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Purpose: This study performed a comprehensive molecular
characterization of microsatellite instability—high (MSI-H)/mis-
match repair-deficient (AMMR) gastrointestinal (GI) tumors to
elucidate predictors of response to PD-1 blockade.

Experimental Design: Forty-five patients with MSI-H/dMMR
GI tumors, including gastric cancer, colorectal cancer, cholangio-
carcinoma, small intestine cancer, pancreatic cancer, and duodenal
cancer, receiving PD-1 blockade were analyzed. We conducted the
genomic profiling of GI tumors by whole-exome sequencing or
targeted next-generation sequencing. The tumor microenviron-
ment was evaluated by transcriptomic analysis and multiplex
fluorescence THC.

Results: Patients with low tumor mutational burdens (TMBs)
had lower objective response rates (ORRs; 0% vs. 48.8%) and a
significantly shorter progression-free survival (PFS; 2.3 vs.
15.6 months; HR, 6.20; P = 0.002) than those with high TMBs.

Introduction

Microsatellite instability-high (MSI-H) or mismatch repair—
deficient (AMMR) tumors exhibit frequent mutations in multiple
genes, contributing to the enhanced expression of neoantigens,
increased CD8" T-cell infiltration, and expression of related immune
checkpoint molecules in the tumor microenvironment (1, 2). Immune
checkpoint inhibitors, such as PD-1 blockade, have shown improved
survival outcomes in patients with MSI-H or dMMR gastrointestinal
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Among common gene alterations in GI tumors, only PTEN
mutations, which were mutually exclusive with a low TMB,
were significantly associated with a lower ORRs than wild-
type PTEN (21.4 vs. 54.8%; odds, 4.45; P = 0.045). Compared
with wild-type PTEN, PTEN mutations in the phosphatase
domain were associated with significantly lower ORRs (12.5 vs.
54.8%; P = 0.049), shorter PFS (2.6 vs. 15.6 months; HR, 5.04;
P < 0.001), lower intratumoral CD8"' T-cell levels, higher
intratumoral CD204" macrophage levels, and PI3K/AKT/
mTOR pathway enrichment, whereas PTEN mutations in the
C2 domain were not.

Conclusions: Low TMBs and PTEN mutations, especially muta-
tions in the phosphatase domain associated with an immunosup-
pressive environment, were mutually exclusive and might be neg-
ative predictors of PD-1 blockade responses in patients with MSI-H/
dMMR GI tumors.

(GI) tumors, including hepatobiliary and pancreatic cancers (3, 4). In
the KEYNOTE-177 phase III study, pembrolizumab demonstrated
better clinical outcomes than standard chemotherapy for patients with
MSI-H/dMMR colorectal cancer in a first-line setting (5). Exploratory
analysis from phase II and III studies of pembrolizumab for gastric
cancer showed remarkable benefits of pembrolizumab compared with
chemotherapy (6, 7). However, approximately half of the patients in
these pivotal trials showed early disease progression, highlighting the
importance of identifying predictive biomarkers associated with unre-
sponsiveness to PD-1 blockade.

To date, PD-L1 expression and several gene alterations have been
reported to be associated with the efficacy of immune checkpoint
inhibitors in microsatellite-stable (MSS)/MMR-proficient (pMMR)
solid tumors (8-11). In addition, tumor mutational burden (TMB), a
potential indicator of tumor immunogenicity, has been reported to be
associated with the efficacy of PD-1 blockade independent of MSI
status (3, 12). In contrast, predictive biomarkers of the efficacy of
immune checkpoint inhibitors for MSI-H/dMMR GI tumors are not
well established (12). Thus, uncovering molecular determinants of the
response to immune checkpoint inhibitors might aid in the develop-
ment of novel biomarkers or combination therapies to overcome
resistance to these agents in MSI-H/dMMR tumors.

Here, to elucidate predictors of response to immune checkpoint
inhibitors in MSI-H/dMMR GI tumors, we explored the comprehen-
sive molecular landscape through whole-exome sequencing (WES) or
targeted next-generation sequencing (NGS), transcriptomic analysis,
and multiplex fluorescence IHC in patients with MSI-H/dMMR GI
tumors receiving PD-1 blockade.
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Translational Relevance

Approximately half of microsatellite instability-high (MSI-H)/
mismatch repair-deficient (AIMMR) tumors do not respond to
PD-1 blockade, indicating the importance of the identification of
predictive biomarkers associated with less responsiveness to PD-1
blockade. Among 45 MSI-H/dMMR gastrointestinal tumors, a low
tumor mutational burden (TMB) and PTEN mutations were
mutually exclusive and were associated with poor clinical outcomes
to PD-1 blockade. PTEN mutations in the phosphatase domain
were associated with lower responsiveness to PD-1 blockade
together with decreased CD8" T cells and increased tumor-
associated macrophages, whereas those in the C2 domain were
not. Importantly, among 20 patients showing disease progression
within 6 months after PD-1 blockade, four had a low TMB (20%)
and eight had PTEN phosphatase domain mutations (40%). Other
gene alterations, such as STK11, FBXW7, JAKI, B2M, and HLA
mutations, were also observed in nonresponders.

