells (figure 4F).
Given the possibility that MDSC migration into the
tumors may not be sufficiently affected by PARP-1 inhi-
bition to explain the reduction in tumor burden, we
speculated that the suppressive function of MDSCs may
be influenced. While MDSCs isolated from tumors of
WT mice were effective in suppressing the proliferation
of CD3/CD28-activated T cells, MDSCs derived from
tumors of olaparib-treated mice exhibited a reduced
suppressive capacity (figure 4G). Tumor-derived PARP-
1"~ (figure 4G) and PARP-I"~ MDSCs were completely
non-functional (online supplemental figure S2A). These
results suggest that PARP-1 plays a critical role in MDSC
function and that these cells are very sensitive to PARP-1
inhibition.

A sub-IG50 concentration of olaparib is sufficient to reduce
MDSC suppressive function in vitro, in part by blocking the
expression of ARG-1, iNOS, and COX-2, and the adoptive
transfer of WT MDSCs abrogates the protective effects of
PARP-1 heterozygosity on tumor burden

BM-derived stem cells were stimulated with GM-CSF,
G-CSF, and IL-6. After 24 hours, a portion of WT cells
were treated once with increasing concentrations of

olaparib and incubated for an additional 3 days. We used
4 nM olaparib as a sub-half maximal inhibitory concen-
tration(IC50) concentration; 0.1 and 5 pM olaparib
were used as the moderate and high concentrations,
respectively. The viability of MDSCs was not affected by
any condition (online supplemental figure S2B). While
PARP-1 inhibition by a low or moderate olaparib concen-
tration exerted no effecton the percentage of CD11b"Grl1”
MDSCs, the high concentration (5 pM) increased such
percentage (figure bA). PARP-1 heterozygosity and
knockout caused similar divergent effects (online supple-
mental figure S2C). The prevalence of MDSCs in tumors
of APC"™*PARP-1"" mice was also higher than that in
tumors of APCY™* or APCM™*PARP-I"~ mice (online
supplemental figure S2D,E). The suppressive activity of
WTI-BM-MDSCs was significantly reduced by olaparib even
at the sub-IC50 concentration (figure 5B). The moderate
and high concentrations blocked the function of MDSCs
completely, and this result was mirrored by PARP-1 hetero-
zygosity. The low concentration of olaparib exerted no
effect on T cell proliferation (figure 5C); however, the
moderate and high concentrations of olaparib reduced
such proliferation (online supplemental figure S3).
The effect of PARP inhibition on MDSC function was
confirmed using ex vivo differentiated cells derived from
human BM (figure 5C).

To determine whether the effects of PARP inhibition
on MDSCs were, in part, responsible for the effects on
tumorigenesis, we adoptively transferred WI-BM-MDSCs
into the periphery of MC-38 cell-based tumors in PARP-
1"~ mice; this approach was taken since olaparib is not
appropriate to address the question. Figure 5D shows
that adoptive transfer of MDSCs into WT mice exerted
no effect on tumor size, which is consistent with a recent
report.”’ Administration of WI' MDSCs into tumors of
PARP-1""mice, however, temporally abrogated the effects
of PARP-1 heterozygosity, resulting in increased tumor
size. The tumors tended to shrink to the level observed
in control PARP-I"" mice a few days later and a second
administration of MDSCs reversed the tumor size to that
observed in tumors of WT mice. To provide additional
support to the above results, we used PARP-1-floxed mice
under the control of Tie2/Tek-Cre recombinase, which
targets the deletion in hematopoietic cells, and are
termed PARP-1"""" and PARP-1"*"" for heterozygous
and knockout, respectively (online supplemental figure
S4A). Online supplemental figure S4B shows that Tek-
Cre-driven PARP-1 heterozygosity was sufficient to block
MC-38 cell-based tumor formation in mice.

