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Abstract

Overcoming intrinsic resistance to immune checkpoint blockade for microsatellite stable (MSS)
colorectal (CRC) and pancreatic (PDAC) cancer remains challenging. We conducted a single-arm,
non-randomized, Phase 2 trial (NCT03104439) combining radiation, ipilimumab and nivolumab in
patients with metastatic MSS CRC (n=40) and PDAC (n=25) with an ECOG performance status
of 0 or 1. The primary endpoint was disease control rate (DCR) by intention to treat. DCR was
25% for CRC (10/40; 95% CI: 13-41%) and 20% for PDAC (5/25; 95% CI: 7-41%). In the
per-protocol analysis, defined as receipt of radiation, DCR was 37% (10/27; 95% CI: 19-58%)

in CRC and 29% (5/17; 95% CI: 10-56%) in PDAC. Pretreatment biopsies revealed low tumor
mutational burden for all samples, but higher expression of NK cells and the HERVK repeat RNA
in patients with disease control. This study provides proof-of-concept of combining radiation with
immune checkpoint blockade in immunotherapy resistant cancers.

INTRODUCTION

Metastatic colorectal cancer (CRC) and pancreatic ductal adenocarcinoma (PDAC) remains
incurable for the vast majority of patients. While significant advances have been made with
cytotoxic chemotherapy combinations and to lesser extent biologics in CRC, virtually all
patients with unresectable disease will die from the cancer within 5 years?. Similarly, while
cytotoxic chemotherapy such as FOLFIRINOX has improved short term outcomes in PDAC,
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longer term outcomes remain dismal?. Immunotherapy represents a promising development
in the treatment of cancer but has had limited efficacy in microsatellite stable (MSS) CRC
and PDAC3. Both single-agent and dual-agent immunotherapy has been tried with limited
efficacy (Supplementary Table 1)4-6. Most recently, a study of an anti-PD-L1 monoclonal
antibody (durvalumab) given as monotherapy or in combination with an anti-CTLA4
monoclonal antibody (tremelimumab) in patients with metastatic PDAC was ineffective
with response rates of 0% and 3% respectively®. One study with radiation that used a
different dosing schedule and sequence when compared to our proposed study showed a
response rate of 5%’. The only group that reliably responds to immunotherapy are patients
with tumors that have microsatellite instability, presumably due to the high mutational rate
leading to a large neoantigen burden. In a seminal study by Le and colleagues, patients with
mismatch-repair deficient colorectal cancers had a 40% response rate to pembrolizumab.

In contrast, no patients with a MSS colorectal cancer responded3-8. Similarly, Keynote-158
demonstrated some responses in patients with PDAC, but only in the rare subset of MSI
positive patients®10,

Radiation therapy has been suggested as a modality that may increase the likelihood

of systemic response to immunotherapy via a phenomenon known as the abscopal

effect in which local treatment of a tumor leads to antitumor response at distant

sites. Mechanistically, pre-clinical data has shown that radiation potentially can increase
susceptibility of tumor cells to immune-mediated killing as it has been shown that
radiation can increase negative feedback mechanisms such as checkpoints that can hinder
the immune response while also promoting release of tumor specific antigens.11:12-14,
Most recently, data in non-small cell lung cancer demonstrated that treatment with anti-
PD1 (pembrolizumab) and stereotactic body radiotherapy doubled out-of-field responsest®.
Previous pre-clinical mouse studies with anti-CTLA4 and radiation identified PD-L1 as a
common mechanism of resistance, which could be overcome with anti-PD-L1 therapy16.
These promising early clinical trials and pre-clinical proof of concept led to this study

of combined dual blockade of PD-1 (nivolumab) and CTLA4 (ipilimumab) with radiation
therapy in an attempt to stimulate immune responses in metastatic MSS CRC and PDAC.

Efficacy of combined immune checkpoint inhibition and radiation

A total of 40 patients with CRC and 25 patients with PDAC were enrolled in this study
(Fig. 1). All patients were confirmed MSS by PCR and/or IHC and had metastatic disease
at enrollment. In the CRC cohort, there were 18 women and 22 men with a median age of
59 years (range 26-83). 95% of patients were white, 65% had an ECOG performance status
(PS) of 0, median number of prior treatments was 4 (range 1-13). The majority of patients
(N=23, 58%) were metastatic at diagnosis and median time from diagnosis to cycle 1 day 1
was 44.9 months (Table 1). In the PDAC cohort, there were 7 women and 18 men: median
age, 60 years (range 32-75). 92% of patients were white, 44% had an ECOG PS of 0,
median number of prior treatments was 2 (range 1-4). The majority of patients (N=18, 72%)
had locally advanced or metastatic disease at diagnosis and median time from diagnosis

to cycle 1 day 1 was 16.9 months (Table 1). All patients with PDAC had progressed on
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chemotherapy prior to entry and only 1 patient with CRC had stable disease prior to entry
but had progressed on 2 prior lines of therapy. Only 1 patient with PDAC had received prior
immunotherapy on a previous trial, but this patient did not benefit.

