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Abstract
Immune checkpoint blockade has limited e�cacy in microsatellite stable (MSS) colorectal (CRC) and
pancreatic (PDAC) cancer. Preclinical models have demonstrated the use of radiation to activate the
innate immune response and stimulate responsiveness to immune checkpoint blockade. Here, we
describe a Phase 2 trial of radiation therapy combined with combined anti-CTLA4 (ipilimumab) and anti-
PD1 (nivolumab) antibodies in MSS CRC and PDAC. In the per protocol analysis disease control rate was
37% (10/27) in CRC and 29% (5/17) in PDAC with an overall response rate of 15% (4/27) and 18% (3/17),
respectively. Whole exome and RNA sequencing of biopsies from 17 patients revealed low tumor
mutational burden in all tumors, but a notable upregulation of interferon stimulated genes with
concordant high expression of multiple repeat RNA transcripts in responders. Altogether, this study
provides foundational human proof of concept of radiation with combination immune checkpoint
blockade therapy in otherwise immunotherapy resistant cancers.

Introduction
Metastatic colorectal cancer (CRC) and pancreatic ductal adenocarcinoma (PDAC) remains incurable for
the vast majority of patients. While signi�cant 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 years1. Similarly, while cytotoxic chemotherapy such as FOLFIRINOX has
improved short term outcomes in PDAC, longer term outcomes remain dismal2. Immunotherapy
represents a promising development in the treatment of cancer, but has had limited e�cacy in
microsatellite stable (MSS) CRC and PDAC3. Both single-agent and dual-agent immunotherapy has been
tried with limited e�cacy4–6. 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% respectively5. 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 de�cient colorectal cancers had a 40%
response rate to pembrolizumab. In contrast, no patients with a MSS colorectal cancer responded3,7.
Similarly Keynote-158 showed some PDAC responses, but only in the rare subset of MSI positive
patients8,9.

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 sites10,11,12. Most recently, data in non-small cell lung
cancer demonstrated that treatment with anti-PD1 (pembrolizumab) and stereotactic body radiotherapy
doubled out-of-�eld responses13. Previous preclinical mouse studies with anti-CTLA4 and radiation
identi�ed PD-L1 as a common mechanism of resistance, which could be overcome with anti-PD-L1
therapy14. These promising early clinical trials and preclinical proof of concept led to this study of
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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.

Results
E�cacy 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 con�rmed MSS and had metastatic disease at enrollment. In the CRC cohort 18 were women and 22
men; median age, 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 7 were 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%) were locally advanced or metastatic at diagnosis and median time from
diagnosis to cycle 1 day 1 was 16.9 months (Table 1). 

In the 40 CRC patients who enrolled and started treatment, the disease control rate (DCR) was 25%
(10/40) with an objective response rate (ORR) of 10% (4/40) 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. 3 a, b). Similarly, the 25 PDAC patients had a DCR of 20% (5/25) with an ORR of 12% (3/25) by
ITT analysis. Median PFS was 2.5 months (95% CI: 1.6-2.8) with a median OS of 4.2 months (95% CI: 2.1-
6.4)(Fig. 3 a, 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 con�rmed by scans (N=10) (Table 2
and Supplementary Table 1).

Four patients in the per protocol group discontinued due to toxicity. In the CRC cohort adverse events
(AEs) Grade >3 were reported in 83% of patients, 60% grade 3, 20% grade 4 and 3% grade 5. The most
common Grade >3 AEs were lymphopenia, elevated lipase or amylase, anemia, diarrhea, colitis,
hyponatremia, and fatigue, and the grade 5 toxicity was pneumonitis (Table 3). In the PDAC cohort AEs
Grade >3 were reported in 60% of patients, 44% grade 3, 12% grade 4 and 4% grade 5. The most common
Grade >3 AEs were lymphopenia, fatigue, hyperglycemia and elevated liver function tests, and the grade 5
toxicity was hepatic encephalopathy, possibly related to treatment (Table 3).

