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ABSTRACT

Introduction Mismatch repair (MMR)-deficient and

DNA polymerase epsilon (POLE)-mutated tumors exhibit
a high tumor mutation burden (TMB) and have been
proven to be associated with good responses to immune
checkpoint inhibitor treatments. However, the relationship
between mutational characteristics of MMR-deficient

and POLE-mutated tumors and the spatial architecture

of tumor-infiltrating lymphocytes (TILs) has not been fully
evaluated.

Methods We retrieved microsatellite instability-high
(MSI-high, N=20) and POLE-mutated (N=47) cases from
the clinical next-generation sequencing cohort at Asan
Medical Center. Whole-slide immunostaining for CD3, CD4,
CD8, FoxP3 and PD-1 were performed with tissue samples
of colorectal and gastric cancer (N=24) and the tumor-
positive TIL cell densities were correlated with the tumor’s
mutational features. The findings were compared with the
results of similar analyses in The Cancer Genome Atlas-
Colorectal Adenocarcinoma (TCGA-COADREAD) cohort
(N=592).

Results The MSI-high group showed significantly higher
overall TMBs with a number of insertion/deletion (indel)
mutations relative to the POLE-mutated group (median
TMB; 83.6 vs 12.5/Mb). Oncogenic/likely-oncogenic
POLE mutations were identified with ultrahypermutations
(=100 mutations/Mb) (2/47, 4.3%). Concurrent POLE
mutations of unknown significance and MSI-high cases
were identified in eight cases (8/67, 11%), and two of
these colorectal cancers had multiple POLE mutations,
showing an ultramutated phenotype (378.1 and 484.4/
Mb) and low indel mutation burdens with complete loss
of MSH-6 or PMS-2, which was similar to the mutational
profile of the POLE-inactivated tumors. Intratumoral
CD3-positive, CD4-positive, CD8-positive, FoxP3-positive
and PD-1-positive TIL cell densities were more strongly
correlated with the indel mutation burden than with the
total TMB (correlation coefficient, 0.61-0.73 vs 0.23-
0.38). In addition, PI3K/AKT/mTOR pathway mutations
were commonly found in MSI-high tumors (75%) but not
in POLE-mutated tumors.

Conclusions Indel mutation burden rather than total TMB
could serve as a predictor of high TILs in both MSI-high
and POLE-mutated tumors. Multiple uncharacterized/
non-pathogenic POLE mutations occurring via MMR
deficiency within MSI-high tumors may have combined
pathogenic roles. A mutated PI3K/AKT/mTOR pathway may
be a biomarker that can be used to stratify patients with
advanced MSI-high tumors for immune therapy.

, Deokhoon Kim, Jene Choi

INTRODUCTION
Targeting immune evasion of the tumor has
become a promising antineoplastic treatment
modality." Recent genomic studies suggested
that a high tumor mutation burden (TMB)
confers an increased immune reaction to
tumors and a better response to immune
checkpoint inhibitor (ICI) treatment.” In
line with these observations, microsatellite
instability (MSI)-high solid tumors became
the first FDA-approved subject for ICI treat-
ment.” Furthermore, solid malignant tumors
with POLE or POLDI inactivation-associated
proofreading deficiency in another type of
hypermutated malignancy are also consid-
ered to be a good target for ICI treatment.*
High TMB tumors with mutations not within
the exonuclease domain of POLE/POLDI
showed a significant response to ICI therapy.”
However, recent research also suggested that
not all tumors with a high TMB show high
immune responses to tumors or favorable
responses to ICI treatment.® © Therefore,
additional biomarkers to more precisely
predict each patient’s response to ICI treat-
ment, beyond the TMB, are required.
Tumor-infiltrating lymphocytes  (TILs)
are a parameter indicating the immune
response to a tumor.” Therefore, assessing
the characteristics of TILs could stratify the
patients with a favorable response to ICI
treatment. In accordance with this notion,
many studies have reported that the amount
and composition of TILs are correlated
with a better response to ICI treatment in
various solid tumors.”"" Studies based on
the bioinformatics approach suggested
TMB and inflammatory biomarkers (T cell-
inflamed gene expression profile and PD-L1
expression) could independently predict
the immune response to ICI,12 but the rela-
tionship between the TMB and the immune
microenvironment in MSI-high and POLE-
mutated tumors has not been fully evaluated
yet.
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The goal of the present study was to evaluate the
genetic characteristics of POLE-mutated and MSI-high
tumors and their immune environment and to identify a
subgroup of hypermutated tumors that respond better to
ICI therapy.

