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tumor models.
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Abstract

Purpose: The majority of colorectal cancers are resistant to cancer immune-checkpoint
inhibitors. lonizing radiation (IR) and several radiosensitizers, including PARP inhibitors, can
enhance responsiveness to immune checkpoint inhibitors by potentially complementary
mechanisms of action. We assessed the ability of radiation and PARP-inhibition to induce pro-
immunogenic changes in tumor cells and enhance their in vivo responsiveness to anti-PD-1
antibodies.

Materials and Methods: We performed a candidate drug screen and utilized flow cytometry to
assess effects of the PARP inhibitor, veliparib, on IR-mediated changes in MHC-1 antigen
presentation and surface localization of immune-modulating proteins including PD-L1 and
calreticulin in colorectal cancer tumor models. RT-PCR was used to assess the effects of veliparib
and radiation on the expression of proinflammatory and immunosuppressive cytokines. The ability
of concurrent PARP inhibition and subablative doses of radiotherapy to enhance /n vivo
responsiveness to anti-PD-1 antibodies was assessed using unilateral flank-tumor models +/- T-
cell depletion.
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Results: Veliparib was a potent radiosensitizer in both cell lines. Radiation increased surface
localization of MHC-1 and PD-L1 in a dose-dependent manner and veliparib pretreatment
significantly enhanced these effects with high (8 Gy) but not lower radiation doses. Enhancement
of MHC-1 and PD-L1 surface localization by IR and IR + veliparib remained significant 1, 3, and
7 days after treatment. IR significantly increased delayed tumoral expression of pro-inflammatory
cytokines INF-Y* and CXCL10 but had no significant effect on the expression of IL-6 or TGF-.
Concurrent administration of veliparib and subablative radiotherapy (8 Gy x 2) significantly
prolonged anti-PD-1 mediated /n vivo tumor growth delay and survival in both tumor models.
Moreover, these effects were more pronounced in the microsatellite instability-mutated MC38
tumor model. Enhancement of anti-PD-1 mediated tumor growth delay with veliparib and IR was
attenuated by CD8+ T-cell depletion.

Conclusions: We provide preclinical evidence for a novel therapeutic strategy to enhance
responsiveness of colorectal tumors to immune checkpoint inhibitors.

Introduction

Cancer immunotherapy with immune checkpoint inhibitors (CPIs), which block inhibitory
receptors including CTLA-4 and PD-L1 on the surface of immune cells, have emerged as
effective and potentially curative therapies in patients with advanced or metastatic solid
tumorsl—4. Unfortunately, many common solid tumors, including colorectal cancer (CRC),
are poorly responsive to CPIs. Despite poor responses, elevated expression of PD-L1 has
been noted in 40-60% of CRCs®6. However, clinical responses to anti-PD-1 therapies are
poor except in patients with microsatellite instability (MSI) mutations’8. This suggests that
additional mechanisms of resistance must be overcome to utilize these promising therapies
in patients with CRC.

Several approaches to enhancing responsiveness to CPIs in poorly immunogenic tumors
have been identified. lonizing radiation (IR) can enhance systemic tumor control in a
phenomenon referred to as the abscopal effect®. The mechanism of this enhancement
involves a combination of pro-inflammatory effects including enhanced MHC-1-mediated
tumor-antigen presentation, increased tumor infiltration by CD8+ T-cells, and reducing
immunosuppressive cell populations1®-14, IR also modulates the PD-L1 axis through the
CHKZ1/STAT1/3 pathway in response to the generation of DNA double-strand breaks®.
Several classes of drugs, including inhibitors of PARP and HDACSs, can also enhance
responsiveness to CPIs. PARP inhibition leads to the accumulation of cytosolic DNA and
stimulation of cGAS/STING-mediated type-1 interferon signaling’6. PARP inhibition can
also increase PD-L1 levels via ATM/GSK3p signaling which paradoxically enhances
responsiveness to anti-PD-1 therapies in poorly immunogenic murine tumor modelsl’. The
clinical relevance of these findings is suppoted by two recent clinical investigations of the
PARP inhibitor, niraparib, combined with pembrolizumab1819, Importantly, PARP inhibitors
are potent radiosensitizers that enhance the cellular effects of IR. At least one preclinical
study has shown that the PARP inhibitor, veliparib, enhances IR-mediated cellular
senescence and increases expression of inflammatory cytokines including INFp and
CXCL10 in murine B16 melanoma cellsC. Collectively, these studies suggest that PARP
inhibitors and IR can augment responses to CPIs through distinct and potentially synergistic
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mechanisms of action. We hypothesize that this therapeutic combination could be exploited
to enhance responsiveness to CPls in CRC.

