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ABSTRACT

BACKGROUND: Intestinal metaplasia of the gastric mucosa epithelium in chronic atrophic gastritis is considered a precancerous
condition; however, it is potentially reversible. The study of the regulation mechanisms of metaplastic epithelial changes may
help in understanding carcinogenesis and cancer prevention.

AIM: To determine whether the microenvironment is related to the development of gastric mucosa epithelium metaplasia in
patients with chronic atrophic gastritis by assessing gene expression and cellular composition of immune infiltrates.
MATERIALS AND METHODS: In this retrospective cohort study, the alternative hypothesis was that the composition of the
immune microenvironment of the gastric mucosa differed between cases with and without metaplastic changes in the
epithelium. Biopsy specimens of the mucosa (n=38) obtained during endoscopic examination from five stomach sites (2 from
the antrum, 2 from the body, and 1 from the corner) in patients with chronic atrophic gastritis of unspecified etiology and
results of RNA sequencing of biopsy specimens of patients with chronic gastritis registered in the NCBI open database (n=12)
were analyzed. Histological analysis, histochemical staining methods, and immunochistochemical study and morphometric,
statistical, and bioinformatic analyses were performed.

RESULTS: The proportion of macrophages, T-cytotoxic lymphocytes, and plasmocytes increased in the samples with metaplastic
changes of the gastric mucosa epithelium. A correlation was found between T-cytotoxic lymphocytes and risk for metaplasia.
It was found that changes in the number of B cells, macrophages M2, T-regulatory cells and NK-cells are associated with
increase in the expression of six genes most specific for intestinal-type epithelium.

CONCLUSION: The significant difference in the composition of the immune microenvironment between samples with and
without metaplastic changes in the mucosal epithelium indicates the potential influence of immune cells on the development
of metaplasia and progression of the pathological process along the Correa cascade. One of the mechanisms of regulation of
metaplasia development by the microenvironment may be their influence on gene expression as an epigenetic factor.

Keywords: chronic atrophic gastritis; gastric mucosa epithelium; metaplasia; carcinogenesis; cellular microenvironment;
epigenetic processes.
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AHHOTALMA

06ocHoBaHMe. KuweyHas MeTaniasus anUTENNS CIM3UCTOM 000N0YKM KEeNyAKa NPU XPOHUYECKOM aTpodUYECKOM racTpuTe
BOMNbLUMHCTBOM aBTOPOB paccMaTpUBaEeTCs KaK MpeapaKkoBoe COCTOSHWE, HO MpU 3TOM ABAAETCA NOTEHUManbHO 06paTUMon.
N3yyeHne MexaHU3MOB perynsuum pa3BuTis METanIacTUYECKUX M3MEHEHUIA IMUTENIUSA MOXKET CTaTb KIKOYEBbIM B MOHUMaHUM
npoLiecca KaHLeporeHesa 1 npounakTuke pasBuTUs paka.

LUenb uccnepoBaHus — YCTaHOBUTb HanMuMe WM OTCYTCTBME B3aMMOCBSA3M MEXIY MUKDPOOKPYXEHUEM U PasBUTMEM
MeTannasu 3NUTeNUs CAM3UCTON 000NIOUKM KenyaKa OOMbHBIX XPOHUYECKMM aTpoMUUECKUM FacTpUTOM MYTEM OLIEHKM
3KCMpEeCCUM FEHOB U KIETOYHO0 COCTaBa MMMYHHOMO UHUAbTpaTa.

Matepuanbl u MeTogpl. [lpoBeeHO PeTPOCMEKTUBHOE KOrOPTHOE MCCNEAO0BaHWE, aflbTEPHATUBHOW MMMNOTE30M KOTOpOro
ABNSAETCA NPEeANnosoXKeHUe 0 TOM, YTO COCTaB MMMYHHOTO MUKPOOKPYXKEHUS CIM3UCTOW 060N10UKM KenyaKa pasnnyaetcs
B C/yyasx C HalM4YMeEM M OTCYTCTBMEM METanjacTMYeCKUX M3MeHeHWW 3nuTenns. Matepuanom nnis uccnepoBaHus
nocnyunu 6uonTatel cnM3ncTon 060moukmM (n=38), NonydYeHHble MpU 3HLOCKOMUYECKOM WUCCNEL0BaHWM U3 MATU Y4YaCTKOB
(2 »3 npuBpaTHMKOBOM MeLlepbl, 2 U3 Tena Xenyaka, | M3 yrnoBoW BbIPE3KMW) JKeNyAKa Y MALMEHTOB C XPOHUYECKUM
aTpodMUeCKUM racTpUTOM HEYTOUHEHHOW 3TUONOTUK; @ TaKKe pe3ynbTaThl cekBeHupoBaHus PHK, BblneneHHoi u3 buontatos
6ONbHBIX XPOHMYECKUM racTpUTOM, KoTopble Obinu monyyeHbl U3 OTKpbIToi 6a3bl faHHbix NCBI (n=12). B xope pabotbl
MPUMEHSIIN TUCTONIOMMYECKMIA, TMCTOXMMWUYECKUIA METOAbI OKPALLMBaHWS, MPOBOAUIIM UIMMYHOMUCTOXMMUYECKOE UCCe0BaHme,
MOP(hOMETPUYECKMH, CTAaTUCTUYECKUA 1 BMOMHDOPMATUYECKUI aHanu3.

