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BACKGROUND: Intratumor heterogeneity (ITH) in microsatellite instability-high (MSI-H) colorectal cancer (CRC) has been poorly
studied. We aimed to clarify how the ITH of MSI-H CRCs is generated in cancer evolution and how immune selective pressure affects ITH.
METHODS: We reanalyzed public whole-exome sequencing data on 246 MSI-H CRCs. In addition, we performed a multi-region analysis
from 6 MSI-H CRCs. To verify the process of subclonal immune escape accumulation, a novel computational model of cancer evolution
under immune pressure was developed.

RESULTS: Our analysis presented the enrichment of functional genomic alterations in antigen-presentation machinery (APM).
Associative analysis of neoantigens indicated the generation of immune escape mechanisms via HLA alterations. Multiregion analysis
revealed the clonal acquisition of driver mutations and subclonal accumulation of APM defects in MSI-H CRCs. Examination of variant
allele frequencies demonstrated that subclonal mutations tend to be subjected to selective sweep. Computational simulations of
tumour progression with the interaction of immune cells successfully verified the subclonal accumulation of immune escape mutations
and suggested the efficacy of early initiation of an immune checkpoint inhibitor (ICl) -based treatment.

CONCLUSIONS: Our results demonstrate the heterogeneous acquisition of immune escape mechanisms in MSI-H CRCs by Darwinian
selection, providing novel insights into ICl-based treatment strategies.

British Journal of Cancer (2023) 129:1105-1118; https://doi.org/10.1038/541416-023-02395-8

INTRODUCTION

Genome medicine, which assembles molecular targeted therapies
using comprehensive genomic profiles leading to interventions
with personalized therapeutic compounds, has improved the
survival of patients with colorectal cancer (CRC). In addition to the
development of compatible agents targeting actionable driver
mutated genes, understanding the clonality of targeted mutated

clones in a heterogeneous tumour can affect the clinical outcome
of CRC treatment. Previously, we conducted multi-region sequen-
cing and mathematical modelling of precancerous microsatellite-
stable (MSS) CRCs and advanced MSS CRCs to elucidate the
evolution of “branch” mutation clones fostering heterogeneous
tumours from early to advanced stages [1, 2]. We proposed a
model in which the evolutionary principle that generates
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intratumor heterogeneity (ITH) shifts from Darwinian selection to
neutral evolution through the acquisition of a sufficient number of
driver mutations and demonstrated that such driver copy number
aberrations (CNAs) are acquired during MSS CRC progression [3].
However, research on the genomic evolution of microsatellite
instability-high (MSI-H) CRC cases, including rectal cancer cases, is
lacking. Additionally, MSI-H CRCs show higher mutation rates and
lower CNA rates than MSS tumours, thereby rendering our
previous evolution model inapplicable [3].

The MSI-H phenotype is a distinctively classified genetic subset of
CRCs and is characterized by mismatch-repair deficiency (dMMR),
which is observed in 15% of all patients with CRC [4]. The increased
mutational burden indicates a specific phenotype, such as eliciting a
prominent immune response with significant tumour-infiltrating
immune cells [5]. Programmed death 1 (PD-1) blockade is effective
for treating patients with metastatic MSI-H CRCs [4, 6-8]. In contrast
to our expectation of the overwhelming usefulness in hot immune
tumours with high tumour mutation burden (TMB), clinical trials
unveiled a limited response to PD-1 blockade therapy, where
approximately 60% of MSI-H CRCs were resistant to it [4, 6]. MSI-H
CRCs harbour recurrently mutated genes involving important
immune-modulating  pathways, including the  antigen-
presentation machinery (APM), as well as the WNT/B-catenin
signalling pathway [9]. As the current immune checkpoint inhibitors
(ICls) mainly target PD-1/PD-L1, immune evasion through genetic
alteration of APM could contribute to the aforementioned limited
response to treatment involving PD-1 blockade.

In an effort to attain deeper insights into the therapeutic
resistance against ICls, we studied tumour cell evolution and ITH in
MSI-H CRCs using multisampling genomic analysis of MSI-H CRCs
along with mathematical modelling of cancer evolution. In this
study, we focused especially on genetic heterogeneity in terms of
evaluating the ITH of MSI-H CRCs.

Overview of the study

In this study, we aimed to clarify how the ITH of MSI-H CRCs is
generated in cancer evolution under immune selective pressure
and how immune selective pressure affect to ITH. We first define
the 17 candidate driver genes for MSI-H CRCs which include HLA
class | genes and beta-2 microglobulin (B2M), by reanalyzing
public WES data on MSI-H CRCs. We next demonstrate that
genomic alterations of those HLA class | genes are not subjected
to two-hit selection, suggesting even one-hit alterations of HLA
class | genes contribute to immune escape in MSI-H CRCs. Further
analysis of types and locations of HLA mutations and associative
analysis of neoantigens also support that HLA alterations lead to
immune escape.

Next, performing the multi-region analysis of MSI-H CRCs, we
provide evidence that subclonal APM defects are accumulated after
the clonal acquisition of driver mutations in MSI-H CRCs. Multi-
regional immunohistochemistry (IHC) suggests subclonal APM
defects generate the intratumor heterogeneous infiltrate levels of
CD8-positive T cells. In addition, examination of variant allele
frequencies in the multiregion datasets demonstrates that subclonal
mutations tend to be subjected to selective sweep in MSI-H CRCs.

We finally develop a novel computational agent-based model of
cancer evolution under immune pressure. Computational simula-
tions of tumour progression with the interaction of immune cells
successfully verify the subclonal accumulation of immune escape
mutations and suggest the efficacy of early initiation of an ICI-
based treatment.

METHODS

Ethics statement

The study design was approved by the institutional review boards and
ethics committees of hospitals where the study participants were admitted
(Cancer Institute Hospital, Japanese Foundation for Cancer Research

Institutional Review Board: Protocol Number 2011-1075, Kyushu University
Institutional Review Board: Protocol Number 2020-74). The study was
conducted in accordance with the principles of the Declaration of Helsinki.
All patients provided informed consent.

