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The molecular landscape and the intratumor heterogeneity (ITH) architec-
ture of gastric linitis plastica (LP) are poorly understood. We performed
whole-exome sequencing (WES) and T-cell receptor (TCR) sequencing on
40 tumor regions from four LP patients. The landscape and ITH at the
genomic and immunological levels in LP tumors were compared with mul-
tiple cancers that have previously been reported. The lymphocyte infiltra-
tion was further assessed by immunohistochemistry (IHC) in LP tumors.
In total, we identified 6339 non-silent mutations from multi-samples, with
a median tumor mutation burden (TMB) of 3.30 mutations per Mb, com-
parable to gastric adenocarcinoma from the Cancer Genome Atlas
(TCGA) cohort (P = 0.53). An extremely high level of genomic ITH was
observed, with only 12.42%, 5.37%, 5.35%, and 30.67% of mutations
detectable across 10 regions within the same tumors of each patient,
respectively. TCR sequencing revealed that TCR clonality was substantially
lower in LP than in multi-cancers. IHC using antibodies against CD4,
CDS8, and PD-L1 demonstrated scant T-cell infiltration in the four LP
tumors. Furthermore, profound TCR ITH was observed in all LP tumors,
with no T-cell clones shared across tumor regions in any of the patients,
while over 94% of T-cell clones were restricted to individual tumor regions.
The Morisita overlap index (MOI) ranged from 0.21 to 0.66 among multi-
regions within the same tumors, significantly lower than that of lung cancer
(P = 0.002). Our results show that LP harbored extremely high genomic

BRCA, breast invasive carcinoma; CRC, colorectal cancer; DFS, disease-free survival; GC, gastric carcinoma; H&E, hematoxylin and eosin;
ITH, intratumor heterogeneity; LP, linitis plastica; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; MOI, Morisita overlap
index; OS, overall survival; STAD, stomach adenocarcinoma; TCGA, The Cancer Genome Atlas; TCR, T-cell receptor; TMB, tumor mutation
burden; WES, whole-exome sequencing.
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and TCR ITH and suppressed T-cell infiltration, suggesting a potential
contribution to the frequent recurrence and poor therapeutic response of
this adenocarcinoma.

1. Introduction

Linitis plastica (LP) is a rare and aggressive gastric car-
cinoma (GC) with unique clinical and pathological fea-
tures [1,2]. Distinct from other GC, LP does not grow
as a gastric mass but diffusely infiltrates the entire
stomach in a desmoplastic pattern [3]. The diffused LP
leads to microscopic thickening of the stomach wall
and prominent submucosal hypertrophy of the whole
stomach. LP is characterized by a high rate of local
spread to lymph nodes and peritoneal cavities. Less
than 30% of patients may be eligible for surgical resec-
tion, and the carcinoma recurs up to 90% of patients
post-surgery [4]. The 5-year overall survival (OS) is only
4-15% for patients with advanced LP [5]. There is an
urgent need to understand the underlying biology and
molecular mechanisms associated with the aggressive
features and poor clinical outcomes of LP, to guide the
development of novel therapeutic strategies.

Intratumor heterogeneity (ITH) contributes to
tumorigenesis, aggressiveness and prognosis. ITH may
have a profound impact through tumor sampling bias
on defining targetable mutations [6]. Multiregional
sequencing provides a more accurate methodology for
the assessment of genomic heterogeneity than single-
region sequencing does. Genomic ITH has been
reported in many cancer types at mutational and copy
number variation levels [7-10] and complex ITH could
predict poorer clinical outcomes. Aside from cancer
cells, ITH is extended to tumor-associated cells,
including tumor-infiltrated immune cells. For instance,
Alexandre et al. [11] reported that only 5.7% of
tumor-infiltrated T-cells were present across different
regions within the same lung cancer tissues by multire-
gional T-cell receptor (TCR) sequencing. In addition,
higher ITH was associated with higher risks of post-
surgical recurrence and shorter disease-free survival
(DFS) in localized non-small cell lung cancers
(NSCLC) [11]. Due to the scarcity of LP tissues,
particularly resected LP tumors, the genomic and
immune ITH architectures of LP are unknown.

To understand the landscape and the ITH of LP at
genomic and immunologic levels, we performed multi-
regional whole-exome sequencing (WES) and TCR
sequencing on 40 tumor regions from four patients
with resected LP tumors (10 spatially separated regions
per tumor). Our results demonstrated extensive geno-
mic and TCR ITH in all four LP tumors.