Here we show that veliparib and IR can enhance pro-inflammatory cellular effects and
responsiveness to anti-PD-1 antibodies in CRC. We utilized two murine CRC tumor models,
CT26 and MC38, which represent validated MSS and MSI models of CRC21. We
investigated the /n vitro effects of veliparib and IR on tumor surface localization of MHC-1
and the immune-modulating proteins calreticulin and PD-L1 as well as the expression of
pro- and anti-inflammatory cytokines. We then assessed the 7n vivo effects of veliparib, IR,
and combination therapy on a-PD-1-mediated tumor growth delay and clearance using
unilateral flank tumor models. Finally, we used T-cell depletion to confirm that enhanced
responsiveness to anti-PD-1 antibodies is dependent upon functional CD8+ T-cells. Our data
provide preclinical support for a therapeutic strategy that could be readily tested in clinical
trials.

Methods and Materials

Cell Culture

Murine CT26 and MC38 cells were generous gifts from the laboratories of Dr. Paloma
Giangrande and Dr. Ralph Weichselbaum. CT26 cells were grown in Roswell Park
Memorial Institute (RPMI) culture media supplemented with 10% FBS. MC38 cells were
grown in Dulbecco’s modified culture media supplemented with 10% FBS. Both cell lines
were maintained in 4% oxygen at 38°C. Prior to utilization, all cells were confirmed
mycoplasma-free by PCR. Both cell lines were used at less than passage 15.

Clonogenic Survival Assays

Clonogenic survival assays and drug treatments were performed as previously
described?2-24, Cells were plated and allowed to attach for 24 hours. For drug titration, cells
were treated for 24 hours with varying concentrations of veliparib (PARP inhibitor), VE-821
(ATR inhibitor), or IP1-549 (PI3Ky isoform inhibitor) or 48 hours with entinostat (HDAC
inhibitor) (all obtained from SelleckChem, USA). Cells were trypsinized, counted, plated in
fresh media at a concentration of 100-200 cells, and incubated for 7-10 days. Colonies were
fixed using 70% ethanol and stained with coomassie blue. Sigmoidal dose-response curves
were generated with 4 parameter non-linear regression modeling using Prism Software
(Carlsbad, CA) to calculate 1C10 and 1C50 (doses correlating to 10 and 50% toxicity,
respectively). For radiosensitization assays, cells were plated for 24 hours and treated with 5
UM veliparib, 1 uM VEB821, or 1 uM IP1-549 for 1 hour and then radiated with 0, 2, 4, or 8
Gy using a Pantak Therapax HF3000 X-ray unit with a maximum X-ray energy of 200 KvP,
15 mA current, beam quality 1 mm Cu, and dose rate of 1.29 Gy/min at an SSD of 50 cm at
the University of lowa core facility. Immediately following radiation, cells were trypsinized
and plated in media containing the same concentration of drug and plated in 6 well plates at
a density of 100-5000 cells per well. Cells were left in drug-containing media for an
additional 23 hours. Cells were incubated for 7-10 days in drug-free media then fixed and
stained as above. The linear quadratic formula SF = e~ P02 as used to generate survival
curves using Prism Software (Carlsbad, CA).
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FLOW Cytometry

Cells were plated for 24 hours and treated with radiation (0-8 Gy) +/- 5 uM veliparib. Cells
were trypsinzed at indicated time intervals (1, 3, or 7 days) after treatment and washed 3x in
4°C FACS buffer (PBS + 2% BSA). For Calreticulin staining, cells were incubated in
primary Calreticulin Polyclonal Antibody (Thermo Fisher Catalog # PA3-900) for 1 hour
and washed 3x in PBS. Cells were incubated for 1 hour with either FITC-conjugated anti-
MHC-1 mAb (eBioscience, USA), PE-conjugated anti-PDL-1 mAb (eBioscience), and/or
secondary DyL.ight 650-conjugated Donkey anti-Rabbit IgG mAb (Thermo Fisher Catalog #
SA5-10041). Stained cells were washed in FACS buffer 3x and resuspended in FACS buffer
containing 50 pg/ml propidium iodide. Unstained cells from all treatment conditions were
also analyzed to account for changes in autofluorescence and increased cell diameter
following radiation (supplemental figure 1). Data collection was performed on the LSR |1
flow cytometer (Becton Dickinson, USA) at the core facility of the University of lowa and
data were analyzed with FlowJo software.