MATERIALS AND METHODS

Patients

This study was approved by the Institutional Review
Board in Asan Medical Center with waiver of patient’s
informed consent (Approval No. 2018-1080). A total
of 67 cases with MSI-high (N=20) and POLE mutations
(N=47) were retrieved from the clinical targeted next-
generation sequencing (NGS) cohort of Asan Medical
Center (AMC OncoPanel v3S) from March 2017 to June
2018 (AMC cohort). Briefly, the genomic DNA of each
case was extracted from the representative formalin-fixed
paraffin-embedded (FFPE) tumor tissue. The estimated
tumor purities were at least 35% (range, 35%-90%).
After library preparation, the samples were sequenced
using the MiSeqDx sequencing system (Illumina, San
Diego, California, USA). The FASTQ file of each case
was aligned to the reference genome (GRCh37) using
BWA V.0.5.9," Picard V.2.5.0 (http://broadinstitute.
github.io/picard), and standard genome analysis toolkit
(GATK) V.1.6.5" to generate an analysis-ready BAM file.
The variants and copy number alterations were called
from the BAM files using VarDict V.1.6" and CNVkit
V.0.9.6,'° respectively. Finally, all identified variants were
manually reviewed by the authors (HSH and DHK) under
the IGV genomic viewer system.'” The list of oncogenic/
likely oncogenic (ONC/LO) mutations of particular
genes was retrieved from the OncoKB database.'® MSI-
high cases were identified with the NGS-based MSI test
according to a previously described method' or from a
PCR-based MSI test with/without expression loss of one
or more of the four mismatch repair (MMR) proteins
(MLH-1, MSH-2, MSH-6 and PMS-2) based on the revised
Bethesda guidelines.”” The immunostaining slides of the
MMR proteins were reviewed by the pathologist (HSH).
The mutation profiles were visualized using R package
maftools V.2.4.05.*"

Pathologic review and immunohistochemical staining

Immunohistochemistry (IHC) staining of the MMR
proteins (MLH-1, MSH-2, MSH-6 and PMS-2) was carried
out for the cases with available residual FFPE tumor tissue
and they were reviewed by the pathologist (HSH). In
addition, whole-slide IHC staining for CD3, CD4, CDS8,
FoxP3 and PD-1 was performed on tissues from surgically
resected colorectal and gastric cancer (GC) cases (N=24).
Briefly, the 4pm thick representative sections of FFPE
tumor tissues of each case were deparaffinized in xylene
and hydrated in an ethanol series. After blocking endog-
enous peroxidases and heatinduced antigen retrieval,
the tumor sections were incubated at room tempera-
ture for 32min. After washing, the tumor sections were

further incubated with antimouse or antirabbit secondary
antibodies for 30 min. The sections were processed with
an iView DAB detection kit (Ventana Medical Systems,
Tucson, Arizona, USA) and counterstained with hema-
toxylin. The above procedures were carried out using the
BenchMark XT autostainer system (Ventana). The manu-
facturers and dilution rates of the primary antibodies are
described in online supplemental table 1.

Digital image-based quantitation of the tumor immune cell
population

Whole slide images were obtained from the CD3, CD4,
CD8, FoxP3 and PD-1 immunostaining slides using
Panoramic 250 (3DHISTECH, Budapest, Hungary) to
quantify the densities of the populations of TILs. The
whole tumor area and outer invasive margin of each
slide image was labeled using QuPath V.0.1.2.* The
outer invasive margin was defined to be a stromal area
500pm outside the tumor-stromal interface. The posi-
tive cells in the tumor areas were counted using Positive
Cell Detection module in the QuPath program. The DAB
signal cut-off of each of the immunostaining markers was
repeatedly calibrated by the author (HSH). The positive
cell densities of the tumor area and outer invasive margin
were calculated as the number of positive cells divided
by the tumor area measurements (cell counts/mm?)
(online supplemental figure 1A—C). We found that the
immune cell densities of tumor area and outer invasive
margin were strongly correlated (R=0.72-0.93, p<0.001
for all comparisons) (data not shown); therefore, we used
the immune cell densities of the tumor area in additional
analyses.

Analysis of The Cancer Genome Atlas (TCGA) database

The gene expression profile data of RNA-sequencing
(N=592) and mutation annotation files (N=528) from the
TCGA-Colorectal Adenocarcinoma (TCGA-COADREAD)
cohort (N=592) were obtained. The resulting files of the
TCGA-COADREAD dataset were downloaded from the
cBioPortal cancer genomics database (https://www.cbio-
portal.org).” ** The results of the mononucleotide and
dinucleotide marker panel of the TCGA-COADREAD
dataset were retrieved from the Broad GDAC firehose
website (https://gdac.broadinstitute.org). Ninety-nine
cases with MSI-high and/or POLE-mutated cases were
further retrieved from the TCGA-COADREAD dataset
and analyzed in a similar fashion as the AMC cohort. The
signatures regarding tumor immunity, including lympho-
cyte infiltration and CD8 + T cell signatures, were retrieved
from the supplementary data of the pan-immune feature
matr2ix for the entire TCGA cohort analyzed by Thorsson
et al®

Statistical analysis

Differences of continuous numerical variables between
the groups were compared using the Mann-Whitney U test.
The correlation between the two continuous numerical
variables was evaluated using Pearson’s correlation test.
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Table 1 Summary of the clinical features of the enrolled cases (N=67)