2. Materials and methods

2.1. Patients and samples

Multiregional tumor samples and paired peripheral
blood were obtained from four patients with LP who
underwent radical gastrectomy at the Xiangya Hospi-
tal of Central South University from September 2014
to April 2016. Informed consent was obtained from all
patients. The study was approved by the Ethics Com-
mittee of the Xiangya Hospital of Central South Uni-
versity (IRB# 201312487) and followed the
Declaration of Helsinki. The experiments were under-
taken with the understanding and written consent of
each subject. Representative images of gastroscopy
and computed tomography (CT) are shown in Fig.
1A. The four patients were treatment-naive before the
surgery. Postoperative clinicopathological features
(gender, Lauren type, WHO type, TNM stage), bio-
marker features (HP-negative, HER2-negative, EBV-
negative), adjuvant chemotherapy and survival time
were listed in Table S1. Immediately after resection, 10
regions from each tumor were collected (n = 40) from
antrum, body, fundus, pylorus, and major and minor
curvatures (Fig. 1B). All tumor specimens were split
into two halves with half fresh frozen (for DNA
extraction, whole exome sequencing, and TCR
sequencing) and the other half fixed in formalin,
embedded in paraffin [FFPE specimens for hematoxy-
lin and eosin (H&E) staining and immunohistochemi-
cal (IHC) staining]. Two experienced cancer
pathologists reviewed H&E slides from each sample to
assess and confirm the diagnosis and assess the tissue
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quality. The representative H&E images are shown in
Fig. 1C.

2.2. DNA extraction

Genomic DNA (gDNA) from tumor tissues and
peripheral blood leukocytes (PBL) were isolated using
the DNeasy Blood & Tissue Kit (Qiagen, Hilden, Ger-
many) following the manufacturer’s instructions.
Paired blood DNA samples from the same patients
were used as germline control for sequencing.

2.3. Whole exome sequencing

Before library construction, 1.0 pg each of gDNA from
fresh frozen tissues or blood was sheared into 300-bp
fragments with a Covaris S2 ultrasonicator. Indexed
libraries were prepared using the KAPA Library Prepa-
ration Kit (Qiagen, Wilmington, MA, USA). According
to the manufacturer’s instructions, DNA libraries were
hybridized to SureSelect Human All Exome v5 reagents
(Agilent, Santa Clara, CA, USA). Sequencing was car-
ried out using Illumina 2 x 150 bp paired-end reads on
an Illumina HiSeq X-Ten instrument according to the
manufacturer’s recommendations using a TruSeq PE
Cluster Generation Kit v3 and a TruSeq SBS Kit v3
(Illumina, San Diego, CA, USA).

2.4. Germline variant detection

Low-quality reads from the original sequencing results
were filtered with NCFILTER (version: 1.5.0) in-house
software, and filtered reads were aligned to human
genome (hgl9) with Bwa (version: 0.7.15-R1140; http://
github.com/lh3/bwa), and SENTIEON software was
employed to mark repeated reads, modify indel region
re-alignment and quality value. Finally, DNAscope
module of senTiEON (version: 201808, DFETECH Sen-
tieon Inc., Mountain View, CA, USA) was employed
to generate VCF file and then use in-house NCANNO
software to annotate pathogenic or likely pathogenic
(P/LP) germline mutations according to 2015 ACMG/
AMP guidelines [12].

2.5. Somatic variant detection

The adaptor sequences and low-quality reads were
removed from the raw data. Bwa (version: 0.7.12-
r1039) was employed to align the clean reads to the
reference human genome (hgl9). picARD-GATK (ver-
sion: 1.98) was used to mark PCR duplicates.
Realignment and recalibration were performed using
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GATK (version: 3.4-46-gbc02625; http://gatk.
broadinstitute.org/hc/en-us). Somatic mutations were
called as reported previously. [13]

2.6. Somatic copy number variation detection

Copy number variation was detected by FACETS
algorithm [14]. FACETS determined the allele specific
copy number variation, as well as clonal heterogeneity,
tumor ploidy and purity by non-parametric joint seg-
mentation. Segments with median log2 ratio > 1.25
were annotated as copy number gain. Copy number
loss was identified as a log2 ratio < 0.75.

