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Abstract

Colorectal cancer (CRC) is a major cause of mortality worldwide. Chemotherapy and radiation
remain standard treatment for locally advanced disease, with current immune-targeting therapies
applying to only a small subset of patients. Expression of the immuno-oncology target
indoleamine 2,3 dioxygenase 1 (IDO1) is associated with poor CRC clinical outcomes but is
understudied as a potential treatment target. In this study, we examined the interaction between the
IDO1 pathway and radiation therapy in CRC. We used human and mouse CRC cell lines,
organoids, mouse syngeneic CRC tumor graft models, and CRC tissues from patients who
received radiation therapy. IDO1 activity was blocked using the clinical IDO1 inhibitor
epacadostat and by genetic disruption. We found that radiation-induced IDO1 overexpression in
CRC through Type I and Il interferon signaling. IDO1 enzymatic activity directly influenced CRC
radiation sensitivity. IDO1 inhibition sensitized CRC to radiation-induced cell death, whereas the
IDO1 metabolite kynurenine promoted radioprotection. IDO1 inhibition also potentiated Thl
cytokines and myeloid cell-modulating factors in the tumor microenvironment and promoted an
abscopal effect on tumors outside the radiation field. Conversely, IDO1 blockade protected the
normal small intestinal epithelium from radiation toxicity and accelerated recovery from radiation-
induced weight loss, indicating a role in limiting side-effects. These data demonstrated that IDO1
inhibition potentiates radiation therapy effectiveness in colorectal cancer. The findings also
provide rationale and mechanistic insight for the study of IDOL1 inhibitors as adjuvant therapy to
radiation in patients with locally advanced sporadic and colitis-associated colorectal cancer.
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INTRODUCTION

Colorectal cancer (CRC) remains a major cause of morbidity and mortality in the US and
globally. With conventional chemotherapy and radiation, 5-year survival rates range from
49-80% for locally advanced CRC and ~10% for metastatic CRC (www.Cancer.org). These
numbers are likely to improve as immunotherapy drugs targeting the programmed cell death
pathway 1 (PD-1) are effective in patients with metastatic CRC bearing genetic features that
prevent cells from repairing damaged DNA (mismatch repair deficiency [dMMR] or high
microsatellite instability [MSI-H])(1,2). However, limitations to PD-1 therapies exist, as
dMMR/MSI-H tumors represent a minority (10-20%) of all CRC (3). Gastrointestinal (GI)
toxicities are common with immune checkpoint therapies and may further complicate
treatment for those with a Gl tract that is already compromised (4). Therefore, there remains
an unmet need for new therapeutic approaches that apply across all CRC to improve
response rates without enhancing toxicity.

Targeting the immunometabolic enzyme indoleamine 2,3 dioxygenase 1 (IDO1) represents
one potential approach to address this unmet need. IDO1 is an enzyme that mediates the
metabolism of the essential amino acid L-tryptophan to L-kynurenine. IDO1 is overexpressed
across different malignancy types, including CRC, and is associated with poor prognosis
independent of microsatellite stability (5-8). Mechanisms attributed to the pro-tumorigenic
activity of IDO1 and kynurenine metabolites include shaping a tumor-favorable immune
microenvironment and activation of the aryl hydrocarbon receptor (AHR) (9-13). IDO1 and
the kynurenine pathways is also increased in human inflammatory bowel disease, a pre-
neoplastic condition for colitis-associated cancer (CAC) (14,15). In preclinical models of
CAC, we previously demonstrated that IDO1 activity directly promotes tumor growth
through activation of PI3K/AKT signaling and nuclear localization of B-catenin (16,17).
This finding is intriguing, as other studies indicate that IDO1 blockade can boost the effect
of select DNA-damaging therapies in models of lung, melanoma, breast, and brain cancer
(18-22).

In this study, we examined the interaction between the IDO1-tryptophan metabolism
pathway and radiation therapy in CRC. Radiation is a primary or adjunctive therapy for
several solid tumors, including locally advanced sporadic and colitis-associated rectal
cancer. The PI3K/AKT pathway is known to promote tumor radio-resistance and reduce
apoptosis in CRC (23,24). Thus, based on findings on IDO1 in CRC and its known
immunomodulatory properties, we hypothesized that IDO1 inhibition would enhance the
antitumor effects of radiation and efficacy of radiation therapy. To test this hypothesis, we
examine several in vivoand in vitro models relevant to both CRC radiation therapy and
radiation-relevant gastrointestinal toxicity. Our findings demonstrated a beneficial effect of
the combination and provide mechanistic rationale for the design of a clinical trial
examining the addition of IDO1 inhibition to radiation in patients with advanced rectal
cancer.
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MATERIALS AND METHODS

Human samples

All aspects of this study involving human tissues or specimens were approved by the
Institutional Review Board of Washington University School of Medicine according to the
U.S. Common Rule, and informed written consent was obtained. Human CRC samples of
eight patients undergoing short-course radiation therapy (SCRT) for locally advanced (stage
I1 or 111) rectal cancer were identified from published cohort of patients who received five
fractions of 5 Gy radiation followed by surgical resection within one week (Supplementary
Table S1)(25). Sections from formalin-fixed, paraffin-embedded histology blocks of tissues
were obtained from the Department of Pathology at Washington University. The reported
histologic grades were from the official pathology report.

Cell lines and in vitro reagents

Human CRC cell lines, HT29 (HTB-38), HCT116 (CCL-247), DLD1 (CCL-221), and
mouse CRC cell line CT26 (CRL-2638) were purchased from ATCC in 2016. Mouse CRC
cell line MC38 (ENH204-FP) was purchased from Kerafast Inc. (Boston, MA) in 2017. All
the CRCs were cultured and expanded in either RMPI 1640 or DMEM (Gibco) medium
supplemented with 10% heat-inactivated FBS, penicillin (100 U/mL), streptomycin (100 ug/
mL), and L-glutamine (2 mmol/L) according to supplier protocols and aliquoted at low
passage rates (<10) for utilization across experiments. Cells were not reauthenticated.
Mycoplasma testing was performed by the Tissue Culture Support Center at Washington
University School of Medicine. Epacadostat was obtained under Material Transfer
Agreement from Incyte, Inc (Wilmington, DE), stored at 4 °C and was reconstituted in
DMSO at 50 mM and added to cell cultures at the experimentally described concentrations.
L-kynurenine (Sigma, K8625-100mg) was reconstituted in HoO at 50 mM. IFN-y treatment
(2 ng/mL) was used as described experimentally. Reagents and vendors are detailed in
Supplementary Table S2.