Parameters *MSI-high (N=20) (%) POLE-mutated (N=47) (%) Total (%)
Age (mean+SD) 48.8+11.9 61.4+11.7 Sk
Sex Male 14 (70) 30 (64) 44 (66)
Female 6 (30) 17 (36) 23 (34)
Type of malignancies CRC 14 (70) 25 (53) 39 (58)
NSCLC 0 12 (26) 12 (18)
GC 3 (15) 6 (13) 9 (13.5)
GBM 2 (10) 0 2 (3)
ov 1) 1(@2) 2 (3)
BC 0 1(@2) 1(1.5)
SCLC 0 1) 1(1.5)
HNSCC 0 1) 1(1.5)

*Defined by the published criteria of Kim et al.'®

BC, breast cancer; CRC, colorectal cancer; GBM, glioblastoma; GC, gastric cancer; HNSCC, head and neck squamous cell carcinoma; MSI,
microsatellite instability; NSCLC, non-small cell carcinoma; OV, ovarian cancer; SCLC, small cell lung carcinoma.

The statistical analyses were carried out using R V.4.0.2 (R
Foundation for Statistical Computing, Vienna, Austria). A
two-sided p<0.05 was considered to be significant.

RESULTS

Clinicopathologic features of the patient cohorts

A total of 67 patients were analyzed and their clinical
features are shown in table 1. The mean age of the patients
in the MSI-high group was significantly lower than that in
the POLE-mutated groups (p=0.0001). There was a male
predominance in both the MSI-high and POLE-mutated
groups. Colorectal cancer (CRC) was the most common
cancer type in both the MSI-high and POLE-mutated
groups, accounting for 70% of MSI-high and 53% of
the POLE-mutated groups, respectively. Other types of
malignancies included in the study were non-small cell
lung cancer (NSCLC), GC, glioblastoma (GBM), ovarian
cancer (OV), small cell lung cancer (SCLC), head and
neck squamous cell carcinoma (HNSCC) and breast
cancer (BC). MSI-high was not observed in patients with
NSCLC, SCLC, HNSCC or BC. The NGS-based MSI-
high result was significantly correlated with the MSI-
high results from the clinically defined MMR phenotype
evaluated by a PCR-based MSI test and/or MMR protein
immunostaining (p<0.0001) with 100% specificity (95%

CI 0.85 to 1.00) and 79% sensitivity (95% CI 0.54 to 0.94)
(table 2).

Mutational profile comparison of the MSI-high and POLE-
mutated groups

We next analyzed the mutational profile of the AMC cases
(figure 1) with afocus on frequently mutated genes in MSI-
high tumors and oncogenic driver alterations in signaling
pathways. The most common alterations in the MSI-high
group were frameshift deletion mutations. Among them,
CDH26 (70%), ACVR2A (65%) and RNF43 (50%) were
the most frequently mutated genes with homopolymer
sequences in their coding regions. Interestingly, PIK3CA
missense mutations were detected in 65% of the cases
(13/20), which was ONC/LO in 11 cases. Among the
PIK3CA mutated tumors, colon cancer cases were predom-
inant (7/13, 53%) (figure 1A). In contrast, the POLE
mutated group exhibited various alterations, including
mutations of common tumor suppressor genes such as
TP53 (83%) and APC (49%), and subsequently KRAS
(34%) and FBXW7 (21%), especially in CRCs (figure 1B).
PIK3CA mutations were observed, but their frequency was
much lower in the POLE-mutated group than the MSI-
high group (19% vs65%). In terms of TMB, the MSI-high
group showed significantly higher overall TMBs with a
greater number of insertion/deletion (indel) mutations

Table 2 Comparison of next-generation sequencing-defined MSI-high group with the clinical MMR phenotype

Clinical phenotype

MMR-deficient (%) MMR-proficient (%) Total (%)
NGS phenotype MSI-high 15 (79) 0 15 (36)
MSS 4 (21) 23 (100) 27 (64)
Total 19 (100) 23 (100) 42 (100)

Fisher’s exact test p<0.0001.

MMR, mismatch repair; MSI, microsatellite instability; MSS, microsatellite stable; NGS, next-generation sequencing.
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Figure 1 Mutation profiles with overall and indel mutation frequencies of MSI-high and POLE-mutant cases. (A-E) MSI-high
and POLE-mutant cases of the AMC cohort. (A) Mutation profile of MSI-high cases (N=20). Note the high proportion of ACVR2A
frameshift deletion and PIK3CA mutations (65% each). (B) Mutation profile of POLE-mutant cases (N=47). Only a few cases
(N=2) showed an ultrahypermutation (>100 mutations/Mb) phenotype. (C-E) TMB (C), number of indel mutations (D) and indel
index (indel mutation frequencies) (E), were significantly elevated in MSI-high cases (p<0.001 for all comparisons). White-colored
items indicates the data were not available. BC, breast cancer; CRC, colorectal cancer; GBM, glioblastoma; GC, gastric cancer;
HNSCC, head and neck squamous cell carcinoma; MSI, microsatellite instability; NSCLC, non-small cell carcinoma; ONC/LO,
oncogenic/likely oncogenic; OV, ovarian cancer; SCLC, small cell lung carcinoma; TMB, tumor mutation burden.

than the POLEmutated group (median TMB; 83.6 wvs
12.5/Mb) (figure 1C-E). These results suggest that POLE-
mutated tumors have variable TMBs that depend on their
specific POLE variants.