Sample collection and preparation

Four patients were enrolled in this study. Clinical information of the patients
is provided in Supplementary Table 1. All samples were obtained during
surgery from patients who underwent radical resection of primary tumours
at the Cancer Institute Hospital, Japanese Foundation for Cancer Research.
Six tumours from four patients satisfied the international criteria for being
classified as MSI-H based on the PCR analysis (see details in Supplementary
Materials and Methods) and were thus enrolled in our multi-region analysis
study. We collected all of the multi-region samples by splitting them into two
and one was stored in RNA/ater (Ambion, Austin, TX, USA) for DNA extraction
and the other was stored in Tissue-Tek Optimal Cutting Temperature (O.C.T.)
compound (Sakura Finetek, Torrance, CA, USA) for immunohistochemistry
(IHQ) as frozen tissues (Supplementary Fig. 1). DNA of the primary tumour
and adjacent normal intestinal mucosa was extracted from fresh frozen
samples using the AllPrep DNA/RNA Mini Kit (Qiagen, Hilden, Germany). The
detailed sample preparation protocol has been described previously [10].

Whole-exome sequencing (WES)

Genomic DNA extracted from all MSI-H multi-region samples underwent
enrichment of exonic fragments using the SureSelect XT Human All Exon V6
Kit (Agilent Technologies, Tokyo, Japan). The captured DNA was sequenced
using the NovaSeq 6000 System (lllumina, San Diego, CA, USA) with the
paired-end (150 bp) sequencing read option. Information on the sequencing
depth is provided in Supplementary Table 2. An in-house pipeline was used
for the analysis of the sequence data [11]. The sequencing reads were
independently aligned to the Human Reference Genome Build 37 hg19 with
BWA version 0.7.8 using default parameters (http://bio-bwa.sourceforge.net/).
Picard (http://www.picard.sourceforge.net) was used to remove PCR
duplicate reads.

Definition of the candidate driver genes in MSI-H CRCs

We first identified 16 genes satisfying the following criteria from the
analysis of driver mutation selection in NR mutations (see details
in Supplementary Materials and Methods): (i) Mutation recurrence
(g.value) < 0.25; (i) Damaging mutation enrichment (g.value) < 0.25. Next,
those 16 genes were analyzed by DAVID [12] against the Homo sapiens
database to evaluate the enrichment of genes belonging to specific
biological processes. Antigen processing and presentation genes (MHC
class | component) and TGF-beta receptor genes were identified as
significantly enriched pathways (Supplementary Fig. 2, P<0.0001). In
addition, we identified TGFBR2 as a gene satisfying the following criteria: (i)
genes belonging to Antigen processing and presentation genes or TGF-
beta receptor genes; (ii) Pearson residual values calculated by the analysis
of driver mutation selection in R mutations (see details in Supplementary
Materials and Methods) > 10. We finally defined those 17 genes as
candidate driver genes in MSI-H CRCs.

Immunohistochemistry and evaluation of CD8 scores

IHC of CD8 in multi-region samples was carried out as previously described
[13]. Due to the sample qualities, 24 out of 43 frozen tissues were available
for IHC. A rabbit polyclonal anti-CD8 antibody (bs-0648R; Bioss antibodies,
Woburn, MA, USA) was used as the primary antibody, diluted 1:400. Five
images were taken for each sample using a microscope with a 200x
objective and tumour histology was independently reviewed by two
researchers, including an experienced pathologist (T.T.). CD8 scores were
calculated for each image using QuPath v.0.3.0 (Queen’s University, Belfast,
Northern Ireland). Cell detection and quantification were conducted using
QuPaths built-in “Positive cell detection” [14]. CD8 score values were
obtained by dividing the number of positive cells by the number of total
detected cells (Supplementary Fig. 3).

Simulation model

A simulation model starts from one tumour cell until the total number of
cells reaches 10° or 0. We assume that an intrinsic tumour growth rate is
common among each tumour cell, which is denoted by r. The cell death
rate, however, differs among each tumour cell according to the number of
harbouring antigenic and escape mutations. The possibility of mutations
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Fig. 1

Identification of driver genes in MSI-H CRCs. a Distribution of positively selected R mutation frequencies in coding microsatellites

according to repeat length. Genes with coding exonic outlier mutations identified in this study (positively selected) are indicated and plotted
as red dots. b Statistical evaluation of genes containing SNVs for 246 MSI-H CRC samples. Each gene is represented as a dot, while its
horizontal and vertical coordinates indicate negative log,o-scaled g-values from two statistical tests that were used to evaluate mutation
recurrence and enrichment of mutations that potentially damage protein functions, respectively. Sizes of dots represent the proportion of
mutated samples, while the colours represent negative log,o-scaled g-values from a statistical test to evaluate the presence of a mutational
hot spot. ¢ Landscape of genetic alterations across 246 MSI-H CRC samples. The samples were sorted by APM mutation profile, while genes
were sorted by the proportion of altered samples in MSI-H CRCs (right bars) and their functional categories. d Comparison of o values of each
MSI-H driver gene based on the Bayesian parameter estimation of the two-hit selection. Each value was sampled using Hierarchical Bayesian

analysis of the binomial models 4000 times.

arises when a cell divides with probability p, for an antigenic mutation and
pe for an escape mutation. The cell death rate increases with the number of
antigenic mutations and decreases with that of escape mutations. Here, we
define the cell death rate for i-th clone d; as follows:

d; = (1’(,'6713,7]7
where k; and n; are the numbers of antigenic and escape mutations in the

i-th clone, respectively, and a and B are the immunoreactive or
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immunoescape effects per mutation, respectively. A new clone branches
from a parental clone once mutation arises. By setting a = 0, the cell death
rate becomes zero regardless of the mutation profile of a cell. This is the
setting of the neutral case in our simulation. Simulations were also
performed under different conditions assuming MSS CRCs. In this model,
tumour cells are subject to immune selective pressure at the beginning
and at a certain timing in the intermediate stage of tumour progression
(t=500) and a cell clone that escapes from selective pressure (a=0)
emerges. The stochastic dynamics of tumour cell populations are
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simulated by the Gillespie algorithm [15]. To replicate the multiregional
sequencing data, our simulation was conducted on a lattice space. When a
cell division occurs, the place of a new cell is determined by “Push method
2" in Iwasaki and Innan [16]. Cell migrations are not considered in our
simulation.