            In a per protocol analysis of patients who received radiation therapy revealed the CRC cohort DCR
was 37% (10/27) and ORR was 15% (4/27) and the PDAC cohort DCR was 29% (5/17) and ORR was 18%
(3/17).  The Best Objective Response in CRC and PDAC are shown as a waterfall plot in Fig. 2.  One CRC
and one PDAC case had an impressive complete response (CR). 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. 3c, d). Median PFS was
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5.2 months (95% CI: 2.5-14.6) for the 10 patients with disease control as best overall response compared
to 2.4 months (95% CI: 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% CI: 4.0-
7.0) (Fig. 3c, 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% CI: 5.4-14.6) versus 4.4 months (95% CI: 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 WES. All patients had low TMB with < 10
mutations/Mb (Fig. 4a and Supplementary Table 2), and there was no difference between patient non-
responders (progressive disease = PD) compared to responders (stable disease = SD, partial response =
PR, complete response = CR).  Furthermore, there was no change in TMB before, during, or after treatment
(Fig. 4a).  Analysis of non-synonymous gene mutations identi�ed expected genes that are frequently
mutated including KRAS and TP53 mutations in both CRC and PDAC, and common APC mutations in
CRC (Fig. 4b and Supplementary Tables 3 and 4).  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
FANCD2 (CRC 2/13; PDAC 2/10). There was no speci�c 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 and interferon response genes associated with disease control

A total of 32 samples from 13 patients who received radiation were analyzed by RNA-sequencing.
Analysis of all biopsies comparing patients with disease control compared to progressive disease
revealed 467 differentially expressed genes (FDR < 0.05) with 315 genes higher and 152 genes lower in
responders compared to non-responders (Fig. 5a and Supplementary Table 5). Gene set enrichment of
upregulated genes in responders noted enrichment of gene set
HALLMARK_INTERFERON_GAMMA_RESPONSE (FDR = 4.11 E-05).  Paired analysis of pre-radiation and
post-radiation samples revealed 372 genes upregulated and 209 genes downregulated across all patients
(FDR < 0.05; Supplementary Table 6).  Interestingly, the most enriched gene set was again
HALLMARK_INTERFERON_GAMMA_RESPONSE (FDR = 4.31E-25), which suggests an importance of
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interferon gamma response genes in the biological activity of radiation induced immune response. 
Signi�cant genes induced by radiation included multiple MHC Class I (B2M, HLA-A, HLA-B, HLA-C, HLA-F),
MHC Class II (HLA-DMA, HLA-DMB, HLA-DOA, HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DRB1), and
in�ammatory cytokines important in T-cell recruitment (CXCL9, CXCL10, CCL5), which indicates enhanced
antigen presentation in radiated tumors (Fig. 5b).  De-convolution of immune subsets in RNA-seq data
using immune cell transcriptional signatures revealed a predominance of M2 (suppressive) macrophages
and a paucity of CD8 T cells (Supplementary Fig. 1). While underpowered for this analysis, we observed a
higher abundance of dendritic cells (DC) DCs in pre-radiation samples of responders compared to non-
responders and an increased abundance of DCs overall after radiation that was more apparent in non-
responders, which are trends that have been observed in pre-clinical models.15  In addition, an increased
NK and CD8 cell abundance was observed across all patients before treatment compared to after
radiation, and a possible shift in the ratio of naive and memory CD4 T cells between pre- and post-
radiation in responders and non-responders. Given the indication of a higher innate immune response in
responders even in pretreatment samples, we analyzed RNA-seq for expression levels of repeat element
RNAs, a class of transcripts that have been shown to be linked with activation of innate immune
receptors and an interferon response in other cancers and model systems16-20. Strikingly, we found
aberrantly high levels of 147 repeat RNAs in responders compared to non-responders, and only 9 repeat
RNAs lower in responders compared to non-responders (Fig. 5c and Supplementary Table 7). Analysis of
major repeat elements identi�ed signi�cantly higher expression of the HERV-K endogenous retrovirus in
patients with disease control compared to progressors (p < 0.0001; Fig. 5d). Altogether, the de-repression
of repeat elements linked with dysregulated interferon response 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 e�cacy 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 immunotherapy13.
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 e�cacy for immunotherapy
treatment may perhaps underappreciate the bene�t 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 tri�uridine and tipiracil in CRC or gemcitabine after FOLFIRINOX
in PDAC21–23. Toxicity rates in both cohorts were high, but only a small number of patients 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 concomitant hepatotoxicity from
immunotherapy.
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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. 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 investigation24–26. 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.27 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 modi�cations to the dosing
schedule to accommodate radiation upfront as well as modi�cations that mitigate the toxicity seen.