Materials and Methods

Patients

We performed a comprehensive molecular analysis to evaluate
associations of molecular features with the efficacy of PD-1 blockade
in patients with MSI-H or dMMR advanced GI tumors at our
institution. The inclusion criteria were as follows: (i) an Eastern
Cooperative Oncology Group performance status of 0 to 1; (ii)
histologically proven, unresectable, locally advanced, or metastatic
GI tumor (refractory or intolerant to one or more chemotherapies; (iii)
MSI-H or dMMR status verified by local PCR or IHC testing
(described below); (iv) adequate bone marrow, hepatic, and renal
function as indicated by medical records; and (v) received an anti-PD-
1 inhibitor alone (pembrolizumab or nivolumab) or as combination
therapy (pembrolizumab plus napabucasin; ref. 13) from July 2015 to
June 2020. All patients provided written informed consent for the
biomarker analysis of formalin-fixed paraffin-embedded (FFPE) tissue
specimens from archival tissue samples. The study protocol was
approved by the Institutional Review Board of the National Cancer
Center Hospital East (Kashiwa, Chiba, Japan), and this study was
conducted in accordance with the guidelines for biomedical research
specified in the Declaration of Helsinki.

MSI and MMR status

MSI status was analyzed using a Promega MSI analysis system (five
mononucleotide markers for the detection of MSI: BAT-25, BAT-26,
NR-21, NR-24, and MONO-27; Promega; ref. 14), and tumors were
classified as MSI-H if instability was noted in a minimum of two
markers. MMR status was assessed by IHC using the following mAbs:
anti-mutL homolog 1 (MLHI, ES05), anti-mutS homolog 2 (MSH2,
FE11), antipostmeiotic segregation increased 2 (PMS2, EP51), and
anti-mutS homolog 6 (MSH6, EP49; Agilent Technologies). Tumors
that lacked either MLH1, MSH2, PMS2, or MSH6 expression were
considered dAMMR.

Genomic analysis

For WES, genomic DNA was isolated from FFPE specimens using a
GeneRead DNA FFPE kit (QIAGEN), and exonic fragments were
enriched using a Human Core Exome kit with RefSeq spike-in (both
from Twist Bioscience). Massively parallel sequencing of prepared
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libraries was performed on a NovaSeq 6000 system (Illumina). Copy-
number status was analyzed using our in-house pipeline, and details
are provided in the Supplementary Methods. Amplification was
defined as a copy number of five or more. The details of WES analysis
are available in the Supplementary Methods. If patients underwent
NGS-targeted gene panel analysis [Oncomine Cancer Research Panel
(Thermo Fisher Scientific), FoundationOne Liquid (Foundation Med-
icine), or Guardant 360 (Guardant Health)] before this study, these
genomic data were also collected. Genomic characterization was
analyzed by focusing on the common oncogenic signaling path-
ways (15). TMB was defined as the total number of nonsynonymous
mutations, including indels, mutations per megabase (muts/Mb) in
WES, the Oncomine Cancer Research Panel, or FoundationOne
Liquid. TMB-high was defined as 210 muts/Mb using these assays.
In Guardant 360, TMB was determined by normalizing to the muta-
tional burden expected for the tumor type and ctDNA fraction, as
derived from a training set of 10,543 consecutive clinical samples, and
is reported as the TMB score (16). Among these samples, the top 2%
were defined as TMB-high.

Total RNA was extracted from FFPE specimens with an RNeasy
FFPE kit (QIAGEN). Ribosomal RNA was depleted from total RNA
with an NEBNext rRNA Depletion kit (New England Biolabs).
Sequencing libraries for RNA sequencing (RNA-seq) were prepared
with an NEBNext Ultra RNA Library Prep kit (New England Biolabs).
Prepared RNA-seq libraries underwent 150-bp, paired-end NGS
sequencing. Enriched pathways were determined using the gene set
enrichment analysis (GSEA) tool available from the Broad Institute
website (https://www.gsea-msigdb.org/gsea/index.jsp). Hallmark gene
sets were downloaded from the Molecular Signatures Database (17).

Multiplex immunofluorescence IHC and PD-L1 expression

The protein expression levels of CD3, CD4, CD8, CD204, cytoker-
atin, and PTEN in FFPE samples were assessed using multiplex
fluorescence IHC with each mADb. The details of multiplex immuno-
fluorescence are available in the Supplementary Methods.

The PD-L1 combined positive score (CPS) was assessed by a trained
pathologist (T. Kuwata) who was blinded to the diagnoses and/or other
identifying information using PD-L1 IHC 22C3 pharmDx (Dako) and
was defined as the ratio of the number of PD-L1-positive cells (tumor
cells, lymphocytes, and macrophages) to the total number of tumor
cells multiplied by 100.

Outcomes and statistical analysis

The efficacy endpoints were the objective response rate (ORR),
disease control rate (DCR), progression-free survival (PFS), and
overall survival (OS). Tumor response was assessed in patients with
measurable lesions using the RECIST version 1.1. The ORR was
defined as the proportion of patients whose best overall response was
a complete response (CR) or partial response (PR). The DCR was
defined as the proportion of patients who achieved a best overall
response of a CR, PR, or stable disease (SD) lasting more than 6 weeks
from the start of study treatment. PFS was defined as the time from
study treatment initiation to disease progression or death from any
cause. OS was defined as the time from study treatment initiation to
death from any cause.