MSI-high tumors show frequent genomic alterations in the
PI3K/AKT/mTOR pathway

We further investigated the mutational profile of canon-
ical pathways, such as RTK/RAS/MAP-Kinase, TGFB/
SMAD, PIK3/AKT/mTOR and B-catenin/Wnt. As shown
in figure 2, we found that a substantial number of genes
were mutated in the PI3K/AKT/mTOR pathway in the
MSI-high group, including PI3K catalytic subunit genes
(PIK3CB and PIK3CD), PI3K regulatory subunit genes
(PIK3RI and PIK3R2), AKT/protein kinase B genes
(AKTI1, AKT2 and AKT3), RICTOR, MTOR and PTEN,

affecting 17 of 20 cases (85%). In combination with the
oncogenic mutations of the PI3KCA gene (65%), overall
15 of 20 cases (75%) displayed ONC/LO mutations
involving the PI3K/AKT/mTOR pathway, suggesting that
any genetic alterations in the PI3K/AKT/mTOR pathway-
associated genes play a significant role in the pathogen-
esis of MSI-high tumors. We did not identify any pattern
of recurrent and functionally relevant mutations in the
other pathways. Of note, the alterations of the PI3K/
AKT/mTOR genes were not significantly associated with
the increased immune cell density (data not shown).

Not all POLE-mutated tumors are associated with a
hypermutational phenotype or increased T-cell infiltration

To correlate the association of different POLE mutations
and their TMB in this cohort, we compared specific POLE
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Figure 2 Mutation profile for the genes of the constituents of PIBK/Akt/mTOR pathways in MSI-high cases (N=20). Known
ONC/LO mutations involving the components of thePIBK/AKT/mTOR pathway were identified in 15 of 20 (75%) of the MSI-
high cases. Among the MSI-high cases, 71% were CRCs (10/14). ONC/LO mutations are labeled with red empty boxes. CRC,
colorectal cancer; GC, gastric cancer; GBM, glioblastoma; MSI, microsatellite instability; ONC/LO, oncogenic/likely oncogenic;
QV, ovarian cancer.
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Figure 3 TMB and T-cell infiltration densities of POLE-mutant cases regarding the characteristics of POLE mutations. (A) TMB
of each POLE-mutant tumor in the AMC cohort. Predicted protein alterations of each case are presented. (B) TMB of each
POLE-mutant tumor in the TCGA-COADREAD cohort. The cases harboring POLE ONC/LO mutations show a hypermutated
phenotype. (C-F) TMB of POLE-mutant cases in the AMC and TCGA-COADREAD cohorts. (C) A few cases with POLE ONC/
LO mutations show a hypermutation phenotype. (D) The exonuclease domain POLE-mutated cases show higher TMBs than the
outside-exonuclease domain POLE mutated cases, but the difference is not remarkable. (E) POLE ONC/LO mutations display
a significantly high mutation load. (F) Cases with the POLE exonuclease domain exhibit remarkably high TMB, but these cases
largely belong to the POLE ONC/LO mutation group. (G-J) Immune cell densities and immune cell signatures of POLE-mutant
cases in AMC and TCGA-COADREAD cohorts, respectively. (G-H) The tumor CD3-positive (G) and CD8-positive (H) T-cell
densities are not significantly different between the groups with POLE ONC/LO and truncated mutation and POLE unknown
significance mutation. (I-J) Lymphocyte infiltration signature (I) and CD8 + T cell scores (J) of the POLE ONC/LO and truncated
mutation groups are slightly elevated compared with the POLE unknown significance mutation group, but these findings

do not reach statistical significance. (K) The representative histology of a POLE ONC/LO mutation case in the AMC cohort,
showing a scanty number of CD3-positive and CD8-positive lymphocytes. (L) A case with high-TMB and double POLE ONC/
LO mutations from the TCGA-COADREAD cohort display a scanty amount of TILs. AMC, Asan Medical Center; BC, breast
cancer; CRC, colorectal cancer; GBM, glioblastoma; GC, gastric cancer; HNSCC, head and neck squamous cell carcinoma;
MSI, microsatellite instability; NSCLC, non-small cell carcinoma; ONC/LO, oncogenic/likely oncogenic; NS, non-significant;
QV, ovarian cancer; SCLC, small cell lung carcinoma; TIL, tumor-infiltrating lymphocyte; TMB, tumor mutation burden; unk,
unknown-significant.