In the 40 CRC patients who enrolled and started treatment, the disease control rate (DCR)
was 25% (10/40; 95% CI: 13-41%) with an objective response rate (ORR) of 10% (4/40;
95% ClI: 3-24%) by intention to treat (ITT) analysis. The CRC cohort had a median PFS of
2.4 months (95% CI: 1.8-2.5) and median OS of 7.1 months (95% CI: 4.3-10.9)(Fig. 2a,b).
Similarly, the 25 PDAC patients had a DCR of 20% (5/25; 95% CI: 7-41%) with an ORR

of 12% (3/25; 95% CI: 3-31%) by ITT analysis. Median PFS was 2.5 months (95% CI: 1.6—
2.8) with a median OS of 4.2 months (95% ClI: 2.1-6.4)(Fig. 2a,b). A total of 34 patients
were treated with photons and 12 with protons. In both cohorts, 32% (CRC 13/40; PDAC
8/25) discontinued prior to radiation therapy given autoimmune toxicity leading to clinical
decline (N=4), clinical progression (N=7), or progression confirmed by scans (N=10) (Table
2 and Supplementary Table 2). Of the 15 patients who derived clinical benefit, only 1 patient
had evidence of some response prior to radiation (Supplementary Table 3).

Four patients in the per-protocol group who received radiation therapy discontinued due to
toxicity. In the CRC cohort, adverse events (AEs) related to immunotherapy Grade >3 were
reported in 70% of patients (53% grade 3, 15% grade 4 and 3% grade 5). The most common
Grade =3 AEs were lymphopenia and fatigue, and the grade 5 toxicity was pneumonitis
(Supplementary Tables 4 and 5). In the PDAC cohort, AEs related to immunotherapy of
Grade =3 were reported in 56% of patients (44% grade 3, 12% grade 4 and 4% grade 5). The
most common Grade =3 AEs were lymphopenia, elevated lipase and mucositis. The grade 5
toxicity was hepatic encephalopathy, possibly related to treatment (Supplementary Tables 6
and 7).

In a per-protocol analysis of patients who received radiation therapy, the CRC cohort DCR
was 37% (10/27; 95% CI: 19-58%) and ORR was 15% (4/27; 95% CI: 4-34%) and the
PDAC cohort DCR was 29% (5/17; 95% CI: 10-56%) and ORR was 18% (3/17; 95% CI:
4-43%). The best objective response as measured from percent change in tumor dimension
from baseline are shown as a waterfall plot for CRC (Fig. 3a) and PDAC (Fig. 3b). Only
measurable disease outside of the radiation field were evaluated and an example of out

of field response in patient 57 is shown by CT scan images of 3 pulmonary metastases
shrinking after radiation treatment of the target liver lesion (Fig. 3c). One CRC and one
PDAC case had a complete response (CR) by imaging criteria. The patient with CRC
presented with metastatic disease after adjuvant therapy for stage 111 disease and progressed
after 4 cycles of FOLFIRI and bevacizumab. She initiated treatment with ipilimumab and
nivolumab with radiation to 1 lesion in the liver with a PR at 6 months and a CR 3

months later. However, during treatment she did have a bilateral salpingo-oophorectomy
given some question of growth in the ovaries, which did demonstrate metastatic disease.
She remained on treatment with a CR and stayed on study for 10 months when she had
evidence of new and progressing disease in the liver and peritoneum. The patient with
PDAC had widely metastatic disease at presentation. He was started on FOLFIRINOX with
approximately 1 year of disease control, and then he was started on trial with RT to the liver
lesion with a CR by 5 months. However, he concurrently developed Grade 4 autoimmune

Nat Cancer. Author manuscript; available in PMC 2022 May 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Parikh et al.

Page 5

liver toxicity requiring high dose immunosuppression and discontinuation of treatment. He
unfortunately progressed seven months after treatment and passed away after a fall leading
to an intracranial bleed after 9 months from starting on trial.

The CRC cohort had a median PFS of 2.5 months (95% CI: 2.3-2.8) and median OS of 10.9
months (95% CI: 6.7-15.0) (Fig. 2c¢,d). Median PFS was 5.2 months (95% Cl: 2.5-14.6)

for the 10 patients with disease control as best overall response compared to 2.4 months
(95% ClI: 1.8-2.5) for the 17 without disease control. Median OS was 20.9 months (95% CI:
4.9-not reached) versus 7.7 months (95% CI: 4.0-11.3) for those with and without disease
control. In the PDAC cohort, median PFS was 2.7 months (95% CI: 2.5-3.1) and median
OS was 6.1 months (95% ClI: 4.0-7.0) (Fig. 2c,d). Median PFS was 5.5 months (95% CI:
2.5-7.9) for the 5 patients with disease control as best overall response compared to 2.5
months (95% CI: 1.8-2.8) for the 12 without disease control. Median OS of the per-protocol
cohort was 11.7 months (95% ClI: 5.4-14.6) versus 4.4 months (95% ClI: 3.6-6.4) for those
with and without disease control respectively as their best overall response.