Quantitative data are expressed as the median and interquartile
range (IQR). The Mann-Whitney U test was used to compare con-
tinuous variables, and the Fisher exact test was used to compare
categorical variables. The ORRs according to the mutational status
and the PD-L1 CPS were calculated as the OR using the logistic
regression method. The PFS and OS were estimated using the Kaplan—
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Meier method and compared according to each molecular status
associated with a low ORR by univariate and multivariate analyses
using Cox proportional hazards models. The backward selection
method was conducted for the selection of factors retained in the
multivariate analysis (P < 0.1). All P values < 0.05 were considered
statistically significant. All statistical analyses were performed using
the statistical program R version 4.0.3 (The R Foundation for Statistical
Computing). All statistical analyses were performed using the statis-
tical program R version 4.0.3 (The R Foundation for Statistical
Computing).

Results

Patient overview

To examine patient characteristics associated with response to PD-1
blockade, we identified patients with GI tumors and evaluated their
characteristics and responses to PD-1 blockade. A total of 45 patients
met the inclusion criteria and had the following cancers: gastric cancer
(n=18), colorectal cancer (n = 17), cholangiocarcinoma (# = 5), small
intestine cancer (n = 2), pancreatic cancer (n = 2), and duodenal
cancer (n = 1; Table 1). All tumor specimens were collected from
primary tumor samples before PD-1 blockade; 23 were biopsy speci-
mens, and 22 were surgical specimens. WES was conducted in tumor
samples from 40 patients, and the results from NGS testing were also

Table 1. Baseline patient characteristics.

N =45

Age

Median (range) 68 (30-84)

>65, n (%) 24 (53.3)
Sex, n (%)

Male 24 (53.3)

Female 21 (46.7)
ECOG PS, n (%)

0 26 (57.8)

1 19 (42.2)
Previous treatment regimens, n (%)

1 18 (40.0)

>2 27 (60.0)
Primary cancer, n (%)

Gastric 18 (40.0)

Colorectal 17 (37.8)

Cholangiocarcinoma 51

Small intestine 2(4.4)

Pancreatic 2(4.4)

Duodenal 1(2.2)
Metastatic sites, n (%)

Liver 9 (20.0)

Lung 7 (15.6)

Lymph node 35 (77.8)

Peritoneum 20 (44.4)
Number of metastatic organs, n (%)

1 23 (51.1)

>2 22 (48.9)
Treatment, n (%)

Nivolumab 8 (17.8)

Pembrolizumab 29 (64.4)

Pembrolizumab with napabucasin 8 (17.8)

TMB mutations/Mb, median (range) 38.7 (3.6-93.0)

Abbreviations: ECOG, Eastern Cooperative Oncology Group; PS, Performance
status.
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collected from 33 patients. The maximum percentage change in tumor
size from baseline was shown in Fig. 1. All patients had measurable
lesions. In the overall population, the ORR and DCR were 44.4% (20 of
45 patients) and 84.4% (38 of 45 patients), respectively. The median
follow-up at the time of the analysis was 25.3 months. In the overall
population, the median PFS was 9.6 months [95% confidence interval
(CI), 4.2-not reached], and the median OS was 23.2 months (95% ClI,
8.4-not reached), with 23 patients (51.1%) dying (Supplementary
Fig. S1).

Among patients with colorectal cancer (n = 17), four had
BRAFY*®F mutation, which is not usually observed in Lynch syn-
drome (LS) with germline mutations. Thus, these four patients were
considered to be non-LS. Among the remaining 13 patients, eight
undertook genetic testing. Then, five patients were diagnosed as LS
with germline mutation and three were as non-LS (a total of seven
were non-LS). The ORR, median PFS, and OS [LS (1 = 5) vs. non-LS
(n = 7)] were as follows: (ORR, 40.0% vs. 42.9%; P = 1.000), [median
PFS, not reached (95% CI, 3.0-not reached) vs. 15.6 months (95% CI,
1.1-reached); HR, 0.66 (95% CI, 0.12-3.60), P = 0.628], and [median
0OS, 31.0 months (95% CI, 5.3-not reached) vs. 23.2 months (95% CI,
2.6-not reached); HR, 0.41 (95% CI, 0.04-3.95), P = 0.423].

Molecular features associated with the response to PD-1
blockade

Comprehensive molecular characterization in association with the
response to PD-1 blockade is shown in Fig. 2. The median TMB
assessed by WES was 38.7 muts/Mb (n = 40; range, 3.6-93.0 muts/Mb;
Table 1). Among 45 patients, 36 patients had TMB-high tumors
(=10 muts/Mb), and the remaining four patients had TMB-low tumors
(<10 muts/Mb; Fig. 2; Supplementary Table S1). Three of four patients
with TMB-low tumors had gastric cancer, and the remaining patient
had colorectal cancer (Supplementary Table S1). All patients (n = 5)
assessed by the NGS-targeted panel had TMB-high tumors (Fig. 2). No
patients with TMB-low tumors showed an objective response (CR or
PR) to PD-1 blockade (Table 2). Patients with TMB-low tumors were
associated with significantly shorter PFS and OS durations than those
with TMB-high tumors: [median PFS, 2.3 months (95% CI, 0.9-not
reached) vs. 15.6 months (95% CI, 4.4-not reached); HR, 6.20 (95% CI,
1.93-19.98), P = 0.002] and [median OS, 6.5 months (95% CI, 1.5-not
reached) vs. 25.7 months (95% CI, 8.4-not reached); HR, 3.77 (95% CI,
1.25-11.30), P < 0.001; Fig. 3A and B]. Multivariate analyses showed
thatalow TMB was independently associated with short PFS [HR, 4.72
(95% CI, 1.41-15.75), P = 0.012; Supplementary Table S2] and OS
[HR, 3.39 (95% CI, 1.11-10.30), P = 0.032; Supplementary Table S3).
After excluding patients with pembrolizumab plus napabucasin, a low
TMB was still a significant predictor of a negative response [median
PFS, 2.3 months (95% CI, 0.9-not reached) vs. 9.6 months (95% CI,
4.4-not reached); HR, 5.41 (95% CI, 1.65-17.78), P = 0.005 and
median OS, 6.5 months (95% CI, 1.5-not reached) vs. 25.7 months
(95% CI, 6.0-not reached); HR, 3.19 (95% CI, 1.05-9.74), P = 0.031].