mutations with their mutational profiles. As shown in the mutations, and were both CRCs. In contrast, a NSCLC
plots of the mutational landscape (figure 3A), a large  case with the ONC/LO POLE S297F mutation, which is
number of POLFE-mutated tumors did not show extraordi-  one of the most common pathogenic POLE mutations,
narily high TMBs. Only two POLE-mutated tumors exhib-  did not show an ultrahypermutation (TMB 64.0/Mb). In
ited an ultrahypermutated genotype (=100 mutations/ the comparisons using the mutational type, high TMB
Mb), which had ONC/LO POLE M444K and V411L was frequently detected in tumors with ONC/LO POLE
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mutations with a median TMB of 164.1 mut/Mb followed
by tumors with truncated (median TMB 18.8 mut/Mb)
and unknown-significant (median TMB 10.9 mut/Mb)
POLE mutations (p<0.05), and any unknown-significant
POLE mutations, including truncated or the functional
exonuclease domain mutations, did not show ultrahy-
permutation (figure 3C). Moreover, a TMB difference
was not identified between the exonuclease domain and
the outside-exonuclease domain POLEmutated tumors
(figure 3D). To further confirm our data, we analyzed the
POLE-mutated cases from the TCGA-COADREAD cohort
(N=17) and found that ONC/LO POLE mutated tumors
also showed also ultrahypermutation or hypermutation,
while unknown-significant POLE mutated ones did not
display hypermutation except for two cases (figure 3B,E),
which are consistent with our results. Mutations within
the POLE exonuclease domain are strongly associated
with high TMB in the TCGA-COADREAD cohort, but
this is attributable to the cases with ONC/LO POLE muta-
tions, which are primarily located within the exonuclease
domain (figure 3F).

We next evaluated the association of POLE mutations
with the degree of tumorous immune cell infiltration.
The two cases with ONC/LO POLE mutations in our
AMC cohort (M444K and V411L) showed similar levels of
CD3-positive and CD8-positive T cell densities compared
with truncated or unknown-significant POLE-mutated

tumors at the center of the resected gastric and CRCs
(figure 3G,H). In the TCGA-COADREAD cohort, the
scores of the lymphocyte infiltration signature and
CD8 + Tcell were slightly elevated in the POLE ONC/
LO and truncated mutation groups, mostly being ultra-
hypermutated, compared with those with the unknown
significant POLE mutated group, but the difference was
not significant (figure 31-J). Histologic images of ultrahy-
permutated resected CRCs with oncogenic POLE V411L
(figure 3K) and S459F (figure 3L) mutations from our
cohort and the TCGA-COADREAD cohort, respectively,
showed scanty amounts of TILs.

Taken together, these data indicate that the large
number of POLE mutations could be non-functional
passenger mutations, and the unknown significant
POLE mutations are generally not inducing hypermuta-
tion, unlike the ONC/LO POLE mutation. In immune
responses, ONC/LO POLE mutated tumors with the
ultrahypermutated genotypes did not directly lead to
high immune responses in both cohorts.

Tumors with concurrent MSI-high and POLE mutations

We identified eight cases with concurrent MSI-high
and POLE mutations (figure 4A) in GBM, CRC and GC
in the AMC cohort. Among these cases, two CRC cases
showed exceptionally high TMBs (Case 1, 484.4 mut/
Mb; Case 2, 378.1 mut/Mb), which is higher than that
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Mb; Case 2, 378.1/Mb), which are predominantly missense mutations. (B) Scatterplots of variant allele fractions of two cases
with exceptionally high TMBs. MSH6 and MSH2 mutations appear to precede multiple POLE mutations in Case 1. In Case 2,
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sheets of tumor cells with complete losses of MSH-6 and PMS-2 expression, respectively. CRC, colorectal cancer; GC, gastric
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of the MSI-high-only CRCs (median TMB, 83.6 mut/
Mb), with distinct characteristics of a high missense muta-
tion load (273 and 194 mutations) and a low indel index
(3.9% and 10.7%), which is similar to that of the POLE
inactivation-associated ultrahypermutation phenotype.
These two cases were MSI-high tumors as confirmed by
the PCR-based tests. Scatterplots of the variant allele
fractions (VAFs) of Case 1 showed that VAFs of the MMR
gene mutations were much higher than that of the POLE
mutations after considering the approximate 40% tumor
purity, suggesting that the MMR gene mutations may
have preceded the POLE mutations during the develop-
ment of the tumor (figure 4B). In Case 2, even though
the VAFs of the multiple POLE mutations were higher
than those of the MMR gene mutations, the sum of the
VAFs of the two PMS2mutations (R747Kfs*22 and R628%)
was comparable to those of the POLE mutations, consid-
ering the estimated tumor purity of 20% (figure 4B), with
a complete loss of PMS-2 expression (figure 4C). Thus,
it appears that multiple POLE and PMS2 mutations were
present in all of the cancer cells in Case 2. Except for
the POLE X369_splice mutation, any of the concurrent
POLE mutations in the first and second cases were not
located within the POLE exonuclease domain (codon
86—426). The other six MSI-high cases showed single or
multiple POLE mutations of unknown biological signif-
icance, which were probably subclonal because of their
low VAFs (online supplemental figure 2). These results
suggested that concurrent multiple POLE mutations,
that may be either clonal or subclonal, may occur within
MSI-high tumors. Some of these POLE mutations may be
biologically pathogenic and result in an ultrahypermuta-
tion phenotype.