An examination of protein extracts from CD45"
immune cells isolated from MC-38 cell-based tumors
of the different experimental groups by immunoblot
analysis revealed that the tumor suppression capacity
of these cells, which include MDSCs, was reduced by
olaparib treatment at the metronomic low or moderate
dose, as evidenced by the reduced expression of ARG-1
(figure 5E,F). Interestingly, the lower levels of ARG-1 were
accompanied by a significant increase in the levels of T
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Figure 5 A sub-IC50 concentration of olaparib reduces MDSC suppressive function by blocking the expression of ARG-1/
iINOS/COX-2, and adoptive transfer of WT MDSCs abrogates the protective effects of PARP-1 heterozygosity against tumor
burden. BM progenitors from WT or PARP-1*"~ mice were cultured in differentiation medium; some WT cells were treated

with olaparib or vehicle as indicated. After 96 hours, cells were collected and stained with antibodies to CD11b or Gr1 and
assessed by FACS (A) or cocultured with CD3/CD28-stimulated and CFSC-labeled WT CD3* T cells for 72 hours followed by
an assessment of proliferation by FACS (B). (C) MDSCs derived from human BM were treated, daily, with olaparib for 6 days.
Cells were then washed and cocultured with CD3* T cells for an additional 3 days in the absence of olaparib at an MDSC to T
cell ratio of 1:4. T cell proliferation was assessed by FACS. (D) MC-38 cells were engrafted into the left flanks of WT or PARP-
1*~ mice. On days 8 and 16, mice received, intratumorally, 3x1 0% WT-BM-MDSCs or vehicle. Tumor sizes were measured

on the indicated days. (E) CD45" cells isolated from tumors of the different experimental groups (n=5 for each group) were
subjected to immunoblot analysis with antibodies to ARG-1, GrzB, IFNy, or GAPDH. (F) The intensity of the relevant bands was
quantified using ImagedJ-Fiji and the average intensity was assessed. (G) BM cells were stimulated and treated with olaparib
as indicated. Total protein extracts were subjected to immunoblot analysis with antibodies to ARG-1, INOS, COX-2, PARP-1,
and actin. (H) BM cells were treated as stated above and on day 4 (70% Gr1¥) received 0.5 mL of fresh medium or medium
containing MC-38 cells at a ratio of 2:1 (MC-38/MDSC). The cells received a second treatment with olaparib but with no
additional cytokines. Cells were collected after 2 days of treatment and protein extracts were subjected to immunoblot analysis
with antibodies to ARG-1, iINOS, PARP-1, tubulin or actin. (I) WT or PARP-1*~ MDSCs were treated as in (G) except that 3LL
cells were used instead of MC-38 cells. Protein extracts were subjected to immunoblot analysis with antibodies to iINOS or
GAPDH. (J) MDSCs were differentiated in the presence of 4 nM or 1 uM olaparib and MC-38 cells. The combinations of cells
were cocultured with stimulated T cells in the complete absence of olaparib. Media was then collected and assessed for IFNy
by ELISA. All in vitro experiments were conducted at least in triplicates. (K) Tumors were digested and were subjected to Gr1
negative selection followed by CD11b positive selection (to remove tumor cells). Protein extracts were subjected to immunoblot
analysis with antibodies to ARG-1, COX-2, or GRB2. The quantification of band intensity is displayed in (L). For A-D, F, J, L:
*p<0.05, **p<0.01, **p<0.001. ARG, arginase; BM, bone marrow; CFSE, carboxyfluorescein succinimidyl ester; COX-2, cyclo-
oxygenase-2; FACS, fluorescence-activated cell sorting; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GRB2, growth
factor receptor-bound protein 2; GrzB, Granzyme B; IC50, half maximal inhibitory concentration; IFNy, interferon-vy; iNOS,
inducible nitric oxide synthase; MDSCs, myeloid-derived suppressor cells; PARP, poly(ADP-ribose) polymerase; WT, wild type.
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cell function and cytotoxicity markers (eg, interferon-y
(IFNY) and GrzB), further suggesting reduced capacity of
immune suppression.

We next conducted a direct examination of the effect
of PARP-1 inhibition on the expression of ARG-1 in
BM-derived MDSCs as well as other key factors known
to play major roles in the function of these cells, such as
iNOS and COX-2."'** An expected gradual increase in
ARG-1, iNOS, and COX-2 on stimulation with GM-CSF/
G-CSF/IL-6 was observed (figure 5G). MDSCs appeared
to be extremely sensitive to treatment with olaparib, as
the 4 nM concentration prevented the increase in ARG-1,
iNOS, and COX-2 observed in control cells; however, the
pattern of the effect on ARG-1 was different from that of
iNOS and COX-2. The downregulation of ARG-1 occurred
beginning at 2 days of treatment with either concen-
tration of olaparib. Similar results were obtained when
MDSC stimulation was mediated by MC-38 (figure 5H) or
3LL (figure 5I) cells. The specificity of the ARG-1 and
PARP-1 relationship was verified using PARP-1"~ MDSCs
(figure 5I). Since olaparib can inhibit PARP-2, the addi-
tion of the PARPi to PARP-I"~ MDSCs cocultured with
cancer cells did not dramatically change the effect on
ARG-1 expression, suggesting a lack of involvement of
PARP-2 in MDSC function (figure 5I). The effect of PARP
inhibition on MDSCs did not only result in an increase
in T cell proliferation but was also accompanied by an
increase in IFNY levels in culture medium, suggesting a
higher activation of T cells (figure 5]). Note that, in this
experiment, such outcome stemmed from a direct effect
on MDSCs as T cells were not exposed to olaparib. The
effects of PARP inhibition on the expression of ARG-1
and COX-2 in MDSCs were confirmed in tumor-derived
CD11b"Grl" cells by immunoblot analysis (figure 5].K).