Mouse CRC tumor models and irradiation

Six week old female wild-type (C57BI/6 or BALB/c) or RagZ-'~ mice were purchased from
Jackson Laboratories (Bar Harbor, ME). Animal procedures and maintenance were carried
out in accordance to IACUC protocols approved by the Washington University School of
Medicine Animal Studies Committee. As indicated in the figure legend, radiation was
carried out as previously described using Gammacell 40 137Cs irradiator (Atomic Energy of
Canada) at 78.8 cGy/min (whole body) or using RS-2000 irradiator (Rad Source
Technologies, Suwanee, Georgia, USA) at 100 cGy/min with 160kVp X-rays using a 0.3
mm copper filter (focal fractionated IR)(26). Mice were anesthetized with 2% isoflurane
using E-Z small animal anesthesia machine (E-Z systems, PA) prior to radiation. For
irradiating the tumors, the rest of the body was shielded using a 5 mm-thick lead block (see
Supplementary Fig. S1). Irradiators are calibrated yearly by Washington University
Department of Radiation Safety. Experimentally, we confirmed the dose with Radcal 2186
for each experiment to the irradiated tumor and shielded areas. There was a minimal dose
(0.000997 Gy) slightly above background to the organs and tumors shielded by lead.
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Colon cancer heterotopic implantation models (CT26 in BALB/c, MC38 in C57BI/6, HT29
or HCT116 in RagZ'~ mice) were established by injecting 1.0x108 CRC cells
subcutaneously into the hind legs of the mice as previously described (26). Mouse body
weight and tumor growth were assessed three times weekly until visible, then daily. The
length, width, and depth of both right and left tumors were measured using an external
digital caliper daily from when the tumors were palpable. The tumor volume was calculated
using the formula V = (L x W x D)/2. After tumors were palpable (~250 mm3), mice were
serpentine-sorted by the volume of index tumor (intended to treat) into experimental groups
as described in the corresponding figure legends. Treatments by gavage included vehicle
control (0.5% methylcellulose, Sigma) and IDOL1 inhibitor epacadostat (Incyte, 300 mg/kg/
day, suspended in 0.5% methylcellulose) as previously published (27). Lead shielding was
used in focal irradiation experiments exposing only the “index” tumor-bearing limb and
shielding the “contralateral” tumor, body, and spleen with a 5 mm lead plate as shown in
Supplementary Fig. S1. In most experiments, treatment groups were euthanized on the same
day to enable consistency in tumor tissue analyses. Detailed treatment strategies are
described in corresponding figure legends.

Apoptosis and crypt survival in mouse intestine

The effect of radiation with 1-mT or epacadostat to the normal intestine was assessed as
previously described (26). 6-8 week old female C57BI/6 mice (without tumor) received total
body irradiation (TBI) at 12 G. 1-DL-methyl tryptophan (cat# SX-999, 200 mg/pellet,
releasing rate: 0.9 mg/hour, Innovative Research of America) were placed subcutaneously in
the dorsum as previously described (28). Epacadostat (300 mg/kg) was gavaged two hours
before irradiation (n=5-8 mice/group). For apoptosis analysis, the mice were gavaged once
with epacadostat and sacrificed six hours after TBI. For crypt survival, the mice were
gavaged once daily for three consecutive days and sacrificed 84 hours after TBI. The small
intestine was harvested and fixed in 10% formalin for TUNEL and immunohistochemistry
staining of BrdU. Briefly, six 5-mm fixed intestinal segments were taken from each mice
and paraffin embedded for analysis. Apoptosis was scored on a cell-positional basis of 100
half-crypt sections per mouse by TUNEL staining using light microscopy. All crypts chosen
were at least 20 cells in height, with cell position 1 located at the crypt base. For crypt
survival analysis, each mouse received 120 mg/kg bromodeoxyuridine (BrdU) (Sigma) and
12 mg/kg fluorodeoxyuridine (Sigma) 90 minutes prior to sacrifice to label S-phase cells
identified by immunohistochemistry using rat monoclonal anti-BrdU (1:1000, Accurate
chemical & Scientific Corp). The viability of each surviving crypt was confirmed by
incorporation of BrdU into 5 or more epithelial cells within each regenerative crypt. A
minimum of 6 complete cross sections were scored for each mouse and the average was used
to evaluate across experimental groups.

For mouse survival and weight loss experiments, 20 female C57BI/6 female mice were
randomized to receive gavage with epacadostat (300 mg/kg) or vehicle control (0.5%
methylcellulose) two hours prior to focal abdominal irradiation (FAI) and daily until the end
point. FAI was carried out in the RS-2000 irradiator where mice were anaesthetized with 2%
isoflurane, and the mouse head, forelimbs, hind limbs, and thorax were shielded with lead as
already described. Mice received 4 Gy FAI on 7 consecutive days as indicated.
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CRC cell viability and clonogenic assay

All jn vitroradiation experiments were performed using the Gammacell 40 137Cs irradiator
(Atomic Energy of Canada) at 78.8 cGy/min. Epacadostat was obtained under Material
Transfer Agreement from Incyte, Inc (Wilmington, DE). Epacadostat and L-kynurenine were
prepared for culture experiments as previously described (29). For cell viability/proliferation
assay, both wild type and /DO~ CRC cells were plated in 96 well plates. The cells were
plated in 10% FBS containing complete medium overnight to allow the cells to attach and
then replenished the cells with serum-free medium for six to eight hours to allow the cells
synchronize. Then the cells were replenished with epacadostat (10 uM) or kynurenine (25
uM for CT26; 100 uM for HCT116 and HT29) containing 1-2% FBS medium for two hours
before exposure to irradiation. 48 hours post irradiation, the cells were analyzed for the
viability using Cell counting Kit-8 kit colorimetric assay (Dojindo Molecular Technologies)
according to the manufacturer’s instruction using Synergy 2 microplate reader (Biotek,
Winooski, VT).

Clonogenic assays were performed as previously described (26). Briefly, 6-well plates were
used to plate a density of 200 cells/well for sham irradiated and 1000 cells/well irradiated
cells. Cells were allowed to grow for 24 hours post plating, then new media containing
epacadostat (10 uM) or vehicle control (DMSO: medium, 1:1000 by volume) was provided
for 2 hours prior to irradiation at the described dosage (0, 2, 4, 6, 8 Gy). After 10~14 days of
colony formation, plates were fixed in formalin for 20 minutes, washed in PBS, and stained
with 0.5% crystal violet for 10 minutes. The plates were rinsed in water to remove
background stains and air dried. The plates were photographed and colonies comprising of
50 cells or more were counted visually. The survival fractions were calculated after
normalizing to plating efficiency and presented as surviving fraction relative to control.

Organoids and treatment

Mouse epithelial colonoids and enteroids were established from C57BI/6 mice and those
with azoxymethane (AOM, Sigma) and dextran sodium sulfate (DSS, Affymetrix) induced
tumors (tumoroids) as previously described by our group (17,30). Spheroids were passaged
and grown in 50% quality tested L-WRN CM prepared from our lab for ~18 hours then
switched to 5% L-WRN CM and treated with vehicle control or 100 uM kynurenine for two
hours prior to 6 Gy radiation. After 48 hours, viability was assessed using Cell Counting
Kit-8 colorimetric assay. Absorbance was normalized by dividing by average absorbance of
unirradiated, untreated controls for each genotype.