RNA Isolation and RT-PCR

Cells were plated for 24 hr and treated as above. At designated times, cells were digested in
Trizol reagent (Invitrogen, USA) and RNA was isolated. RNA purity and quantification
were assessed using UV spectroscopy at the University of lowa core facility. cDNA was
synthesized using High Fidelity cDNA Synthesis Kits (Applied Biosystems, USA) following
the manufacturer’s instructions. RT-PCR was performed using POWERUP SYBR green
PCR master mix (ThermoFisher Scientific, USA) in a 7900HT light cycler (Applied
Biosystems, USA). Relative mMRNA expression for each treatment condition was calculated
relative to B-actin. Oligonucleotide DNA primers were synthesized (Integrated DNA
Technologies, USA) from published primer sequences (supplemental table 1)20.25.26,

In Vivo Studies

Eight-week-old male and female C57bl/6 and BALB/c mice were purchased from Jackson
Laboratories (USA) and housed/handled in accordance with the University of lowa
Institutional Animal Care and Use Committee (IACUC). 1.0 x 106 MC38 and CT26 cells
were resuspended in a 50/50 volume of PBS and matrigel and subcutaneously injected into
the left flanks of C57bl/6 and BALB/c mice. Mice were randomly assigned to experimental
groups (5-12 mice per group) when tumors reached approximately 5 mm in diameter.
Veliparib (25 mg/kg) was administered P.O. via oral gavage BID for a total of six
consecutive days starting two days before radiation. Anti-PD-1 antibodies (clone RMP1-14,
BioXcell, USA) were administered at a dose of 200 ug I.P. every 72 hours for a total of 3
doses starting the first day of radiation. Radiation (8 Gy x 2 fractions separated by 48 hours)
was delivered a Pantak Therapax HF3000 X-ray unit with a maximum X-ray energy of 200
KvP, 15 mA current, beam quality 1 mm Cu, and dose rate of 1.29 Gy/min at an SSD of 50
cm at the University of lowa Core. For radiation, mice were anesthetized using ketamine/
xylazine (100/10 mg/kg) and shielded with 3 mm lead. T-cell depletion was accomplished
by I.P. administration of anti-CD8 antibodies (clone 2.43, BioXcell) at a dose of 250 ug
starting when tumors reach 5 mm in diameter and continued every 72 hours until study
completion. Animals were sacrificed whenever tumors reached 2.0 cm in largest diameter,
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significant skin ulceration was noted, or they displayed any signs of distress or limited
mobility. Tumor volumes were assessed every 2-3 days after completion of treatment by
measuring the tumor length and width and using the formula Tv = L x 1/2W2. For survival
studies, animals were censored when they met study endpoints or died.

Statistics

Effects of veliparib pretreatment and radiation on median fluorescence intensity (MFI) of
cell-surface markers (MHC-1, calreticulin, and PD-L1) were assessed using 2-way ANOVAs
with variables of drug and radiation dose using Prism Software. Effects of veliparib and
radiation on mRNA expression were assessed using 2-way ANOVASs with variables of
treatment and time. Effects were considered significant at p<0.05. All changes in MRI
expression < +/— two-fold compared to control were considered insignificant. Post-hoc
analyses using Tukey’s T-test were performed when significant main effects were identified.
Linear mixed effects regression models were used to estimate and compare 71 vivo CT26
tumor growth curves. Owing to the longer initial tumor growth delay, non-linear mixed
effects regression models were used to estimate and compare /7 vivo MC38 tumor growth
curves. Pairwise comparisons were performed to identify specific group differences in the
growth curves. All tests were two-sided and carried out at the 5% level of significance using
SAS v9.4 (SAS Institute, Cary, NC). Survival estimates were generated using the Kaplan-
Meier method and compared by log-rank analysis (Prism Software).