Although the exact mechanism for response from this approach is not fully understood, preclinical
models have indicated that radiation enhances the diversity of T-cell receptor (TCR) repertoire in
intratumoral T-cells and increases dendritic cell in�ltration and antigen presentation in the
tumor14,24,28−30. Our analysis of pre and post radiation biopsies is consistent with the increased
expression of antigen presentation genes and dendritic cell in�ltrates, which indicates that dual immune
checkpoint blockade and radiation therapy can alter myeloid and lymphoid subsets; however, these
results will need to be con�rmed in larger studies. 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 inhibitors31. Analysis of the
transcriptome demonstrated signi�cant expression of multiple repeat RNAs with concordant elevation of
interferon response genes in patients with disease control or response. These �ndings are consistent with
previous reports showing a relationship of repeat RNA expression and response to immune checkpoint
inhibitors18,32. Although there are multiple repeat RNAs elevated in pancreatic and colorectal cancers that
responded to therapy, 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 cancers32–34. For
example, the speci�c elevation of the endogenous retrovirus HERV-K in responders is consistent with our
previously reported correlation of this particular repeat RNA with immune checkpoint response in
urothelial carcinoma. 32 Altogether, this indicates that speci�c repeat RNAs are likely associated with
differences in innate immune response and in�ltrating immune cells that can be used as potential
predictive biomarkers of modi�ed 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 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 bene�t was notable in this
human proof of concept study, warranting further investigation in a con�rmatory study. Furthermore,
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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 e�cacy, follow up studies with a
different treatment schedule, including moving the radiation treatment to earlier in the treatment course,
are planned. Moreover, repeat RNA and interferon response gene expression pro�ling can serve as a
potential predictive biomarker of response and be used as a future inclusion criterion for these trial
concepts.
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Methods
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.

 

Patient Selection

Metastatic MSS Colorectal Cancer

            Eligibility criteria included; at least 18 years old; histologically or cytologically con�rmed
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 ³1000/mcL, white blood count ³2000/mcL, platelets ³75,000/mcL, hemoglobin
³7.5 g/dL); adequate renal function (serum creatinine £1.5 the upper limit of normal or creatinine
clearance ³ 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 �eld that could be used as measurable disease; documentation

https://clinicaltrials.gov/ct2/show/NCT03104439?term=17-021&rank=1
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of microsatellite status; patients must have received prior �uorouracil (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 I 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 con�rmed adenocarcinoma of pancreas, patients could receive treatment after 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.

The trial protocol is provided in Supplement 1. All procedures were conducted in accordance with the
Declaration of Helsinki and the International Conference on Harmonization Guidelines for Good Clinical
Practice.35 The protocol and all amendments were reviewed by the scienti�c review committee and
institutional review board at the Dana Farber Cancer Institute/Harvard Cancer Center. All patients
provided written informed consent prior to enrollment.

 

Study Design and Treatment
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            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 �rst as a 30-minute IV 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 de�ned according
to Response Evaluation Criteria in Solid Tumors version 1.136, 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.No.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 ampli�cation (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.