Statistical analysis

Statistical analyses were performed using R version 4.1.2 (https://www.r-
project.org/) in a two-tailed manner. The distribution and variation within
each group of data were assessed before statistical analysis. Two groups
were compared using the Mann-Whitney U test. The correlation was
determined using Pearson’s correlation test. A P-value <0.05 was
considered statistically significant.

Other methods
Other methods are included in the Supplementary Materials and Methods.

RESULTS

Major mutational targets in MSI-H CRCs

We first defined the list of driver genes in MSI-H CRCs by analyzing
617 CRC primary tumour samples, including 246 samples classified
as MSI-H [17, 18]. Overall mutation calling results showed 536,334
exonic somatic mutations in MSI-H CRCs. MSI-H CRCs contain a
considerably larger number of insertions and deletions (INDELs) at
homopolymer sites than MSS CRCs because of dMMR [9, 18].
Hence, we classified mutations into those on nonrepetitive (NR)
and repetitive (R) sequences (hereafter, NR and R mutations,
respectively; Supplementary Fig. 4) and subsequently subjected
them to mutational analysis. We identified positively selected R
mutations using a statistical model that detected positively
selected mutations from all MSl-linked somatic mutations in
DNA repeats, as described previously [18]. Consistent with the
previous results, the frequency of INDELs detected in regions
having DNA repeats (Supplementary Fig. 5) was directly propor-
tional to the length of the microsatellite repeats. In addition, 3767
exonic R mutations were detected as outliers (Fig. 1a and
Supplementary Table 3). These results indicate that these
mutations could be positively selected in MSI-H CRCs.

We detected a majority of previously known and extensively
analyzed target gene mutations in MSI CRCs, including TGFBR2,
ACVR2A, and RNF43 [19-21]. However, the high frequency of R
mutations reported in previous studies [9, 18, 22] suggests the
possible masking of positively selected NR mutations if R and NR
mutations are analyzed together. Therefore, we performed a
separate analysis of NR mutations. The 246 MSI-H CRCs constitut-
ing our dataset were found to have 327,000 single-nucleotide
variant (SNV) NR mutations. Subsequently, these SNV mutations,
along with an overall 67,686 mutations found in 358 MSS CRCs,
were subjected to statistical analysis. Next, we detected signifi-
cantly mutated genes in MSI-H CRCs using the same algorithm as
that used for MSS CRCs (Fig. 1b and Supplementary Fig. 6) and
defined driver genes in MSI-H CRCs by combining the results of
the analysis of R and NR mutations (Supplementary Fig. 6,
Supplementary Tables 4 and 5). We detected 17 candidate driver
genes (hereafter, MSI-H driver genes) that were categorized into
three groups: APM, TGF-3 receptor genes, and canonical driver
genes previously reported in MSS CRC (Fig. 1c). The mutations in
HLA class | and B2M were observed to be mutually exclusive
(P =0.00026; Fisher's exact test).

Statistical evaluation of two-hit selection on MSI-H driver
genes

We investigated recurrent copy number (CN) variations by means
of CN profiling of the MSI-H and MSS CRC samples. Consistent
with the findings of a previous report [9], relatively fewer CNAs
were found in MSI-H CRCs than in MSS CRCs (Supplementary
Fig. 7). Focusing on the differences in the loss of heterozygosity

(LOH) recurrence between MSI-H and MSS CRCs, the LOH of HLA
regions and chromosome 3p regions were highlighted to be
focally enriched in MSI-H CRCs (Supplementary Fig. 8). These
results also suggest loss-of-function of HLA genes as driver events
in MSI-H events. The LOH of chromosome 3p has been reported to
frequently occur in clear cell renal cell cancer, which region
contains five tumour suppressor genes, MLH1, VHL, PBRM1, SETD2,
and BAPT [23].

Following the well-established two-hit model [24], the second
hit by LOH should be evolutionarily selected on canonical TSGs.
We constructed a binomial probability model and performed
Bayesian parameter estimation from the sample proportions of
four alteration types for each driver gene: Intact, Mutation, LOH,
and LOH with Mutation (Supplementary Fig. 9a; see Methods for
details). In this model, we set the parameters p and g, indicating
the proportion of samples with LOH among samples without
mutation and the proportion of samples with LOH among samples
with any mutations. Positive values of the parameter a were
calculated as the logarithm of the odds ratio between p and g and
support the two-hit selection of the second hit by LOH. The
parameter estimation, upon analysis, confirmed that some of the
canonical TSGs (APC and TP53) were subjected to the second hit
by LOH (Fig. 1d and Supplementary Fig. 9b), as expected. Some of
the canonical oncogenes (KRAS and CTNNBT) also showed two-hit
selection trends, while those two genes also had a high proportion
of copy neutral LOH (CN LOH; Supplementary Fig. 9¢), suggesting
that mutated alleles were positively selected due to their
oncogenic functions. As for APM genes, B2M and HLA-B had
positive values, while HLA-A and HLA-C represented near zero
values. These results indicated that B2M and HLA-B were subjected
to the second hit while HLA-A and HLA-C genes were not.

Biallelic and composite mutations have been observed in
various types of tumours [25]. Such mutations potentially
contribute to the second hits on TSGs and are expectedly more
pervasive in MSI-H tumours due to high mutation rates. Our
mutation calling based on read count values, tumour purity
values, and CN values confirmed that biallelic and composite
mutations are pervasively observed in driver genes (see Methods
for details). Then, we categorized mutations into four groups:
single mutations; biallelic mutations, if the mutation satisfied the
criteria described above; double mutations, if two mutations at
different positions in the same gene were observed; and multiple
mutations, if more than two mutations were observed (Supple-
mentary Fig. 9d). ACVR2A, TGFBR2, BMPR2, and RNF43 showed a
high proportion of biallelic mutations probably due to the high
frequency of R mutations. Some of the canonical TSGs (APC and
TP53) showed a high frequency of double mutations. As for APM
genes, higher mutation rates were observed in HLA-A, HLA-B, and
HLA-C than in B2M, whereas HLA-B and B2M showed a high
proportion of double mutations with no biallelic mutations.