Results

Candidate Drug Screen

We selected 4 candidate radiosensitizers and assessed /n vitro toxicity in MC38 and CT26
tumor cells: the PARP inhibitor veliparib, the HDAC inhibitor entinostat, the PI3K-y
isoform inhibitor IP1549, and the ATR inhibitor VE-821. We performed monotherapy dose-
titration studies to identify minimally toxic doses (IC10) of each drug in both models (Fig
la-b; Table 1). We then tested the radiosensitizing potential of each drug in both cell lines
(Fig 1c—d; Table 1). IPI-549 did not enhance radiosensitivity in either cell line. Entinostat
significantly enhanced radiosensitivity in CT26 but not MC38 cells. VE821 and veliparib
were potent radiosensitizers in both cell lines. We selected veliparib as our model drug for
two reasons. First, veliparib has direct clinical relevance as a radiosensitizer for rectal
tumors as it has been tested in combination with preoperative chemoradiation for the
management of locally-advanced rectal cancers in the NRG GI1002 clinical study. Second,
PARP inhibitors have direct clinical relevance to CPIs as they have been utilized in clinical
trials aiming to enhance responsiveness to anti-PD-1 therapies in poorly responsive
tumorst8:19,

IR and Veliparib Increase Tumor Antigen Presentation

We assessed the effects of IR and veliparib on antigen presentation by assessing MHC-1
(H-2D subunit) surface localization (Fig 2a—d). IR dose-dependently increased MHC-1
surface localization in both cell lines (p<0.01 for main effect of dose). MHC-1 surface
localization was significantly increased compared to control following doses of 4 and 8 Gy
in both cell lines (p<0.05 for both). Veliparib pretreatment significantly increased radiation-
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mediated MHC-1 surface localization following high (8 Gy) but not lower doses of radiation
(p<0.01). We then assessed if changes in MHC-1 surface localization were mediated by
changes in expression of MHC-1 (H-2D subunit) or associated antigen processing proteins
TAP-1 or p2-macroglobulin (Fig 2e—f). Neither IR, veliparib, nor combination therapy
induced significant changesin expression of any of these genes. However, it is worth noting
that changes in MHC-1 H-2D subunit expression were quantitatively similar to changes in
MHC-1 surface localization 24 hours after radiation and veliparib treatment which suggests
changes in MHC-1 subunit transcription could at least partially mediate enhanced surface
localization after radiation and PARP inhibition. We next assessed the effects of veliparib
and IR on MHC-1 surface localization at later times (3 and 7 days) after treatment (Fig 29—
h). MHC-1 surface localization remained significantly increased following treatment with IR
or IR + Veliparib compared to control or veliparib at both 3 and 7 days in both cell lines
(P<0.01 for both). In CT26 tumors, veliparib pretreatment significantly increased MHC-1
surface localization more than IR alone after 1 day and we observed a non-significant trend
towards increased MHC-1 surface localization with veliparib pretreatment at 3 and 7 days
post IR. In MC38 tumors, MHC-1 surface localization was significantly higher after
veliparib pretreatment compared to IR 1 and 3 days after pretreatment. At 7 days, there was
no significant difference between IR and IR + veliparib. We also observed a significant main
effect of time (P<0.01) and post-hoc analysis showed significantly more MHC-1 surface
localization at 7 than 1 days for both IR and IR + veliparib.

Veliparib Enhances IR-Induced Inflammatory Cytokine Signaling

We next assessed the /n vitro effects of IR and veliparib on tumoral expression of
inflammatory cytokines and chemokines. Cells were treated with veliparib, IR (8 Gy), or
veliparib + IR and expression of INF-B, CXCL-10, IL-6, and TGF-B were assessed 1, 3, and
7 days after treatment (Figure 3). IR stimulated robust and delayed increases in the
expression of INF- and CXCL10 in both cell lines. In CT26 cells (Fig. 3a), expression of
INF-B and CXCL10 was significantly increased compared to veliparib alone and control 7
days after radiation treatment (p<0.01) and veliparib pretreatment significantly increased
expression of both genes more than radiation alone (p<0.01 for both). IR with or without
veliparib did not significantly affect expression of IL-6 or TGF-B at any timepoint. We
observed similar results in MC38 cells although the timing of enhanced gene expression was
different (Fig. 3b). Expression of INF-p and CXCL10 were markedly increased 3 but not 1
or 7 days after IR. INF-B expression was significantly enhanced with veliparib pretreatment
compared to IR alone (p<0.03).