Pesynbtathl. YcTaHOBNeHo, 4To B 00pasuax C MeTaniacTUYECKUMM WU3MEHEHWSMW 3MUTENUS CAM3UCTOA 0B0MO0YKHM
XenyaKa yBenu4yeHa [ons Makpodaro, T-LMTOTOKCMYECKUX NMMdouMToB M nnasmountoB. ObHapyeHa B3aMMOCBA3b
T-UMTOTOKCUYECKMX TMMPOLMTOB M LIAHCA Pa3BUTUSA MeTanna3un. YCTaHOBNEHO, YTO U3MEHEHUE KonnyecTBa B-numdboumTos,
Makpodaros deHotna M2, T-perynaTopHbix MdounToB 1 NK-KETOK accoLMMpoBaHo C YBESIMYEHUEM 3KCMPECCUM LIECTH
reHoB, Hanbonee cneundUUHbIX A1 IMUTENINA KULLEYHOO TUNa.

3aksioyeHmne. 3HaunTeNbHas pasHuLa B COCTaBe MMMYHHOr0 MUKPOOKPYXEHMS Mexy o0bpasuamu ¢ MeTannacTuyecKuMm
M3MEHEHWUAMU 3NUTENIUA CIU3UCTOM 060/104KM U 6e3 HMX YKa3biBaeT Ha MOTEHUMANbHOE BJIMSIHUE KIIETOK MMMYHUTETA
Ha pasBMTME MeTamnyiasuu U MPOrpeccupoBaHUe NaToiorMYeckoro npouecca no Kackagy Koppea. OgHuM U3 MexaHu3moB
PerynsaLmm pa3BuTA MeTan1asum MUKPOOKPYKEHUEM MOXKET ABAISITbCA €70 BAMAHUE HA IKCMPECCUI0 FTeHOB KaK IMUIeHETUYECKOr0
dakTopa.

KnioyeBble cnoBa: XPOHWYECKWI aTPODUYECKM TFacTpUT, SNUTENWIA CIM3NUCTOW 0DONMOYKM KenyaKa; MeTannasus;
KaHL,eporeHes; MUKPOOKPYXKEHUE; 3NUreHeTUHecKas perynauus.
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BACKGROUND

Intestinal metaplasia in the stomach is characterized
by the progressive replacement of the gastric mucosa
epithelium by the intestinal epithelium, which can be
represented by absorptive, goblet, and Paneth cells.
Such an impairment of tissue homeostasis is based on
inflammation and atrophy, which are most often caused by
chronic atrophic gastritis of various etiologies [1]. Intestinal
metaplasia is deemed interesting; although it is a presumed
precancerous condition, metaplasia nevertheless remains
reversible with timely detection and adequate treatment
[2]. At the cellular level, this process can be considered
a change in the direction of differentiation of stem cells of
the gastric mucosa epithelium, providing regeneration after
injury. This is an impairment of physiological regeneration,
a natural process of epithelial renewal. It involves
proliferation, bipolar migration from the gland isthmus,
and simultaneous differentiation of stem cells. These
processes are regulated mainly by the notch transcription
factor and the Wnt/b-catenin signaling pathway [3]. In
physiological and pathological regenerations, the final
cell phenotype is determined by the expression of certain
genes, which is strictly regulated by epigenetic factors.
Currently, researchers mainly focus on DNA methylation,
noncoding RNA and the microenvironment, which includes
the extracellular matrix, fibroblasts, immune cells, as well
as cytokines, hormones, and other bioactive molecules.