We additionally examined the allelic configuration of double
mutations by phasing from WES reads, and RNA sequencing (RNA-
seq) reads (Supplementary Fig. 9). Double mutations, which are
defined as multiple mutations occurring in the same gene [26, 271,
are further categorized into cis- and trans-mutations, which occur
on the same allele or different alleles, respectively. Individually
suboptimal cis-mutations could reportedly enhance the oncogenic
function of oncogenes; [28] consistently, in some of the canonical
oncogenes (BRAF, KRAS, and PIK3CA), several double mutations
were cis-mutations (Supplementary Fig. 10 and Supplementary
Table 7). However, many of the double mutations were trans-
mutations in MSI-H CRCs (Cis/Trans = 19/45). Note that trans-
mutations could also inactivate TSGs by two-hit if they are loss-of-
function trans-mutations. In APM genes, 40 double mutations
were detected in MSI-H CRCs, among which 32 (80.0%) were
evaluable. Only four double mutations were cis-mutations in HLA-
B, whereas the other 28 double mutations were trans-mutations
(Supplementary Table 8).
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These results extensively supported that B2M can be regarded as
a canonical TSG, which requires two-hits for inactivation. However,
as for HLA-A and HLA -G, only either allele could contribute to
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immune escape, consistent with a previous report [29]. Considering
potential immune escape mechanisms in MSI-H CRCs, we further
sought functional evidence of APM mutations in MSI-H CRCs.
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Fig. 2 HLA mutations and loss of heterozygosity (LOH) cause loss of antigen-presentation function. a Allele-specific mRNA expression
levels of HLA class | are plotted across different categories of HLA LOH or each type of HLA mutations compared with those of the paired
intact alleles. All P-values were calculated using a paired Wilcoxon test. b Comparison of the spectrum of mutations in non-HLA genes and
HLA genes in MSI-H CRCs (Left) and mutations in HLA genes in MSI-H CRCs and those obtained from pan-cancer analysis (Right). The ratio of
the number of mutations of a particular type to the number of silent mutations is compared between the non-HLA and HLA genes for all
mutation types (Left, chi-square test, P<2.2x 10— 16) and between MSI-H CRCs and the pan-cancer dataset (Right, chi-square test,
P <2.2x 10 — 16). The numbers above each bar indicate the number of mutations. ¢ Distribution of non-synonymous mutation counts for the
amount of HLA-A, HLA-B, and HLA-C genes across functional domains. The corresponding functional domains of HLA proteins are shown at the
bottom. d Comparison of the number of possible neoantigens arising from SNVs presented by HLA alleles that were detected as LOH or
contained mutations to the number of neoantigens presented by the paired intact alleles in the individual cases. All P-values were calculated

using a paired Wilcoxon test.

HLA mutations cause loss of antigen-presentation function
We estimated the expression levels of HLA alleles directly from
RNA-seq data and assessed the impact of HLA mutations or LOH
on allele-specific mMRNA expression. We mapped individual
haplotypes for each case using the HLApers tool [30]. We next
compared the HLA allele expression contained mutations or
detected LOH to the paired intact allele expression. HLA mRNA
expression was significantly depleted because of HLA LOH (Fig. 2a,
Mann-Whitney U test, P<0.001). In addition, the expression of
HLA alleles that harboured frameshift mutations was also
significantly depleted compared with that of their paired intact
alleles (Mann-Whitney U test, P = 0.0048). However, in general, we
observed no correlation between HLA mutations other than
frameshifts and HLA allele expression (Fig. 2a).

Next, we examined the effect of mutations on antigen-
presentation ability by focusing on the mutation type and
position. We categorized 212 HLA class | mutations detected in
246 MSI-H CRC cases according to mutational type and genomic
position. HLA genes contained significantly more nonsense and
frameshift mutations than non-HLA genes (Fig. 2b, chi-square test
P<2.2x107'%). We also compared HLA mutations detected in our
dataset of MSI-H CRCs with those obtained using pan-cancer
analysis. The MSI-H CRC dataset contained a significantly larger
number of nonsense and frameshift mutations of HLA genes than
the pan-cancer dataset (chi-square test P<2.2x 107 '°).

In general, exon 4 of HLA genes encodes the MHC class | allele
a3 domain that binds to the CD8 co-receptor on T cells [31]. Exons
2 and 3 of HLA genes encode the outer two extracellular domains
al and a2, respectively, which contain the peptide-binding
pockets of the HLA molecule [32]. Thus, mutations of HLA exons
2, 3, and 4 interfere with the fundamental process of antigen
presentation [33]. Our results showed that HLA mutations were
enriched in exons 2, 3, and 4 in both MSI-H CRCs and the pan-
cancer datasets (Fig. 2c and Supplementary Fig. 11). In addition,
frameshift mutations of exon 1 were enriched in MSI-H CRCs (20/
27, 74.0 %), which possibly resulted in the loss-of-function of HLA.
Considering the mutation type and location, these results
indicated a total of 170/212 mutations of HLA causing loss-of-
function of antigen presentation, suggesting that HLA class |
mutations are involved in potential immune escape mechanisms
in MSI-H CRCs (Supplementary Table 9).