Tumor mutational burden and coding gene mutation analysis

Patients underwent biopsies as able prior to trial initiation, immediately prior to radiation
treatment, and after radiation completion. A total of 41 tumor samples with paired germline
DNA from 17 patients from the per-protocol cohort were analyzed by whole exome
sequencing (WES). All patients had low TMB with < 10 mutations/Mb (Fig. 4a and
Supplementary Table 8), and there was no difference between patient non-responders
(progressive disease = PD) compared to responders (stable disease = SD, partial response

= PR, complete response = CR) (Extended Data Fig. 1). Furthermore, there was no change
in TMB before, during, or after treatment (Fig. 4a). Analysis of non-synonymous gene
mutations identified expected genes that are frequently mutated including KRASand 7P53
mutations in both CRC and PDAC, and common APC mutations in CRC (Fig. 4b and
Supplementary Tables 9 and 10). In addition, there was notable mutations in DNA damage
and repair pathway genes with shared frequent mutations in DDX11 (CRC 4/13; PDAC
4/10) and FANCDZ2 (CRC 2/13; PDAC 2/10). There was no specific DNA damage and repair
pathway gene mutation that was particularly enriched in patients with response or disease
stability. Notably, patient 4 (CRC PR) and patient 41 (PDAC CR) had 6 mutations in DNA
damage and repair genes, which suggests a potential importance of these genes in predicting
response, but there were not enough samples in this trial to make any clear conclusions.

Repeat RNA expression associated with disease control

Analysis of pretreatment biopsies comparing patient responders (SD/PR/CR: n = 5)
compared to progressive disease (PD: n = 7) revealed coding genes differentially expressed
(Fig. 5a and Supplementary Table 11). Gene set overlap analysis showed significant
enrichment of epithelial mesenchymal transition (EMT) genes (FDR 2.36 x 107) in biopsies
from patients with response compared to progressive disease, however, the EMT signature
was not uniformly elevated in responders and primarily driven by patients 4, 50, and 51.
Closer inspection of the EMT genes differentially expressed noted high FAP expression
(Fig. 5a) indicating that the signature might be driven by cancer associated fibroblast

(CAF) content. Recent single cell RNA-seq analysis of PDAC has revealed heterogeneity
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of CAF phenotypes with primarily myofibroblast CAF (myCAF) and inflammatory CAF
(iCAF) subtypes reported in human tumorsl7-19. Expression heatmaps for myCAF and
iCAF subtypes noted the EMT signature likely being enriched from the elevated presence
of myCAFs in patients 4, 50, and 51 (Fig. 5b). De-convolution of immune subsets in
RNA-seq data using immune cell transcriptional signatures revealed resting NK cells as
being statistically higher in responders compared to progressive disease (unpaired t-test p =
0.038; Fig. 5¢,d).To evaluate for other potential biomarkers of response, hon-coding repeat
RNAs were evaluated given their linkage with activation of innate immune receptors and
an interferon response in other cancers and model systems20-24, Differential expression
analysis noted the majority of repeat RNAs were higher in responders compared to
progressive disease (Fig. 6a and Supplementary Table 12). After multiple hypothesis
correction, there were 5 repeats that were significantly higher (FDR < 0.05) in responders
including AluYb9, HERVK, HERV_LTRa, LTR35, and MER34C2 (Fig. 6b). Of these
repeats only the HERVK repeat is known to still have protein coding capacity. To evaluate
for these markers changing in response to XRT, analysis of paired biopsies pre-XRT

and post-XRT RNA-seq was performed and did not identify any significant changes in
CAF subtypes, immune subsets, or repeat RNAs (Extended Data Fig. 2). Interestingly, the
analysis of the identified pretreatment repeat RNAs noted increased expression post-XRT
compared to pre-XRT in the two patients (patient 4 and 33) with objective response, while
the patient with stable disease (patient 50) and the progressive disease patients did not

see upregulation of repeat RNAs (Fig. 6¢). However, the limited numbers of this paired
analysis will need future validation. Altogether, the expression of specific repeat elements
in pretreatment biopsies and associated elevated resting NK cells is associated with disease
control and response in patients who received radiation with combined immune checkpoint
blockade.

DISCUSSION

This is a proof-of-concept study demonstrating the safety and modest efficacy of radiation
therapy to enhance the effects of dual checkpoint inhibition in MSS metastatic CRC and
PDAC. Responses were observed in the group of patients who were able to receive radiation
therapy and this contributes to the growing prospective data suggesting radiation therapy
may enhance the response rate of immunotherapyl®. However, what is most notable is

the duration of disease control in the patients who had either responses or stable disease.
This suggests that using overall response rate to determine efficacy for immunotherapy
treatment may perhaps underappreciate the benefit in patients. However, though not directly
comparable, the response rate with ipilimumab, nivolumab, and radiation combination still
surpasses the single-digit response rates seen with regorafenib or trifluridine and tipiracil

in CRC or gemcitabine after FOLFIRINOX in PDAC25-27, Toxicity rates in both cohorts
were high, but only a small number of patients had clinically relevant toxicity and stopped
treatment given toxicity, indicating that toxicity was not limiting and manageable. There was
one CRC patient with grade 5 pneumonitis, but this patient also had a substantial degree

of underlying lung disease which may have also been contributory and in the PDAC cohort
there was one grade 5 hepatic encephalopathy in a patient with extensive liver disease with
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concomitant hepatotoxicity from immunotherapy. Despite the modest activity, any activity in
this subset of MSS patients with CRC and PDAC warrants further evaluation.

