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Abstract

Immunotherapy with checkpoint inhibitors, such as the

programmed death-1 (PD-1) antibodies pembrolizumab and

nivolumab, are effective in a variety of tumors, yet not all

patients respond. Tumor microsatellite instability-high

(MSI-H) has emerged as a biomarker of response to check-

point blockade, leading to the tissue agnostic approval of

pembrolizumab in MSI-H cancers. Here we describe a patient

with MSI-H colorectal cancer that was treated with this

immune checkpoint inhibitor and exhibited progression of

disease. We examined this intrinsic resistance through geno-

mic, transcriptional, and pathologic characterization of the

patient's tumor and the associated immune microenviron-

ment. The tumor had typical MSI-H molecular features,

including a high neoantigen load. We also identified biallelic

loss of the gene for b2-microglobulin (B2M), whose product is

critical for antigen presentation. Immune infiltration decon-

volution analysis of bulk transcriptome data from this anti-

PD-1–resistant tumor and hundreds of other colorectal cancer

specimens revealed a high natural killer cell and M2 macro-

phage infiltration in the patient's cancer. This was confirmed

by single-cell transcriptome analysis and multiplex immuno-

fluorescence. Our study provides insight into resistance in

MSI-H tumors and suggests immunotherapeutic strategies in

additional genomic contexts of colorectal cancer.

Introduction

Immune checkpoint inhibitors, such as programmed cell

death-1 (PD-1, PDCD1) antibodies, have revolutionized cancer

treatment by demonstrating long-lasting responses in patients

with several types of malignancies (1). However, only a subset of

patients experience benefit from these agents and complete

response remains uncommon. In this context, tumor DNA mis-

match repair deficiency (dMMR) and a high level of microsatellite

instability (MSI-H) have emerged as powerful genomic markers

of response to immune checkpoint inhibitors across malignan-

cies (2, 3), leading to the tissue agnostic FDA approval of the PD-1

antibody,pembrolizumab, in refractorydMMR/MSI-H solidmalig-

nancies and to the approval of the PD-1 antibody nivolumab

with or without the CTLA-4 antibody ipilimumab in dMMR/

MSI-H colorectal cancer after fluoropyrimidine-, oxaliplatin-, and

irinotecan-based chemotherapy. The leading proposed reason for

the immunogenicity of dMMR tumors is their highmutational and

neoantigenburden (4); however, only 30% to55%ofpatientswith

suchcancers respond to immune checkpointblockadewithanother

10% to 28% of patients remaining primarily refractory to immu-

notherapy (2, 3, 5, 6). To date, the molecular and microenviron-

mental features of dMMR/MSI-H tumors that are intrinsically

resistant to immune checkpoint blockade remain unknown. Their

characterization could provide insights for novel combination

immunotherapies in this subset of tumors and also inform resis-

tance, and strategies toovercome it, in additional genomic contexts.

Here, we describe a patient with metastatic dMMR colorectal

cancer who was treated with pembrolizumab after combina-

tion chemotherapy. Despite having confirmed dMMR/MSI-H

status and a high neoantigen load, her disease progressed

on pembrolizumab. To analyze the basis of this intrinsic

immune checkpoint inhibitor resistance, we performed bulk
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and single-cell characterization of her tumor and the associated

immune microenvironment.

Materials and Methods

Patient study

The patient provided written consent to participate in research

protocols for additional core biopsies and research testing. All

biopsies and molecular testing were performed in accordance

with protocols approved by the Institutional Review Board at the

Dana-Farber Cancer Institute (Boston, MA).

Statistical analyses

We used R-3.4.4 to perform statistical analyses. For two-group

comparisons, significance was evaluated by the Mann–Whitney

U test for nonnormal distributions, and with a two-tailed

student t test otherwise. P < 0.05 was considered statistically

significant.

Bulk sequencing

DNA and RNA extractions from formalin-fixed, paraffin-

embedded (FFPE) sections and peripheral blood were carried

out using standard methods (7). Whole-exome sequencing

(WES) was performed as detailed previously (8) on the pre-

immunotherapy tumor and peripheral blood, with mean

depth of coverage of 270� and 101�, respectively. For bulk

whole-transcriptome sequencing (RNA-seq), we used the TCap

protocol (Transcriptome Capture, as described on genomics.

broadinstitute.org/products/whole-transcriptome-sequencing),

which is optimal for low input and degraded samples such as FFPE

samples. Using this method, RNA-seq was performed on the

pretreatment tumorwith>22,000 genes and99.4% exons detected.