2.7. Mutational signature analyzing

The bpEcoNsTRUCTSIGS (version: 0.20.6) [15] package
was used to extract mutational signature based on a
negative matrix factorization (NMF) algorithm, and
deconstruct mutational progress in each tumor from
LP and TCGA stomach adenocarcinoma. The MATLAB
SIGPROFILER (version: 1.0.0.0) package [16], which is
based on a NMF algorithm, was applied to extract the
whole mutational signature through the stability and
reconstruction error judgment in each LP patient. The
curated mutational signature sets were based on com-
bined COSMICV2 signatures.

2.8. Multiregional tumor tree construction

All somatic mutations were used to construct multire-
gional tumor trees using binary presence/absence
matrices according to the regional distribution of vari-
ants within the tumor. The R package PHANGORN (ver-
sion: 1.99-7) was utilized to perform the parsimony
ratchet method [17], generating unrooted trees. Branch
lengths were determined using the Acctran function.

2.9. Driver tree construction of somatic mutation
and copy number variations

The significant copy number variation and driver muta-
tions were used to construct a tumor progression model
using the TRoNCO package [18]. The significant copy num-
ber variations were obtained from GISTIC2. [19] Driver
mutations were defined as mutations within oncoKB can-
cer genes (https://www.oncokb.org/cancerGenes).

2.10. Clonality construction

The subclonal architecture of all samples from available
LP tumors were constructed by PyClone [20]. The copy
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Fig. 1. Characterization of gastric linitis plastica and study scheme for multiregional sequencing. (A) Representative endoscopic and
computed tomography (CT) images of four LP patients show extensive thickening of the gastric wall. The endoscopy revealed a diffuse
infiltrative lesion across the whole corpus and antrum in all 4 LP patients (upper panel). The inset image represents a fully reduced image of
diffuse infiltrative lesion across the whole corpus and antrum in P3. CT of all four patients also showed wall thickening of the antrum and
corpus of the stomach. Scale bars: 10 cm. (B) Spatial distribution of multiregional specimens obtained from a resected LP tumor (P1) as an
example. (C) Representative H&E images of 40 regional specimens from four LP patients. Scale bars: 200 um. The images show a large
number of cancer cells in each tumor region with numerous fibroblasts and cellulose staining in the background. LP, Linitis plastica. (D)

Workflow for multiregional whole exome and TCR sequencing.

number variation of each non-silent SNV was used as
input for PyClone analysis and the CCF was inferred and
variants were clustered as previously described [21].
PyClone was run with 20 000 iterations and default
parameters. To characterize the clonal composition of a
tumor, the CCF 95 quartile was calculated for each
patient, and the 95 quartiles was used as the threshold.
Mutations in the cluster id with the maximal mean cellu-
lar prevalence were considered clonal, otherwise muta-
tions were considered as subclonal.

2.11. TCR sequencing

Immuno-sequencing of the CDR3 regions of human
TCRBP chains was performed using the multiplex PCR
amplification method. To amplify all possible V(D)J
combinations, a multiplex PCR1 assay with 32 V for-
ward and 13 J reverse primers were used. Sequencing
libraries were loaded onto the Illumina Hiseq3000 Sys-
tem with 151 bp reads. The CDR3 sequence was
defined as the amino acids between the second cysteine
of the V region and the conserved phenylalanine of
the J region according to the international ImMuno-
GeneTics database (IMGT) V, D and J gene refer-
ences. The CDR3 sequences were identified and
assigned using the MiXCR package [22]. One million
normalized reads were randomly selected for further
analysis. An average of 1412 clones were obtained in
all the samples. Shannon’s entropy was calculated on
the clonal abundance of all productive TCR
sequences. Dividing Shannon’s entropy by the natural
logarithm of the number of unique productive TCR
sequences, we obtained the normalized Shannon’s
entropy. Clonality was the reciprocal of normalized
Shannon’s entropy (clonality = 1/normalized entropy)
with values ranging from 0 (most diverse) to 1 (least
diverse). The Morisita overlap index (MOI) for deter-
mining the similarity between samples ranges from 0
and 1, representing minimal and maximal similarity,
respectively. The maximal difference in T-cell clonality
is defined as the intratumor difference between the
highest and lowest T-cell clonality across regions
within the same tumors.