 

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 [1] as reference data for read processing. We pre-processed sequencing reads
according to GATK Best Practices recommendations [2, 3].
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We �rst aligned the sequencing reads to the human_g1k_v37_decoy reference genome (GRCh37) using
bwa-0.7.17 mem [4] and samtools-1.6 [5]. Duplicates were marked with picard-2.11.0 MarkDuplicates [6].
Indel realignments were done with the Genome Analysis toolkit (GenomeAnalysisTK-3.8-1-0-gf15c1c3ef)
RealignerTargetCreator and IndelRealigner [7] using the 1000 genome phase1 indel
(1000G_phase1.indels.b37.vcf) and Mills indel calls (Mills_and_1000G_gold_standard.indels.b37.vcf) as
references. Base calls were recalibrated with BaseRecalibrator [7] and dbSNP version 138.

 

MuTect 1.1.7 [8] and Strelka 1.0.15 [9] were used to call SNVs and indels on pre-processed sequencing
data. For the MuTect calls, dbSNP 138 and CosmicCodingMuts.vcf version 86 [10] were used as reference
�les. For the Strelka calls, we set “isSkipDepthFilters = 1” to prevent �ltering-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)) [11]. A minimum base
quality �lter of “-b 15” was used for all mutations except for possible KRAS mutations, which instead had
no such �lter. This was to capture all possible driver KRAS mutations. The reads were counted in an
insertion-centric way with the “-i” �ag, 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
[12] using the following code:

 

$java_path -jar $snpeff_path ann \

    -noStats \

    -strict \

    -hgvs1LetterAa \

    -hgvs \

    -canon \

    -fastaProt $output_path/"$vcf_name"".fasta" \

    GRCh37.75 \

    $input_vcf \
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    > $output_path/"$vcf_name""_ann.vcf"

 

Only annotations without “WARNING” or “ERROR” were kept.

 

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 [13] 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.

 

[1] https://gatk.broadinstitute.org/hc/en-us/articles/360035890811-Resource-bundle
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Total RNA sequencing (RNA-seq)
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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 qPCR-based quanti�cation (KAPA library quanti�cation kit, 07960140001,
Roche), libraries were pooled and sequenced on the Illumina NextSeq 500 platform using a 150 cycles kit
with paired end read mode.

 

RNA-seq computational analysis

Raw Illumina reads were quality-�ltered 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 �ltered 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. Before plotting, repeat RNA was normalized to total protein
coding counts, and protein coding genes were RPM normalized.

 

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 �rst scan was performed after completion of radiation. In
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addition to a baseline scan, con�rmatory 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 de�ned as responses and stability outside of the
irradiated �eld.  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.

Statistical Analysis

            A two-stage design was used to demonstrate a DCR of 20% under the alternative hypothesis as the
minimum level of promising e�cacy, while a 5% rate is speci�ed under the null hypothesis to indicate
minimal or no activity. In the MSS cohort if at least 2 of the �rst 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 treatment is associated with a 20% rate of 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
�rst 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%, while
the probability of a type 1 error is 12% if the underlying DCR were truly only 5%. PFS and OS were
measured from the �rst dose of protocol treatment. PFS was de�ned as time until the earlier date of
either progressive disease or death, or otherwise censored at the date of last follow-up. OS was de�ned 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%
con�dence interval (95% CI) obtained by the log-log transformation. Analyses were done for the intention-
to-treat (ITT) population as well as the per protocol analysis, de�ned as 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).
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Tables
 

Table 1. Baseline patient and disease characteristics

 

 
  

Baseline Patient and Disease Characteristics 

 Colorectal Pancreas

Characteristic  N = 40 N = 25

Median age, years (range) 59 (26-83) 60 (32-75)

Race
White
Black/Asian/Other

38 (95%)
2 (5%)

23 (92%)
2 (8%)

Male Sex 22 (55%) 18 (72%)

ECOG PS
0
1

26 (65%)
14 (35%)

11 (44%)
14 (56%)

Median Number of Prior Regimens (including Chemotherapy and ChemoRT) (range) 4 (1-13) 2 (1-4)

Stage at Diagnosis 
Upfront Resectable
Borderline (PDAC only)
Locally Advanced (PDAC only)
Metastatic