In contrast, patients with FGFR2, TCF7, NOTCHI, or POLE
mutations tended to have a higher ORR than those with without
mutations in these genes (Table 2). Among the patients, those with
tumors with either NOTCH]I or POLE mutations had a significantly
higher TMB than tumors without these mutations [median TMB:
NOTCH]I, 46.1 muts/Mb (range, 8.5-93.0) vs. 29.5 muts/Mb (range,
3.6-59.7), P = 0.004; POLE, 50.6 muts/Mb (range, 20.3-83.6) vs.
37.5 muts/Mb (range, 3.6-93.0), P = 0.021, respectively]. No signif-
icant difference in the ORR was observed according to PD-L1 expres-
sion (46.2% with PD-L1 CPS < 1 vs. 33.3% with 1 < CPS < 10 vs. 46.2%
with CPS > 10, respectively, P = 0.916; Table 2).
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Figure 1. 1001
Waterfall plot of the maximum percentage
change in tumor size from baseline as measured
using the RECIST version 1.1. All patients had
measurable lesions. In the overall population, the
ORR and DCR were 44.4% (20 of 45 patients)

and 84.4% (38 of 45 patients), respectively. 501
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We next examined whether particular gene mutations or expression
patterns were associated with response to PD-1 blockade. Among 34
common gene alterations in GI tumors, only patients with mutant
PTEN (n = 14) showed a significant correlation with a lower ORR than
those with wild-type PTEN [n = 31; 21.4% vs. 54.8%; odds: 4.45 (95%
CI, 1.03-19.20), P = 0.045; Table 2]. Patients with mutant PTEN had a
significantly higher TMB than those with wild-type PTEN [median
TMB (range); 43.2 (29.9-93.0) muts/Mb vs. 20.3 (3.6-83.6) muts/Mb,
P = 0.017]. PTEN mutations and a TMB-low status were mutually
exclusive. Patients with mutant PTEN tended to experience shorter
PES and OS durations than those with wild-type PTEN [median PFS,
4.3 months (95% CI, 1.2-not reached) vs. 15.6 months (95% CI, 4.3—
not reached); HR, 1.72 (95% CI, 0.76-3.92), P = 0.195] and [median
0S, 15.2 months (95% CI, 3.8-not reached) vs. 25.7 months (95% CI,
10.3-not reached); HR, 1.46 (95% CI, 0.62-3.46), P = 0.391], although
the difference was not statistically significant (Supplementary Fig. S2A
and S2B).

Next, we further divided the mutation sites of PTEN into the
phosphatase and C2 domains in accordance with a previous
report (18), and patients with PTEN mutations in the phosphatase
domain [n = 8; ORR: 12.5% vs. 54.8%, P = 0.049; median PFS,
2.6 months (95% CI, 0.6-4.4) vs. 15.6 months (95% CI, 4.3-not
reached); HR, 5.04 (95% CI, 2.00-12.68), P < 0.001] exhibited a
significantly lower ORR and experienced a shorter PFS and OS than
those with wild-type PTEN [n = 31; median OS, 6.0 months (95% CI,
1.1-15.2) vs. 25.7 months (95% CI, 10.3-not reached); HR, 2.81 (95%
CI, 1.13-6.96], P = 0.026; Fig. 3C and D]. In contrast, there was no
significant difference between the patients with PTEN mutations in the
C2 domain [n = 6; ORR: 33.3% vs. 54.8%, P = 0.405; median PFS, not
reached (95% CI, 1.2-not reached) vs. 15.6 months (95% CI, 4.3-not
reached); HR, 0.55 (95% CI, 0.20-1.51), P = 0.243] and those with
wild-type PTEN [n = 31; median OS, not reached (95% CI, 3.8-not
reached) vs. 25.7 months (95% CI, 10.3-not reached); HR, 0.58 (95%
CI, 0.21-1.59), P = 0.288; Fig. 3C and D]. Patient characteristics
according to the PTEN mutational status are summarized in
Supplementary Table S4. Multivariate analyses showed that PTEN
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mutations in the phosphatase domain were independently associated
with a shorter PFS [HR, 12.61 (95% CI, 3.75-42.35), P < 0.001;
Supplementary Table S5] and OS [HR, 8.92 (95% CI, 2.60-30.55),
P < 0.001; Supplementary Table S6]. After excluding patients with
pembrolizumab plus napabucasin, PTEN mutations in the phospha-
tase domain was still a significant predictor of a negative response
[median PFS, 1.7 months (95% CI, 0.6-4.2) vs. 9.6 months (95% CI,
4.0-not reached); HR, 5.11 (95% CI, 1.90-13.70), P = 0.001; median
0S, 6.0 months (95% CI, 1.1-not reached) vs. 16.1 months (95% CI,
7.3-not reached); HR, 2.61 (95% CI, 0.98-6.98), P = 0.055]. Also, after
excluding TMB-low tumors, PTEN mutation in the phosphatase
domain was still a significant predictor of a negative response [median
PFS, 2.6 months (95% CI, 0.6-4.4) vs. not reached (95% CI, 7.4-not
reached); HR, 7.86 (95% CI, 2.79-22.10], P < 0.001; median OS,
6.0 months (95% CI, 1.1-15.2) vs. not reached (95% CI, 11.1-not
reached); HR, 3.47 (95% CI, 1.33-9.07), P = 0.011]. Importantly,
among the 20 patients showing disease progression within 6 months
after the initiation of PD-1 blockade, four had TMB-low tumors (20%),
and eight (40%) had PTEN mutations in the phosphatase domain.