Generation of IDO1 knockout CRC cells using CRISPR

Alt-R CRISPR-Cas9 2-part guide RNA (crRNA+ tracrRNA, Integrated DNA Technologies
[IDT], Coralville, 1A) was used to generate IDO1 knockout cells according to manufacturer
provided protocols. Briefly, two different crRNAs (type a and type b as shown in the
Supplementary Table S3) targeting different exons of the /D01 gene (human: exon 3 and 11,
mouse: exon 3 and 7) were designed and synthesized in IDT. Both tracrRNA-ATTO 550
(Cat # 1075927) and Alt-R S.P. Cas9 nuclease (Cat# 1081058) were from IDT. Duplexes of
crRNA: tracrRNA were incubated with Cas9 enzyme to make the ribonucleoprotein (RNP)
complex. CT26 and HT29 CRC cells in Opti-MEM (Gibco) were transfected with equal
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amount of type a-RNP and type b-RNP using RNAIMAX (Cat# 13778100, Thermo Fisher
Scientific). The cells were replenished with regular medium after overnight incubation.
Transfected cells representing the brightest 3-5% ATTO550 signal were sorted using FACS
(BD FACSArria Il) and plated as single cells in each well of a 96 well plate. Individual
clones were grown in regular culture medium for 1-2 weeks. DNA from cloned cells was
isolated using QuickExtract DNA extraction solution (Cat# QE09050, Lucigen) and
screened for edited /DO locus by PCR. Three different pairs of screening primers were
used to screen the positive clones (31). Functional verification of IDO1 depletion was
performed by comparing the IDO1 knockout cells and non-transfected controls after
treatment with IFNy (10 ng/mL) for 48 hours. Only both genomically and functionally
verified /DO17 cells were used in the current study.

Inhibition of Type | and Il interferon using antibodies both in vitro and in vivo

The recombinant murine IFNa4 was a gift by Kathleen Sheehan (Robert Schreiber Lab,
Washington University Medical School), and the recombinant human IFNa2a was from
Sigma-Aldrich (SRP4594-100 pug). Both human and murine IFN-y were obtained from
PeproTech (Cat # 300-02; 315-05). The following monoclonal antibodies (mAbs) were
produced by Leinco Technologies, Inc. (St. Louis, MO): MAR1-5A3 (neutralizing anti-
murine IFNAR1), GIR-208 (neutralizing anti-human IFNAR1), H22 (neutralizing anti-
murine IFN-y), and PIP (Armenian hamster 1gG isotype control). The human IFNa/p R2
antibody was from R&D Systems (MAB4015-100). For in vitro experiments, The CRC
cells were plated in 6 well plate, pretreated with the specific antibody or isotype control 1IgG
(10 ug/mL) for 2 hours before exposure to the IFN cytokines with concentrations indicated
in the legends, or irradiation (6 Gy). 48 hours post irradiation or IFN cytokine treatment, the
cells were harvested for RNA using Trizol reagent for gene analysis.

For in vivo experiments, six-week-old female BALB/c mice were injected with 1x106 wild
type CT26 cells in both hind legs. After tumors measured ~200 mm?3, mice were randomized
to treatment groups (n=3~4 mice/group or 6~8 tumors/group). For IFNa/p receptor
blockade, mice were injected i.p. with a single 2 mg dose of MAR1-5A3 mAb or GIR-208
isotype control mAb as described previously (32,33). For IFN+y neutralization, 250 pg of
IFNy—specific H22 mAb(34) or IgG isotype control mAb (PIP clone) was injected i.p. All
the antibodies or isotype 1gG control antibodies were injected 20 hours before the tumors
were irradiated. Tumors were harvested for RNA or histology 48 hours post irradiation.

Flow cytometry

Mouse spleens were excised and ground on 70um nylon mesh before the filtrate was
collected and centrifuged at 1.5 x 103 rpm for 5 minutes. The splenic cells were resuspended
in phosphate buffered saline (PBS), counted, and stained for flow cytometric analysis.
Tumor-infiltrating lymphocytes (TILs) were isolated by discontinuous Percoll gradient as
described previously, with the following minor modifications (35). Briefly, the tumor tissues
were minced, enzymatically digested with 0.1% collagenase (Sigma, Cat# C5138),
hyaluronidase (0.1 mg/mL, Sigma, Cat# H6254), and DNase 1V (20 U/mL, Sigma, Cat#
D5025) containing HBSS solution, and ground on 70um nylon mesh. The filtrate was
collected, and the lymphocytes were separated from the tumor cells by centrifugation of the
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cell suspension on an 80%:40% two-layer Percoll gradient. Cell surface and intracellular
marker staining was performed using 1-2 x 10° single-cell suspensions of TILs and
splenocytes. The cells were first incubated with Zombie NIR Dye (BioLegend) to
distinguish live and dead cells and then incubated with the following conjugated monoclonal
antibodies (obtained from BioLegend unless otherwise stated) for 30 minutes at 4°C.
Surface antibodies were diluted with staining buffer (2% FBS, 1 mM EDTA, and 0.02%
NaNj3 in PBS) into cocktails containing 10% 2.4G2 conditioned medium. Antibodies
included: PerCP Cy-5-conjugated anti-CD3; APC-conjugated anti-NK1.1; FITC-conjugated
anti-CD4; and PE-conjugated anti-CD8. The stained cells were permeabilized and fixed
using True-Nuclear Transcription Factor Staining kit (BioLegend) and then processed for
intracellular Foxp3 staining using Brilliant Violet 421-conjugated anti-Foxp3 for 30 minutes
at 4°C. All data were collected using a BD Canto flow cytometer equipped with BD
FACSDiva software. Data were analyzed using FlowJo v10.

Cytokine Analysis

Cytokine analysis on mouse plasma via cheek bleeding and tumor protein lysates was
performed using Milliplex mouse cytokine panel 1 (Cat# MCYTMAG-70K-PX32)
according to the instructions provided by the manufacture (Millipore) by the Washington
University Center for Human Immunology and Immunotherapy Programs
(www.chiips.wustl.edu). Data was analyzed on Milliplex Analyst 5.0 using the linear
interpolation log scale curve fitting program. Multiple t test was used to compare the
cytokine changes.