HLA class | mutations and LOH disrupt antigen presentation
To investigate the influence of HLA mutations or LOH on
neoantigen presentation, we examined the association between
the neoantigen number and alteration statuses of HLA-A, HLA-B,
and HLA-C. In this analysis, we focused on heterozygous HLA allele
pairs in which either allele was subjected to a mutation or LOH.
We first estimated the number of possible neoantigens that each
HLA haplotype was capable of presenting in an individual tumour.
The notion of HLA alteration working as an immune escape
mechanism leads to the inference that the HLA allele containing
alterations should be associated with a larger number of possible
neoantigens compared with the paired intact allele. Therefore, we
compared the number of neoantigens presented by the mutated

HLA alleles with that presented by their paired intact allele.
Supplementary Fig. 12a shows examples of the results obtained
from this analysis. Case No. 2 showed LOH in HLA-A and HLA-B,
and the two lost alleles were predicted to be associated with more
neoantigens than the paired intact alleles. HLA-A, HLA-B, and HLA-
Cin Case No. 19 harboured mutations in either of the two alleles,
and the mutant alleles were predicted to be associated with more
neoantigens than the paired intact alleles. To test statistical
significance, we applied the same procedure to all MSI-H CRC
samples and pooled results from heterozygous HLA allele pairs in
which either allele was subjected to alterations. Our results
showed that the HLA allele harbouring single-nucleotide muta-
tions or LOH was associated with a markedly higher number of
neoantigens than the other intact alleles (Fig. 2d). We also
estimated the number of neoantigens resulting from INDEL
mutations and obtained the same trend (Supplementary Fig. 12b).
Based on these findings, we propose the acquisition of HLA class |
mutations to be a potential mechanism by which tumours
abrogate neoantigen-mediated immune recognition in MSI-
H CRCs.

Subclonal accumulation of immune escape mechanisms in
MSI-H CRCs

We characterized ITH in MSI-H CRCs by means of multi-region WES
on six tumours from four cases (Supplementary Table 1). We
selected tumours that were diagnosed as dMMR CRCs and defined
as having MSI according to international criteria [34, 35]. For each
tumour, we sequenced 2-9 tumour samples and a paired normal
mucosal sample as a control, which amounted to 43 tumour
samples and 4 normal samples. In addition, we compared the
mutation profiles of these MSI-H tumours with those of
precancerous MSS CRCs (PCRCs) and advanced MSS CRCs (ACRCs)
[1, 2]. The PCRC and ACRC datasets contained 53 tumour samples
from 10 cases and 70 tumour samples from 8 cases, respectively,
based on which we have previously shown that the ITH of PCRCs
and ACRCs resulted from Darwinian selection and neutral
evolution, respectively.

Based on multi-region mutation profiles (Fig. 3a), mutations
present in all samples were categorized as ubiquitous mutations,
whereas other mutations were categorized as heterogeneous
mutations. Heterogeneous mutations were further classified as
shared mutations if they were present in multiple samples and
private mutations if they solely existed in a single sample. MSI-H
CRCs had a relatively larger number of heterogenous mutations
and a frequency of mutations 10 or more times higher than that in
MSS CRCs (Supplementary Fig. 13).

Next, we obtained evolutionary trees of the six MSI-H CRCs by
applying the Treeomics algorithm [36] to our multi-region
sequencing data (Fig. 3b). This analysis also yielded “trunk” and
“branch” mutations, which were refined versions of ubiquitous
and heterogeneous mutations, respectively. Similarly, shared and
private mutations were mapped to “internal branch” and “external
branch” mutations, respectively. Candidate driver mutations
defined in Fig. 1c were detected as both trunk and branch
mutations in MSI-H CRCs, whereas many driver mutations were
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Fig. 3 Mutation profiles and evolutionary trees of MSI-H CRCs. a Multiregion mutation profiles of MSI-H CRCs. Six MSI-H CRCs were
subjected to multi-region WES, and VAFs of all mutations, including those of short INDELs, are presented as a heat map for each case.
Ubiquitous, shared, and private mutations were indicated by the top-coloured bars (orange, blue, and green, respectively). The similarity of
mutation profiles in each case is represented by coloured sample labels on the left. Candidate driver genes defined in Fig. 1 with possible
functional mutations, including non-synonymous SNV, stop-gain SNV, splicing SNV, or INDEL, are listed under each heat map. APM genes are
listed in red. b Six evolutionary trees of MSI-H CRCs. The Treeomics algorithm was used for constructing evolutionary trees from the multi-
region sequencing data. Trunks, internal branches (int-Br), and external branches (ext-Br) generally correspond to ubiquitous, shared, and
private mutations, respectively. Leaves in evolutionary trees correspond to samples. Leaves are coloured the same colours as those of the
sample labels in (a). Lengths of the trunk and branches represent the number of mutations and scales for 10 mutations are shown near the
roots of the evolutionary trees. Candidate driver mutations are indicated alongside the evolutionary trees. APM mutations are written in red. A
photo of each tumour is marked with the positions from which each sample was obtained. TCK4, RK6, and TCK3 were surgically resected
simultaneously from the same case, and the depth invasions of each tumour are shown alongside the images.
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Fig. 4 Multiregion immunohistochemistry (IHC) demonstrated the intratumor heterogeneity of the immune microenvironment. a-c IHC
staining for CD8 using multiregional frozen tissues obtained from tumours labelled with ACK1 (a), RK6 (b), and TCK3 (c). Each region was
divided into two groups according to the corresponding genomic information, APM defective regions and APM intact regions. d Comparison
of the CD8 score values in APM defective regions and APM intact regions. Five images were taken for each sample and CD8 scores were
calculated for each image. Statistical differences were calculated by the Mann-Whitney U test.
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Fig. 5 Darwinian selection mainly shapes ITH in MSI-H CRCs. a Distribution of driver genes (Left). The presence of trunk (orange) or branch
(green) mutations on driver genes in each case of MSI-H CRCs and on known driver genes in each case of PCRCs and ACRCs (Right). Cases
having multiple driver mutations have the number of driver mutations provided within the corresponding cell. The sums of driver mutations
for each sample are shown in the top bar graphs, and the sums of each driver gene are shown on the left bar graphs. The proportions of trunk
and branch mutations on driver genes are shown on the right bar plots. MSI-H CRCs, APM mutations in MSI-H CRCs, PCRCs, and ACRCs had
34/65, 14/15, 25/51, and 10/45 driver mutations as branch mutations, respectively. Enrichment of branch mutations on driver genes in MSI-H
CRCs (34/65) was found to be significant in comparison with those in ACRCs (10/45; P = 0.017; Fisher’s exact test). b Comparison of VAFs for
ubiquitous, shared, and private mutations. Hierarchical Bayesian analysis was employed to correct the effects of tumour content and read
depth as well as to remove the residuals associated with individual mutations, samples, and cases. The density plot represents an estimated
posterior distribution of the corrected mean VAFs for ubiquitous, shared, and private mutations in MSI-H, PCRCs, and ACRCs.