Tumor microenvironment according to the PTEN mutational
status

We next examined whether the PTEN mutation status was asso-
ciated with levels of immune infiltrate in patient tumors. Represen-
tative CT of patients with wild-type PTEN (best response, PR) and
those with PTEN mutations in the phosphatase domain (best response,
PD) obtained during the treatment is shown in Fig. 4A and B, and
representative multiplex IHC images before the treatment are shown
in Fig. 4C. Analysis of the tumor microenvironment by multiplex
fluorescence IHC revealed that tumors with PTEN phosphatase
domain mutations had significantly lower levels of intratumoral CD8"
T cells and higher levels of intratumoral CD204" macrophages than
tumors with wild-type PTEN, resulting in a higher intratumoral
CD204" macrophage/CD3™ T-cell ratio [median levels of carcinoma
CD8" T cells, 127.9/mm? (IQR, 64.6-131.7) vs. 336.0/mm?* (IQR,
177.6-686.5), P = 0.019; median levels of intratumoral CD204"
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Figure 2.

Comprehensive molecular characterization of MSI-H or dMMR GI tumors with PD-1 blockade. WES-assessed TMB values of each patient were shown at the top
(yellow: snv, green: indel). Distributions and annotations of individual gene alterations in the study cohort as assessed by WES- or NGS-targeted gene panel analysis
are shown. Each column represents one patient. Abbreviations: PD, progressive disease.

macrophages: 732.6/mm” (IQR, 609.9-1037.5) vs. 421.3/mm? (IQR, significant difference in these components between tumors with
237.8-587.8), P = 0.037; and median ratio of intratumoral CD204"  PTEN C2 mutations and those with wild-type PTEN [median
macrophages/CD3+Tcells,5.9 (IQR,3.5-6.7) vs. 1.8 (IQR, 0.54-3.74),  levels of intratumoral CD8" T cells, 206.7/mm?> (IQR, 75.8-256.9)
P = 0.045; Fig. 4C]. On the other hand, there was no statistically  vs. 336.0/mm® (IQR, 177.6-686.5), P = 0.120; median levels of
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Table 2. Objective tumor responses according to TMB, gene mutations, and the PD-L1 CPS.

Responder Nonresponder

Detected (%) (CR or PR) (SD or PD) ORR (%) OR 95% Cl P?

TMB High 41 91.1) 20 21 (48.8)
Low 4 (8.9) 0 4 (0.0)

EGFR Wild-type 40 (88.9) 17 23 (42.5) (Reference) 0.464
Mutant 5 an 3 2 (60.0) 0.49 0.07 3.28

ERBB2 Wild-type 29 (64.4) 13 16 (44.8) (Reference) 0.944
Mutant 16 (35.6) 7 9 (43.8) 1.04 0.31 3.57

ERBB3 Wild-type 32 (76.2) 14 18 (43.8) (Reference) 0.373
Mutant 10 (23.8) 6 4 (60.0) 0.52 0.12 2.20

FGFR2 Wild-type 38 (84.4) 14 24 (36.8) (Reference) 0.039
Mutant 7 (15.6) 6 1 (85.7) 0.1 0.01 0.89

FGFR3 Wild-type 40 (88.9) 17 23 (42.5) (Reference) 0.464
Mutant 5 an 3 2 (60.0) 0.49 0.07 3.28

BRAF Wild-type 33 (73.3) 15 18 (45.5) (Reference) 0.821
Mutant 12 (26.7) 5 7 41.7) 117 0.31 4.44

KRAS Wild-type 23 (51.1) 9 14 (39.) (Reference) 0.464
Mutant 22 (48.9) n n (50.0) 0.64 0.20 210

PIK3CA Wild-type 25 (55.6) 13 12 (52.0) (Reference) 0.257
Mutant 20 (44.4) 7 13 (35.0) 2.01 0.60 6.74

PTEN Wild-type 31 (68.9) 17 14 (54.8) (Reference) 0.045
Mutant 14 (311 3 n (21.4) 4.45 1.03 19.20

STKII Wild-type 36 (80.0) 17 19 47.2) (Reference) 0.457
Mutant 9 (20.0) 3 6 (33.3) 1.79 0.39 8.29

MTOR Wild-type 33 (73.3) 13 20 (39.4) (Reference) 0.263
Mutant 12 (26.7) 7 5 (58.3) 0.46 0.12 1.78