There was notable early dropout (progression, toxicity, declining PS) in this trial as a third
of patients in both cohorts never had the opportunity to receive radiation and current ongoing
trials are addressing this dropout whereby radiation is moved to the start of treatment.
Alternative dosing schedules for the integration of radiation with immunotherapy might

be more active as the extent of immune-modulation with varying dosing and fractionating
radiation therapy is still not well understood and continues to be under investigation28-30,
For example, recent data suggests that PD-1 blockade prior to antigen priming leads to
T-cell exhaustion given the induction of dysfunctional CD8* cells by PD-1 blockade.3!
Therefore, concurrent priming may be optimal in preventing the induction of dysfunctional
CD8 cells and the sequencing in this study (with anti-PD1 therapy given for 3 doses before
radiation therapy was delivered) may have been suboptimal. In the future, it will be critical
to consider modifications to the dosing schedule to accommodate radiation upfront as well
as modifications that mitigate the toxicity seen.

Although the exact mechanism for response from this approach is not fully understood,
pre-clinical models have indicated that radiation enhances the diversity of T-cell receptor
(TCR) repertoire in intratumoral T-cells and increases dendritic cell infiltration and antigen
presentation in the tumor16.28:32-34  Analysis of biopsies for potential genomic predictive
biomarkers of response noted all tumors had low TMB and there were no clear mutations
associated with response. Although a couple of patients with response had tumors with
multiple mutations in DNA damage and repair pathway genes, there was no consistent
pattern of response as has been recently demonstrated in a larger series of tumors treated
by immune checkpoint inhibitors3°. Analysis of the transcriptome demonstrated significant
expression of multiple repeat RNAs with associated higher resting NK cells in pretreatment
biopsies from patients with disease control or response. These findings are consistent with
previous reports showing a relationship of repeat RNA expression and response to immune
checkpoint inhibitors22:38, Moreover, previous work has also observed a correlation of
cytolytic activity and NK cells with the expression of HERV RNA species3’+38 consistent
with our findings. Although there are a variety of repeat RNAs elevated in pancreatic and
colorectal cancers that have been reported, there appears to be clear distinct expression
pattern of this wide spectrum of repeat RNAs that are associated with different epigenetic
and immunologic features of these cancers36:39-42, For example, the specific elevation

of the endogenous retrovirus HERVK in responders is consistent with our previously
reported correlation of this particular repeat RNA with immune checkpoint response in
urothelial carcinoma36. Others have also found HERV expression associated with immune
checkpoint response in renal cell carcinoma, which is thought to be a combination of
enhanced innate immune response from HERV RNA species and potential adaptive immune
response to protein coding elements of these ancient retrovirsues3’+43. Similarly, NK cells
have become recognized as a potential effector cell for anti-PD-1/PD-L1 therapies*44°. NK
cell expression of PD-1 has been demonstrated in these studies and anti-PD-1 therapies

can activate these innate immune cell effectors along with adaptive cytolytic T-cells for

a full anti-tumoral immune response. Altogether, this indicates that specific repeats are
associated with differences in NK cell infiltrates that can be used as potential biomarkers
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of immune checkpoint inhibitor trials. The functional relationship of these repeat RNAs on
innate immune sensing pathways and associated immune cell response is an underdeveloped
area of research that merits further investigation.

The addition of radiation therapy to PD-1 and CTLA4 pathway inhibition has demonstrated
some activity in otherwise refractory CRC and PDAC patients for whom dual PD-1 and
CTLA4 pathway inhibition historically has had limited activity. Though modest, duration

of disease control and clinical benefit was notable in this human proof of concept study,
warranting further investigation in a confirmatory study. Furthermore, given the high level of
early-drop out in this trial as well as new information on potential improved timing of the
sequencing of radiation therapy with immunotherapy to enhance efficacy, follow up studies
with a different treatment schedule, including moving the radiation treatment to earlier in
the treatment course, are planned. Finally, repeatome gene expression profiling can serve as
a source of potential predictive biomarkers of immunotherapy and provide new targets for
mechanistic studies in understanding the role of these viral like sequences in cancer biology.

Data Availability Statement

All RNA-seq data has been uploaded to NCBI GEO accession GSE179351 and whole
exome sequencing has been uploaded to NCBI dbGaP accession phs002545.v1.p1l.

Source data for Fig. 2, 3, 4, 5, 6 and Extended Data Fig. 1, 2 have been provided as
Source Data files. All other data supporting the findings of this study are available from the
corresponding author on reasonable request.

Code Availability Statement

There was no custom code developed for this project, but all code and statistical

packages used for the study will be provided upon request. For whole exome

sequencing, the following software resources were used: GATK b37 resource

bundle (https://gatk.broadinstitute.org/hc/en-us/articles/360035890811-Resource-bundle),
picard-2.11.0 MarkDuplicates (http://broadinstitute.github.io/picard), bam-readcount
software (0.8.0-unstable-6—-963acab-dirty (commit 963acab-dirty); https://github.com/
genome/bam-readcount), and snpEff.v4.3t software. Additional details for whole exome
sequencing can be found at https://github.com/dfhoyosg/17-021 RT _IpiNivo. For RNA-seq,
the following software resources were used: STAR aligner (Version 2.7.7), DESeq2 (Version
1.32.0), and CIBERSORTX.