detected as trunk mutations in ACRCs (Supplementary Fig. 14).
Investigations focusing on the mutations of APM genes showed
that MSI-H CRCs had a high frequency of mutations of APM genes,
and 24/43 samples had at least one mutation of APM genes or
LOH of HLA (Fig. 3b). In contrast, LOH of HLA-C in only one PCRC
sample and an HLA-B missense mutation in another PCRC sample
were detected (Supplementary Fig. 15). Only two ACRC samples
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had HLA-A and HLA-B mutations, and one case showed clonal LOH
of HLA-B and HLA-C (Supplementary Fig. 14). B2M mutations were
not detected in any of the PCRC or ACRC samples. Surprisingly,
almost all those mutations in MSI-H CRCs were seen to be
acquired as subclonal mutations. Only half of the clones showed
the presence of disrupted mutations of B2M in the sample labelled
ACK1. These results indicated that the highly frequent mutations
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of APM genes were acquired as subclonal mutations, suggesting
that these mutations may shape the intratumor heterogeneity of
the immune microenvironment through subclonal immune
escape evolution.

To investigate whether subclonal APM alterations generate an
intratumor heterogeneous immune environment or not, we
performed IHC of CD8 using multi-region frozen tissues (Supple-
mentary Fig. 16, 17) and evaluated the infiltrated levels of CD8

positive T cells. Furthermore, we compared each CD8 score
according to the corresponding genomic information of each
sample (Supplementary Fig. 3). The tumour labelled with ACK1
contained the regions labelled with T1, T4, and T5 as APM
defective regions in which two-hit of B2M was observed. Those
regions showed significantly lower CD8 score values than the
other regions in the ACK1 tumour (Fig. 4a and d, Mann-Whitney U
test, P<0.001). As for the tumour labelled with RK6, the region
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1115
Fig. 6 Simulation model demonstrated Darwinian selection shapes ITH under the high immune selective pressure. a Schematic
representing the simulation model. The filled circles represent cells. Cells divide with a common tumour growth rate (r). The possibility of
mutations arises when a cell divides with probability p, for an antigenic mutation and pg for an escape mutation. The cell death rate for the
ith clone d; is defined as d; = ak;e ™. b, ¢ Snapshot obtained by simulating 2-D tumour growth based on the simulation model with selective
pressure (b) and heatmap of its multi-region mutation profile. (c) Eight samples are obtained from the regions indicated in the snapshot. The
colour of each cell is the same as the heatmap, which was determined by the similarity of the mutation profile. Ubiquitous, shared, and private
mutations were indicated by the top-coloured bars in the heatmap (orange, blue, and green, respectively). The similarity of mutation profiles
is represented by the coloured sample labels on the left. Immune escape mutations are listed under the heat map. d Density heatmaps of the
VAF distribution for shared and private mutations. The values of VAFs are obtained from simulations repeated 10 times for each condition with
and without selective pressure. e Snapshot of the net growth ratio obtained by simulating 2-D tumour growth based on the simulation model
with selective pressure (Top) and the distributions of values of the net growth ratio in each simulated tumour (Bottom). f Simulation of the
treatment situations. The efficacies of treatment were evaluated by increasing the strength of immune responses at the time when the total
numbers of tumour cells were 10 (Left) and 10° (Right). The parameter c refers to the effect of treatment and the death rate of each cell was
set as c-fold once the treatment was started. Ten Monte Carlo trials were performed for each condition. Each line indicates the result of each
simulation, while its horizontal and vertical coordinates indicate the time in the simulation and the total number of tumour cells, respectively.
g Fraction of tumour recurrence under the treatment of different effects and different timings. tumour recurrence was defined as the case in
which the number of tumour cells does not reach 0 after treatment and consequently, regrowth occurs. The fraction of tumour recurrence in

each condition was calculated through 10 Monte Carlo trials.

labelled with T7 was observed as the only region of APM intact
and the CD8 value was significantly higher than the other regions
in the RK6 tumour (Fig. 4b, d, Mann-Whitney U test, P <0.001).
Furthermore, the TCK3 tumour has APM alterations in all regions
but the region labelled with T6 contained HLA-A, B, and C
alterations and APM was considered to be more severely deficient
in this region than in the other regions. The IHC staining
demonstrated that the T6 region showed significantly lower
infiltrated levels of CD8 positive T cells than the other regions
(Fig. 4c, d, Mann-Whitney U test, P<0.001). These results
indicated that the infiltration levels of CD8 positive T cells in the
regions containing APM alterations were significantly low,
suggesting that subclonal APM alterations generate intratumor
heterogeneity of the immune environment.

ITH in MSI-H CRCs is shaped by Darwinian selection

A comparison of the clonal distribution of driver mutations
between MSI-H CRCs and MSS CRCs showed 31 of 65 driver
mutations to be heterogeneous mutations in six MSI-H cases,
which is a proportion notably higher than that found in ACRCs
(Fig. 5a Left). In addition, the complete set of APM mutations had
an especially high proportion of heterogeneous mutations (14 of
15 mutations). Thus, compared with ACRCs, MSI-H CRCs had a
stronger tendency to acquire driver mutations as heterogeneous
mutations (Fig. 5a, right; P =0.017; Fisher’s exact test).

The contribution of Darwinian selection to ITH can be measured
in terms of the distribution of variant allele frequencies (VAFs).
Darwinian selection results in higher allele frequencies in a set of
subclonal mutations consisting of a driver and associated
passenger mutations than in a set without driver mutations [37].
Based on this idea, in a previous study, we introduced a
hierarchical Bayesian method to evaluate the relative strength of
Darwinian selection from multi-region mutation profiles [1].
Applying this method to the data from ACRCs and PCRCs showed
that compared with ACRCs, PCRCs harboured shared mutations at
higher VAFs, thereby indicating that Darwinian selection is more
prominent in PCRCs than in ACRCs [1]. In this study, we applied
this method to the data from MSI-H CRCs and found that MSI-H
CRCs harboured shared mutations at higher VAFs than ACRCs as
well as PCRCs (Fig. 5b). These results indicate that the ITH of MSI-H
CRCs is subjected to strong Darwinian selection, consistent with
the observation that many of the accumulated driver mutations
were heterogeneous.