PARP Inhibition Modulates IR-induced Changes in Immunomodulatory Proteins

We then assessed the effects of IR and veliparib on surface localization of the immune-
modulating proteins, PD-L1 and calreticulin (Fig. 4). IR dose-dependently increased PD-L1
surface localization in both cell lines after 24 hours (p<0.01) (Fig. 4a-b) and this effect was
significantly enhanced by veliparib pretreatment and high-dose (8 Gy) IR (p<0.01). We then
assessed PD-L.1 surface localization at later time points (3 and 7 days) after treatment with
veliparib, IR, and IR + veliparib (Fig 4c—d). In CT26 cells, PD-L1 surface localization
remained significantly increased after IR and IR + Veliparib compared to control at all
timepoints (P<0.05 for both) but the difference between IR alone and IR + veliparib was
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only significant at the 24 hour timepoint. In MC38 cells, veliparib + IR increased PD-L1
surface localization more than IR alone 1 and 3 days after treatment (P<0.01 for 1 day and
P<0.05 for 3 days). PD-L1 surface localization significantly increased over the course of 7
days after treatment with IR and IR + veliparib (P<0.05 for main effect of time) but there
was no significant difference between the two treatments at 7 days. High-dose (8 Gy) IR
significantly increased calreticulin surface localization in CT26 cells (p<0.01) but not MC38
cells after 24 hours. Veliparib pretreatment did not significantly increase radiation-mediated
calreticulin surface localization in either cell line (Fig. 4e—f).

Sub-ablative IR and PARP Inhibition Enhance In Vivo Efficacy of a-PD-1 Antibodies

We assessed the ability of veliparib and sub-ablative high-dose IR to enhance responsiveness
to anti-PD-1 therapy using unilateral CT26 and MC38 flank tumors (Fig. 5). The treatment
scheme is shown in Figure 5a. Neither veliparib, RMP-1-14, or veliparib + RMP1-14 had
any significant effect on tumor growth or survival without radiation in CT26 tumors (Fig.
5b,d; supplemental fig. 2). IR significantly prolonged CT26 tumor growth delay and survival
compared to control (p<0.001) and combination therapy with IR + veliparib + RMP1-14
significantly prolonged tumor growth delay and enhanced survival more than all other
treatments (P<0.04). These effects were largely transient as only 1/11 CT26-bearing mice
treated with triple therapy achieved complete tumor regression. In contrast, MSI-mutated
MC38 tumors were more responsive to anti-PD-1 therapy (Fig. 5¢c,e; supplemental Fig. 3).
Treatment with RMP1-14 alone significantly prolonged tumor growth delay and survival
compared to saline control or veliparib alone (p<0.01) but did not stimulate any complete
responses. Treatment with IR + RMP1-14 trended to prolong tumor growth delay longer
than IR alone (p=0.26), significantly prolonged survival (P<0.03) and resulted in 2/7
(28.5%) complete tumor responses. Combination therapy with veliparib + IR + RPM-1-14
produced significantly longer tumor growth delay than all other treatments (p<0.01) and
8/10 (80%) mice achieved complete tumor regression. We also assessed the effects of
concurrent radiation and anti-PD-1 therapy by delaying RMP1-14 administration until 1
week after receipt of radiation. Delaying RMP1-14 resulted in significantly inferior tumor
growth delay (P<0.01), survival (P<0.01), and complete responses (4/9) compared to
concurrent administration. We tested the hypothesis that enhancement of anti-PD-1 efficacy
by combination veliparib and IR was immune-mediated using T-cell depletion (Fig 5F;
supplemental Fig. 4). MC38-bearing mice were treated with IR, veliparib, and RMP1-14 as
above +/- T-cell depletion. T-cell depletion did not significantly affect local control
compared to saline controls. However, T-cell depletion did significantly attenuate tumor
growth delay in animals treated with IR + veliparib + RMP1-14 (p<0.01).