APC Wild-type 30 (66.7) 13 17 (43.3) (Reference) 0.832
Mutant 15 (33.3) 7 8 (46.7) 0.87 0.25 3.04

CTNNB1 Wild-type 37 (82.2) 14 23 (37.8) (Reference) 0.071
Mutant 8 (17.8) 6 2 (75.0) 0.2 0.04 115

TCF7 Wild-type 32 (78.0) 13 19 (40.6) (Reference) 0.063
Mutant 9 (22.0) 7 2 (77.8) 0.2 0.03 1.09

ARIDIA Wild-type 1 (24.4) 4 7 (36.4) (Reference) 0.536
Mutant 34 (75.6) 16 18 47.0) 0.64 0.16 2.61

TP53 Wild-type 30 (66.7) n 19 (36.7) (Reference) 0.142
Mutant 15 (33.3) 9 6 (60.0) 0.39 01 1.38

ATM Wild-type 29 (70.7) 14 15 (48.3) (Reference) 0.920
Mutant 12 (29.3) 6 6 (50.0) 0.93 0.24 3.58

NOTCHI1 Wild-type 25 (55.6) 8 17 (32.0) (Reference) 0.064
Mutant 20 (44.4) 12 8 (60.0) 0.31 0.09 1.07

NOTCH2 Wild-type 34 (82.9) 15 19 44.0) (Reference) 0.203
Mutant 7 a7 5 2 (71.4) 0.32 0.05 1.86

NOTCH3 Wild-type 27 (65.9) 13 14 (48.1) (Reference) 0.910
Mutant 14 34.0) 7 7 (50.0) 0.93 0.26 3.38

FBXW?7 Wild-type 31 (68.9 15 16 (48.4) (Reference) 0.430
Mutant 14 (311 5 9 (35.7) 1.69 0.46 6.20

BRCAT Wild-type 39 (86.7) 19 20 (48.7) (Reference) 0.172
Mutant 6 (13.3) 1 5 (16.7) 4.75 0.51 44.50

BRCA2 Wild-type 33 (73.3) 14 19 (42.4) (Reference) 0.652
Mutant 12 (26.7) 6 6 (50.0) 0.74 0.20 277

ATR Wild-type 30 (73.2) 17 13 (56.7) (Reference) 0.105
Mutant 1 (26.8) 3 8 (27.3) 3.49 0.77 15.80

POLE Wild-type 32 (78.0) 13 19 (40.6) (Reference) 0.063
Mutant 9 (22.0) 7 2 (77.8) 0.2 0.03 1.09

HLA-A Wild-type 36 (90.0) 17 19 47.2) (Reference) 0.916
Mutant 4 (10.0) 2 2 (50.0) 0.9 01 7.06

HLA-B Wild-type 32 (80.0) 15 17 (46.9) (Reference) 0.874
Mutant 8 (20.0) 4 4 (50.0) 0.88 0.19 416

HLA-C Wild-type 37 (92.5) 16 21 (43.2) (Reference)
Mutant 3 (7.5) 3 0 (100.0) Not available

JAKT Wild-type 28 (66.7) 13 15 (46.4) (Reference) 0.827
Mutant 14 (33.3) 7 7 (50.0) 0.87 0.24 313

B2M Wild-type 31 (77.5) 13 18 (41.9) (Reference) 0.073
Mutant 9 (22.5) 7 2 (77.8) 0.21 0.04 116

(Continued on the following page)
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Table 2. Objective tumor responses according to TMB, gene mutations, and the PD-L1 CPS. (Cont'd)

Responder Nonresponder
Detected (%) (CR or PR) (SD or PD) ORR (%) OR 95% Cl P?
CDKNIA Wild-type 39 (95.1) 19 20 (48.7) (Reference) 0.972
Mutant 2 (4.9) 1 1 (50.0) 0.95 0.06 16.30
CDKN2A Wild-type 39 (86.7) 17 22 (43.6) (Reference) 0.769
Mutant 6 (13.3) 3 3 (50.0) 0.77 0.14 4.32
CCNE1 Wild-type 43 (95.6) 19 24 (44.2) (Reference) 0.872
Mutant 2 (4.4) 1 1 (50.0) 0.79 0.05 13.50
CCND1 Wild-type 42 (93.3) 17 25 (40.5) (Reference)
Mutant 3 (6.7) 3 0 (100.0) Not available
PD-L1CPS CPS <1 13 (28.9) 6 7 (46.2) (Reference)
1<CPS<10 6 (13.3) 2 4 (33.3) 1.7 0.23 12.90 0.601
CPS > 10 26 (57.8) 12 14 (46.2) 1 0.26 3.80 1.000

Abbreviations: ECOG, Eastern Cooperative Oncology Group; PS, Performance status; PD, progressive disease; PD-L1, programmed death ligand 1.

2P values were calculated using the logistic regression method.

intratumoral CD204" macrophages: 620.0/mm? (IQR, 476.6-765.3)
vs. 421.3/mm?> (IQR, 237.8-587.8), P = 0.223; and median ratio of
intratumoral CD204™" macrophages/ CD3™" T cells, 1.8 (IQR, 0.9 to 2.8)
vs. 1.11 (IQR, 0.54-3.74), P = 0.946; Fig. 4C). IHC analysis showed
that the PTEN-positive tumor area was significantly smaller in tumors
with PTEN phosphatase domain mutations than in those with wild-
type PTEN (Supplementary Fig. S3A). In summary, PTEN mutations
in phosphatase domain had an immunosuppressive microenviron-
ment characterized by increased infiltration of tumor-associated
macrophages and may affect PTEN protein expression.