Single-cell sequencing

The core biopsy was received in additive-free M199 Media

(Thermo Fisher Scientific catalog no. 11150059). To generate a

cell suspension for single-cell RNA-seq (scRNA-seq), the core was

minced into smaller approximately 1-mmpieces,whichwere then

dissociated by a combination of mechanical and enzymatic

digestion with Accumax (Innovative Cell Technologies catalog

no. AM105) at room temperature for 10 minutes. Following

dissociation, cells were strained through a 100-mm strainer,

washed with ice-cold PBS (Ca/Mg free) with 2% FCS, and resus-

pended in 0.04% BSA (Thermo Fisher Scientific catalog no.

AM2616) with PBS. From this suspension, two channels were

loaded on 10�; one with 4,000 cells and the other with 6,000

cells. Libraries were prepared using established protocols. Drop-

let-based massively parallel scRNA-seq was performed using

Chromium Single-Cell 30 Reagents Kits (v.1) according to the

manufacturer's protocols (10x Genomics). The generated scRNA-

seq librarieswere sequenced using 100 cycle IlluminaHiSeq. After

quality control, 595 resulting cells were used for further analyses.

Variant calling

Tumor somatic mutations were called from WES using

standardized pipelines including MuTect for somatic SNV

inference and Strelka for small insertion/deletions. We cor-

rected for FFPE and oxoguanine artifacts, and used a panel of

normal filter as described previously (9).

Tumor purity and ploidy were inferred using ABSOLUTE, and

cancer cell fraction (CCF) of mutations (i.e., the proportion of

tumor cells with the mutation) estimated. Allelic copy-number

alterations were inferred using an adaptation of a circular

binary segmentation (10) and corrected for tumor purity and

ploidy. The mutations discussed in this work were orthogonally

validated by a next-generation CLIA-certified sequencing pan-

el (11). To study the mutational signatures in the tumor of the

patient, we used DeconstructSig based on linear combination

analysis of preexisting signatures. POLYSOLVER was used to

detect the human leukocyte antigen (HLA) type of the patient,

which enabled neoantigen prediction using NetMHCpan as

described previously (9).

MLH1 methylation testing

DNA methylation patterns in the CpG island of the MLH1

promoter gene were determined by chemical (bisulfite) modifi-

cation of unmethylated cytosines to uracil and subsequent PCR

using primers specific for either methylated or the modified

unmethylated DNA (12). The PCR products were analyzed by

capillary gel electrophoresis.

Gene expression analysis

For bulk RNA-seq analysis, STAR and RSEM were used for

alignment and gene expression quantification, respectively.

Immune cell subset deconvolution was performed using

CIBERSORT to assess the relative and total abundance of 22

immune cell types. For single-cell analysis, gene expression counts

were obtained by aligning reads to theGRCh38 genomeusing the

Cell Ranger analysis pipeline (https://support.10xgenomics.com/

single-cell-gene-expression/software/release-notes/2-1). The con-

sensus molecular subtypes (CMS; ref. 13) were called using the

"CMScaller" R package.

Immunohistochemistry and multiplex immunofluorescence

Tumor sections were deparaffinized and stained for b2-micro-

globulin (polyclonal rabbit anti-human b2-microglobulin, Dako

A007202-2) and MMR proteins (as described in ref. 14) with

standard immunohistochemistry (IHC) protocols. Staining for

multispectral imaging analysis was performed on a BOND RX

Automated Stainer (Leica Biosystems) utilizing 5-mm thick

section of FFPE tissue. After deparaffinization, rehydration,

and antigen retrieval, slides were serially stained with primary

antibodies to Cytokeratin (clone AE1/AE3, DAKO), CD3

(polyclonal, Dako A0452), and CD56 (clone 123C3; Dako),

followed by incubation with an anti-rabbit polymeric horse-

radish peroxidase secondary IgG (BOND Polymer Refine

Detection Kit, Leica Biosystems). Signal for antibody com-

plexes was labeled and visualized by Opal Fluorophore

Reagents (PerkinElmer). Image acquisition was performed

using the Mantra Multispectral Imaging Platform (Vectra

3.0, PerkinElmer). Representative intratumoral regions of

interest were chosen by a gastrointestinal pathologist (J.A.

Nowak), and 3 to 5 fields of view (FOV) were acquired at

20� resolution as multispectral images. Cell identification was

performed as described previously (15). In short, after image

capture, the FOV were spectrally unmixed and then analyzed

using supervised machine learning algorithms within Inform

2.3 (PerkinElmer). Immune cell densities were then calculated

based upon phenotyped cell counts and tissue areas.