Trial Registration: Nivolumab and Ipilimumab and Radiation Therapy in Microsatellite
Stable (MSS) and Microsatellite Instability (MSI) High Colorectal and Pancreatic

Cancer. Registration #NCT03104439. https://clinicaltrials.gov/ct2/show/NCT03104439?
term=17-021&rank=1.
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Patient Selection

Metastatic MSS Colorectal Cancer—Eligibility criteria included; at least 18 years
old; histologically or cytologically confirmed adenocarcinoma of colorectal documented
as MSS by PCR and/or IHC; Eastern Cooperative Oncology Group performance status

<1; life expectancy of greater than 3 months; adequate hematologic function (absolute
neutrophil count = 1000/mcL, white blood count = 2000/mcL, platelets > 75,000/mcL,
hemoglobin = 7.5 g/dL); adequate renal function (serum creatinine <1.5 the upper limit

of normal or creatinine clearance = 40ml/min); adequate hepatic function (serum total
bilirubin < 1.5 the upper limit of normal, AST and ALT <3 the upper limit of normal

or < 5 the upper limit of normal in patients with liver metastases; adequate coagulation
(International Normalized Ratio or Prothrombin Time (PT) < 1.5 X ULN and Activated
Partial Thromboplastin Time (aPTT) < 2.5 X ULN; participants must have been on a
stable dose of dexamethasone 2 mg or less for 7 days prior to initiation of treatment.
Participants were also required to have one previously unirradiated lesion to serve as the
radiotherapy target lesion amenable to a prescribed dose of 8 Gy x 3 which would meet
dose constraints, and another unirradiated measurable lesion > 1 cm in size outside the
radiation field that could be used as measurable disease; documentation of microsatellite
status; patients must have received prior fluorouracil (5FU), irinotecan and oxaliplatin
(any combination) or have a contraindication to receiving these agents. Exclusion criteria
include participants who had received chemotherapy, targeted small molecule therapy or
study therapy within 14 days of protocol treatment, or those who have not recovered [i.e.,
< Grade 1 (or < Grade 2 for neuropathy) or at baseline] from adverse events due to

agents administered more than 2 weeks earlier. Subjects with major surgery must have
recovered adequately; participants currently receiving any other investigational agents;
known or suspected autoimmune disease other than vitiligo, type | diabetes mellitus,
residual hypothyroidism due to autoimmune condition only requiring hormone replacement,
psoriasis not requiring systemic treatment, or conditions not expected to recur in the absence
of an external trigger condition requiring systemic treatment with either corticosteroids (>
10 mg daily prednisone equivalents) or other immunosuppressive medications within 14
days of study drug administration); prior systemic treatment with an anti-CTLA4 antibody,
anti-PD1 or PDL1 antibody; known history of active TB, HBV, HCV or HIV; uncontrolled
intercurrent illness or psychiatric illness/social situations that would limit compliance

with study requirements; pregnant or breastfeeding; known additional malignancy that

is progressing or requires active treatment (excluding basal cell carcinoma of the skin

and squamous cell carcinoma of the skin that has undergone potentially curative therapy
or in situ cervical cancer); known history of, or any evidence of active, non-infectious
pneumonitis; active infection requiring systemic therapy; received a live vaccine within

30 days of planned start of study therapy; history of allergy to study drug components;
history of severe hypersensitivity reaction to any monoclonal antibody; uncontrolled brain
metastases (patients treated with radiation = 4 weeks prior with follow up imaging showing
control were eligible).

Metastatic MSS Pancreatic Ductal Adenocarcinoma—Inclusion criteria was
identical to MSS CRC cohort except for the following differences: histologically or
cytologically confirmed adenocarcinoma of pancreas, patients could receive treatment after
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progressing on one or more lines of therapy, and documentation of microsatellite status was
required but did not preclude eligibility. Exclusion criteria also were identical to the MSS
cohort of included participants except in the PDAC cohort, patients could have received
prior PD-1 or PDL-1 inhibitors. All procedures were conducted in accordance with the
Declaration of Helsinki and the International Conference on Harmonization Guidelines for
Good Clinical Practice.*6 The protocol and all amendments were reviewed by the scientific
review committee and institutional review board at the Dana Farber Cancer Institute/Harvard
Cancer Center. All patients provided written informed consent prior to enroliment.

Study Design and Treatment

This was an open-label, single-arm, Phase 2 clinical trial conducted at the Massachusetts
General Hospital (MGH) Cancer Center in Boston, MA. Patients enrolled between 07/2017
to 12/2018. On cycle 1, day 1, patients received one dose of nivolumab 240 mg and
ipilimumab 1 mg/kg. Nivolumab was administered first as a 30-minute 1V infusion followed
by ipilimumab, as a 30-min IV infusion, 30 minutes after completion of the nivolumab
infusion. Patients went on to receive nivolumab 240 mg once every two weeks, on days

15, 29 of a 42-day cycle. On cycle 2, day 1, patients again received nivolumab 240 mg

and ipilimumab 1 mg/kg but also started radiation. Patients received 24 Gy total given

as 3 fractions of 8 Gy administered every other day or 2 days as needed. All treatments
were administered at either the Clark Center for Radiation Oncology or the Francis H. Burr
Proton Center at MGH. After radiation, treatment continued with receive nivolumab 240
mg days every two weeks, on days 15, 29 of a 42-day cycle. For cycle 3 and beyond,
patients continued treatment with ipilimumab 1 mg/kg on day 1 with nivolumab 240 mg
and then nivolumab every two weeks for a 42 day cycle until disease progression defined
according to Response Evaluation Criteria in Solid Tumors version 1.147, unacceptable
toxicity, or withdrawal. Dose interruptions and management of immunologic toxicities were
in accordance with the protocol.