Metaplastic changes in the epithelium of the gastric
mucosa significantly alter the methylation landscape [4]. More
than 14,000 CpG regions were hypermethylated, and 1,199
were hypomethylated in samples with intestinal metaplasia
compared with that in samples without this process. Despite
the change in promoter methylation, the expression was
changed only in 15 and 13 genes with hypermethylation and
hypomethylation, respectively. The hypermethylation of CDX2
promoter, a transcription factor involved in intestine formation
during embryogenesis, did not affect its expression, which
remained elevated more than twofold.

Among noncoding (nontranslated) RNAs, changes in
the expression of microRNAs (miRNAs) in the presence of
metaplastic changes in the epithelium of the gastric mucosa
have been the most investigated. Increased abundance of
miRNA-146a and miRNA-155 populations was revealed in
samples with intestinal metaplasia [5]. Another study showed
increased expression of miRNA-92a-1-5p, which has an
inhibitory effect on FOXD1, thereby increasing the expression
of the previously mentioned transcription factor CDX2 [6].
The miRNAs, whose expression was increased in
gastrointestinal metaplasia, also included the miR-17-92
cluster, which is composed of seven miRNAs [7], as well as
miRNA-584 and miRNA-1290 [8].

Thus far, the tissue microenvironment as an epigenetic
factor has not been well studied. Macrophages of the M2
phenotype (CD163*) were studied in a mouse model with
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clodronate-induced macrophage deficiency and were
proposed to stimulate the development of metaplasia with
the expression of an antispasmodic peptide [9]. Fibroblasts
were also evaluated as one of the regulatory elements
involved in cell differentiation. Through the regulation of
SHH expression, fibroblasts contribute to the pathological
progression in the stomach along the Correa cascade through
atrophy and metaplasia to gastric cancer [10].

Despite these studies, the relationship between
the microenvironment and changes in gene expression
that determine the acquisition of the intestinal phenotype
by the gastric epithelium remains unclear. Review data on
the role of the T-cell link of immunity in carcinogenesis indicate
that its participation in the regulation of regeneration may be
the key and manifest as an alteration of the differentiation
process, which leads to atypia development [11]. Considering
metaplasia as the initial stage of this pathway, T-lymphocytes
are assumed to be involved in this process.

The study aimed to determine the differences in
the composition of the immune infiltrate in gastric tissue
samples with and without intestinal metaplasia and establish
the relationship between the immune microenvironment
and gene expression using bioinformatics tools to analyze
transcriptomes available publicly.

An alternative hypothesis is that the composition of
the immune microenvironment of the gastric mucosa in
chronic atrophic gastritis differs in cases with and without
metaplastic changes in the epithelium.

MATERIALS AND METHODS

The study employed an observational, one-stage,
controlled, nonrandomized, single-center design.
The object was mucosal biopsies (38 samples) obtained
during an endoscopic examination from five areas (2 from
the pyloric antrum, 2 from the body of the stomach, and
1 from the angular notch) of the stomach in patients with
chronic atrophic gastritis of unknown etiology. Histological,
immunohistochemical, and morphometric studies were
performed on paraffin sections with the most pronounced
atrophic or metaplastic changes in each case. If metaplasia
was present in only one of the sites that site was taken for
further analysis.

Atrophy and metaplasia were evaluated by staining
sections with hematoxylin and eosin with the addition of
Alcian blue. Atrophy was defined as a decrease in the number
of glands characteristic of a given zone of the gastric
mucosa [12], and metaplasia was defined as the presence
of glands containing cells characteristic of the intestinal
epithelium. Complete and incomplete metaplasia were
distinguished by the presence or absence of Paneth cells.
Pyloric metaplasia of the gastric body was not assessed in this
study. The affiliation of the angular notch of the stomach with
the body of the stomach or pyloric antrum was determined by
the predominant phenotype of the glands.

95
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Immunohistochemical study

Phenotyping of the infiltrate cells was performed by
immunohistochemical testing. Sections (1 um thick) were kept
in a thermostat at 60 °C for 60 min. After deparaffinization in
xylene and increasing concentrations of alcohol, the sections
were boiled in 0.01 M citrate buffer for 30 min. Then, they
were washed in PBS and hydrogen peroxide solution to
block endogenous peroxidase for 30 min at 30 °C. Moreover,
the sections with primary antibodies (Sigma-Aldrich, USA) to
CD4 (104R-24, rabbit monoclonal antibodies), CD8 (108M-94,
mouse monoclonal antibodies), CD20 (120M-84, mouse
monoclonal antibodies), CD138 (138M-14, rabbit monoclonal
antibodies), and CD68 (168M-94, mouse monoclonal
antibodies) were kept in a thermostat at 30 °C for 60 min.
After the incubation with the secondary antibody for 30 min
and horseradish peroxidase for 20 min, the reaction with
diaminobenzidine was performed, and sections were stained
with hematoxylin. Membrane staining was described as
the absence or presence of a reaction. Lymph node sections
were used as a positive control, and the epithelium of
the gastric mucosa in the examined sections was considered
a negative control.