Determination of kynurenine and tryptophan in mouse plasma by mass spectrometry

The change of the ratio of tryptophan to kynurenine was used to reflect the IDO1 enzymatic
activity. The concentrations of tryptophan and kynurenine in plasma obtained via cheek
bleeding from mice that underwent various treatment were measured by using mass
spectrometry at Incyte according to published protocols (36). The APl 3000 mass
spectrometer was operated in positive ion mode and utilized multiple reaction monitoring
(SCIEX, Framingham, MA). The source voltage and temperature were 4000 V and 500 °C.
The declustering, focusing, and exiting potentials were 16, 70, and 10. The quadropoles
were set to unit resolution. For kynurenine, two transitions were monitored - 209.1/94.2
(collision energy, CE 19) and an alternate 209.1/191.8 (CE 13). For tryptophan, the C13
isotope parent ion was selected. The transitions were 205.9/188.8 (CE 15) and an alternate
206.9/147.2 (CE 25). For the deuterated internal standards, L-kynurenine 4, 5, 6, 8 -D4 and
tryptophan 2, 4, 5, 6, 7 —D5 the transitions were 213.1/195.8 (CE 13) and 209.9/191.8 (CE
15), respectively. The internal standards kynurenine and tryptophan were sourced from
Buchem BV (Apeldoorn, Netherlands) and CDN Isotopes (Quebec, Canada).

Western blotting—Western blotting was performed on tumor tissues or cultured CRC
cells that were lysed in radioimmunoprecipitation buffer (1% Nonidet P-40, 0.5%
deoxycholate, and 0.1% SDS in PBS) containing a protease inhibitor cocktail and
phosphatase inhibitors (Sigma). Twenty micrograms of protein were separated in SDS-
PAGE and transferred to polyvinylidene difluoride membranes (Millipore) using iBlot unit
(Thermo Fisher). The membrane was blocked in 5% nonfat dry milk in TBST (TBS with
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0.05% Tween 20) for 1 hour and then incubated overnight at 4°C with one of the primary
antibodies (Supplementary Table S2) in 5% nonfat dry milk in TBST. The blot was then
incubated at room temperature for 2 hours in horseradish peroxidase-conjugated donkey
anti-mouse, donkey anti-rabbit, or donkey anti-goat IgG secondary antibodies (Santa Cruz),
as appropriate. The blots were washed and processed for luminescence with SuperSignal
West Dura Extended Duration Substrate kit (Thermo Scientific). Densitometry of bands on
films was assessed with ImageJ and normalized to actin expression.

Real time quantitative RT-PCR

Total RNA was extracted from CRC cells, organoids, or tissues using Trizol (Invitrogen) and
quantitative RT-PCR was performed as previously described (28). 2 uL of 1:3 diluted cDNA
template was used in a 20 UL PCR reaction. For each individual cDNA template, at least two
replicates were carried out in each reaction. The gene expression is determined by 2-AACT
method. Crossing threshold values for individual genes were normalized to actinor GAPDH
gene expression. The forward and reverse primers were purchased from Integrated DNA
Technologies as defined in Supplementary Table S4.

Immunofluorescence and immunohistochemistry

For the syngeneic mouse tumors, cryosection of tumor tissues were prepared by freezing
tissues in TissueTek OCT Compound (Sakura Finetek USA, Inc). 5 micron frozen sections
were cut and fixed in a 1:1 mixture of cold methanol and acetone for 20 min. For the human
CRC tissues, paraffin-embedded tumor tissues were cut to 5 micron sections and
deparaffinized and rehydrated before the following procedures. For immunohistochemistry
staining, slides were rinsed in PBS, blocked with 2% normal goat serum for 1 hour, and then
incubated with either anti-mouse IDO1 or anti-human IDO1 at the dilution of 1:200~400
overnight at 4°C. Biotin-conjugated secondary antibodies, streptavidin-horseradish
peroxidase, and substrate were applied according to the manufacturer’s instructions (\Vector
Labs). The antibodies are listed in Supplementary Table S2. Each human CRC tissue section
was semi-quantitatively scored according to the percentage of IDOL1 positive cells and the
staining intensity per protocol previously described (37). Briefly, we assigned the following
proportion scores: 0 if 0-5 % of the tumor cells showed positive staining, 1 if 6-25 % of
cells were stained, 2 if 26-50 % were stained, 3 if 51-75 % were stained, and 4 if over 75 %
of the cells were stained. We rated the intensity of staining on a scale of 0 to 3: 0, negative;
1, weak; 2, moderate; and 3, strong. We then combined the proportion and intensity scores to
obtain a total positive score (range, 0-12): score 0 was negative, a score of 1 to 6 was
weakly positive, and a score of 7 to 12 was strongly positive. For immunofluorescence, the
slides were blocked in PBS/5% BSA for 1 hour at room temperature, and then incubated for
2 hours at room temperature with monoclonal rabbit anti-human IDO1 monoclonal (Novus)
or rabbit monoclonal anti-Ki67 (Abcam). After being washed with PBS, slides were
incubated for 2 hours at room temperature with Alexa Fluor-labelled secondary antibody
(Invitrogen). Vectashield with DAPI was used for nuclear counterstaining, and sections were
viewed with a Zeiss Axiovert 200 with an AxioCam MRm camera. The percent of cells with
positive staining was scored in five to ten random fields, containing over 1000 to 2000 nuclei
each, with the observer blinded to the treatment condition.
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Statistical analysis

All data presented as mean + SEM unless described otherwise. All cell-based experiments
were performed with > 4 experimental replicates and repeated at least three times. Animal
experiments had 4—7 mice/group and repeated =2 times/experiment. Unpaired and two-sided
Student’s t-test, nonparametric t-test, or one-way or two-way ANOVA were performed in
Graphpad Prism 5. Rate of change in tumor volumes and/or weight change over time was
compared between the groups using general linear mixed models with random intercepts/
slopes to allow estimation and comparison of within-subject rate of change in volume (38).
All general linear mixed models in the longitudinal analyses assumed a subject level random
effect and were fitted using the maximum likelihood method with unstructured covariance
matrix. Statistical tests were based on the approximate For # tests with denominator degrees
of freedom approximated by the Satterthwaite methods (39). General linear mixed model
statistical analyses were performed with SAS version 9.4 (SAS Institute Inc.), and statistical
significance was defined as A<0.05.

RESULTS

Radiation increases IDO1 expression in human and mouse CRC

To explore the relationship between IDO1 and radiation, we first examined if radiation
impacted CRC expression of IDO1 and other tryptophan-metabolizing enzymes (TDO and
IDO2). Cultured human and mouse CRC cell lines uniformly demonstrated upregulation of
/DOI mRNA expression after a single dose of gamma irradiation (Fig. 1A-B). Xeno- or
syngeneic engraftment of CRC cell lines into the murine host increased /do expression
compared to /n vitro culture (Supplementary Fig. S2). Focal radiation further augmented
tumor /doZ mRNA and protein expression (Fig. 1C-G, Supplementary Fig. S3A) in CRC
tumor grafts in mice. In the tumor xenografts, human but not mouse /DO1 expression was
increased, indicating that the implanted neoplastic cells were the primary source of gene
upregulation, although IDO1* tumor-infiltrating myeloid-derived cells were also present
(Supplementary Fig. S3A-B and S4). Comparatively, the baseline and radiation-induced
changes in the expression of 7D02and /DOZ2 were inconsistent across cell lines (Fig. 1A-
D).