MSI-high phenotype and indel mutation number, rather than
POLE status or tumor mutation burden, are correlated with the
tumor immune cell density
We further evaluated the significance of the MSI-high,
POLEmutated phenotypes and the TMB on TILs with
colorectal and GC (N=24) from our cohort. MSI-high
tumors showed significantly higher CD4-positive and CD8-
positive T-cell infiltrations compared with microsatellite-
stable (MSS) tumors. CD3-positive, FoxP3-positive and
PD-1-positive immune cell densities were also increased
in the MSI-high tumors, although the increase did not
reach statistical significance (figure 5A-G). Unexpect-
edly, ONC/LO POLE-mutated tumors with ultrahyper-
mutation did not show significant differences in terms
of immune cell infiltration compared with unknown-
significant POLEmutated tumors (figure 5A-G). Simi-
larly, the mRNA expression levels of T-cell markers (CD3D,
CD4 and CDS8A) and lymphocyte infiltration signature
scores were slightly elevated in MSI-high tumors, but the
differences were not statistically significant except for
CDSA expression (online supplemental figure 3A-D) in
the TCGA-COADREAD cohort.

In the analyses of the relationship between the immune
cellinfiltration, TMBs and indel mutations, the number of

indel mutations was strongly correlated with all examined
types of immune cell (CD3+, CD4+, CD8+, FoxP3 + and
PD-1+) densities (R=0.61-0.72, p<0.002) (figure 5H-L),
whereas the total number TMB was not significantly asso-
ciated with all examined immune cell densities (R=0.23—
0.38); only CD3-positive and CD4-positive T-cell densities
showed borderline significance (p=0.072 for both cases)
(figure 5M—-Q). These data demonstrated that a high
indel mutation load might be a more useful predictor
of tumor immunogenicity than total TMB in MSI-high
and POLFE-mutated tumors. In the same analyses with
the TCGA-COADREAD cohort, neither indel mutation
number nor TMB were associated with T-cell marker
expressions or lymphocyte infiltration signature, but the
expression of CD3D and indel mutation number showed
a marginal association (online supplemental figure
3E~L). The observed differences in our AMC cohort and
the TCGA-COADREAD cohort may be due to variable
factors, including tumor cell content and different evalu-
ation methods (IHC vs mRNA expression).

DISCUSSION

In this study, we found that MSI-high and POLE-mutated
tumors exhibited different mutation profiles. MSI-high
tumors exhibited frequent PI3K/AKT/mTOR pathway
alterations with high TMBs (median TMB; 83.6), but
POLE-mutated tumors displayed heterogeneous genetic
alterations and a variable TMB (median TMB; 12.5/
Mb). Of note, only ONC/LO POLE mutations were
almost exclusively associated with the ultrahypermu-
tation genotype, but some of the cases with unknown-
significant POLE mutations with or without a concurrent
MSI-high phenotype showed high TMBs similar to those
of the ONC/LO POLE inactivated cases. Rather than the
TMB, the number of indel mutations was more strongly
correlated with the densities of the TILs. These results
suggest the importance of indel mutations rather than
the total number of mutation events for predicting a clin-
ical benefit from immunotherapy.

One of the ongoing debates in immunotherapy is
whether there is a tumor genomic determinant associated
with the immune fitness of a specific tumor that can be used
to stratify patients for immune therapy. In some studies,
high non-synonymous TMB is a predictive biomarker for
the response to monoclonal antibody therapy directed
against the PD-1 receptor, namely pembrolizumab;*
meanwhile, other studies showed that the neoantigens
produced by indel mutations could trigger an antineo-
plastic immune response.”” * Consistent with previous
studies depicting the positive relationship between the
indel mutation load and tumorous immune response in
MSI-high CRCs,” * we also demonstrated that MSI-high
tumors showed significantly high levels of intratumoral
CD4-positive and CD8-positive T-cell densities compared
with MSS tumors. In addition, an important point that
should be emphasized in our data is that the indel muta-
tion load was significantly correlated with the infiltration

Hwang HS, et al. J Immunother Cancer 2021;9:e002797. doi:10.1136/jitc-2021-002797

7


https://dx.doi.org/10.1136/jitc-2021-002797
https://dx.doi.org/10.1136/jitc-2021-002797
https://dx.doi.org/10.1136/jitc-2021-002797
https://dx.doi.org/10.1136/jitc-2021-002797

A

MSI-high (TMB 82.8/Mb)

/

B

POLE M444K (TMB 215.6/Mb)