Computational agent-based simulations encourage early
initiation of ICl-based treatment

Our genomic analysis suggested that subclonal immune escape
by APM defects contributed to the formation of ITH by Darwinian
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selection [2]. To investigate the process of subclonal immune
escape, we developed a novel computational agent-based model
of cancer evolution under immune pressure (Fig. 6a). In this
model, a tumour started from one cell, and each cell stochastically
experienced one of the following three actions within a short time
interval based on the rates of each action: (i) cell division, (ii) cell
death, or (iii) mutation acquisition. We assumed that the proper-
ties of immunogenicity and immune escape level of a tumour cell
were related to the number of neoantigens and the capability of
APM, respectively. The cell death rate increased in proportion to
immunogenicity and decreased in proportion to the immune
escape level (see Methods for details). The immunogenicity was
seen to increase at each cell division by acquiring antigenic
mutations, and the immune escape level increased with the
occurrence of each immune escape mutation.

Our multi-region sequencing data suggested that MSI-H CRCs
developed ITH by Darwinian selection due to the immune
pressure, whereas MSS CRCs developed ITH by neutral selection
[1, 2]. Based on these results, we performed simulations with and
without selective pressure mimicking the situations of MSI-H and
MSS CRCs, respectively. We additionally executed in silico multi-
region sequencing and compared the multi-region mutation
profiles to those from the real tumours (Fig. 6b, ¢, and
Supplementary Fig. 18, 19). We further examined the distributions
of the VAFs derived from 10 Monte Carlo trials with and without
immune selective pressure (Fig. 6d). Consistent with the real data,
the VAFs of shared mutations of tumours simulated with selective
pressure assuming MSI-H CRCs were significantly higher than
those of tumours without selective pressure assuming MSS CRCs.
We also performed simulations under different conditions with
early-phase selective pressure assuming MSS CRCs. In this
condition, the simulations demonstrated the same results as the
simulations without immune selective pressure in terms of both
the VAF distribution and the tumour growth (Supplementary
Fig. 20, 21). These results supported the hypothesis that the ITH in
MSI-H CRCs was subject to immune selective pressure.

Next, the time course of tumour development in the model was
investigated. tumour cells under immune selective pressure
experienced a period of proliferation suspension because of
negative selection by the immune responses, whereas tumour
cells without selective pressure rapidly grew (Supplementary
Fig. 22). Our model highlighted the difference in tumour
development between MSI-H and MSS CRCs. In addition, to assess
heterogeneity due to immune selective pressure, we estimated
the intratumor distribution of net growth rates representing the
strength of spatial selective pressure. Thus, the net growth rates in
the resulting tumour were heterogeneous (Fig. 6e and Supple-
mentary Fig. 23).
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Finally, to evaluate the efficacy of ICl against MSI-H CRCs, we
examined the treatment situation in our agent-based model by
increasing the strength of immune responses as representing the
induction of ICI agents. Computational ICI treatment was
conducted from different time points during tumour develop-
ment, and the tumours treated earlier showed astonishing results
where tumour eradication was achieved before reaching a
detectable size. In contrast, tumours treated at the late timing
kept growing, implicating the completion of various immune
escape mechanisms (Fig. 6f, g, and Supplementary Fig. 24). In
addition, we examined the combination treatment situation with
ICl and additional treatment, such as chemotherapy and radio-
therapy in our model. This model also provided the same results.
(Supplementary Fig. 25). In conclusion, our findings about late
completion of APM defects implicated the possibility of early
initiation of ICl treatment, and our computational trials accurately
exhibited successful outcomes.

DISCUSSION

We analyzed genetic alterations in MSI-H CRCs and defined MSI-H
driver genes in MSI-H CRCs, including APM genes, and demon-
strated that several mutations were frequently detected in the
same genes, such as double mutations or multiple mutations in
MSI-H CRCs, most of which were trans-mutations, especially in
APM genes. A recent study reported the distribution of HLA-ABC
mutations using long-read sequencing techniques [38]. According
to their results, HLA class | genes had 35 double mutations in 114
MSI-H CRC cases, and 32 out of 35 were trans-mutations; this result
corroborated our study result, supporting its reliability.

We also showed the distribution of mutations in each MSI-H
driver gene and the differences in two-hit selection between B2M
and HLA genes. The LOH of HLA class | genes and mutations in
B2M are regarded as indicators of poor prognosis in ICl-treated
patients [19, 39]. Simulation models have confirmed the presence
of immune escape mechanisms in tumours having high mutation
rates [40]. Our current analysis focused on the types and positions
of HLA mutations, suggesting that most of these mutations cause
loss-of-function. We also found that HLA mutations accumulated
in the alleles with a higher potential to present neoantigens than
in other alleles. These results, thus, provide evidence that APM
mutations are positively selected during tumour evolution.
Interestingly, our analysis of two-hit selection demonstrated that
HLA-B was subjected to two-hit selection as well as B2M, in
contrast to HLA-A and HLA-C. HLA-B functions in antigen
presentation and as a ligand of KIR3DL1, which controls the
immune system of natural killer (NK) cells [41, 42]. The second hit
of HLA-B may be positively selected in MSI-H CRCs regarding the
loss-of-function regulating NK cell activation. Further studies are
necessary to unveil the in-depth details of the functions of HLA-B-
associated NK cell activation.

We demonstrated a larger number of heterogeneous mutations
despite the strong selective pressure in MSI-H CRCs than MSS
CRCs. The number of heterogeneous mutations generally
decreases under strong selection and subclones can be eradicated
by competing clones [43]. However, MSI-H CRCs show a high
mutation rate due to dMMR [22]. Hence, the high mutation rate
may overcome the selective pressure and result in more
heterogeneous mutations in MSI-H CRCs than MSS CRGCs. In
addition, it is difficult to detect subclonal mutations with too small
VAF selected under weak selective pressure [44]. The exquisite
balance between the selective pressure and the high mutation
rate may lead a larger number of heterogeneous mutations in
MSI-H CRGCs.