 
17 (42%)

N/A
N/A

23 (58%)

 
6 (24%)
1 (4%)
7 (28%)
11 (44%)

Median Time from Diagnosis to C1D1 (Months) (range) 44.9 (7.2-198.7) 16.9 (3.7-54.8)

 

 

 

 

Table 2. Efficacy by best overall response
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Efficacy

 Colorectal Pancreas

 ITT
(N=40)

Per Protocol (N=27) ITT
(n=25)

Per Protocol
(n=17)

ORR  4 (10%) 4 (15%) 3 (12%) 3 (18%)

DCR 10 (25%) 10 (37%) 5 (20%) 5 (29%)

Discontinued due to toxicitya,b  4 (10%) 1 (4%) 1 (4%) 1 (6%)

Progression free survival (median in months) 2.4 2.5 2.5 2.7

Overall survival (median in months)c 7.1 10.9 4.2 6.1

a. Colorectal cohort discontinuation prior to xRT: toxicity (4), progression confirmed by scans (6), clinical progression (3)
b. Pancreas cohort discontinuation prior to xRT: toxicity (0), progression confirmed by scans (4), clinical progression (4)
c. Colorectal cohort: 6 patients alive with median follow-up of 16.6 months (range 5.4-28.0); Pancreas cohort: 1 patient alive at 13.9 months

 

 

 

 

 

3 Treatment-related adverse events, worse grade per patient
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Treatment-related adverse events, worst grade by patient

  Colorectal Pancreas

 Grade 3 Grade 4 Grades 3-5 Grade 3 Grade 4 Grades 3-5

Lymphopenia 10 (25%) 2 (5.0%) 12 (30%) 5 (20%) 1 (4.0%) 6 (24%)

Leukopenia 0 0 0 1 (4.0%) 0 1 (4.0%)

Anemia   5 (13%) 0 5 (13%) 2 (8.0%) 0 2 (8.0%)

Fatigue   4 (10%) 0 4 (10%) 4 (10%) 0 4 (10%)

Hyperlipasemia/Hyperamylasemia 2 (5.0%) 3 (7.5%) 5 (13%) 0 2 (8.0%) 2 (8.0%)

Pancreatitis 2 (5.0%) 0 2 (5.0%) 0 0 0

Diarrhea 4 (10%) 0 4 (10%) 1 (4.0%) 0 1 (4.0%)

Nausea 2 (5.0%) 0 2 (5.0%) 2 (8.0%) 0 2 (8.0%)

Vomiting 2 (5.0%) 0 2 (5.0%) 0 0 0

Colitis 4 (10%) 0 4 (10%) 0 0 0

Mucositis 0 0 0 2 (8.0%) 0 2 (8.0%)

Gastritis 2 (5.0%) 0 2 (5.0%) 0 0 0

Abdominal pain 2 (5.0%) 0 2 (5.0%) 0 0 0

Appendicitis 1 (2.5%) 0 1 (2.5%) 0 0 0

Gastrointestinal, other 3 (7.5%) 0 3 (7.5%) 0 0 0

Hyperglycemia    2 (5.0%) 0 2 (5.0%) 2 (8.0%) 1 (4.0%) 3 (12%)

Hyponatremia 4 (10%) 0 4 (10%) 0 0 0

Hypophosphatemia 0 0 0 1 (4.0%) 0 1 (4.0%)

Anorexia 2 (5.0%) 0 2 (5.0%) 0 0 0

Dehydration 0 0 0 1 (4.0%) 0 1 (4.0%)

Metabolic, other 2 (5.0%) 1 (2.5%) 3 (7.5%) 0 0 0

Alk phos/ALT/AST elevated  2 (5.0%) 1 (2.5%) 3 (7.5%) 3 (12%) 0 3 (12%)

Hyperbilirubinemia 1 (2.5%) 0 1 (2.5%) 1 (4.0%) 0 1 (4.0%)