The activation of PI3K/AKT/mTOR pathway according to the
PTEN mutational status

Because PTEN is an important suppressor of the PI3K/AKT/mTOR
pathway, transcriptome analysis was performed to investigate the
impact of PTEN mutation status on the signaling pathway. In tran-
scriptomic analysis, compared with that in tumors with wild-type
PTEN, the expression of PTEN mRNA was significantly lower
in tumors with PTEN mutations in the phosphatase domain but not
in those with mutations in the C2 domain (Supplementary Fig. S3B).
GSEA demonstrated an enrichment of genes involved in the
PI3K-AKT-mTOR (Supplementary Fig. S4A) and MTORC1 (Sup-
plementary Fig. S4B) signaling pathways in tumors with PTEN
phosphatase domain mutations compared with those with wild-
type PTEN, whereas the difference was not statistically significant
between tumors with mutant PTEN/mutations in the C2 domain
and those with wild-type PTEN (Supplementary Fig. S4C and S4D).

Discussion

We genomically profiled patients with MSI-H/dMMR GI tumors
receiving PD-1 blockade to elucidate the predictors of response to
immune checkpoint inhibitors. The majority of samples were evalu-
ated by WES, and the others were evaluated with NGS. In addition, we
evaluated the tumor microenvironment by transcriptomic analysis
and multiplex fluorescence IHC. To the best of our knowledge, this is
the first report to provide a comprehensive description of the molec-
ular landscape of tumors with various responses to PD-1 blockade in
patients with MSI-H/dMMR GI cancer.

In our cohort, TMB-low tumors were associated with poorer clinical
outcomes following anti-PD-1 therapies than TMB-high tumors, in
line with a previous report on MSI-H/dMMR colorectal cancer (12).

3720 Clin Cancer Res; 27(13) July 1, 2021

Recently, the phase II KEYNOTE-158 study showed that TMB-high
solid tumors treated with pembrolizumab were associated with a
higher ORR [30.3% (27.1% in MSS) vs. 6.7%] than TMB-low tumors,
leading to the FDA approval of pembrolizumab for the treatment of
TMB-high solid tumors (19). The findings from the KEYNOTE-158
study suggest that TMB might be a useful biomarker of immune
checkpoint inhibitors in MSS/pMMR tumors. Also, our study showed
that TMB might be a predictive biomarker of these agents in MSI-H/
dMMR tumors. However, optimal cutoff value, as well as the impact of
TMB on the efficacy of these agents, warrants further investigation in
larger cohorts. Moreover, previous reports demonstrated almost all
MSI-H tumors show a high mutation load regardless of primary cancer
sites (20, 21), whereas some reports about patients with various cancer
types demonstrated that a few MSI-H patients did not show TMB-
H (22, 23). Reports about the association between MSI-H and TMB-H
in patients with GI tumors are limited, and further examinations are
needed.

In our study, among mutations in genes in common oncogenic
signaling pathways, only PTEN mutations were significantly correlated
with a low ORR after PD-1 blockade in a mutually exclusive manner
with TMB-low tumors. This observation is consistent with previous
reports demonstrating an enrichment of PTEN mutations in PD-1
nonresponders with MSS/pMMR glioblastoma or uterine leiomyo-
sarcoma (24, 25). Notably, in our study, PTEN mutations in the
phosphatase domain were associated with a significantly lower ORR
and shorter PFS and OS than wild-type PTEN, whereas PTEN muta-
tions in the C2 domain were not. Moreover, immunosuppressive
tumor microenvironments with significantly fewer CD8" T cells and
increased tumor-associated macrophages were observed in tumors
with PTEN mutations in the phosphatase domain. These findings are
in accordance with those of previous studies showing that PTEN-
mutated tumors or the loss of PTEN tended to increase macrophage
infiltration or decrease CD8" T-cell infiltration in glioblastoma and
melanoma (24, 26). In addition, tumors with PTEN mutations in the
phosphatase domain were significantly associated with low levels of
PTEN mRNA expression and loss of the PTEN protein, resulting in
enrichment of the PI3K/AKT/mTOR and MTORCI signaling path-
ways. These findings suggest that PTEN mutations in the phosphatase
domain are correlated with PTEN loss of function, leading to resistance
to PD-1 blockade. The response to anti-PD-1/PD-1 therapies accord-
ing to the location of the PTEN mutations warrants further evaluation
in future studies.
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A, Kaplan-Meier plots of PFS according to TMB. B, OS according to TMB. Patients with TMB-low showed significantly lower PFS and OS than those with TMB-high:
[median PFS, 2.3 months (95% Cl, 0.9-not reached) vs. 15.6 months (95% Cl, 4.4-not reached); HR, 6.20 (95% Cl,1.93-19.98), P = 0.002] and [median OS, 6.5 months
(95% Cl, 1.5-not reached) vs. 25.7 months (95% Cl, 8.4-not reached); HR, 3.77 (95% Cl, 1.25-11.30), P < 0.001]. *P values were calculated using the Cox proportional
hazards model. C, Kaplan-Meier plots of PFS according to the PTEN mutation domain. Patients with PTEN mutations in the phosphatase domain experienced a
shorter PFS and OS than those with wild-type PTEN [median PFS, 2.6 months (95% Cl, 0.6-4.4) vs. 15.6 months (95% Cl, 4.3-not reached); HR, 5.04 (95% Cl, 2.00-
12.68), P< 0.001]. In contrast, there was no significant difference between the patients with PTEN mutations in the C2 domain and those with wild-type PTEN [median
PFS, not reached (95% Cl, 1.2-not reached) vs. 15.6 months (95% Cl, 4.3-not reached); HR, 0.55 (95% Cl, 0.20-1.51), P= 0.243]. * P values were calculated using the Cox
proportional hazards model. D, OS according to the PTEN mutation domain. Patients with PTEN mutations in the phosphatase domain experienced a shorter OS than
those with wild-type PTEN [median OS, 6.0 months (95% Cl, 1.1-15.2) vs. 25.7 months (95% Cl, 10.3-not reached); HR, 2.81(95% Cl, 1.13-6.96), P = 0.026]. In contrast,
there was no significant difference between the patients with PTEN mutations in the C2 domain and those with wild-type [median OS, not reached (95% Cl, 3.8-not
reached) vs. 25.7 months (95% Cl, 10.3-not reached); HR, 0.58 (95% Cl, 0.21-1.59), P = 0.288]. *P values were calculated using the Cox proportional hazards model.