Morphometric analysis

For each preparation, 10 random fields of view were
assessed at 200x magnification. Cells were counted separately
in the gland stroma and epithelium. The positive stromal cell
count was expressed as a proportion of the total number of
infiltrate cells in one field of view. The intraepithelial positive
cell count was expressed in units per 100 glandular epithelial
cells. For further analysis, the mean value was calculated for
each sample and antigen. The atrophy stage was calculated
based on the OLGA criteria [13] for one localization where
the sample was taken.

Statistical analysis

Statistical analysis was performed using the R
programming language in RStudio v. 4.3.1 development
environment. Group comparison by sex was performed using
the chi-square test and age using the Wilcoxon test with
Holm multiple-comparison correction. Immune infiltrates
in the three groups were compared using the Wilcoxon test
with Holm multiple-comparison correction. To determine
the relationship between the development of intestinal
metaplasia and cellular composition of the immune
microenvironment, a generalized linear regression model
with a hinary response was used.

Bioinformatics analysis

The results of the RNA sequencing of the gastric
tissue from patients with chronic gastritis with (n=12) and
without (n=12) metaplasia were downloaded from the NCBI
database (GSE191275) [14]. RNA was isolated from gastric
tissue obtained as a result of gastrectomy or hiopsy during
gastroscopy. For each patient, the diagnosis was preliminarily
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verified by a pathologist. Tissue samples were incubated in
RNAlater (Invitrogen, USA) at 4 °C overnight and then stored
at—80 °C. After isolation and purification using TRIzol reagent
(Invitrogen), RNA was fragmented, and reverse transcription
was performed. The resulting cDNA was amplified by PCR
and sequenced on an lllumina NovaSeq 6000 apparatus (LC-
Bio Technologies Co., China).

To analyze differential expression between the groups,
R v. 4.3.1 and DESeq2 v. 1.42.0 were used [15]. Functional
analysis was performed using the R clusterProfiler v. 4.10.0
package [16]. The tissue microenvironment reconstructed
the web version of Kassandra [17]. The LAD regression model
was used to determine the relationship between the composition
of the immune infiltrate and differential gene expression.

RESULTS

Characteristics of the cellular composition
of the microenvironment

A total of 38 cases of chronic atrophic gastritis were
analyzed. All patients were treated on an outpatient basis.
Depending on the morphological changes in the gastric
mucosa, they were divided into three groups comparable by sex
and age (p >0.05), namely, in 19 cases, metaplastic changes
in the epithelium of the gastric mucosa were determined
(10 cases of complete metaplasia in the small intestine and
9 cases of incomplete metaplasia of the large intestine), and
intestinal metaplasia was absent in 19 cases. Depending on
the number of glands and their structure, stage | atrophy was
established in 4 cases, stage Il in 14, stage lll in 13, and stage
IVin 7. The ratios of atrophy stages and degree of inflammation
within the groups are presented in Fig. 1.

When assessing the composition of the microenvironment,
the number of intraepithelial cells was insufficient for
statistical analysis (approximately 0.1% for each cell
phenotype in one sample); thus, they were excluded from
the study. Table 1 presents the median and interquartile
range of the proportion of stromal cells of each phenotype
in different groups.

In each group of samples, the largest proportion was
T-cytotoxic lymphocytes. The lowest value was recorded
in plasma cells in groups without metaplasia and with
complete metaplasia and in macrophages in the group
with incomplete metaplasia. The Wilcoxon test was used to
determine the differences in the composition of the cellular
microenvironment between the groups. Significant differences
were detected in the proportions of T-cytotoxic lymphocytes,
macrophages, and plasma cells. The distribution of data
and micrographs of samples from the groups for which
significant differences were found are presented in Fig. 2.
Representative micrographs are presented in Fig. 3.