We next determined if CRC IDO1 expression was also increased in humans treated with
radiation therapy (XRT). We examined tissue from a cohort of patients who underwent
short-course radiation therapy of their rectal cancer followed by surgery within a week (25).
In this cohort, XRT significantly increased tumor IDO1 expression (Fig. 1H, Supplementary
Table S1). Together, these data indicated that IDO1 upregulation in the neoplastic epithelium
was a common feature of CRC in response to ionizing radiation.

Type | and Type Il interferon signaling contribute to radiation-induced IDO1

Interferons are potent cytokine inducers of IDO1, are present in the colon cancer tumor
microenvironment (TME), and may be potentiated by radiation therapy (40-42). In cultured
CRC cell lines, we found radiation increased expression of Type | (/FNA and /FNB) but not
Type Il (/FNG) interferons (Fig. 2A). Correspondingly, blockade of the common Type |
IFN-a/p receptor (IFNAR-1) abrogated radiation-induced /doZ expression, whereas anti-
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IFNy had no effect (Fig. 2B). IFNAR-1 blockade consistently attenuated /DOZ expression
across CRC cell lines and in tumor grafts (Fig. 2C-D). In irradiated mouse CRC tumor
grafts, IFN-y blockade also significantly reduced /doz expression (Fig. 2D). These data
suggested that Type | IFN signaling is necessary for cell-autonomous IDO1 expression,
whereas both Type | and Il interferons contribute to /D01 expression in the TME.

IDOL1 inhibition enhances CRC radiation sensitivity in vitro

We next sought to determine if IDO1 activity is radioprotective to CRC. To address this, we
used pharmacologic inhibition with a selective and potent IDO1 inhibitor, epacadostat (43).
In dose-finding experiments, we found that 10 uM epacadostat consistently decreased
proliferation across CRC cell lines with intact IDO1 but had no effect on CRISPR-edited
IDOI"= CRC cells (Fig. 3A, Supplementary Fig. S5-S6). Based on specificity of effect, 10
UM was used in subsequent experiments. Combining radiation and IDO1 inhibition further
reduced CRC cell viability and colony forming capacity, while also enhancing cell death
(Fig. 3B-D, Supplementary Fig. S6). CRC cells with CRISPR depletion of IDO1 also
demonstrated enhanced radio-sensitivity (Fig. 3A). Together these findings demonstrated
that IDO1 activity was radioprotective to CRC cells and that IDO1 inhibition enhanced the
cytotoxic and anti-proliferative effects of radiation.

IDOL1 inhibition enhances CRC radio-sensitivity and shapes the tumor microenvironment

Having shown that IDO1 inhibition enhanced CRC radiation sensitivity /in vitro, we next
examined the impact of orally administered epacadostat in mice bearing CT26 tumors (an
MSI-low CRC cell line) and receiving focal XRT (Fig. 4A, Supplementary Fig. S1). Once
the tumors were palpable (~250 mm3), mice were serpentine sorted into groups with
equivalent average tumor size to receive placebo, XRT (6 Gy x 2), epacadostat (300 mg/
QD), or combined XRT and epacadostat. Tumor growth was delayed in the XRT and
epacadostat monotherapy groups, whereas tumor growth was negligible in the combination
treatment group (Fig. 4B). The epacadostat-treated groups exhibited lower circulating
kynurenine concentrations and kynurenine to tryptophan (K/T) ratio (Fig. 4C-D), indicating
efficacy of IDO1 enzymatic inhibition.

To determine the antitumor mechanisms of combined XRT and IDO1 inhibition, we
examined tumor cell viability and tumor-infiltrating lymphocytes (TIL). Tumor cells in mice
receiving combined treatment exhibited higher apoptosis (cleaved caspase 3 and TUNEL)
and lower proliferation (Ki67) than controls or either monotherapy (Fig. 4E-F). As shown in
Figure 4G, TIL analysis revealed that XRT monotherapy created an unfavorable and lower
ratio of cytotoxic (CD8*) to regulatory T cells (FoxP3™). IDO1 inhibition promoted a
favorably higher CD8*/Treg ratio as a monotherapy and countered the adverse effect
observed with XRT monotherapy.

Cytokine multiplex array revealed intriguing changes in the TME (Fig. 4H, Supplementary
Table S5). Within this time frame, IDO1 inhibition promoted a modest increase in the active
IL12 heterodimer (p70) but minimal other changes. XRT alone induced a mixed profile of
inflammatory (macrophage inflammatory proteins [MIP] and 1L15), as well as
immunosuppressive (IL10), cytokines. By comparison, dual XRT and epacadostat-treated
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mice had tumors with the highest IL15, TNFa, IFNy, MIPs, and the leukocyte chemotactic
cytokine RANTES (CCL5). These data indicated a TME with enhanced Th1 cytokine
activity and myeloid cell-modulating factors.

CT26 is an MSI-low CRC cell line. We therefore sought to confirm the effect in an MSI-
high tumor graft model using MC38 cells. Epacadostat monotherapy was minimally
effective at reducing MC38 tumor growth compared to CT26 tumor growth (Supplementary
Fig. STA). However, epacadostat+XRT slowed tumor growth more significantly than XRT
alone (P=0.01 vs. P<0.001, Supplementary Fig. S7B). Overall, these data illustrated
combining XRT and IDO1 inhibition is beneficial irrespective of MSI status.

IDO1 inhibition enhances the abscopal effect of radiation in distant CRC tumors

We next examined how IDO1 inhibition and XRT might affect cancer distant from the
primary site, reflecting the phenomena of metastatic disease in humans. To do this, we first
implanted CT26 cells bilaterally into mice and then, during the treatment phase, delivered
XRT unilaterally to the index tumor only while shielding the rest of the body, including the
contralateral tumor and spleen from radiation using a 5 mm lead plate (Fig. 4A,
Supplementary Fig. S1). Growth of the contralateral (shielded) tumor (Fig. 5A) was assessed
over time. Epacadostat monotherapy significantly slowed tumor growth similar to the index
tumor, whereas XRT monotherapy did not (Fig 5B; P=0.04 and 0.08, respectively). The
combination approach further slowed tumor growth (P=0.006) and led to regression in 40%
of tumors. These findings suggested that IDO1 inhibition potentiates an abscopal effect of
XRT, a phenomenon whereby local tumor therapy leads to regression of metastatic cancer at
distant sites.

The abscopal effect is believed to be an immune-mediated phenomenon and may be
potentiated by immune-stimulating therapies (44,45). Recognizing this, we evaluated for
immune changes in the TME. In the distant tumors, XRT and IDO1 inhibition increased
CDS8™ T cells. However, only with IDO1 inhibition was Treg infiltration decreased and the
CD8*/Treg ratio increased (Fig. 5C). Cytokine analysis provided further insight into the
immune-mediated antitumor effects of combined XRT and IDO1 inhibition. XRT to the
index tumor led to minimal changes in the contralateral tumor. However, significant pro-
inflammatory signals were evident in the contralateral tumor in the combined treatment
group, including elevated MIPs, IFN-y, and RANTES (Fig. 5D, Supplementary Table S6).
This is consistent with a functional enhancement of cytotoxic T-cell activity and myeloid
cell-modulating factors.