Correlative Science

Optional biopsies of the tumor site being radiated were done prior to treatment, immediately
prior to radiation (weeks 2-5) and within 2 weeks after radiation completion. Whole

blood was obtained from patients for DNA germline control. RNA and genomic DNA was
extracted from fresh frozen biopsies after homogenization with a TissueLyser (2x4 minutes
at 20Hz), using the Qiagen AllPrep DNA/RNA/Protein mini kit (Cat.N0.80004, Qiagen)
according to manufacturer instructions. Germline genomic DNA was extracted from whole
blood samples with the use of the DNAzol BD reagent (10974020, Invitrogen).

Whole Exome Sequencing (WES)—A total of 41 tumor samples with paired germline
DNA from 17 patients from the per-protocol cohort were analyzed by WES. The Nextera
DNA Exome kit (20020617, Illumina) was used to prepare pooled libraries enriched in
exonic regions. A genomic DNA input of 50 ng was used per sample. After library
preparation and amplification (10 cycles), up to 8 dual indexed libraries were pooled
together for the downstream enrichment steps. Pooled samples were sequenced using on

a HiSeq X using 150-150 paired end reads.
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Whole Exome Sequencing analysis—We called single nucleotide variations (SNVs)
and indel mutations from paired-end whole-exome sequencing reads, for which read
lengths were 150 base pairs. We downloaded the Broad Institute’s GATK b37 resource
bundle (https://gatk.broadinstitute.org/hc/en-us/articles/360035890811-Resource-bundle) as
reference data for read processing. We pre-processed sequencing reads according to GATK
Best Practices recommendations*8:49,

We first aligned the sequencing reads to the human_g1k_v37_decoy reference

genome (GRCh37) using bwa-0.7.17 mem >0 and samtools-1.6°1. Duplicates were

marked with picard-2.11.0 MarkDuplicates (http://broadinstitute.github.io/picard). Indel
realignments were done with the Genome Analysis toolkit (GenomeAnalysisTK-3.8—
1-0-gf15c1c3ef) RealignerTargetCreator and IndelRealigner>2 using the 1000

genome phasel indel (1000G_phasel.indels.b37.vcf) and Mills indel calls
(Mills_and_1000G_gold_standard.indels.b37.vcf) as references. Base calls were recalibrated
with BaseRecalibrator>2 and dbSNP version 138.

MuTect 1.1.7%3 and Strelka 1.0.15* were used to call SNVs and indels on pre-processed
sequencing data. For the MuTect calls, dbSNP 138 and CosmicCodingMuts.vcf version 86°°
were used as reference files. For the Strelka calls, we set “isSkipDepthFilters = 1” to prevent
filtering-out of mutation calls from exome sequencing due to exome-sequencing mapping
breadth.

Unbiased normal/tumor read counts for each SNV and indel call were then assigned

with the bam-readcount software (0.8.0-unstable-6—-963acab-dirty (commit 963acab-dirty);
https://github.com/genome/bam-readcount). A minimum base quality filter of “-b 15" was
used for all mutations except for possible KRAS mutations, which instead had no such filter.
This was to capture all possible driver KRAS mutations. The reads were counted in an
insertion-centric way with the “-i” flag, so that reads overlapping with insertions were not
included in the per-base read counts. of The union of all mutation calls were annotated with
the snpEff.v4.3t software> using the following code:

$j ava_path -jar $snpeff_path ann \

-noStats \

-strict \

-hgvsilLetterAa \

-hgvs \

-canon \

-fastaProt $out put_path/"$vcf_nane"".fasta" \
GRCh37.75 \

$i nput _vcef \

> $out put _pat h/ " $vcf _nane"" _ann. vcf"

Only annotations without “WARNING” or “ERROR” were kept.
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Common mutations in KRAS known to be pathogenic were then manually curated
(chromosome 12, bases 25378562, 25380275, 25398281, 25398282, 25398284, and
25398285) corresponding to the top ten coding mutations in KRAS denoted in the Genomic
Data Commons Database®’ if the sample already did not already contain a KRAS mutation.
Five additional KRAS mutations were added in this way.

Tumor mutational burden (TMB) was computed for: (1) all mutations, (2) nonsynonymous
SNV mutations, and (3) missense mutations. Coding mutations with variant allele
frequencies greater than 10% were reported as “high-quality”. All KRAS mutations were
reported.

Statistical Analysis—Statistical analysis of TMB between samples were calculated using
an unpaired t-test between PD versus SD/PR/CR. Paired t-test and a mixed-effects analysis
with the Geisser-Greenhouse correction were performed on pretreatment, pre-XRT, and
post-XRT samples from the same patients.

Total RNA sequencing (RNA-seq)—The Smarter Stranded Total RNA-Seq kit v2
(634413, Takara) was used with 10 ng RNA input and 4 minutes fragmentation time,
according to the manufacturer instructions to generate dual-indexed libraries for total
RNA sequencing. After gPCR-based quantification (KAPA library quantification kit,
07960140001, Roche), libraries were pooled and sequenced on the lllumina NextSeq 500
platform using a 150 cycles kit with paired end read mode.