The modulatory effect of olaparib on MDSCs function is not
strictly dependent on STING but fully independent of DNA
damage and PARP-1 trapping

The mechanism by which PARPi achieves synthetic
lethality in BRCA-mutant cancer cells is by trapping
PARP-1 on DNA breaks induced by chemotherapy.’
Figure 6A shows that PARP-1 remained in the nuclear
fraction after treatment with olaparib, suggesting a lack of
trapping. Figure 6B represents a demonstration of PARP-1
trapping on chromatin following treatment with the
DNA-damaging agent VP-16 in Jurkat cells. In the latter
cells, the sub-IC50 olaparib concentration promoted little
to no PARP-1 trapping onto the chromatin, while the
moderate concentration promoted substantial trapping,
and these findings reflected the extent of DNA damage
as indicated by phosphorylated H2AX (YH2AX) levels. It
is noteworthy that neither concentration alone induced
YH2AX, suggesting that the effects of olaparib on MDSC
function are independent of DNA damage. Of note,
MDSCs were capable of responding to VP-16 as demon-
strated by YH2AX induction (online supplemental figure
S5). The absence of a connection between the effects of
PARP inhibition on MDSCs and PARP-1 trapping onto

the chromatin was confirmed by assessing the levels of
PARP-1 and YH2AX in chromatin fractions of CD11b*Gr1"
cells isolated from tumors (figure 6C,D).

We next examined whether the STING pathway is
associated with the effects of PARP inhibition on MDSC
function. We elected to initiate our studies using the
BRCA-proficient cell line, HeLa, and the high PARP-1-
trapping capacity PARPi, talazoparib, which were used
to report PARPi-STING activation relationship'* by
assessing IFN-regulatory factor (IRF)-3 phosphorylation.
Figure 6E shows that IRF-3 phosphorylation was exten-
sive in HeLa cells when treated with 2 pM talazoparib,
which represents a concentration that is more than 3500
times its IC50 (~0.57 nM). A similar magnitude of IRF-3
phosphorylation was observed when cells were treated
with an equivalent olaparib concentration (17.5 pM).
Both concentrations exerted maximum inhibition of
physiological PARP-1 activity and induced DNA damage
as assessed by immunoblot analysis with antibodies to
PAR and YH2AX, respectively. These results reproduced
the findings reported by Shen et al'* Interestingly,
neither the sub-IC50 of olaparib (4 nM) nor that of tala-
zoparib (0.5 nM) induced IRF-3 phosphorylation despite
their obvious but partial PARP inhibition. Surprisingly,
the sub-IC50 talazoparib concentration caused substan-
tial induction of DNA damage but promoted little to
no IRF-3 phosphorylation. The inability of a moderate
concentration of olaparib to activate the STING pathway
in BRCA-proficient cells is consistent with that reported
by Pantelidou et al." A relatively similar pattern of IRF-3
phosphorylation was observed in MC-38 cells when
treated under identical conditions (figure 6F).

Figure 6G shows that STING expression was dispens-
able for MDSC function as cells derived from BM of
TMEM173”" mice exhibited a suppressive capacity similar
to that of WT cells. While treatment of TMEM 1737~ MDSCs
with the sub-IC50 concentration of olaparib trended to
restore T cell proliferation, the moderate concentration
(1 pM) of the drug promoted a recovery that is compa-
rable with that in similarly treated WT MDSCs, suggesting
that the effect of PARPi on MDSC function is not strictly
dependent on STING. Figure 6H shows that activation
of STING with its agonist, cyclic guanosine monophos-
phate—adenosine monophosphatec (cGAMP), not only
completely blocked the suppressive function of MDSCs,
but also enhanced T cell proliferation higher than that
observed in cells stimulated in the absence of MDSCs.
The failure of TMEM173”~MDSCs to respond to cGAMP
demonstrates the specificity of the relationship between
STING and MDSC function. Figure 61 recapitulates the
effect of cGAMP on the suppressive function of MDSC
derived from human BM, although not to the extent
observed in mouse cells. In this particular experiment,
only the moderate olaparib concentration promoted T
cell recovery, but more importantly STING activation did
not synergize with the PARPi to modulate MDSC func-
tion and promote recovery of T cell proliferation. These
results further demonstrate the disconnect between
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genes; WT, wild type.
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PARPi and STING activation in the modulation of MDSC
function.