Systemic immune changes were also observed. In the spleen, tumor XRT promoted Treg
expansion, leading to a lower CD8/Treg ratio. This immunosuppressive effect was
overcome by the addition of IDO1 inhibition (Fig. 5E). Tumor XRT suppressed plasma IL6
and IL7, while elevating circulating vascular endothelial growth factor (VEGF). IDO1
inhibition reversed each of these pro-tumorigenic changes. (Fig. 5F, Supplementary Table
S7). The effect on VEGF raises the possibility that IDO1 inhibition is also affecting tumor
neovascularization, an effect observed in other tumor models (46).
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IDOL1 inhibition slows secondary CRC growth after radiation to primary tumors

We next examined if pretreatment of IDOL1 inhibition plus XRT prevented relapse by re-
challenging mice with secondary tumors that previously received the treatment for their
primary tumor (Fig. 6A). The primary tumor then received an additional XRT at 20 Gy, a
dose shown to potentiate immunotherapy in MC38 tumors (47). In this model, we found that
IDO1 inhibition+XRT slowed overall growth of the secondary tumors more effectively than
XRT alone (P=0.04; Fig. 6B), with secondary tumor growth completely absent in 3 of 7
mice receiving both XRT and IDOL inhibitor (Fig. 6C).

IDOL1 inhibition protects the normal intestinal epithelium from radiation injury

Combining anti-cancer therapies has the potential to augment normal tissue toxicity and side
effects. Small bowel radiation injury is the principle toxicity of pelvic XRT used in rectal
cancer (48). Diarrhea from small bowel damage can be severe and delay or require cessation
of treatment. Given the clinical importance of this toxicity termed radiation enteritis, we next
sought to evaluate the impact of IDO1 inhibition on radiotoxicity in the normal small
intestine. Epithelial damage underlies the pathophysiology of radiation enteritis. Thus, we
examined /n vitroand in vivo models of XRT damage to the normal epithelium in the
presence and absence of IDO1 activity. IDO1 blockade was protective of the normal small
intestinal epithelium crypts in standard single-dose radiation assays of crypt survival and
apoptosis (Fig. 7A-B). IDO1 inhibition hastened weight rebound and did not worsen
survival in mice treated with fractionated abdominal radiation, a technique more reflective of
radiotherapy for rectal cancer (Fig. 7C-D).

We next addressed the possibility that IDO1 activity had an epithelial cell-intrinsic effect on
radio-sensitivity using organoids derived from normal colon and small intestine, as well as
colon tumors. Radiation did not alter /do expression in normal colon- or ileum-derived
organoids /n vitro as it did with colon-derived tumoroids (Fig. 7E). Reflective of the /n vivo
findings, epacadostat improved viability of enteroids and reduced tumoroid viability with or
without radiation (Fig. 7F, Supplementary Fig. S8A). Conversely, the IDO1 metabolite
kynurenine reduced viability of irradiated enteroids and protected colon tumoroids.
Kynurenine-mediated radioprotection was also observed in CRC cell lines (Supplementary
Fig. S8B-C). Normal colon—derived epithelial cells (colonoids) were not significantly
affected by either treatment. Together, these data demonstrated that IDO1 activity
differentially affected radiation sensitivity based on tissue of origin (small intestine verses
colon) and neoplastic state.

DISCUSSION

In this study, we demonstrated that radiation induced IDO1 overexpression in CRC and that
IDO1 blockade enhanced the therapeutic effect of radiation. These observations were
consistent across CRC cell lines, mouse models, and human tissues. The benefit of
combining therapies was observed across models of primary, distant, and secondary CRC.
Mechanistically, IDO1 inhibition augmented radiation’s cytotoxic and anti-proliferative
effects while also promoting an antitumor immune microenvironment. Conversely, IDO1
inhibition reduced radiation damage to the normal small intestine, a primary tissue for XRT
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toxicity. Together, this study provides data to inform on the rational design of a clinical trial
combining IDOL1 inhibitors with radiation therapy for patients with advanced rectal cancer
and perhaps other solid tumors.

Radiation increased IDO1 expression universally across human CRC samples, animal
models, and cell lines regardless of MSI status. These findings have important conceptual
implications, as restricted or undefined parameters for patient selection is a common
challenge with immuno-oncology therapeutics (49). For example, anti—-PD-1 therapies have
shown efficacy only in patients with MSI-high or MMR-deficient CRC (1). However, this
CRC subtype accounts for only a minority (10-20%) of all CRC and even fewer of rectal
cancers (3). Heterogeneity of IDO1 expression has also been noted and is considered a
potential limitation to this therapeutic approach. However, after radiation, IDO1
upregulation was nearly homogeneous. These findings suggest that baseline IDO1
expression may not be an obligatory inclusion criterion, as IDO1 overexpression will be
common if not universal after radiation.

IDO1 inhibition enhanced the antitumor effects of radiation through two mechanisms. First,
blockade of IDO1 augmented the cell-intrinsic antitumor effects of radiation in cultured
CRC cells by further reducing proliferation and enhancing apoptosis. These results are
consistent with the observation that IDO1 expression and kynurenine metabolites activate -
catenin signaling, as well as PI3BK/AKT signaling, in colitis-associated and sporadic cancer
(17). The AKT pathway promotes CRC proliferation and is intimately involved in
preventing radiation-induced CRC apoptosis (24). The IDO1-kynurenine pathway also
serves as a source for ade novo generation of NAD* (50). NAD™ is an important cofactor for
the DNA repair enzymes activated during radiation therapy and is independently considered
a target to increase radiation sensitivity (50,51). As a second mechanism, IDO1 inhibition
also shaped a distinct immune response in irradiated tumors. Expression of IDO1 in tumor-
infiltrating myeloid cells, as well as tumor cells, is well-recognized to promote growth by
limiting antitumoral immunity through the suppression of tumor-reactive T cells (9,52).
Consistent with this and the changes in T-cell populations, we found that TNFa and IFN~y
were higher in irradiated tumors when mice received the IDO1 inhibitor. However, these
tumors also demonstrated changes in myeloid cell-modulating factors including macrophage
inflammatory proteins MIP1a and MIP1p (CCL3 and CCL4). This suggested activation of
Th1 immune response as well as an environment favoring activation of granulocytes, both of
which may result in the increased tumor killing. The addition of the IDO1 inhibitor
produced a similar response in the contralateral (non-irradiated) tumor in mice bearing
bilateral tumors where the index tumor was irradiated. Future studies should address the
specificity and relative contributions of T-cell and myeloid cell-dependent tumor killing in
this model.