RNA-seq computational analysis—Raw lllumina reads were quality-filtered as
follows. First, ends of the reads were trimmed to remove N’s and bases with quality less
than 20. After that, the quality scores of the remaining bases were sorted, and the quality at
the 20th percentile was computed. If the quality at the 20th percentile was less than 15, the
whole read was discarded. Also, reads shorter than 40 bases after trimming were discarded.
If at least one of the reads in the pair failed the quality check and had to be discarded, we
discarded the mate as well.

Quality filtered reads were mapped to the human genome (gencode annotation, build 38)
and to repbase elements (release 20) using STAR aligner. Aligned reads were assigned to
genes using the featureCounts function of the Rsubread package using the external Ensembl
annotation. This produced the raw read counts for each gene. Mapping and counting of

the reads was done in 2 stages. First, reads were mapped to the human genome, and the
counts were determined using the Gencode annotation and the annotation derived from the
repeatmasker output. After that, the reads which were not assigned to any feature in either
Gencode and repeatmasker annotation were realigned to the repeat consensus sequence
(repbase). Counts obtained from repeatmasker and repbase were added together.

Differential Gene Expression Analysis—Differential expression and statistical
analysis were performed using DESeq2 in R, with un-normalized raw read counts as the
input. A false discovery rate (FDR) adjusted p value < 0.05 was used for the selection
of differentially expressed genes. For repeat RNA analysis, all tRNA, rRNA, and simple
repeats were removed before differential expression. All un-normalized raw read counts
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for genes and repeats were used for DESeq2 normalization and differential expression
performed only on repeat genes. For coding genes, only un-normalized raw read counts
for protein coding genes were used for input for DESeq2 normalization and differential
expression performed. Before plotting, repeat RNA and coding genes were normalized
to total protein coding counts as reads per million (RPM) + 1 for log2 transformation
(log2(RPM+1)). Rescaled heatmaps for expression are shown with 2 and -2 set as the
maximum and minimum values of the dataset shown. Cell type deconvolution from gene
expression was performed using CIBERSORTX®® using the LM22 signature matrix and
batch correction for bulk sorted reference profiles. Heatmaps of cell percentage were
generated in PRISM 9 for MacOS. Statistical analysis of cell percentages between samples
were calculated using an unpaired t-test between PD versus SD/PR/CR.

Assessments

Participants were seen weekly for clinical assessments including a physical examination
with vital signs, performance status, hematology, and biochemistry tests on or within

72 hours before Day 1, then weekly until week 12, and subsequently every two weeks.
Participants were evaluated for radiographic response every 12 weeks, noting that the

first scan was performed after completion of radiation. In addition to a baseline scan,
confirmatory scans were obtained 3 weeks following initial documentation of objective
response. Scans could also be obtained prior to every 12 weeks at the clinician’s request.
Patients were followed for survival until death, withdrawal of consent for follow-up or up
to 5 years. All AEs were monitored from registration until 30 days after treatment and

were graded according to the National Cancer Institute Common Terminology Criteria for
Adverse Events, Version 4.03. Following disease progression, patients were followed-up
within 30 days from the last dose +/— 7 days or coinciding with the date of discontinuation
(+/- 7 days) if date of discontinuation was greater than 37 days after last dose with a second
follow-up visit 8-10 weeks (+/- 7 days) from follow-up visit 1. After 2 in person follow-up
visits, patients were followed with a phone call or in clinic visit every 10-12 weeks for
survival.

Study End Points

The primary trial endpoint was disease control rate (response plus stable disease [DCR])

by RECIST 1.1. Responses and stable disease were defined as responses and stability
outside of the irradiated field. Secondary endpoints include overall response rate (complete
response and partial response [ORR]) in unirradiated lesions, treatment-related adverse event
(AE) rates, overall survival (OS) and progression-free survival (PFS). Exploratory objectives
included biomarker analysis of serial tumor biopsies and peripheral blood samples.

Statistics & Reproducibility

Clinical Trial—A two-stage design was used to demonstrate a DCR of 20% under the
alternative hypothesis as the minimum level of promising efficacy, while a 5% rate is
specified under the null hypothesis to indicate minimal or no activity. In the MSS cohort
if at least 2 of the first 20 patients achieved disease control, the cohort proceeded to enroll
a total of 40 patients. The two-stage design provided 92% power to accept the protocol
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treatment is associated with a 20% rate of disease control if at least 4 of 40 patients achieved
disease control, while the probability of a type 1 error is 10% if the underlying rate of
disease control were truly only 5%. In the mPDAC cohort if at least 1 of the first 15 patients
achieved disease control, the cohort proceeded to enroll a total of 25 patients. The two-stage
design provided 89% power to accept the protocol treatment is associated with a DCR of
20% if at least 3 of 25 patients achieved disease control, while the probability of a type 1
error is 12% if the underlying DCR were truly only 5%. DCR and ORR were reported with
the 95% confidence interval (95% CI) based on the exact binomial distribution. PFS and

OS were measured from the first dose of protocol treatment. PFS was defined as time until
the earlier date of either progressive disease or death, or otherwise censored at the date of
last follow-up. OS was defined as time to death from any cause or otherwise censored at

the date of last follow-up for patients still alive at the time of analysis. OS and PFS curves
were estimated by the Kaplan-Meier method, with the 95% CI obtained by the log-log
transformation. Primary analysis was based on the intention-to-treat (ITT) population, while
the per-protocol analysis was defined in patients who received radiation. Statistical analyses
were performed using SAS version 9.4 (SAS Institute, Cary, NC) and R version 3.3.1 (R
Foundation).