* P<0.05
C P =0.065 D * E * F NS G NS
300 200 — 200 — 50 — 100 —
o -
T - < ! < ° E < <
£ 250 : £ [ £ £
£ A E 1504 ! £ 150 §4° & g 807 =
200 H > '
z n ° 2 ' & @ 30 k3 %‘ 60 |
£ 150 £ 100 £ 100 8 o . 5 ¢
bl s s 52 1 S 40
? 100 ? o ° § © P 8 ? u °
Fa & 10 t 20
8 %0 oo —oo-ﬁ 3 =t g a | % & a = pad
o o o ° o
o <+ ol o TEE o ] e —diip. ol = T T =
MSIH  + - - MSIH  + - - MSIH  + - - MSIH  + - - MSIH  + - -
POLE Yﬂ(’ OI[\‘OC/ unk POLE Yﬂ(/ OII“OC/ unk POLE Yﬂ(’ OII\'OCI unk POLE m’z OLN(;:/ unk POLE m'k’ Oi"gl nk
E309R=073 E209R=072 © E20qR=072 E 90qR=063 E 10 1R=061
E 2504 P<0.0001 "¢ £ 150 P =0.0001 £ 150-| P=0.0001 S4a0P=0002 "o o E glP=0002 o
2 200 ) z z & z
K] H s 30 3 60
$ 150 e @ £ 100 o o © 5100 § ) 5 ]
S joo = = © 0% o 3% s 4
[ ° 8 50 8 50 T [} & 5 °
Fa ) 4 ° H 2 8 3 © °
8 o g o ° 8 o 50 a o
© r—Tr o T 111 © L L A B B B | © LI I B B B B ) w r—TrTT 1T o L L L L L
0 5 101520 25 30 35 0 5 10 1520 25 30 35 0 5 10 1520 25 30 35 0 5 10 15 20 25 30 35 0 5 10 1520 25 30 35
Indel mutation number Indel mutation number Indel mutation number Indel mutation number Indel mutation number
< 300 £ 200 < 200 E 50 < 100
£ o R=038 E ® R=039 E ° R=028 ¢ ® R=028 £ R=023
S209 o P=0.072 < 45 P=0.072 < 45 P=019 <404 § P=0214 = 8- © P=0.291
2 200 e 2 2 & 2
] ] H 2 30 G 60
2 15010 © 51004 @ © 5 100 § o 5 °
s ° et oS ®@ =20 S 40
= 100 H 3 8’ g @ 3 o
8w © 8 50 8 50 $108° o 8 2 o
Y bt P & *
g R o° i 0® 2, 00 g Ge° 3 o %0
o T T 1 1 © T T T 1 © T T 11 £ T T T T 1 & | e e e
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
TMB (IMb) TMB (IMb) TMB (IMb) TMB (Mb) TMB (IMb)
© MSI-H

© MSS / POLE ONC/LO
@® MSS / POLE unk

Figure 5 Densities of immune cell infiltrations in MSI-high and POLE-mutant cases in the AMC cohort. (A,B) Photomicrography
of CD3 immunostaining with POLE M444K (TMB: 215.6/Mb) and MSI-high (TMB: 82.8/Mb) cases. The amount of CD3-positive
T-cell infiltration is lower in the POLE M444K case even though it is high TMB. (C-G) The amount of immune cells positive

for CD3 (C), CD4 (D), CD8 (E), FoxP3 (F) and PD-1 (G) are compared according to the MSI and POLE mutation statuses.
CD4-positive and CD8-positive cell densities were significantly increased in the MSI-high group (p<0.05). CD3-positive cell
densities were also elevated in the MSI-high group, but this was not statistically significant (p=0.065). (H-L) The number of

indel mutations were significantly correlated with CD3-positive (C), CD4-positive (D), CD8-positive (E), FoxP3-positive (F) and
PD-1-positive (G) immune cell infiltration densities in all MSI-high and POLE-mutant cases. (M-Q) In contrast, overall TMB was
not significantly correlated with the tumorous immune cell infiltration densities. AMC, Asan Medical Center; MSI, microsatellite
instability; ONC/LO, oncogenic/likely oncogenic; NS, non-significant; TMB, tumor mutation burden.

of the above immune cells in the tumors, while total
TMB appears to not be as strongly associated with TIL
densities. These findings were not completely consistent
with those from the TCGA-COADREAD cohort. There
are important caveats to using TCGA data due to the
characteristics of bulky sequencing data that may not
delicately quantify the amounts of TILs compared with
the IHC staining-based methods. We believe our sophis-
ticated approaches overcame the potential limitations
of tumor cell and immune cell evaluation in the TCGA-
COADREAD cohort. Considering that TMB is widely
accepted as a marker of an ICI treatment response,” *
our results suggest that an indel mutation load may be a

useful biomarker for precise patient stratification of the
ICI treatment response in patients with MSI-high tumors.