This elevated immune response may explain how this combination abrogated secondary
CRC growth and promoted an abscopal effect. The abscopal effect is an immune-mediated
phenomenon whereby locally administered radiation can induce regression in tumor
metastases at distant sites out of the radiation field (44). The abscopal effect depends on
tumor type and concurrent therapies. However, immunotherapies have been observed to
enhance this desired outcome (53). Anti—PD-L1 therapy is shown to facilitate the abscopal
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effect in mice, a finding that has spawned several clinical trials (47,54). We demonstrated
here that IDO1 inhibition enhanced the abscopal effect in animal models of colon cancer.
Further studies will be needed to confirm this effect across other CRC cell types and ideally
using orthotopic and metastatic models of CRC.

Finally, our findings showed that IDO1 inhibition not only enhanced the antitumor effect of
radiation, but limited radiotoxicity in the normal intestine. Intestinal radiation enteropathy is
the primary dose-limiting toxicity of pelvic radiation therapy used for rectal cancer and is
caused by epithelial stem cell death and crypt dropout (48). We demonstrated that IDO1
inhibition was radioprotective for normal intestinal epithelial stem cells and reduced crypt
dropout. As a result, mice receiving IDO1 inhibition exhibited earlier weight rebound after
fractionated radiation therapy. Kynurenine, the primary tryptophan metabolite from IDO1,
had the opposite effect on radiation sensitivity in the normal small intestine compared to
CRC. CRC has higher IDO1 expression and is more sensitive to kynurenine-mediated AKT
activation than the normal epithelium (16,17). This provides explanation as to why IDO1
inhibition was radio-sensitizing to CRC but radioprotective of the normal epithelium.
Additional studies are needed to fully dissect apart the mechanisms by which IDO1
inhibition protects the normal epithelium, and intestinal toxicity should be carefully
examined in clinical trials combining IDO1 inhibitors with cytotoxic therapies.

Limitations exist in this study. This study included /n vitro and heterotopic CRC models that
do not fully recapitulate CRC biology, particularly as relates to immunity. Also, our study
does not completely dissect apart the relative contribution towards radiation resistance that
epithelial IDO1 expression plays verses IDO1 expression in other cell types (e.g. T cells,
myeloid cells, etc). Although both likely contribute, the /n vitro and in vivo experiments
indicated that epithelial IDO1 was important in tumor radiation resistance. Further studies
will be needed to fully dissect the mechanisms by which XRT-induced inflammation
(cytokines and other damage-associated pathways) mediate induction of IDO1, TDO, and
IDO2.

The current study can inform clinical trial development for IDO1 inhibitors. Although
several of these drugs are being investigated for use in humans, the optimal strategy for
applying IDO1 inhibitors to clinical cancer care remains unresolved (7,21,55). Epacadostat,
the first IDO1 inhibitor to complete a phase | dose escalation trial, did not slow human
tumor growth as monotherapy (56). A subsequent phase 111 trial failed to demonstrate a
benefit for adding epacadostat to anti-PD-1 therapy in patients with metastatic melanoma
(57). It was suggested that this trial may have failed due to inadequacies of patient selection
and potentially insufficient dosing, but also that the preclinical evidence for combining
IDO1 inhibition with anti-PD-1 is less compelling than for using adjunctively with DNA-
damaging modalities (21). Indeed, 1-pL-methyl tryptophan (1-mT), a non-clinically tested
compound with IDO1 inhibiting capacity, boosts the effect of select chemotherapeutics
and/or radiation in models of melanoma, breast, and brain cancer (18-20). Also aligning
with the current findings, the D isoform of 1-mT, in clinical trials as indoximod, acts
downstream of IDOL to stimulate mTORCL1 and demonstrates a pattern of cooperation with
DNA-damaging modalities (58). Another study found that IDO1 activity, as measured by
serum K/T ratios before and after chemoradiotherapy, may predict survival in lung cancer
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patients (59). Together, this literature supports our findings that clinical grade IDO1
inhibition augmented the antitumor effects of radiation in CRC.

In summary, our data identified a therapeutic synergy of IDO1 inhibition with radiation in
CRC, likely through a dual mechanism of enhancing direct tumor killing and breaking tumor
immune tolerance. This strategy did not enhance XRT cytotoxicity to the normal small
intestine epithelium. These results serve as the foundation for a Phase | study examining
combined IDO1 inhibition and XRT in human rectal cancer (NCT03516708). If
demonstrated effective and safe, these findings may apply more widely to all forms of CRC
as well as other solid tumors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Radiation increases IDO1 expression in colorectal cancer.
Human and mouse colorectal cancer (CRC) cell lines and tumor graft models were

examined for change in IDO1 expression before and after irradiation. For in vitro
experiments, mMRNA and protein were extracted 48 hours after 6 Gy irradiation (IR). For in
vivo models, 1x10% CRC cells were injected into the hind limbs of strain appropriate mice
and allowed to grow to until palpable (~12 days). Tumors were then subjected to 6 Gy focal
radiation therapy (XRT), and tissues were harvested 48 hours later. A-D, mRNA expression
of tryptophan-metabolizing enzymes IDO1, TDO, and IDO2 (unirradiated controls equal to
1 and represented as a dashed line) in (A) human and (B) mouse CRC cell lines and (C)
human xenograft and (D) syngeneic mouse models. E-G, IDO1 protein expression from /n
vivo tumor graft models (yellow box represents the zoomed areas for the images to the far
right) using (E,G) IHC and (F) Western blotting (top) with protein quantification (bottom).
Shown are 4 pairs of CT26 tumors. H, Human rectal cancer tumor samples from patients
receiving 25 Gy XRT were examined for IDO1 expression. Representative images (left) and
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semi-quantitative IHC scoring (right) is presented for 7 pairs of pre- and post-RT and one
additional post-RT sample from 8 total patients. Yellow arrow indicates malignant area.
Yellow box represents the zoomed areas for the images to the far right. /n vitro experiments
were repeated =3 times with =3 experimental replicates. For /n vivo animal experiments,
n=4-7. Mean+SEM.*p<0.05, **p<0.01, ***p<0.001 by unpaired Student’s t-test or
##P<0.01, ###P<0.001 by paired Student’s t-test. Bars in micrograph=100 pm.
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Figure2: Typel and Typell interferon signaling contributeto radiation-induced IDO1in CRCs.
A, Expression of /FNa, IFNg, and /FNy in CT26 cells 48 hours after radiation. B, Effects of

blocking the Type I IFN receptor (IFNAR) with a monoclonal antibody (10 ug/mL) on /DOZ
expression in CT26 with or without irradiation (6 Gy at 48 hours). C, Effects of anti-IFNAR
on /DOI expression in irradiated (6 Gy at 48 hours) MC38, HT29, and HCT116 cells. D,
Balb/C mice bearing CT26 tumors received isotype control, anti-IFNAR (2 mg), and/or anti-
IFNy (250 pg) I.P. 20 hours before 6 Gy focal irradiation. Tumor tissue was harvested for
MRNA at 48 hours post-XRT. (A-C) n=3 experimental replicates; (D) n=4 mice/group.
Mean+SEM. *p<0.05, **p<0.01, ***p<0.001 by Student’s t-test versus control.
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Figure 3: IDO1 inhibition enhances CRC radiation sensitivity in vitro.