Hepatic encephalopathy 0 0 0 0 0 1 (4.0%)

Hepatitis 0 0 0 1 (4.0%) 0 1 (4.0%)

Pneumonitis 2 (5.0%) 0 3 (7.5%) 0 0 0

Dyspnea 2 (5.0%) 1 (2.5%) 3 (7.5%) 0 0 0

Respiratory, other 2 (5.0%) 0 2 (5.0%) 0 0 0

Hypotension/Hypertension 2 (5.0%) 0 2 (5.0%) 1 (4.0%) 0 1 (4.0%)

Giant cell arteritis 0 1 (2.5%) 1 (2.5%) 0 0 0

Vascular, other 2 (5.0%) 0 2 (5.0%) 0 0 0

Encephalopathy/Memory loss 2 (5.0%) 0 2 (5.0%) 0 0 0

Muscle weakness 0 0 0 1 (4.0%) 0 1 (4.0%)

Anxiety/Confusion 2 (5.0%) 0 2 (5.0%) 0 0 0

Hypo/Hyperthyroidism 0 1 (2.5%) 1 (2.5%) 0 0 0

Thyroiditis & Hypophysitis 1 (2.5%) 0 1 (2.5%) 0 0 0

Sinus tachycardia 1 (2.5%) 0 1 (2.5%) 0 0 0

Rash, maculo-papular 1 (2.5%) 0 1 (2.5%) 0 0 0

Diplopia/Eye pain/Blurred vision 1 (2.5%) 0 1 (2.5%) 0 0 0

Weight loss 1 (2.5%) 0 1 (2.5%) 0 0 0

Worst grade overall 24 (60%) 8 (20%) 33 (83%) 11 (44%) 3 (12%) 15 (60%)

 

Figures
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Figure 1

Consort diagram of enrolled patients. Shown are the patients that were enrolled who started treatment
(ITT) and those who received radiation (per protocol).
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Figure 2

Response to 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 start time (black bar). Of note: patient #44
received radiation but progressed prior to scans. *unequivocal PD due to new metastatic lesions



Page 26/29

Figure 3

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 had a median PFS 2.4 months and
median OS of 7.1 months. The PDAC cohort had a median PFS of 2.5 months and median OS of 4.2
months. c, d, Kaplan-Meier curve of progression-free survival (c) and overall survival (d) of patient in per
protocol cohort. The CRC cohort had a median PFS of 2.5 months and median OS of 10.9 months. The
PDAC cohort had a median PFS of 2.7 months and median OS of 6.1 months.
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Figure 4

Tumor mutational burden and exome mutations in patients. a, Tumor mutational burden (TMB)
measured in mutations per megabase (MB) in baseline, Pre-XRT, Post-XRT biopsies. In patients with
disease control (left: SD/PR/CR) and progressive disease (right: PD). 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 PATHWAYS (red). Mutation type color coded in legend and responders (SD/PR/CR) in
red and non-responders (PD) in gray.
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Figure 5

Interferon response gene pathways and repeat RNA expression differences in patients. a, Unsupervised
hierarchical clustering of differentially expressed coding genes (FDR < 0.05) in all biopsies from
responders (SD/PR/CR – yellow/blue) compared to non-responders (PD). Interferon gamma response
genes signi�cantly enriched in genes higher in responders compared to non-responders. Signi�cant genes
shown with gene enrichment FDR for HALLMARK INTERFERON GAMMA RESPONSE. b, Fold change of
major histocompatibility complex genes and cytokines that were differentially expressed genes in paired
biopsies (FDR < 0.05) before and after radiation in available specimens. Scale: yellow upregulated and
blue downregulated. c, Unsupervised hierarchical clustering of differentially expressed repeat RNAs (FDR
< 0.05) in all biopsies from responders compared to non-responders. d, Scatter plot of HERV-K RNA
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expression in LOG10(RPM+1) in non-responders (PD -red) and responders (SD/PR/CR – blue). Bar =
mean. **** t-test p < 0.0001  
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