Importantly, among the 20 patients showing disease progression
within 6 months after PD-1 blockade, four had TMB-low tumors
(20%), and eight (40%) had PTEN mutations in the phosphatase
domain. Other gene alterations, such as STK11, FBXW7, JAKI,

AACRJournals.org

B2M, and HLA mutations, which have been reported to be associated
with resistance to immune checkpoint inhibitors (10, 27-29), were also
observed in nonresponders, although tumors with these mutations
were not associated with a significantly low ORR in our study. The
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Figure 4.

CT during treatment in patients with wild-type PTEN (best response, PR, A) and mutant PTEN in the phosphatase domain (best response, PD, B). Representative CT
with wild-type PTEN (best response, PR) and those with PTEN mutations in the phosphatase domain (best response, PD) during the treatment are shown. C, Multiplex
fluorescence IHC analysis according to PTEN mutations. Representative multiplex IHC images of patients with wild-PTEN (best response, PR) and those with PTEN
mutations in the phosphatase domain (best response, PD) before the treatment are shown. The yellow dotted line indicates lymph node metastasis. CD204, CD3,
CD8, CD4, and cytokeratinin cells are shown inred, green, yellow, blue, and orange, respectively. Tumors with PTEN phosphatase domain mutations had significantly
lower levels of intratumoral CD8™" T cells and higher levels of intratumoral CD204 " macrophages than tumors with wild-type PTEN, resulting in a higher intratumoral
CD204" macrophage/CD3™" T-cell ratio. On the other hand, there was no statistically significant difference in these components between tumors with PTEN C2

mutations and those with wild-type PTEN.

levels of intratumoral CD3™, CD8™ T cells, and CD204™ macrophages
were not different according to JAKI or B2M mutational status (data
not shown). The impact of these mutations on efficacies of immune
checkpoint inhibitors and tumor microenvironment warrants further
investigations. In contrast, tumors with NOTCHI, POLE, FGFR2, or
TCF7 mutations in our study tended to be associated with a higher
ORR than those without mutations in these genes. In addition, MSI-H/
dMMR GI tumors with NOTCH1 or POLE mutations were associated
with a significantly higher TMB than wild-type tumors. Our findings in
MSI-H/dMMR GI tumors were in line with those from previous
reports demonstrating that MSS/pMMR tumors with NOTCH or
POLE mutations had a higher TMB than those without these muta-
tions, resulting in favorable clinical outcomes after treatment with
immune checkpoint inhibitors (11, 30, 31). The precise mechanism

3722 Clin Cancer Res; 27(13) July 1, 2021

regarding the association of these mutations with a high ORR in our
study on the efficacy of PD-1/PD-L1 blockade should be investigated
in the near future.

The major limitations of this study were its small sample size and
retrospective, single-center design. Also, this study might be compli-
cated by the heterogeneity of the patient population including the
different primary tumor sites, though the FDA approved pembroli-
zumab for MSI-H/dMMR solid tumors regardless of tumor histology.
Moreover, we included the patients with pembrolizumab plus napa-
bucasin, leading to the heterogeneous population in this study. How-
ever, given that MSI-H/dMMR is a rare subtype in patients with GI
tumors (32), our study provides new insight into the development of
predictive biomarkers or combination therapies for PD-1/PD-L1
blockade in this population.
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In conclusion, TMB-low tumors and PTEN mutations, especially
in the phosphatase domain with immunosuppressive microenvir-
onments, might be associated with less responsiveness to PD-1
blockade in a mutually exclusive manner in MSI-H/dMMR GI
tumors, which warrants further investigation in larger cohorts.
Considering that PTEN mutations are frequently observed in
MSI-H/dMMR tumors (33, 34), the mutational status of PTEN
could be an important predictive biomarker in this population
receiving anti-PD-1/PD-L1 therapies. Moreover, targeting immune-
suppressive cells using tyrosine kinase inhibitors such as VEGF
inhibitors might overcome resistance to immune checkpoint inhibitors
in MSI-H/dMMR tumors with PTEN mutations harboring abundant
tumor-associated macrophages (35, 36).
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