2.12. Immunohistochemistry (IHC)

All tissue sections were subjected to THC as previously
described [23]. In brief, paraffin-embedded sections
were cut 4 um thick, then deparaffinized and rehy-
drated. Antigenic retrieval was processed with sodium
citrate. The sections were then incubated in 3% H,O,
for 10 min, blocked in 1% BSA for 60 min followed
by immunostaining using anti-PD-L1 mAb (Zsbio,
Beijing, China, #ZM-0381, clone UMABI199, 1 : 100
dilution), anti-CD4 (Zsbio, #ZM-0418, clone
UMAB64, 1 : 75 dilution) and anti-CDS8 (Zsbio, #ZA-
0508, clone EP334, 1 : 75 dilution). The THC images
were quantified by a number of cells-mm 2. The most
and least filtrated regions were defined as regions with
maximum and minimum values, respectively, as deter-
mined by IHC quantification.

2.13. Statistical analysis

Wilcoxon test in the rR-package GGPUBR (version: 0.4.0)
was used to calculate the difference between tumor
mutation burden (TMB) of gastric cancer in our
cohort and that of TCGA, and then the #-test was
used to calculate the correlation of trunk proportion
of three random samples of each patient. In the analy-
sis of the mutational signature, the similarity was cal-
culated between the COSMIC and predicted signature
by the rsa (version: 0.731) rR package. Fisher’s exact
test was used to calculate the trunk percentage differ-
ence between mutation and neoantigen.

3. Results

3.1. Genomic landscape of LP

In total, 40 spatially distinct tumor regions from four
patients with primary LP (Fig. 1D and Table S1) under-
went WES at a median sequencing depth of 290.63x
(Table S2) and an average purity of 0.3 (Table S3). A
total of 11 504 somatic mutations, including 6339 non-
silent mutations, were identified for a median non-silent
TMB of 3.30 mutations per Mb (range: 1.36-4.88

Molecular Oncology 17 (2023) 1531-1544 © 2023 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of 1535

Federation of European Biochemical Societies.



Multi-WES and TCRseq of linitis plastica J. Huang et al.

(A) 238

=
- 0. l l II==!

0 No. of samples
h

RELN

CDH1
ARID1A
AURKA

MKI67 l
DNMT3A .
DICERT

|

LRRK2
[ | = Missense_Mutation
.I . ..l... ... = Frame_Shift_Del
Splice_Site
= In_Frame_Ins
= Nonsense_Mutation
= Multi_Hit

= C>AIG>T
= C>G/G>C
slniiziiinnnmEne
T>A/A>T

= T>C/A>G
123456789101 23456789101 23456789101 23456738910 = T>G/A>C

P2 P3 P1 P4

O -

1.00

0.00 025 050 0.75

SKI

(]

~

3

>

[
L]

TEC HE H EEEEE

BCR
SMARCB1

S

X

X
e [ [ [[[]]
el [ [ [[]]
1-zd HEEEEER

Z2-2d
0l-¢d
v-€d
L-¢d
0l-¢d
9-¢d
-ed
—-€d
-€d
€-¢d
—-€d
€d
-id
S-id
9-id
L-ld
6-1d
-id
0l-1d
Z2-id
€-ld
8-id
L-vd
8-vd
L-vd
6-vd
2-vd
0b-¥d

1536 Molecular Oncology 17 (2023) 1531-1544 © 2023 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of
Federation of European Biochemical Societies.



J. Huang et al.

Multi-WES and TCRseq of linitis plastica

Fig. 2. Frequently altered genes in the 40 tumor regions from 4 LP patients. (A) The mutations from the top 30 genes with the highest
mutation frequency among the 40 tumor regions are shown with the mutation frequency on the left and the tumor mutation burdens (TMB)
at the top (light gray for synonymous mutations and gray non-synonymous mutations, respectively) and mutation spectrum of transitions (Ti)
and transversions (Tv) in 40 tumor regions from four LP tumors on the bottom. Different types of somatic variants are indicated by different
colors on the right. (B) Recurrent cancer gene with copy number variation in the four LP patients. The genomic instability index (Gll) is

denoted by the top barplot column.

mutations per Mb, Fig. 2), comparable to gastric adeno-
carcinoma (TCGA) (median: 3.30 vs. 2.84 mutations per
Mb, P =0.53; Fig. S1) [10]. The most frequently mutated
driver genes were RELN, CDHI and ARIDIA, identified
in 75%, 65% and 40% of tumor samples, respectively
(Fig. 2A). RELN, CDHI and ARIDIA mutations were
identified in four, three and two LP patients, respectively
(Fig. 2A). All tumor regions were microsatellite-stable as
determined by the MSIsensor (Table S1). We did not
identify any pathological or likely pathologic germline
mutations according to ACMG/AMP guidelines [12].