A generalized linear regression model with a binary
response was constructed to determine the effect of
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different immune infiltrate cell phenotypes on the probability
of metaplasia development. Significant results were
demonstrated by the model with CD8" cells as the only
predictor. According to the results of the regression analysis,
an increase in the proportion of T-cytotoxic lymphocytes is
associated with a 2.35-fold increase in the probability of
metaplasia development (p=0.022).

Analysis of differential gene expression

To detect genes which expression changes during
the development of gastric mucosal epithelial metaplasia,
differential gene expression analysis was performed.
The quality of the samples was tested using principal
component analysis. Eight transcriptomes were removed due

Samples without epithelial metaplasia,
n=19

26,32% Atrophy

stage
|
I
1]

36,84%

36,84%

10,53%

Degree
of inflammation

26,32%

26,32% |
!

36,84%
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Samples with complete epithelial
metaplasia (small intestine) , n=10
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to the presence of intermediate phenotypes. In 12 samples,
3118 genes with an expression change in >1.5 times in
the metaplasia group were detected (Appendix 1), including
1843 genes with increased expression and 1275 with
decreased expression (Fig. 4). Hierarchical cluster analysis
revealed the presence of two patterns of genes, whose
expression differs between the groups and allows dividing
the samples into two clusters (Fig. 5). The 10 genes with
the highest expression are presented in Table 2.

Functional analysis was performed using the Gene
Ontology database [18]. Biological processes, molecular
functions, and cellular components that involve genes
whose expression differs in the metaplasia group were
identified. In total, 787 biological processes, 128 molecular

Samples with incomplete epithelial
metaplasia (large intestine) , =9

22,22%

Atroph Atroph
stage 33,33% siage "
| i
i v
44,44%
Degree
of inflammation /  33,33% 33,33% gﬁ%h%?nmation

Il
I
v

I
1l
vV

33,33%

Fig. 1. The ratio of different atrophy stages and inflammation degrees within the studied groups (%).

Puc. 1. CooTHoLLEHME pa3nnyHbIX CTaAuiA aTpoduy 1 CTENeHU BOCMaNeHUs BHYTPU ucciedyeMbix rpynn, %.

Table 1. Median and interquartile range (IQR) of the proportion of different cells in each group (%)
Tabnuua 1. MeanaHa n MexkkBapTM/bHBIN pa3Max (IQR) £onm pasnnyHbIX KNETOK B Kax Ao rpynne, %

Group without epithelial

Group with complete

Group with incomplete

Cell subpopulation Parameter metaplasia epithelial metaplasia epithelial metaplasia
(n=19) (n=10) (n=9)
Median 4,6 19,5 6,1
CDé8
IQR 1,85 7,1725 7,1
Median 8,50 9,85 11,80
CD4
IGR 5,25 3,05 12,50
Median 17,7 35,4 26,7
cD8
IQR 38 8,4 58
Median 13,2 15,95 15,1
CD20
IQR 9,35 13,375 6,0
Median 2,8 5,25 16,7
CD138
IGR 2,55 3,825 39
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no metaplasia complete metaplasia  incomplete metaplasia

Fig. 2. Data distribution and Wilcoxon test results with Holm's correction for multiple comparisons: @ — macrophages; b — T-cytotoxic
lymphocytes; ¢ — plasmocytes; ** p <0.01.

Puc. 2. Pacnpenenenve faHHbIX 1 pe3ynbTaTbl TecTa BUNKOKCOHA C MOMPaBKOiA Ha MHOXECTBEHHbIE CpaBHEHWA XonMa: @ — Makpodary;
b — T-umToToKCHuYeckue MMMQOLMTBI; ¢ — nnasmoumTsl; ** p <0,01.

Fig. 3. Microphotographs of the gastric mucosa of patients with chronic atrophic gastritis without metaplasia — on the left, with intestinal
metaplasia — on the right; x200. Immunohistochemical study with primary antibodies to: @ — CD68 (macrophages); b — CD8 (T-cytotoxic
lymphocytes); c — CD138 (plasmocytes).

Puc. 3. MukpodoTorpacdum cnmsuctoii 0601104KM KenyaKa NaLMEHTOB C XPOHUYECKUM aTpOGUYECKUM racTputoM: be3 MeTannasum —
CNeBa, C KULLEeYHO MeTannasneln — cnpasa; x200. IMMyHorucToxummyeckoe uccnefoBaHue ¢ MepBUYHbIMUA aHTuTenamm k: @ — CD68
(Makpodaru); b — CD8 (T-umtoToKcuyeckue numdoumsl); ¢ — CD138 (nnasmoumTsl).
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functions, and 69 cellular components were identified
(Appendix 2). According to the results of the analysis,
the largest number of genes with increased expression
in the metaplasia group was involved in metabolic
processes and immune response. Ten patterns involving
the largest number of genes are presented in Fig. 6
for each group.