POLE mutations are infrequently encountered in clin-
ical sequencing studies of solid malignant tumors, but they
have attracted the attention of clinicians because POLE
inactivating mutations are believed to be associated with
a very high TMB, an increased tumor immune response
and a better response to ICIs.”” Nevertheless, it has been
also widely recognized that not all POLE gene mutations
affect the biologic activity of the protein product of the
POLE gene.” We also found an ultrahypermutated group
with ONC/LO POLE mutations in the CRC cases, while
the unknown-significant and truncated POLE-mutated
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group may not show hypermutation. Interestingly,
we detected two cases with concurrent MSI-high and
multiple unknown significance POLE mutations showing
ultrahypermutation genotype. Recently, Haradhvala
and colleagues reported that polymerase proofreading
deficiency precedes the MMR deficiency in concurrent
polymerase proofreading and MMR deficient cases in
TCGA endometrial cancer cohort.”” On the contrary, we
observed that MSH6 and MSH2 mutations preceded the
multiple POLE mutations in our first concurrent POLF-
mutated and MMR-deficient colon cancer case, while
we could not determine the two mutation events tempo-
rally in the second case. It should be noted that these
two tumors showed distinct mutational characteristics
(ultrahypermutation, high numbers of single nucleotide
variants and a low indel mutation load), which is more
like the genotype of POLF-inactivated tumors rather than
MSI-high tumors. Even though it is virtually impossible
to conclude whether the two genomic events (POLE or
MMR gene mutation) occurred simultaneously or were
temporally separated in our cases, we strongly believe
that the unknown-significant POLE mutations could be
a secondary mutation to MMR deficiency that have an
impact on POLE function, resulting in an increased TMB
in concurrent POLE-mutated and MMR-deficient tumors.

A number of studies have suggested that the ultrahyper-
mutation caused by POLE inactivation is associated with
an increased immune reaction against the tumor and a
better prognosis in endometrial cancer® * and CRCs.™
Also, there are several reports showing clinical responses
to ICI treatment in POLFE-inactivated malignancies.”™*!
The most interesting point in this regard is that tumor
immune responses of POLI-inactivated tumors appear to
be heterogeneous or even contradictory. Shia et alreported
that more than half of POLE-mutated CRCs showed histo-
logic features just like those of conventional CRCs.*” In
addition, Wang et al demonstrated that not all POLF-
inactivated CRGCs displayed high CD8 + T cell infiltration
and a clinical response to ICI treatment.*” Concordantly,
we demonstrated that the tumors harboring unknown-
significant POLE mutations are not usually associated
with ultrahypermutation, and even in the ultrahypermu-
tated CRC cases harboring ONC/LO POLE mutation,
tumorous immune signatures or increased immune cell
densities were not found to be significantly increased in
both our AMC and TCGA-COADREAD cohorts. There-
fore, we concluded that the tumorous immunogenic
potential of novel POLE mutations, whether or not the
mutations are within the exonuclease domain as well as
single or multiple mutations, should be interpreted in
the context of their mutational profile and tumorous
immune cell infiltration because an ultrahypermutation
may not always lead to an increased tumor immune reac-
tion or a favorable ICI treatment response.

Of note, we found that the genes involved in the PISK/
AKT/mTOR pathway were frequently altered in the MSI-
high group. Several studies using small subsets of MMR-
deficient CRCs revealed that PIK3CA gene mutations

were more frequently identified in MMR-deficient than
MMR-proficient CRCs with frequencies ranged from 30%
to 40%.1* ¥ Furthermore, PTEN promoter inactivation
and/or sporadic mutations are also common in MMR-
deficient CRCs.***" In this study, the frequency of PI3K/
AKT/mTOR pathway mutations (75%) in MSI-high
tumors was higher than in previous reports, probably
because we examined many PI3K pathway-related genes,
including PIK3RI, PIK3R2 and AKTI. Recent studies
implicated PI3K/AKT/mTOR pathway activation in the
escape of immune surveillance of tumors by regulating
chemokine and/or immune checkpoint signaling,48
which also suggests the role of this pathway in immune
evasion and cancer progression. These findings suggest
that mutational activation of the PI3K/AKT/mTOR
pathway may exert an important role in the pathogenesis
of MSI-high malignancies and targeting the PI3K/AKT/
mTOR pathway in combination with ICI treatment could
be an efficient treatment strategy, which has been demon-
strated in several pre-clinical models.* >’

In this study, we showed that indel mutation burden
rather than the total TMB could be a predictor of a TIL
density in MSI-high and POLE-mutated tumors. We also
found that not all ultrahypermutated ONC/LO POLE-
mutant tumors are directly associated with increased
immune cell infiltration, suggesting the immunogenic
heterogeneity of POLF-inactivated malignancies. MSI-
high tumors with multiple uncharacterized POLE muta-
tions may have similar genomic characteristics as ONC/
LO POLE-mutated tumors, which suggests that MMR defi-
ciency may take precedence over the POLE mutations,
which may be pathogenic.
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