To assess the fraction of copy number variation in
the LP, we calculated the genome instability index for
each sample. Copy number variation affected 0.363%
(8.33e-05-1.08%) of the whole genome (Fig. 2B). The
recurrent genes with copy number alteration were
ELK4, MDM4, SLC45A3, H3F3A and ZNF429. MYC
amplification occurred only in patient 4 (Fig. 2B).

3.2. Substantial genomic ITH in LP

We next explored the genomic intratumoral ITH of
these four LP tumors (Fig. 3A-D). Mutations identi-
fied in all regions of each tumor included RELN in
patient 01, RECQL in patient 2, AFFI in patient 3,
and CDHI and NCOA3 in patient 4. The percentages
of mutations identified in all regions within the same
tumors were 12.42%, 5.37%, 5.35% and 30.67%. In
comparison, 35.85%, 37.42%, 23.55% and 15.33% of
mutations were private mutations detectable in only
one of the 10 samples within the same tumors (Fig.
S2). When comparing the genomic ITH of LP with
other cancer types, including neuroblastomas [24],
esophageal squamous cell carcinoma [21], low-grade
glioma [25], ovarian cancer [26], low-grade glioma
(TMZ treated) [27], lung cancer [28] and hepatocellular
carcinoma [29] depicted by multiregional WES, LP
was the most heterogeneous (Fig. 3E).

To further explore fully the clonal structure of LP,
we used somatic driver mutations and significant copy
number variations to establish evolutionary trajectories
by the TRONCO algorithm. Patient 1 harbored RELN
mutation across all regions, whereas HOOK3, RHOA
and FAT4 were branch mutations. No significant
SCNV event was found in patient 1 (Fig. 3A). In
patient 2, RECQL indel was a trunk mutation, and

branch events included 16ql11.2 loss and ARIDIA
mutation (Fig. 3B). AFFI frame-shift was found in all
the tumor regions of patient 3. RELN, CDHI, FUS
mutations and 2q31.2 gain were branch events in
patient 3 (Fig. 3C). Patient 4 had a CDHI mutation in
the trunk. In contrast, NOTCH2, SMCIA, SOX9 and
1p36.22 gain was identified in the branches (Fig. 3D).
Although the mutated driver genes were distinct,
driver mutations dominantly occurred across all
regions in the four LP patients. Conversely, SCNV
were identified only in the branches (Fig. 3A-D).
These suggested that driver mutations occurred early,
whereas SCNYV alterations occurred late in the four LP
patients.

3.3. Distinct mutational processes are observed
in different tumor regions

We next derived mutational signatures in each tumor
region to depict the ITH of mutagenic processes in
LP. Tumor specimens exhibited a predominance of
C > T transitions at WpCpG trinucleotides (C > T
substitutions in a TCW context, where W = A, G, C
or T; Figs 2A and S3). The top mutational signatures
in this cohort across different patients included Signa-
ture 1 (associated with spontaneous deamination), Sig-
nature 6 (associated with defective DNA mismatch
repair), Signature 15 (associated with defective DNA
mismatch repair), Signature 17 (etiology unknown),
etc. (Fig. S4A,B), which were similar to mutational
signatures in gastric adenocarcinomas from TCGA
[10]. On the other hand, Signature 3 (associated with
failure of DNA double-strand break repair by homolo-
gous recombination) was the top mutational signature
in LP, primarily driven by patient 4 (Fig. S4),
highlighting the critical role of DNA repair defect dur-
ing mutagenesis gastric cancers. Overall, the dominant
signatures in different tumor regions within the same
tumors were similar. For each patient, the signatures
were shared among different regions within the same
tumor, with 68-95% of signatures identifiable across
all 10 regions, reflecting the overall similar genetic
background and exposure history within each tumor.
In patient 3, however, the mutational signatures were
highly heterogeneous (Fig. S5A,B), indicating distinct
mutational patterns in different tumor regions.
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Fig. 3. Substantial genomic ITH in LP. (A-D) Phylogenetic trees of four LP patients generated by the clustering of non-silent somatic muta-
tions identified in multiregional tumor samples. The lengths of trunks/branches were proportional to the number of mutations. Clonal struc-
ture using TRONCO package in the four LP tumors. The variant classification was indicated by different colors for each patient. The number
of samples carrying the specific gene is shown below the gene for each patient. Blue, green and red lines represent the trunk, branch and
private branches, respectively. Candidate driver mutations were mapped to phylogenetic trees. (E) Intratumor heterogeneity of different can-
cer types depicted by multiregional exome sequencing, measured by standard variation. To minimize the potential confounding effect by a
different number of tumor regions per tumor sequenced on ITH, four of the 10 tumor regions of each LP were randomly selected to re-
calculate the proportion of trunk mutations. This analysis was repeated 100 times to compare genomic ITH with different cancer types with
two to five tumor regions analyzed.