PARPi-based metronomic therapy synergizes with the immune
checkpoint inhibitor anti-PD-1 against both MSI"®" and MSS
tumors with a potential sensitizing effect of anti-PD-1 therapy
against MSS tumors
Although the use of PARPi-based metronomic therapy is
unlikely to be adopted in the clinic, it may be ideal for the
enhancement of existing immunotherapies, including
those targeting PD-1, programmed death-ligand (PD-L)1
or cytotoxic Tlymphocyte-associated protein (CTLA)4.*
The predicted synergy may increase the proportion of
patients that would benefit from immunotherapy espe-
cially when considering that only 10%-15% of patients
with colon cancer benefit from immunotherapy and
those are primarily MSI"¢"* We first examined the
efficacy of a metronomic dose (0.2 mg/kg on alternate
days) in enhancing the antitumor effect of anti-PD-1
therapy in the MSI™" MC-38 cell-based tumors. As
expected, anti-PD-1 and olaparib, individually, signifi-
cantly reduced the progression of MC-38 tumors in WT
mice (figure 7A). Interestingly, the efficacy of the low
dose of olaparib in reducing tumor size was comparable
with that promoted by anti-PD-1 therapy. Remarkably,
however, the combination was substantially more effec-
tive at blocking tumor progression. In fact, 78% of the
mice (7 out of 9) were cured. The efficacy of the metro-
nomic dose of olaparib and anti-PD-1 therapy was repro-
duced using luciferase-expressing MC-38 cells. Tumors
in mice from the different experimental groups were
examined using biophotonic imaging (figure 7B), and
the luciferase activity signal in the different tumors was
determined (figure 7C), further indicating the significant
synergy between the metronomic dose of olaparib and
anti-PD-1 therapy. Specificity to partial PARP-1 inhibition
was verified with the same approach using PARP-1"" mice
(figure 7D). While individual treatments with either anti-
PD-1 or olaparib partially prevented tumor-associated
increase in spleen size, the combination promoted the
maintenance of normal-sized spleens (figure 7E). While
all forms of treatment reduced MCP-1 and IL-6, with the
combination promoting a more pronounced reduction
(figure 7F), the effect on TNF-o. was modest. Given the
eradication of tumors by the combination of olaparib
and anti-PD-1, only a few tumors were large enough to be
used for protein extraction followed by immunoblot anal-
ysis. While both olaparib and anti-PD-1 immunotherapy
induced an increase in PD-L1 in tumors, the combina-
tion therapy was associated with a decrease in PD-L1
(figure 7G). The overall activation of caspase 3 and 7 was
higher in tumors isolated from animals treated with all
forms of treatment. There was a concomitant increase in
the DNA damage marker YH2AX and the cell cycle arrest
marker p21/Waf1 in these groups.

Itis important to note that the majority of colon cancers
are MSS. A good representative model is based on CT-26
cells and is resistant to immunotherapy.” Figure 7H shows

that, indeed, CT-26-based tumors are relatively resistant
to anti-PD-1. These tumors also showed a substantial resis-
tance to the metronomic dose of olaparib. However, the
combination displayed a remarkable efficacy with poten-
tial tumor regression, although not to the level seen in
the MSI"8" MC-38 cell-based tumor model. Given the
resistance of CT-26 cell-based tumors to immunotherapy,
these results may also suggest a sensitization of olaparib
to anti-PD-1 therapy. Despite the fact that neither treat-
ment affected the increase in spleen size, the combina-
tion reduced the size to those of non-tumor-bearing mice
(figure 7I). In this model, anti-PD-1 treatment promoted
a slight, but statistically significant, increase in the
percentage of CD11b"Gr-1" MDSCs, which was reduced
to control levels by olaparib treatment (figure 7]). Inter-
estingly, although the tumors were resistant to olaparib,
the treatment with the drug increased the percentage of
CDS8" T cells in these tumors, which was maintained when
combined with anti-PD-1 therapy (figure 7K). Overall,
these results suggest a significant synergy between a
metronomic dose of olaparib and anti-PD-1 therapy with
a potential sensitization given the resistance of the tumor
to immunotherapy.