To determine the relationship between the proportion
of cells of different phenotypes and gene expression,

150

100

for multiple comparisons

w1
o

Negative common logarithm of the p-value corrected

-5 0

Vol. 161 (4) 2023

Morphology

deconvolution of the microenvironment composition was
performed based on the identified transcriptomes (Fig. 7). Out
of 10 genes with the highest hyperexpression in the intestinal
metaplasia group, 6 associated with the intestinal phenotype
of the epithelium were selected. A LAD regression model was
created for each. All phenotypes of immune microenvironment
cells, except neutrophils, were used as predictors because
their presence is characteristic of the acute inflammatory
process (Appendix 3).

muc2

MYO7B

CDH17

CLDN3
HEPH  cpx1

OTOP3

FABP1
SPINK4

SLC39A5

5 10 15

Binary logarithm of fold change in the expression

Fig. 4. Volcano plot of differential gene expression. Each point on the graph represents a gene. To the right of zero are genes whose
expression is higher in the metaplasia group, and to the left — lower. Genes with a p <0.01 are marked in blue. Abbreviated names are

noted for the 10 genes with the lowest p.

Puc. 4. Volcano plot anddepeHumanbHoii akcnpeccum reHos. Kaxas TouKa Ha rpadmke 0603HadaeT reH. CrpaBa OT Hy/ist pacrofioKeHsi
reHbl, Ybsl SKCMPECCHA BhiLLE B rpynne MeTannasium, cnesa — Huke. CUHMM oTMedeHb reHbl ¢ p <0,01. CokpalLéHHble Ha3BaHUA 0TMeYeHb

nna 10 reHoB € HaUMEHbLUMMM 3HAYeHNAMU p.

SM5742853
SM5742846
SM5742849
SM5742850
SM5742844
SM5742847
SM5742851

Fig. 5. Results of cluster analysis of differential gene expression.

SM5742857

no metaplasia
intestinal metaplasia

3
2
1
0
-1
-2
-3

SM5742859
SM5742860
SM5742862
SM5742863

Puc. 5. PesynbTathl KnactepHoro aHanu3a AuddepeHumnanbHoii 3KCNPeccum reHos.

DOl https://doi.org/10.17816/marph.630350

59



Mopdonoria

Tom 161, N2 4, 2023
well as tissue and cellular atypia. For gastric cancer, Pelayo

Correa presented a sequence of states connecting normal
and tumor tissues. It includes atrophy, metaplasia, and
dysplasia [19]. Each state is morphologically divided into

OPTHATTBHBIE VICCTIELOBAHYA
several developmental stages. In the case of atrophy, stages

DISCUSSION
Carcinogenesis is a series of successive events leading to
the acquisition by cells of biological characteristics of cancer,

3HayeHus log2FoldChange.

Biological process

Cell component

Fig. 6. 10 patterns involving the largest number of genes in each Gene Ontology group.

Molecular function

DOl https://doi.org/10.17816/marph.630350

Puc. 6. 10 natTepHoB, 3afeACTBYOLLMX HaubONbLLEE KONMYECTBO reHoB B Kaxaom 13 rpynn Gene Ontology.

which are morphologically defined as invasive growth, as
Table 2. Results of differential gene expression analysis for the 10 genes with the lowest adjusted p values
Ta6nuua 2. Pe3ynbTathl aHanu3a auddepeHumanbHoi skenpeccun reHoB s 10 reHoB ¢ HaMMEHBLLIMMUM 3HaYeHUAMM CKOPPEKTUPOBaH-
HOro 3HayeHus p
Gene baseMean log2FoldChange lfcSE p Pugi
mucz 4952,58 11,58 0,39 8,30e71% 9,71e7¥
MYo7B 1733,83 7,08 0,28 2,82¢7¥ 2,20e71%
CDH17 5445,62 8,07 0,33 4,217 2,467
FABP1 7913,35 10,26 0,46 4,17e7112 1,95¢108
CLDN3 324,80 5,13 0,24 1,69¢71% 6,577
CDX1 624,62 9,05 0,44 7,85e7% 2,627
SPINK4 1303,95 9,31 0,46 745772 2,18¢7%
HEPH 1985,93 5,50 0.27 3,977 1,03e7%
SLC39A5 641,22 5,34 0,27 5,24e7% 1,23¢7%
0T0P3 366,19 7,02 0,36 1,36e7% 2,90e7%
Note: p,;— p value, adjusted for multiple comparisons, baseMean — mean of normalized counts for all samples, log2FoldChange — log2 of the fold
change in gene expression in the metaplasia group, [fcSE — standard error of log2FoldChange.
[lpumedarue: p,,; — 3Ha4enve p C NONPaBKOt Ha MHOXECTBEHHbe CpaBHeHMs, baseMean — cpe/iHee 3HaueHWe HOPMasM30BaHHbIX KayHTOB ANA BCEX