Next, we attempted to understand the mutagenesis
during the progression of these 4 LP tumors by ana-
lyzing the mutational signatures associated with trunk
vs. branch mutations. Due to the tiny number of trunk
mutations in each patient, we tried to combine the
trunk vs. branch mutations from all four patients for

1538

this analysis. With this caveat fully acknowledged, this
analysis demonstrated that deamination-associated Sig-
nature 1 remained the top signature in both trunk and
branch/private mutations (Fig. S5C), suggesting a per-
sistent role of spontaneous deamination during early
and late neoplastic evolution of LP tumors. The DNA
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double-strand break-related Signature 3 was among
the top signatures associated with trunk mutations but
not branch/private mutations, whereas Signature 6
(DNA mismatch repair) had a substantial contribution
to branch/private mutations but not to trunk muta-
tions (Fig. S5D), indicating different mutational pro-
cesses at play during the chronological progression of
the LP tumors.

3.4. Substantial immune heterogeneity of LP

In light of our previous work identifying substantial
mutational heterogeneity in these LPs, we sought to
determine whether the neoantigen landscape mirrors
the mutational ITH. We performed an in silico predic-
tion of HLA-A/B/C (MHC I) neoantigens based on
mutation data; only 6.16%, 2.17%, 11.98% and
12.42% of predicted neoantigens were associated with
trunk mutations, respectively (Fig. S2). It is known
that neoantigen could initiate the tumor-infiltrated T-
cell response [30]. We next performed multiregional
TCR sequencing to assess ITH in the T-cell response.
The average TCR clonality, a metric of T-cell expan-
sion and reactivity ranging from 0.10 (P4) to 0.14 (P2)
(Fig. 4A), was the lowest among six cancer types in
the Geneplus in-house database (Fig. 4B). Even with
such a small sample size, the difference was significant
between LP and lung squamous cell carcinoma
(LUSC) (P = 0.012) and gastric carcinoma (GC) (P =
0.045). In comparison with the most and least infil-
trated regions, TCR clonality varied ranging between
44.74% (P3) and 71.19% (P2) among different tumor
regions from the same tumors (Fig. 4C). Interestingly,
we found a marginally significant positive correlation
between intratumor difference of T-cell clonality and
clonal TMB in LP (P = 0.058, r = 0.94; Fig. 4D),
implying the association of clonal mutational burden
and immune microenvironment.

To further quantify the TCR ITH, we utilized the
MOI, which considers both the composition and the
abundance of T-cell rearrangements. The average MOI
of any pair of tumor regions within each tumor were
0.35 (P1), 0.53 (P2), 0.56 (P3) and 0.44 (P4), respec-
tively (Fig. 4E), significantly lower than those of
NSCLC [11] (P = 0.002). As expected, none of the T-
cell clones was shared between any two patients. Addi-
tionally, none of the T-cell clones was shared among
all tumor regions from the same tumors. Particularly,
94.41%, 94.23%, 94.40% and 94.23% of T-cell clones
were restricted to individual tumor regions from PI,
P2, P3 and P4, respectively (Fig. 4F). These results
suggested profound T-cell repertoire heterogeneity.

Multi-WES and TCRseq of linitis plastica

We then immunostained all the samples using T-cell
markers CD4 and CDS, and the immune checkpoint
marker PD-L1. In line with the TCR repertoire results,
scant CD4" (68 cells:-mm~?) and CD8" (37 cells-mm?)
T-cells within the tumor island or in the stroma and
PD-L1 were negative (< 1%) in all four LP tumors
(Fig. 4G), further suggesting the immune-cold micro-
environment with limited and heterogeneous T-cell
infiltration in the four LP tumors.