Resistance to Immune Checkpoint Blockade in a MSI-H CRC
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Results

Case history

A 78-year-old woman with metastatic colon adenocarcinoma

was admitted to the hospital with abdominal pain. CT imaging

revealed a large heterogeneously enhancing paracolic mass

(Fig. 1A). The patient had a history of three metachronous

early-stage colon adenocarcinomas: a stage II (pT3N0) descend-

ing colon primary, a stage I (pT1N0) ascending colon primary,

and a stage III (pT3N1b) transverse colon primary. She previously

underwent sequential left hemicolectomy, right hemicolectomy,

and completion colectomy over a 6-year period.Molecular testing

of her stage III tumor had showed a BRAF c.1799T>A (p.V600E)

mutation and loss of MMR proteins MLH1 and PMS2 by IHC.

Following her completion colectomy, she received 12 cycles of

adjuvant 5-fluorouracil, leucovorin, and oxaliplatin (FOLFOX).

However, 1 year later she had disease recurrence in the upper

abdominal mesentery and went on to receive 5-fluorouracil,

leucovorin, and irinotecan with bevacizumab for metastatic

colorectal cancer. She tolerated this poorly and was changed to

FOLFOX and bevacizumab with subsequent progression of

disease after several months of treatment.

Biopsy of the recurrent tumor was recommended to confirm

dMMR and MSI-H status. Ultrasound-guided abdominal mass

biopsy was performed. Pathology revealed poorly differentiated

Response

Timeline
< −6yr −32mo 0−1mo−10mo−11mo−15mo−24mo +2mo + 5mo

Hemicolectomy
(left)

Poorly 

tolerated
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progression
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+adjuvant FOLFOX 

FOLFIRI
+bevacizumab

Pembrolizumab

Stage

Treatment
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+bevacizumab

pT3N0

(Stage II)

pT3N1b

(Stage III)

TxNxM1b

(Stage IV)

Hemicolectomy
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pT1N0

(Stage I)

B

A

Single cell

transcriptome

- Cell type identification
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Immunofluorescence

- Cell type identification
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- Mutational signatures
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Figure 1.

A, Patient disease and treatment course. The stage, treatments, and response of the patient's cancer are shown. Timepoint zero in the event timeline indicates

the start of immunotherapy. CT scans at the indicated timepoints are shown at the bottom. Dotted lines delineate the tumor. B, Flowchart of specimens used,

data generated, and analyses performed.
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adenocarcinomawith loss of nuclearMLH1andPMS2 staining by

IHC, MSI in five of the five genomic markers tested, and meth-

ylation of the MLH1 promoter. She was started on pembrolizu-

mab (200 mg every 3 weeks) with restaging scans after 2 months

interpreted as progression of disease. Given the possibility of

pseudoprogression with immunotherapy, the patient was main-

tained on therapy, but another set of scans after 5 months of

treatment showed clear disease progression (Fig. 1A).

Mutation, copy number, and neoantigen analyses

To investigate for mechanisms of intrinsic resistance to

immune checkpoint blockade in this dMMR tumor,weperformed

preimmunotherapy tumor and matched normal WES, IHC, and

multiplex immunofluorescence pathologic analyses, as well as

bulk and scRNA-seq (Fig. 1B).WES revealed a highmutation load

with a total of 1,857 somatic single-nucleotide variants and small

indels (Supplementary Table S1), a high neoantigen load and a

quiet copy number landscape (Supplementary Fig. S1A and S1B),

as typical for dMMR/MSI-H colorectal cancer (16). Mutational

signature analysis demonstrated that the majority of mutations

were stemming from a mutational signature associated with

dMMR (ref. 17; Supplementary Fig. S1C).

WES also confirmed the presence of a BRAF c.1799T>A

(p.V600E) mutation, as well as mutations in RNF43, a gene that

is mutated in approximately 50% of MSI-H colorectal can-

cers (8). To evaluate the possibility of an inherited cancer risk

allele in this patient with a history of multiple tumors, germline

coding variants in 14 established colorectal cancer risk genes, as

well as 40 cancer risk genes that are part of the DNA repair

machinery (Supplementary Table S2) were called and evaluated

for pathogenicity as described previously (18). Our assessment

showed no known pathogenic or likely pathogenic germline

mutations in neither the colorectal cancer risk gene set nor the

DNA repair set. There was also no germline MLH1 promoter

methylation. Thus, to the best of our current knowledge, the

tumor appears to be sporadic.