Discussion

In the present study, we demonstrate that concurrent IR and PARP inhibition can enhance
responsiveness to CPIs in murine models of rectal cancer. Our data provide preclinical
evidence for a novel therapeutic strategy that can be assessed in prospective clinical trials. A
major strength of our study is that we utilized two syngeneic models of rectal cancer, CT26
and MC38, which have been validated as MSS and MSI tumor models, respectively. The
presence of microsatellite instability mutations has been identified as the most important
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known predictor of responses to CPIs in metastatic colorectal cancers’-8. Overall response
rates to anti-PD-1 monotherapy are approximately 30% in MSI mutated tumors and <5% in
non-mutated tumors. This difference in responsiveness is believed to be mediated by a
higher mutational burden in MSI CRCs. Efremova et al. recently performed whole exome
sequencing of MC38 tumors and identified 1399 unique tumor neoantigens that were
predicted to bind strongly to MHC-121, In contrast, Castle et al. found that CT26 tumors
harbor approximately one order of magnitude fewer tumor neoantigens?’. Despite these
significant differences in neoantigen burden, we showed here that PARP inhibition and IR
increase CPI-mediated local tumor control in both MSS and MSI tumor models. The
magnitude of this effect was more pronounced in MSI MC38 tumors even though we
observed roughly equivalent increases in MHC-1 antigen presentation with combination
therapy in both tumor models. This observation supports the hypothesis that interventions
which increase tumor antigen presentation will be most effective in tumors with
proportionally higher antigenic diversity. Nonetheless, our data suggest that this approach
may still be effective for tumors with relatively low mutational burdens including MSS
CRCs. The principle difference in therapeutic responses between the model systems is that
tumor growth delay was largely transient in MSS CT26 tumors. One possible interpretation
is that while combination therapy can stimulate anti-tumor responses in CT26 tumors, these
are more susceptible to additional mechanisms of resistance. Potential strategies to address
these could include approaches to further maximize neoantigen presentation or minimize the
effects of immunosuppressive subpopulations in the tumor microenvironment.

We also showed that enhancement of tumor antigen presentation and PD-L1 protein by IR
and PARP inhibition is strongly dose-dependent. Conventional radiotherapy doses of
approximately 2 Gy had no significant effect on MHC-1 or PD-L1 surface localization
whereas both were significantly increased following higher doses of radiation (4-8 Gy).
While the optimal dose-fractionation for stimulating systemic immune-responses with IR
has not been clearly established, multiple preclinical studies have suggested that fraction
sizes in the range of 5-12 Gy are probably more effective than higher or lower doses?8-32
and our data support this. Fractions less than 5 Gy are stimulate inferior tumor infiltration by
CD8+ T-cells?9:33 whereas doses higher than 12-18 Gy stimulate expression of the DNA
exonuclease TREX-1 that attenuates IR-mediated induction of type 1 INF signaling32. Many
ongoing clinical trials combining IR and CPlIs utilize SBRT dosing to stimulate abscopal
responses in patients with metastatic disease. However, there is growing interest in utilizing
IR and CPIs in the definitive setting and rectal cancer may be the ideal clinical entity to test
this approach. For rectal cancer, short course hypofractionated radiotherapy (5 Gy/day x 5
fractions) is a well-established alternative pre-operative paradigm that provides equivalent
pathologic responsiveness to conventional long-course radiotherapy34. Hypofractionated
regimens like this may provide more effective enhancement of pathologic responses to CPIs
than conventional long-course radiation by increasing radiation-mediated neoantigen
presentation and tumoral T-cell infiltration.

In addition to uncertainties related to radiation dose, the optimal sequencing of CPIs and IR
is also unclear, especially in the setting of additional agents. Adjuvant CPI therapy initiated
after completion of definitive chemoradiotherapy improves long-term disease control and
survival in immunogenic histologies including NSCLC3. We showed here that delayed
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administration of CPIs until 1 week after completion of IR does significantly improve local
control and survival compared to IR and veliparib alone. However, delayed administration of
anti-PD-1 antibodies was significantly inferior to concurrent administration in terms of both
local control and survival. We observed complete and durable tumor regression in 80 and
40% of mice treated with concurrent and delayed RMP1-14, respectively. This observation
suggests that clinical approaches aimed at utilizing CPIs and radiosensitizers to maximize
pathologic responses might be more effective with concurrent than adjuvant CPI
administration.

Our results demonstrate that IR and PARP inhibition can improve local tumor control when
combined with CPIs. However, it is currently unclear if this approach also improves
systemic disease control. Using T-cell depletion studies, we demonstrated that enhanced
tumor control to combination therapy is immune-mediated and dependent upon CD8+ T-
cells. We predict that these represent adaptive antitumor immune responses that could also
stimulate abscopal responses outside of the radiation field. At present, this hypothesis is
speculative and the therapeutic benefit of combination therapy with IR, PARP inhibition, and
CPlIs in patients with metastatic disease is unclear. However rectal cancer is one clinical
entity in which improved local control and pathologic responsiveness is a clinically
meaningful endpoint. Surgical resection is associated with numerous long-term toxicities.
Prospective trials have shown that surgical resection may not be necessary for patients who
achieve clinical complete responses to neoadjuvant chemoradiotherapy3>-37. Therefore,
therapeutic approaches which significantly enhance local tumor control could directly
impact patient care and improve quality of life by increasing the proportion of patients
eligible for organ preservation irrespective of their effects on distant disease control.