Correlative Science—All statistics for DNA and RNA sequencing is detailed above.
Statistical analysis using t-test were performed using GraphPad Prism version 9.1.2. as
specified in the legend or methods above.

Extended Data
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Extended Data Fig. 1. Tumor Mutational Burden of all samples between responders and

progressive disease.

Mutations per megabase shown with mean (bar) for patients with SD/PR/CR (n = 5) or PD

(n =12). Unpaired 2-tailed t-test p = 0.7738 was not significant.
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Extended Data Fig. 2. Expression analysis of paired pre-XRT and post-XRT biopsy samples.
a, Heatmap of cell RNA-seq expression of myCAF and iCAF in pre-XRT and post-XRT

biopsies from patients with SD/PR/CR (n = 3) and PD (n = 5). Scale -2 to 2 represents
minimum and maximum values within the heatmap. b, Heatmap of cell percentage of
immune cells in pre-XRT and post-XRT biopsies from patients with SD/PR/CR (n = 3) and

PD (n =5).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Consort diagram of enrolled patients.
Shown are the patients that were enrolled for intention to treat (ITT) and those who received

radiation (per-protocol). The n shown represents the number of patients at each stage of the

protocol.
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Fig. 2. Progression-free and overall survival analysis.
a, b, Kaplan-Meier curve of progression-free survival (a) and overall survival (b) of patients

in ITT cohort. The CRC cohort (n = 40; blue) had a median PFS 2.4 months and median
OS of 7.1 months. The PDAC cohort (n = 25; orange) had a median PFS of 2.5 months and
median OS of 4.2 months. 95% confidence intervals shown.

¢, d, Kaplan-Meier curve of progression-free survival (c) and overall survival (d) of patient
in per-protocol cohort. The CRC cohort (n = 27; blue) had a median PFS of 2.5 months and
median OS of 10.9 months. The PDAC cohort (n = 17; orange) had a median PFS of 2.7
months and median OS of 6.1 months. 95% confidence intervals shown.
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Fig. 3. Responseto treatment by change in measurable disease.
a, Percent (%) change in tumor dimension of comparable lesion(s) at best response for the

per-protocol colorectal cancer cohort and duration of treatment for the ITT colorectal cancer
cohort.

b, Percent (%) change in tumor dimension of comparable lesion(s) at best response for
the per-protocol pancreatic cancer cohort and duration of treatment for the ITT pancreatic
cancer cohort.

Bars color coded for responders (SD — yellow, PR/CR — blue) and non-responders (PD. —
red). Non-evaluable (NE - gray) and XRT (radiotherapy) start time (black bar). Of note:
patient #44 received radiation but progressed prior to scans. *unequivocal PD due to new
metastatic lesions

¢, Example of response in Patient 57 with 3 lung metastases that responded after radiation
treatment of the target lesion in the liver with combined ipilimumab and nivolumab
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Fig. 4. Tumor mutational burden and exome mutationsin patient biopsies.
a, Tumor mutational burden (TMB) measured in mutations per megabase (MB) in baseline,

Pre-XRT, Post-XRT biopsies. In patients with response (left: SD/PR/CR; n = 5) and
progressive disease (right: PD; n = 12).

b, Curated non-synonymous mutations in whole exome sequencing of colorectal and
pancreatic cancer biopsies listing most commonly mutated genes from COSMIC (black),
KEGG_PATHWAYS IN_CANCER (blue), and DNA DAMAGE & REPAIR PATHWAY'S
(red). Mutation type color coded in legend and responders (SD/PR/CR) in red and non-
responders (PD) in gray.
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Fig. 5. Coding gene RNA expression and immune cell differencesin patient biopsies.
a, RNA-seq heatmap of EMT genes found statistically significant (FDR < 0.05) in

pretreatment (Pre-Tx) biopsies enriched in patients with response (SD/PR/CR; n = 5)
compared to progressive disease (PD; n =7). Scale -2 to 2 represents minimum and
maximum values within the heatmap.

b, RNA-seq heatmap of myCAF and iCAF genes in Pre-Tx biopsies in patients with
SD/PR/CR (n = 5) compared to PD (n =7). Scale -2 to 2 represents minimum and maximum
values within the heatmap.

¢, Immune infiltrate analysis using CIBERSORTx deconvolution in patient biopsies shown
as heatmap of cell percentage of immune cells in pre-treatment biopsies from patients with
SD/PR/CR (n=5) and PD (n =7).

d, Dot plot of resting NK cell percentage in pre-treatment biopsies between SD/PR/CR (n =
5) and PD (n =7) that was statistically significant * 2-tailed unpaired t-test p = 0.038.
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b, RNA-seq heatmap of repeat RNA genes found statistically significant (FDR < 0.05) in
Pre-Tx biopsies enriched in patients with SD/PR/CR (n = 5) compared to PD (n = 7). Scale

-2 to 2 represents minimum and maximum values within the heatmap.
¢, Fold change of significant repeat RNAs in Pre-XRT compared to Post-XRT samples
available for analysis for SD/PR/CR (n = 3) and PD (n =5). Higher fold change with

increasing red.
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