The patient's tumor harbored a B2M frameshift deletion

p.V47Afs�6 (CCF ¼ 0.76) and had loss of heterozygosity

(CCF ¼ 0.97). The inactivation of B2M in this tumor is

consistent with a clonal event in its evolution (Fig. 2A). To

validate B2M loss, we performed IHC on the preimmunother-

apy tumor sample for B2M and confirmed complete loss of

expression in the tumor cells (Fig. 2B and C). There were no

biallelic inactivation events in other genes of the antigen

presentation machinery/IFNg pathway (JAK1, JAK2, STAT1,

STAT2, STAT3, CD274, PDCD1, PDCD1LG2, HLA-A, HLA-B,

HLA-C, TAP1, TAP2, IFNGR1, and IFNGR2).

Gene expression and infiltrating immune cell deconvolution

To characterize the tumor's transcriptional state, as well as the

tumor–immune microenvironment in this intrinsically resistant

dMMR colorectal cancer, we performed bulk RNA-seq (Supple-

mentary Table S1) and compared the results to transcriptional

profiles of594TheCancerGenomeAtlas (TCGA) colorectal cancers

that are publicly available on cBioPortal (www.cbioportal.org/,

version: coadread_tcga_pan_can_atlas_2018). Subtyping efforts in

Figure 2.

Impairment of the antigen presentation machinery through biallelic loss of b2-microglobulin.A,Mutation analysis results. The left schematic shows the Integrated

Genomics Viewer (IGV) panels of both tumor and normal tissue. Deleted regions are shown in red. The figure on the right shows the allele-specific copy-number

profile: the y axis represents the copy number of the allele, and the x axis shows the genomic localization on chromosome 15. The left figure shows the frameshift

deletion in exon 2 of B2M, whereas the right figure shows the LOH of a segment of 15q surrounding B2M. B, Hematoxylin and eosin staining of tumor. C, B2M

expression. There is complete loss of expression of membranous B2M in tumor cells, with retained expression in surrounding nonneoplastic stromal cells.

Resistance to Immune Checkpoint Blockade in a MSI-H CRC
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Figure 3.

NK cell infiltration in the tumor–immunemicroenvironment. A, Immune infiltrates deconvolution from RNA-seq data. The immune infiltrates abundances, as a

total cell fraction, of the immune checkpoint–resistant tumor (red point) are compared with 594 other colorectal cancer tumors from TCGA. The immune

infiltrates (x axis) were sorted by P values from left to right. The immune infiltrates for which the patient was in the top or bottom 5% are denoted with an

asterisk. B,Multiplexed immunofluorescence imaging analysis of the tumor–immune microenvironment. Left panels, representative immunofluorescent

expression of CD3 (white), CD56 (green), cytokeratin (purple), and DAPI (blue, marking nuclei). Right panels, results from image analysis, driven by machine

learning, that identifies CD3þCD56� T cells (white dots) and CD3�CD56þNK cells (green dots) within tumor regions. C, Single-cell transcriptional analysis of the

tumor. t Distributed Stochastic Neighbor Embedding (t-SNE) visualization (left) of the scRNA-seq data from 595 cells. The heatmap (right) shows significantly

differentially expressed genes of interest between the nonepithelial cell clusters.
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colorectal cancer have showed the existence of four distinct CMS

groups, based ongene expressiondata (13). As expected, RNA-seq–

based CMS classification of this patient's tumor showed a

CMS1gene expressionpattern that is typical ofMSI-H tumors (13).

WealsoemployedRNA-seq immune cell subsetdeconvolutionand

found that the patient's tumor had a high inferred immune

infiltrate abundance compared with other colorectal cancers from

TCGA (within top 2%), as expected given MSI-H status, but also

had a significantly higher infiltration with activated natural killer

(NK) cells and M2 macrophages (Fig. 3A). These results held true

when we restricted the comparison toMSI-H (n¼ 73; Supplemen-

tary Fig. S2A) or advanced (stage III and IV) tumors (n ¼ 240;

Supplementary Fig. S2B). Among the 12 colorectal cancers that

were MSI-H with an advanced stage, the tumor of the reported

patient had the highest infiltration of both activated NK cells and

M2macrophages.Wedid not further stratify tumors byB2M status,

as biallelic inactivation of B2Mwas not validated by IHC in TCGA.