There is a growing clinical interest in utilizing novel radiosensitizers which inhibit specific
DNA repair pathway proteins including PARP, ATM, ATR, and DNA-PK. In the present
study, we utilized veliparib as a model drug because PARP inhibitors, including veliparib,
have direct clinical relevance with rectal cancer and CPIs. However, it is currently unclear
how our observations with veliparib apply to specific inhibitors of other DNA repair
pathways. While these proteins share many common signaling pathways, there are
potentially important differences between them that may affect immune responses to IR.
PARP inhibition increases PD-L1 surface localization by decreasing GSK3p-mediated
ubiquitination of PD-L117. However, this is dependent upon detection of double strand DNA
damage by ATM. Inhibition of ATR has also been shown to attenuate IR-mediated
enhancement of PD-L1 surface localization38. This suggests that inhibitors of ATM or ATR
may be less dependent upon concurrent CPIs than PARP inhibitors to enhance the local
effects of IR. Future investigations in our laboratory will seek to understand how inhibitors
of specific DNA repair pathways interact with emerging immunotherapies to identify the
most promising combinations for testing in clinical trials.

Our study has several important limitations. We utilized MHC-1 surface localization as a
measure of radiation-mediated tumor antigen presentation. However, only a very small
percentage MHC-1 associated peptides are unique tumor neoantigens!. Our results suggest
that veliparib may enhance tumor antigen processing and presentation in response to IR.
However, this hypothesis is speculative because we did not sequence MHC-1 associated

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2021 September 01.
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peptides to prove that veliparib pretreatment enhances the diversity or quantity of unique
peptide sequences compared to radiation alone. Similarly, while we provide evidence that
veliparib and IR induce changes in tumors that could enhance susceptibility to CPIs, these
observations are correlative. Tumor cells are only one component of the TME that can
modulate immune cell functions. It is unclear how PARP inhibitors and IR affect the
composition of various immune components within the TME which could impact
responsiveness to CPIs as much or more than tumor cells. Understanding how IR and
radiosensitizers mechanistically modulate responsiveness to CPIs could improve our
understanding of resistance to immunotherapy and enable novel hypothesis-driven
approaches to overcome them. Finally, our study utilized murine tumor models as studies
investigating /n vivo responses to CPIs require immunocompetent model systems. The
relevance of our observations to human tumors could be improved by showing that PARP
inhibition and IR stimulate similar /n vitro changes in the immunophenotype in murine and
human colorectal tumor cells.

In conclusion, we provide preclinical evidence of a novel therapeutic approach to enhance
local responsiveness to CPIs in both MSS and MSI colorectal cancers. Enhanced local tumor
control with IR, PARP inhibition, and anti-PD-1 therapy could provide clinically-meaningful
benefits for patients with locally-advanced rectal cancer. Multiple PARP inhibitors are
clinically available and this hypothesis could be readily tested in prospective clinical trials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Candidate drug screen.
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CT26 (A,C) and MC38 (B,D) cells were treated with varying concentrations of entinostat,
IP1-549, VE-821, and veliparib and survival was assessed using clonogenic survival assays
to determine 1C10 and IC50 values (A-B). Radiosensitization was assessed in both cell lines
pretreated with indicated concentrations of each drug and 0-8 Gy of radiation (C-D).
Survival was assessed using clonogenic survival assays to determine SER for each drug.
N=3-5 for each treatment condition. * indicates p<0.05 compared to control.
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Figure 2: Veliparib pretreatment enhances IR-mediated MHC-1 surface localization.
MHC-1 surface localization was assessed using FLOW cytometry in unpermeabilized cells