DISCUSSION

The results of our studies unravel an unexpected role
of PARP-1 as an important regulator of MDSC function,
providing a paradigm-shifting concept that may be applied
to colon cancer and possibly other tumors amenable to
immunotherapy. We show that targeting MDSC function
with metronomic doses of olaparib provides an impres-
sive antitumor effect alone, but more importantly this
approach synergizes with anti-PD-1 immunotherapy and
potentially other immune checkpoint inhibitors. The
superiority of partial PARP-1 inhibition compared with
extensive inhibition was demonstrated in several models,
increasing our confidence in the potential relevance to
the human disease. The novel concept presented here
is that the immunosuppressive MDSCs infiltrating the
tumor microenvironment can be effectively modulated
using metronomic doses of PARPi, providing an advan-
tage to antitumor immune (eg, T and natural killer
(NK) cells that prevent tumor progression or promote its
regression. This was demonstrated by the clear increase
in IFNy and GrzB. The addition of immunotherapy, such
as anti-PD-1, ensures the maintenance of a robust anti-
tumor response, leading to better outcomes for affected
patients. The synergy between PARP inhibition and
immunotherapy was efficient in colon tumor models with
MSI"8" and MSS, although MSI"®" tumors responded
better. Nevertheless, considering that MSS tumors are
considered to be resistant to immunotherapy, our find-
ings suggest that although the PARPi-based metronomic
therapy alone is not efficacious, it sensitizes these tumors
to immunotherapy. If reproduced in the human condi-
tion, our results would allow an increase in the propor-
tion of patients with colon cancer benefitting from
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Figure 7 Synergy between a metronomic dose of olaparib and anti-PD-1 therapy to eradicate MC-38 cell-based tumors

in mice. (A) MC-38 cells were engrafted into the flanks of WT mice (n>6). When tumors became palpable (~20 mm?), mice
were treated with 0.2 mg/kg olaparib, 100 pg anti-PD-1, or a combination of the two agents; mice treated with only olaparib
also received an equal amount of IgG isotype. Tumor volumes were then measured. (B,C) GFP-luciferase-expressing MC-38
cells were engrafted into WT mice as in (A). On day 16, tumors were imaged by a whole body IVIS optical imaging system.

(B) Representative images of the different experimental groups. (C) Bioluminescence in the region of interest was quantified

in photons/s/cm?/sr. (D) MC-38 cells were engrafted into the flanks of WT or PARP-1*"~ mice. On day 6, mice were then
administered either anti-PD-1 or IgG isotype. Tumor volume was assessed on day 24. (E) Spleen weight of mice from the
different groups. (F) Sera from the different mouse groups were assessed for TNF-q, IL-6, or MCP-1 by ELISA. (G) Protein
extracts from tumors derived from the different experimental groups were subjected to immunoblot analysis with antibodies to
PD-L1, cleaved (active) caspase-3 or caspase-7, YH2AX, GAPDH, p21/WAF1, or Grb2. Two left braces represent two different
gels using the same samples. (H) CT-26 cells were engrafted into the flanks of WT mice and then treated with olaparib with anti-
PD-1 or IgG isotype as described in (A). Tumor volumes were then measured every 4 days. (I) Spleen weight of mice from the
different groups. Tumors of the different experimental groups were digested and subjected to staining for MDSCs (J) or CD8* T
cells (K) by FACS. For A, C-F, and H-K: *p<0.05, **p<0.01, **p<0.001, ***p<0.0001. FACS, fluorescence-activated cell sorting;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GFP, green fluorescent protein; IL-6, interleukin 6; MCP-1, monocyte
chemoattractant protein; MDSCs, myeloid-derived suppressor cells; MSI, microsatellite instability; MSS, microsatellite stable;
PARP, poly(ADP-ribose) polymerase; PD-1, programmed cell Death protein-1; TNF-o, tumor necrosis factor-o,, WT, wild type.
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existing immunotherapies. Additionally, the concept can
be expanded to other immunotherapy-resistant cancers.