Our previous studies highlight the differences between ACRCs
and PCRCs to elucidate the genomic evolution resulting in the
generation of ITH [1, 2]. However, in the current study, we present
results obtained by multi-region sequencing analysis to describe

the ITH of MSI CRGCs. In contrast to MSS CRCs, which had few
mutations or LOH of APM genes, MSI-H CRCs had enriched APM
mutations. Most of these mutations were detected as being
subclonal. Our study is the first to provide insights into the
subclonal defects of APM genes in MSI-H CRCs. We also
demonstrated that the VAFs of shared mutations were higher in
MSI-H CRCs than in ACRCs. The VAF distribution was similar to that
of PCRCs, presumably due to Darwinian selection [1]. We further
investigated the intratumor heterogeneity of the immune micro-
environment by multi-region IHC of CD8 and presented that the
regions which were observed to contain APM alterations showed
significantly lower infiltrated levels of CD8 positive T cells than the
other regions. Interestingly, though APM alterations were not
observed in the tumours labelled with ACK2 and CCK3, those
tumours also showed the intratumor heterogeneous infiltration
levels of CD8 positive T cells (Supplementary Fig. 26). These results
suggested the existence of immune escape mechanisms other
than APM alterations in MSI-H CRCs.

We previously established two different computational models
of CRC evolution, an agent-based model for reproducing spatial
patterns of neutral ITH in MSS CRCs [2], and a differential
equation-based model for simulating the immune escape process
in MSI-H CRCs [38]. Herein, we combined these two models to
reproduce ITH shaped by subclonal immune escape in MSI-H
CRCs; our model presents a possibility that MSI-H CRCs
accumulate mutations due to the strong immune selective
pressure, producing multiple clones that have acquired immune
escape heterogeneously. Our model also demonstrated the high
VAF distribution of shared mutations which was consistent with
the distributions of VAFs in our multiregion data. These results
suggested that MSI-H CRCs are exposed to the immune selective
pressure over a large time interval, resulting in the acquisition of
heterogeneity of mutations and immune escape mechanisms by
Darwinian evolution. Our model also demonstrated that APM
mutations are acquired after driver mutations, suggesting that
APM functions are normally retained at the beginning of tumour
formation and that oncogenic drivers contribute to tumour
progression.

Househam et al. recently showed that most genetic ITH in CRCs
has no major phenotypic consequence [45]. They mainly analyzed
positive selection caused by acquiring driver mutations using
overall CRCs, including both MSS and MSI-H CRCs, and concluded
that subclonal selection was rarely observed. Contrastingly, we
focused specifically on MSI-H CRCs and analyzed immune escape
mechanisms through the accumulation of APM defects in detail,
highlighting the difference in tumour evolution between MSI-H
and MSS CRCs. Our results raise the possibility of subclonal genetic
evolution caused by APM mutations under immune selective
pressure, especially in MSI-H CRCs.

In terms of clinical aspects, our results suggest the existence of a
diverse immune environment in MSI-H CRC tumours and
potentially explain the lack of accuracy in predictions of the
response to ICl therapy solely based on TMB or neoantigen count
[39]. Although the tumours analyzed in this study that were
devoid of mutations in APM, such as the samples labelled ACK2,
CCK3, and TCK4, could be considered to have a good response to
ICl treatment (Supplementary Table 1), the lack of detection of
subclonal APM mutations in these tumours could also be
attributed to the small sample number. We also showed tumours
labelled TCK4, RK6, and TCK3 that were simultaneously resected
from a rectal cancer case; these three tumours were pathologically
diagnosed as having different depths of invasion. Interestingly, the
frequency of mutations in APM genes was proportional to the
advancement of the tumours and thought to be acquired after the
driver mutations (Figs. 3 and 6). Moreover, our extended
simulation model suggested the effectiveness of the early
initiation of ICl-based treatment for MSI-H CRCs (Fig. 6). In fact, a
recent astonishing clinical study showed a stunning clinical
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outcome of 100% complete response in 12 eligible rectal cancer
cases with dostarlimab [46]. The authors applied the PD1 blockade
agent as the initial neoadjuvant therapy; therefore, the earlier
phase of the rectal cancer-preserving APM system strengthened
the susceptibility to ICI treatment. This is consistent with the
implications from our multi-region sequencing data and compu-
tational model (Figs. 3 and 6) in which CRCs with high mutation
rates tend to acquire various mechanisms of immune escape after
acquiring the known driver mutations proportionally to the time
of exposure to immune selective pressure. Our results suggest that
ICl treatment at an earlier phase of tumour progression should be
effective in treating MSI-H CRCs.

The efficacy of ICIs to MSI-H CRCs has been confirmed in several
clinical studies [6, 46], including KEYNOTE-177 which is the phase
3 study of MSI-H CRCs [4]. Previous studies further demonstrated
that APM disruption can mediate immune escape from ICls based
on both in vitro and in vivo experiments [47]. The relations
between the inactivation of APM and the resistance to ICls have
also been reported in several cancer types clinically [48-51]. The
significances of our current study are that APM alterations are
accumulated subclonally in MSI-H CRCs by Darwinian selection,
leading to intratumor heterogeneity in terms of both genome and
immune microenvironment. In addition, our simulation model
further suggested the efficacy of the early initiation of ICl
treatment to MSI-H CRCs. Further studies are required to prove
the relationship between subclonal APM alterations and the
resistance to ICl treatment with experimental validations.

In conclusion, our results show that MSI-H CRCs contain an
extremely high frequency of mutations of APM genes, resulting in
these cancers positively acquiring immune escape mechanisms.
Furthermore, we revealed subclonal accumulation of these
mechanisms resulting from Darwinian selection in MSI-H CRCs.
Our findings provide deeper insights into the impact of immune
selective pressure on cancer evolution and contribute to devel-
oping ICl-based treatment strategies for patients with MSI-H CRCs.

DATA AVAILABILITY
Raw sequencing data were deposited in the Japanese Genotype-phenotype Archive
under the accession number JGAS000322.
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