4. Discussion

Linitis plastica is a rare and aggressive cancer with a
considerably inferior prognosis. With a poor response
to chemotherapy or radiotherapy and an unclear
molecular mechanism of therapeutic resistance, com-
plete surgical resection remains the only chance of cure
for patients with LP [29]. Translational studies to fur-
ther broaden our understanding of the cancer biology
of LP are urgently needed to provide insight into the
development of novel therapeutic strategies. Due to
the limited availability of tumor tissues, the molecular
landscape and its ITH architecture have not been well
studied in LP.

In the current studies, we delineated the genomic
and TCR repertoire ITH of four LP tumors using a
multiregional profiling approach. Our results demon-
strated profound genomic ITH, suggesting that many
different cancer-cell clones with distinct cancer biology
are present in these LP tumors. Our results suggest
that it is challenging to eradicate completely all cancer
cell clones by currently available therapeutic modalities
which potentially lead to high risks of recurrence [10].

The frequently mutant RELN gene in LP was dis-
tinct from those genes (TP53, BRCA2, ERBB4) identi-
fied in gastric cancer [31,32]. RELN (Reelin), a key
regulator of neuronal migration, is frequently epigenet-
ically silenced in different cancers, including pancreatic
[33], breast [34] and gastric cancer [35]. Loss of RELN
expression was significantly associated with the more
advanced stage of GC, and the disruption of the
RELN pathway might be involved in gastric carcino-
genesis [35]. RAS/PI3-kinase controlled RELN to pro-
mote cell motility and tumor metastases [36].
However, the role of RELN in the progression of GC
needs to be explored further. CDHI and ARIDIA
identified in LP were commonly mutated in gastric
cancer [31]. The abnormal expression of CDH I, encod-
ing E-cadherin, is a common early event in gastric
tumorigenesis [37]. CDH]1 is frequently mutated in dif-
ferent tumors by genomic sequencing, especially in
diffuse-type tumors along with advanced stages [38].
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Fig. 4. T-cell repertoire ITH in LP. (A) The barplot showing the T-cell clonality in each LP tumor. Data are shown as mean + SD. (B) Compar-
ison of T-cell clonality in LP with other cancer types. The mean T-cell clonality from 10 regions of each LP was utilized. The P-value was
from the Mann-Whitney U-test. (C) Maximum difference in T-cell clonality, defined as the intratumor difference between the highest and
lowest T-cell clonality across regions within the same tumors. (D) The Pearson correlation between the maximum difference in T-cell clonal-
ity and clonal TMB of each LP tumor. (E) Quantification of T-cell receptor ITH by the Morisita index (MOI), a metric taking into consideration
not only the composition of T-cell clones but also the abundance of individual T-cell clones. MOI ranges from 0 to 1, with 1 indicating identi-
cal TCR repertoires and 0 indicating completely distinct TCR repertoires between two samples. The color scales indicate the MOI between
two tumor regions. (F) Percentage of T-cell clones detected in different proportions of tumor regions from the same LP tumors. (G) The IHC
staining of CD4, CD8 and PD-L1 in the four LP tumors. Scale bars: 100 pm. All the regions within each tumor were negative, and represen-
tative images and positive control are shown.
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An integrative analysis showed that CDHI was somat-
ically altered in higher proportions in diffuse gastric
cancers with younger female patients [39]. CDHI
mutation was more frequently identified in peritoneal
carcinomatosis than in primary gastric adenocarci-
noma [40]. Moreover, CDH]I alteration was signifi-
cantly associated with shortened survival of GC
patients [41]. The germline CDHI mutations also con-
fer a high lifetime risk of developing hereditary diffuse
gastric cancer (HDGC) syndrome [42,43]. Taken
together, the LP showed a distinct mutational land-
scape and molecular intratumor heterogeneity with
gastric cancer, which might lead to the differential
phenotype.