MDSC function appears highly sensitive to PARP inhi-
bition and that this effect is not strictly associated with
PARP-1 trapping on the chromatin, induction of DNA
damage, or STING, suggesting that the mechanism by
which PARP inhibition reduces MDSC function is unre-
lated to its role in DNA repair. The low concentrations
of olaparib or other PARPi used in this study do not
exert any major effects on the viability of cancer cells,*
although non-DNA damage-related physiological PARP
activation was affected. PARP inhibition modulates
MDSC function by reducing expression of key related
factors. An effect on iNOS and COX-2 expression may
be predictable because the genes can be regulated by
several factors (eg, NF-kB and STATG6) that others and
we have shown to be influenced by PARP-1.'8%2 However,
the mechanism by which PARP-1 inhibition reduces
ARG-1 levels appears to be different, as the effects were
not evident even after 24 hours of treatment. As stated
above, olaparib inhibits both PARP-1 and PARP-2. The
addition of the drug to PARP-I"~ MDSCs did not change
the effect on ARG-1 expression, suggesting a potentially
specific relationship between ARG-1 and PARP-1 but
not PARP-2. The requirement for STING in non-tumor
cells such as MDSCs, dendritic cells (DCs), or NK cells
is not fully elucidated." '® %" A recent study provided
convincing evidence on the role of STING in MDSC func-
tion and demonstrated an intimate relationship with the
unfolded protein response pathway.'® Our results show
that STING expression is dispensable for the suppressive
function of BM-derived MDSCs. However, the activation
of STING by cGAMP blocked the suppressive function of
MDSCs derived from either mouse or human BM. The
latter results are in agreement with those of Mohamed et
al.'® We do not believe that our observations and that of
Mohamed et al'® are necessarily contradictory especially
when considering that the tumor microenvironment may
include yet to be identified factors or pathways in addi-
tion to the protein kinase RNA-like ER kinase (PERK)
that potentially influence MDSC suppressive function
when STING is absent.

The primary goal of clinical trials examining the combi-
nation of PARPi and checkpoint blockers is to test whether
checkpoint blockers enhance the efficacy of PARPi in a
variety of cancers or to explore the potential of high doses
of the drugs in increasing mutation rates, which lead to
a greater neoantigen generation. The concept proposed
herein is different. By targeting primarily MDSCs and
potential other immune cells, this concept will not only
expand the utility of PARPi approved by the Food and
Drug Administration, but will also revive interest in
PARPi with a low trapping capacity. Very recently, Jiao et
al® reported that olaparib, at a dose of 50 mg/kg daily,
enhances anti-PD-1 immunotherapy in an allograft breast
cancer mouse model, although the PARPi used in the
study promoted immunosuppression with a concomitant
upregulation of PD-L1 expression. Such effects appeared

to be independent of the immune system, since it mani-
fested in a breast cancer xenograft model. In our experi-
mental system, a metronomic dose of PARPi also induced
an increase in PD-L1 in tumors, an effect that is not
different from that induced by anti-PD-1 immunotherapy.
Interestingly, combination therapy was associated with a
decrease in PD-L1. Although it is difficult to explain this
result, it is tempting to speculate that the lower levels of
PD-L1 are associated with the predicted increase in cell
killing and proteasomal activity that is known to regulate
the fate of the protein. The use of high doses of PARPi
may also lead to more genomic instability in cancer cells
and, potentially, normal cells. This notion is supported by
our results in the APCY"™* mouse model, in which PARP-1
gene knockout aggravated tumor burden instead of
providing protection as seen with PARP-1 heterozygosity.
We reported this dichotomy several years ago in a confer-
ence report;” this observation was supported by a recent
study reporting that PARP-1 deletion increased AOM/
DSS-induced tumor burden when combined with ampli-
fied DNA damage via deletion of the DNA repair gene
O°-methylguanine-DNA methyltransferase.”* In addi-
tion to enhancing the effects of immunotherapy, PARPi
may mitigate colitis or cachexia, which are prominent
side effects of immunotherapy and cancer in general,
respectively. Our observation of the effect of olaparib
on cachexia is consistent with a recent study that showed
that in a diaphragm and gastrocnemius model of lung
cancer with the LP07 adenocarcinoma cell line, PARP-1
(and PARP-2) gene knockout partially protected against
cachexia.*

In conclusion, we are confident that our results will
provide extraordinary opportunities for immediate clin-
ical trials. The results of such trials may ultimately benefit
a larger proportion of patients with cancer. Our findings
highlight the notion that targeting non-cancer cells such
as MDSCs and potentially other immune cells with PARPi
may allow the targeting of additional cancer types in addi-
tion to BRCA-mutated breast or ovarian cancer.
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