06pasuios, log2FoldChange — [BOMYHLIN NIorapudM KpaTHOCTM U3MEHEHUs! 3KCMpeccun reHoB B rpynne MeTannasuu, [fcSE — cranpapTHas owmbka
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Fig. 7. Deconvolution's results of RNA-seq data. The first five samples belong to the group of intestinal metaplasia (highlighted with a red

frame), the rest — to the group without metaplasia.

Puc. 7. Pe3ynbTathl AekoHBontoLmmM AaHHbIX PHK-cekBeHMpoBaHms. MepBble NsiTb 06pasLioB 0THOCATCA K Fpymne KULIEYHON MeTansasuu
(BblAENeHbI KpacHoi paMKoiA), ocTanbHble — K rpynne 6e3 MeTannasuu.

are distinguished; in metaplasia, types are distinguished;
and in dysplasia, grades are distinguished [20]. Such division
is aimed not only at diagnosing the disease stage but also
at determining its malignant potential [21]. For example,
the colonic type demonstrated the greatest potential for
malignancy among metaplastic changes in the gastric
epithelium [22].

In our work, differences were revealed for macrophages,
T-cytotoxic lymphocytes, and plasma cells during
the analysis of the tissue microenvironment. The proportion
of macrophages was higher in the group with complete
metaplasia than that without metaplasia. These data are
consistent with the results of the study by B. Song et al.
[23], where the increase in the proportion of macrophages
occurs mainly due to the MO phenotype, which is usually
considered nonpolarized macrophages. CP Petersen et al.
[24] showed that the blockade of IL-33 and IL-13 expression
in a mouse model reduced the incidence of metaplasia with
the expression of spasmolytic peptide, reducing the number
of M2a macrophages. This type of metaplasia is considered
a precursor to intestinal metaplasia. The exact mechanisms
that would explain how macrophages can regulate metaplasia
development are unknown. They are assumed to influence
the expression of genes as such TFF3, CFTR, and DMBTT [9].

DOl https://doi.org/10.17816/marph.630350

An increase in the proportion of T-cytotoxic lymphocytes
was also revealed in groups with complete and incomplete
metaplasia than in the group without it. Currently, no
literature data confirm these results. Conversely, Ohtani
et al. [25] revealed opposite results, showing a decrease
in the number of T-cytotoxic lymphocytes as metaplasia
emerged. Nevertheless, the results of the regression
analysis performed to analyze metaplasia development and
expression of the 10 most overexpressed genes in the group
with metaplasia revealed the significance of this phenotype
of immune cells. The differences in the results can be due to
the fact that N. Ohtani et al. [25] did not consider the control
group without metaplasia but compared different degrees of
severity of this process, moderate and severe. Conversely,
this allows for the assumption that T-cytotoxic lymphocytes
are important at the early stages of cell differentiation
impairment during regeneration. The question of specific
mechanisms remains open. The direct cytotoxic effect on
damaged epithelial cells, increasing the volume of tissue
regeneration, can be the main mechanism.

Plasma cells are another cell phenotype for which
a difference was found between the groups with epithelial
metaplasia and without metaplasia. R. Wang et al. obtained
similar results [26]. The predominance of the proportion
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of IgA-secreting plasma cells was most often noted in
precancerous lesions of the gastric epithelium compared
with that in normal epithelium and cancer.