Tumor–immune microenvironment at a single-cell resolution

To orthogonally validate the above findings, we performed

multiplex immunofluorescence to quantify T cells [CD3þCD56

(NCAM1)�] and NK cells [CD3�CD56(NCAM1)þ] in the tumor

microenvironment (Fig. 3B) and compared the results from this

intrinsically resistant tumor to an dMMR/MSI-H tumor from

another patient with metastatic colorectal cancer that responded

to pembrolizumab. This was a 70-year-old woman who had been

previously treatedwith surgery and FOLFOX/bevacizumab chemo-

therapy prior to receiving nivolumab and showing response by

imaging and tumor marker. We found that there was a higher

number of intraepithelial NK cells within the center of the PD-1–

resistant cancer [17.4 cells/mm2 (�5.6) in the resistant tumor and

1.4 cells/mm2 (�1.4) in the responding tumor, P ¼ 0.032, two-

tailed student t test]. There were no significant differences in T-cell

infiltration. To further assess the presence of NK cells in this

intrinsically resistant tumor, and to specifically interrogate the

transcriptional activation state of these immune cells, we per-

formed single-cell analysis of the precheckpoint inhibition speci-

menusing scRNA-seq.Our results confirm thepresence of activated

NK cells in this tumor and high expression of activated NK cell

markers including NKG7, GZMB, GZMA, and GNLY (Fig. 3C).

Discussion

This patient with dMMR/MSI-H colorectal cancer was treated

withpembrolizumabbut exhibited primary resistance to immune

checkpoint blockade with progression of her disease on restaging

scans. Her tumor had a high neoantigen load, a mutational

signature consistent with dMMR, BRAF and RNF43 mutations,

and other molecular features typical of dMMR tumors. On WES

prior to initiation of pembrolizumab, we identified somatically

acquired biallelic loss of B2M, a critical component of the antigen

presentation machinery and MHC class I expression. The second

hit in this locus was due to loss of heterozygosity, despite an

expected overall low copy-number alteration burden. This was

consistent with our work describing enrichment of inactivating

antigen presentation machinery mutations in MSI-H primary

colorectal cancers (19). We confirmed complete loss of B2M

protein expression through IHC. Loss of B2M has been previously

implicated in acquired resistance in melanoma, lung cancer, and

MSI-H colorectal cancer (3, 20, 21) and intrinsic resistance in

melanoma (22), but it has not beenpreviously described as source

of intrinsic resistance in dMMR tumors. This case suggests that

MHC class I and B2M expressionmay need to be considered prior

to initiation of PD-1 inhibition to identify patients with dMMR/

MSI-H cancers who may not respond to therapy.

To further elucidate the tumor–immune microenvironment,

we performed bulk and single-cell transcriptomic analysis. We

found that this tumor had the highest inferred activated NK cell

and M2 macrophage infiltration when compared with hundreds

of colorectal cancer specimens from the TCGAwith available bulk

transcriptional data. We validated these findings through multi-

plex immunofluorescence against T cell and NK cell markers and

demonstrated enrichment of NK cells in the intrinsically resistant

MSI-H tumor compared with one that responded to PD-1 inhi-

bition. We also identified transcriptionally activated NK cells in

this immune checkpoint–resistant tumor through scRNA-seq

analysis of the tumor and tumor-associated immune cells from

the preimmunotherapy biopsy specimen.

NK cells can recognize and eliminate cells lacking MHC class I

expression (23, 24), but are also continuously tuned by classical

and nonclassical MHC class I molecules, in addition to MHC I–

independent mechanisms that instruct NK cells to acquire appro-

priate missing self-recognition capacity, a process termed NK cell

"education" (25, 26). This could at least partially explain the lack

of NK cell–mediated tumor control/elimination in a completely

B2M-deficient tumor microenvironment, despite an otherwise

activated NK cell phenotype. In addition, M2 macrophages have

been shown to exert an immunosuppressive role, in particular by

impairing NK cells degranulation during cancer progression (27).

These findings suggest that NK cell–based immunotherapies,

such as the transfer of "educated" NK cells to patients, could offer

an attractive option forMSI-H tumors that are resistant to immune

checkpoint inhibition due to lack of antigen presentation. Our

findings also further support the development of immunothera-

peutic strategies that aim to shift the balance between M2 and M1

macrophages (28, 29).More broadly, our results have implications

for primary resistance to immune checkpoint blockade and novel

immunotherapeutic approaches throughmodulationof the innate

immune response in patients with cancer.
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