The mechanisms underlying the development of
molecular ITH are poorly understood. Cancer progres-
sion could be ascribed to the complex interaction
between evolving cancer cells (accumulation of somatic
mutations, epigenetic aberrations, etc.) and host fac-
tors, particularly anti-tumor immune surveillance.
Without effective immune surveillance applying selec-
tion pressure, different cancer clones might potentially
evolve in parallel as long as there is adequate nutrition
and available space, leading to more heterogeneous
cancer cell populations [40,44]. LP is known to be
embedded in rich lymphatic vessels and fibroblasts that
might potentially provide nutrition to cancer cells [45].
Importantly, these four LP tumors were found to be
immune-cold microenvironments with scant T-cell
infiltration by either TCR sequencing or immunohisto-
chemical staining. Besides, the TCR repertoire in these
four LP tumors was extremely heterogeneous. LP
tumors are characterized by profound stromal fibrosis
around tumor cells during infiltration and prolifera-
tion, which is known to serve as a protective shield for
cancer cells from attacks by host immune cells in vari-
ous cancer types [36]. This protective shield could also
interfere with T-cell trafficking within LP tumors, lead-
ing to the presentation of heterogeneous T-cell
response in LP tumors. Therefore, although the low
and heterogeneous T-cell response reflects the immune
response to a heterogeneous mutational landscape, it is
possible that other factors (such as stromal fibrosis)
caused the cold and heterogeneous T-cell response and
led to ineffective immune surveillance, fostering geno-
mic ITH in LP tumors. It is impossible to ascertain
from these data whether the high level of genomic
ITH led to profound heterogeneity in T-cell response
or vice versa. Nevertheless, the heterogeneous T-cell
response may lead to ineffective host anti-tumor
immune surveillance and a subsequent high recurrence
rate. Additionally, emerging evidence has demon-
strated that immune-mediated cell death may play an

Multi-WES and TCRseq of linitis plastica

important role in chemotherapy or radiotherapy-
induced cell death [46,47]. The cold and heterogeneous
immune microenvironment in LP could also contribute
to poor response to chemotherapy and radiotherapy.

Currently, there are no effective targeted therapy
agents in advanced LP [29]. High inter-tumor and intra-
tumor genomic ITH levels make it a challenge to find
common clonal therapeutic targets. Recent unprece-
dented success with immune checkpoint blockade (ICB)
has revolutionized the therapeutic landscape of many
cancer types [48,49]. Given the lack of effective treat-
ment, there has been increasing enthusiasm for applying
ICB to GC, including LP [50-52]. However, our find-
ings of a high level of genomic ITH (i.e. the high pro-
portion of branched mutations) consistent with the high
ITH of gastric cancer [32,53-55], together with low and
heterogeneous T-cell infiltration in LP tumors implies
that ICB alone might be ineffective. Low complex geno-
mic heterogeneity and less active T-cell response are
associated with inferior response to ICB [56]. Therefore,
novel strategies are needed to optimize the efficacy of
ICB in patients with LP. In addition to the standard
chemotherapy, radiation and targeted therapy also
exhibited improved efficacy of ICB [57,58]. The fibrotic
tumor stroma could be a potential therapeutic target to
enhance response to ICB for LP. Preclinical studies
have demonstrated that antifibrotic agents (e.g. pirfeni-
done, losartan, tranilast and hyaluronidase) could
improve tumor perfusion, drug delivery and immune
cell infiltration [59-61]. Therefore, antifibrotic therapy
shows the potential to enhance T-cell infiltration, pro-
mote intratumor T-cell trafficking and subsequent T-
cell homogeneity, and thus improve the therapeutic effi-
cacy of ICB [62,63].

One major limitation of the current study was the
limited sample size. Unfortunately, for rare tumors
such as LP, surgical resection was only applicable to a
small proportion of patients, thus, studying a large
cohort of LP has turned out to be challenging. Despite
this, the low T-cell infiltration and high level of geno-
mic and TCR ITH were observed across the four
patients, which suggests these may be common biologi-
cal features of LP tumors. For LP, collaborative
efforts involving multiple centers are warranted to
investigate its unique cancer biology to provide pivotal
insight into the development of novel diagnostic and
therapeutic strategies.

5. Conclusion

LP may have a great extent of genomic ITH and sup-
pressed heterogeneous T-cell infiltration, which may
potentially be contributing factors to the high
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recurrence rate and poor therapeutic response. The
suppressed immune microenvironment and a high
degree of genomic/immune ITH suggest that mono-
immunotherapy may not be efficacious for LP.
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Fig. S4. Mutational signatures in LP tumors and stom-
ach adenocarcinoma from TCGA.

Fig. SS. Mutational signatures in LP tumors.

Table S1. Clinicopathological characteristics of four
patients with LP.

Table S2. Quality control of the whole exome sequenc-
ing data.

Table S3. Tumor purity for each sample.
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