The secretion of mucins by goblet cells, which are high-
molecular glycoproteins that form an insoluble mucous
barrier, is one of the markers of intestinal metaplasia
development of the epithelium of the gastric mucosa. Their
mainly protect the intestinal mucosal epithelium from
the acidic contents coming from the stomach. A method
of distinguishing small and large intestinal metaplasia, not
used in routine clinical practice, is immunochistochemical
reaction with antibodies to mucins, namely, MUC2, which is
characteristic of complete metaplasia. MUC2, MUC5AC, and
MUC6 are characteristic of large intestinal metaplasia [27].
In this study, MUCZ had the highest expression level in
the metaplasia group. This gene is involved in 11 biological
processes, 2 cellular components, and molecular functions
that were enriched in our analysis. Interestingly, MUCZ is
involved in “toxic substance response,” defined in Gene
Ontology as “a process that results in a change in the state
or activity of a cell or organism (in terms of movement,
secretion, enzyme production, gene expression, etc.)
as a result of a toxic irritant.” This explains that MUC2
overexpression is a response to increased acidity of
the gastric contents and disruption of the mucous barrier,
which often occurs in the context of gastritis caused
by H. pylori [28].

MYO07B is another gene whose product has high specificity
for the intestinal epithelium and whose expression was
significantly increased in the intestinal metaplasia group. It
encodes a protein that is part of the microvilli of the brush
border of enterocytes [29].

Increased CDHI7 expression was also noted in
the metaplasia group. lts product is a known protein of
intercellular contacts, thereby performing a structural
function and maintaining the architectonics of the intestinal
mucosa. It is also involved in the transport of peptides
across the intestinal wall [30]. CDH17 is also necessary
for the survival of memory B cells [31]. Of the 17 biological
processes detected with involvement of CDHI7, 11 were
associated with the immune response; 5 of them were
responsible for the regulation of B-cell differentiation and
survival.

The transport of substances is one of the main functions of
the intestine. Products of HEPH and SLC39A5 are responsible
for the absorption of minerals from the intestinal lumen. Our
results revealed that their expression was also significantly
increased in the metaplasia group. This reflects a significant
change in the protein composition of the apical membrane of
metaplastically altered gastric cells.

CDXT encodes a transcription factor that regulates
the expression of genes specific to the small and large
intestines. Its expression is characteristic exclusively of
intestinal cells of various phenotypes [32]. It was found to
correlate with the severity of metaplasia and consistently
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increased when moving along the Correa cascade from
metaplasia to dysplasia and gastric cancer [33].

During the regression analysis, a significant relationship
was detected among all six genes specific to the intestinal
epithelium. Most often, an increase in gene expression
in the metaplasia group was associated with an increase
in the proportion of M2 macrophages, B lymphocytes,
T-regulatory lymphocytes, and NK cells. In modern studies,
T-regulatory lymphocytes are considered more often a target
for epigenetic regulation than its source. The results of this
study show the opposite. These data are indirectly confirmed
by the results of B. Kindlund et al. [34] and previously
mentioned by B. Song et al. [23], who found increased
number of T-regulatory cells during the development of
metaplasia.

The exact mechanisms by which cells of the immune
microenvironment can influence gene expression in epithelial
cells are unknown. However, the TGF-B they secreted is
significantly involved in this process, which, by interacting
with the responsible receptors on the cell surface, can
activate the transcription factor SMAD, which regulates gene
expression. This hypothesis is supported by the results of
A. Negovan et al. [35], who showed that the TGF-f1 mutation
reduces the incidence of intestinal metaplasia against chronic
atrophic gastritis.

CONCLUSION

The analysis results reveal a significant involvement
of the cellular immune microenvironment in metaplasia
development. This occurs mainly due to the epigenetic
effect on the expression of genes of the epithelial cells
of the gastric mucosa during regeneration in presence of
chronic damage. However, the role of other epigenetic
processes, such as changes in chromatin conformation and
profile of topologically associated domains, in the regulation
of differentiation cannot be ruled out. In addition, no precise
data can define the mechanisms of the effect of immune
cells on the expression of epithelial genes. Further studies in
the field of epigenetics and molecular biology may shed light
on the processes underlying the disruption of the direction of
differentiation of gastric cells, called metaplasia.
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AOMO/JIHUTE/IbHAA UHOOPMALIUA

WUcTouHnK ¢dmHaHcUpoBaHUA. ABTOpbI 3asIBNIAIT 00 OTCYTCTBUM
BHELLHEro hVMHaHCVMPOBaHWSA NpY NPOBEAEHWM UCCNeNoBaHMS.
KoHdnuKT mHTepecoB. ABTOpPbI AEKNApMPYIOT OTCYTCTBUE SIBHbIX
1 NOTEHLMANbHbIX KOHDMKTOB MHTEPECOB, CBA3aHHbIX C NybnMKa-
LIMeN HaCTOALLIEN CTaTbM.
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