A, Cell viability assay of non-edited parental CT26 (left) and HT29 (right) cells (WT) vs.
CRISPR-edited /DO1-null (IDO17-) cells. Where indicated, cells were analyzed 48 hours
after irradiation. Epacadostat (Epa) titrations were used for IDO1 inhibition with or without
6 Gy irradiation (IR). B, Cell viability in the indicated CRC cells with increasing radiation
doses and treatment with Epa (10 uM). C, Western blots of apoptotic markers cleaved
caspase-3 (clCasp3) and cleaved PARP (cIPARP) in CT26 (left) and HT29 (right) cells
treated with 6 Gy in combination with Epa at 5 uM and 10 uM. Densitometry of clCasp3
and clPARP was performed comparing IR+Epa 10 pM and IR alone (IR=1, dashed lines/
boxes). D, Clonogenic assay of CT26 and HT29 with or without 10 pM Epa after irradiation
for 10~14 days. Representative images of colony formation are shown for HT29. Curves
were constructed using an exponential decay nonlinear regression model. For cell viability
experiments n=8-16; for colony formation experiments, n=3. Each experiment was repeated
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=3 times. Mean+SEM. *p<0.05, **p<0.01, ***p<0.01 by one-way ANOVA with Bonferroni
posttest or Student’s t-test as appropriate.
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Figure 4: IDO1 inhibition enhances CRC radiation sensitivity in vivo.
CRC was modeled using a syngeneic tumor graft of CT26 cells (1x10°%) injected into

bilateral hind legs of BALB/c mice. Treatments included no therapy (control), radiation
therapy alone (XRT, 6 Gy x 2), epacadostat (Epa) alone, and XRT plus Epa. n=5/group. A,
Experimental setup. Mice were serpentine sorted into groups based on the size of the index
tumors. Epa (6 mg) or vehicle control was gavaged daily 2 hours before XRT. /ndex tumor
indicates the tumor that received XRT. Sac: sacrificed B, Changes in tumor size over time
illustrated with average volume and best-fit linear representation based on mixed effects
model. *p<0.05, **p<0.01. C, Plasma kynurenine and D, kynurenine to tryptophan (K/T)
ratio of treatment groups and pre-tumor control mice (n=5-10 mice/group). E, Apoptosis as
measured by cleaved caspase-3 (clCasp3) in tumor protein lysates harvested on day 20 post-
implantation. Representative Western blot images with each lane reflecting an individual
mouse tumor (left) and summarized quantification relative to actin (right). n=3-4. F,
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Representative images of tumors from treatment groups stained as indicated. TUNEL
(apoptosis) and Ki67 (proliferation) quantitation provided at right. Bars in micrograph=40
um. G, Tumor-infiltrating cytotoxic (CD8") and regulatory (CD4*FoxP3*) T-cell
populations expressed as a percentage (left) and ratio (right) of all tumor-infiltrating
CD45.2" lymphocytes (TILs). Results from 1 of 2 independent experiments. H, Cytokine
analysis of index tumor protein lysates using Multiplex Cytokine Array. The values from
mice receiving no treatment was set as 1. n=5-6/group. Mean+SEM. *P<0.05, **P<0.01,
***pP<(0.001 by Student’s t test compared to control. #P<0.05, ##P<0.01 by Student’s t test
compared as indicated by the bracket.
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Figure 5: IDO1 inhibition enhances the abscopal effect of radiation in distant CRC tumors.
A, Experimental setup is as described in Figure 4. Data in this figure represents the

contralateral (shielded) tumors. B, Changes in tumor volume over time. Best-fit linear curve
and comparative statistics were assessed by mixed-effects modeling. Mean+SEM. *p<0.05,
**p<0.01. n=5/group. C, Tumor-infiltrating cytotoxic (CD8*) and regulatory (CD4*FoxP3*)
T-cell populations expressed as a percentage (left) and ratio (right) of all tumor-infiltrating
CD45.2* lymphocytes (TILs). Results from 1 of 2 independent experiments. D, Cytokine
profile of contralateral tumor lysates. The values from mice receiving no treatment was set
as 1. E, Changes in splenic lymphocyte populations. Left, percent of total CD45.2* cells;
right, the ratio of the CD8* T cells to Tregs. F, Altered plasma cytokines. The values from
mice receiving no treatment was set as 1. n=5-6/group. Mean+SEM. *P<0.05, **P<0.01,
***pP<(.001 by Student’s t test compared to control. #P<0.05, ##P<0.01 by Student’s t-test
compared as indicated by the bracket.
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Figure 6: IDO1 inhibition slows secondary CRC growth.
A, Experimental setup. C57BI/6 mice received 1x108 MC38 cells (primary tumor) on Day 0

in the right hind leg. Two doses of focal XRT (6 Gy) was delivered as indicated and
epacadostat (Epa, 6 mg) was administered by gavage daily. A secondary MC38 injection
was placed in the contralateral leg on day 19. The mice then received a high dose focal RT
(20 Gy) to the primary tumor. Both tumors were measured until 35 days post primary tumor
implantation. B, Change in tumor volume over time in secondary tumors. Mean+SEM.
#p<0.05 of secondary tumor growth by mixed-effect model accounting for interaction with
the primary tumors. C, Comparison of endpoint secondary tumor volume at day 35. Mean
+SEM. *P<0.05 by Student’s t-test. n=6-7/group.
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Figure 7: IDO1 inhibition protects the normal intestinal epithelium from radiation injury.
A, C57BI/6 WT or IDO1~~ mice were treated with vehicle control, 1-mT, or epacadostat

(Epa, 6 mg daily) and exposed to 12 Gy total body irradiation (TBI). Surviving epithelial
crypts per jejunal cross section were assayed 84 hours after TBI. n=5-8/group. Results from
1 of 2 independent experiments. Right, representative images of BrdU stained jejunal cross
sections. B, Apoptosis of jejunal epithelial cells by TUNEL 6 hours after 12 Gy TBI
expressed by position within epithelial crypt. Right, representative TUNEL images. n=5.
Bars in micrograph=20 um. C, Survival and D, weight change over time for WT mice
receiving fractionated abdominal irradiation (FAI, 4 Gy x 7 days) and either vehicle control
or Epa by gavage. n=10/group. E, Relative IDO1 mRNA expression in mouse epithelium—
derived enteroids, colonoids, and tumoroids following irradiation (6 Gy). n=3. F, Effect of
Epa (10 uM) and kynurenine (100 uM) on cell viability of normal enteroids, colonoids,
AOMY/DSS tumoroids following irradiation (6 Gy). n=8. Mean+SEM. n.s., not significant;
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*p<0.05, **p<0.01, ***p<0.001 by Student’s t-test; ##P<0.01 by two-way ANOVA,
#P<0.05 by mixed effects model.
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