24 hours after treatment with a single dose of radiation (0-8 Gy) +/- pretreatment with 5 uM
veliparib. MFIs for MHC-1 H2-D subunit for each condition in CT26 (A) and MC38 (B)
cells. Representative histograms are shown for each cell line (C-D). Expression of antigen
processing proteins MHC-1 (H2-D subunit), TAP-1, and p2-macroglobulin was assessed
using IR-PCR 24 hours after treatment with 5 uM veliparib, IR (8 Gy), or both (E-F)).
Prolonged surface localization of MHC-1 was assessed by FLOW cytometry in
unpermeabilized cells 1, 3, and 7 days after treatment (G-H). N=3-5 for each treatment
condition. * indicates p<0.05 compared to control. ** indicates p<0.05 compared to all other

groups.
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Figure 3: Veliparib enhances delayed expression of inflammatory cytokines and chemokines.
Expression of INF-B, CXCL10, IL-6, and TGF-p was assessed 1, 3, and 7 days after

treatment with veliparib (5 uM), IR (8 Gy) or both and normalized to untreated controls in
CT26 (A) and MC38 (B) cells. N=3 for each treatment condition. * indicates P<0.05
compared to veliparib alone. ** indicates p<0.05 compared to all other groups.
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Figure 4: Veliparib enhances IR-mediated surface localization of PD-L1.
PD-L1 surface localization was assessed 24 hours after treatment of radiation (0-8 Gy) +/-

veliparib (5 uM) pretreatment using FLOW cytometry in unpermeabilized cells (A-B).
Prolonged surface localization of PD-L11 was assessed by FLOW cytometry in
unpermeabilized cells 72 hours and 1 week after treatment (C-D). Calreticulin surface
localization was assessed 24 hours after treatment with drug-free media, veliparib (5 uM),
IR (8 Gy), or both (E-F). N=3-5 for each condition. *Indicates P<0.05 compared to
untreated control. **Indicates p<0.05 compared to all other groups.

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2021 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Seyedin et al.

"Inoculate Day 0

Start Radiation day 8
Start RT and aPD-1 day 10

IVeIiparib 1 Radiation lcPD-1

B. C

4000+
E E
E 3000 E
[}
E £
2 2000 2
> >
£ 10004 o
= =

0 T v T .
0 10 20 30 40
Days (Post Treatment) Days (Post Treatment)

—eo— Control -e— Veliparib + RMP1-14 + Veliparib

-o- RT -o- RT+RMP1-14 - RT + RMP1-14 + Veliparib

-o- RMP1-14 -o- RT + Veliparib -7- RT + Veliparib + Delayed RMP1-14
D. E.

100 T 100
- l ll;—i | e
™ o 2751
g 4 - c
flz) 504 I ll : l—l_ (I=) 50
= : 7. €
8 L, 8
5 25 v 5 25
& : L h *% O

0 ! T L 1 g 0 T T Tt T
0 20 40 60 0 20 40 60 80
Days (Post Treatment) Days (Post Treatment)

==~ Control -~ Veliparib ~ RMP1-14 + Veliparib

- RT —— RT + RMP1-14 ——= RT + RMP1-14 + Veliparib

-~ RMP1-14 —— RT + Veliparib —— RT + Veliparib + Delayed RMP1-14
F.
?2000' —e— Control
£
£ 15001 =0 LoaR
g _e- RT+RMP1-14
3 1000+
S -O— RT+RMP1-14 + aCD8
S 500 _e_ RT + Veliparib + RMP1-14
e % -O- RT+ Veliparib + RMP1-14 + aCD8

o
1

5 10 15 20 25
Days (Post Treatment)

Page 17

Figure 5: Sub-ablative IR and PARP-inhibition enhance in vivo responsiveness to anti-PD-1

antibodies in MSS and MSI tumors.

(A) Schematic representation of the treatment schedule indicating days animals receive
veliparib (25 mg/kg BID, green arrows), radiation (8 Gy, red arrows), or RMP1-14 (100
mg/kg IP, black arrows). Tumor volumes following treatment for CT26 and MC38 tumors
are shown in (B-C) and survival curves are shown in (D-E). (F) MC38-bearing mice were
treated with IR, Veliparib, and RMP-14 +/- CD8+ T-cell depletion. N=3 (control), 5-11

(experimental). *indicates p<0.05 compared to radiation alone. ** indicates p<0.05

compared to all other treatments
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Candidate drug monotherapeutic efficacy and radiation sensitization enhancement ratios.

Table 1:

CT26
1C10
1C50
SER

MC38
1C10
1C50

SER

Veliparib (uM)

114
>100
1.48

5.0
20.6
1.87

Drug

Entinostat (UM)

2.1
18.4
131

11
6.5
1.05

| PI-549 (uM)

0.35
1.6
1.05

49
20.7
1.0

VES21 (UM)

35
11.9
1.46

0.37
17
1.55
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