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Inflammatory bowel disease (IBD) has become globally intractable. MMPs play a
key role in many inflammatory diseases. However, little is known about the role
of MMPs in IBD. In this study, IBD expression profiles were screened from
public Gene Expression Omnibus datasets. Functional enrichment analysis
revealed that IBD-related specific functions were associated with immune
pathways. Five MMPS-related disease markers, namely MMP-9, CD160, PTGDS,
SLC26A8, and TLR5, were selected by machine learning and the correlation
between each marker and immune cells was evaluated. We then induced colitis
in C57 mice using sodium dextran sulfate and validated model construction
through HE staining of the mouse colon. WB and immunofluorescence
experiments confirmed that the expression levels of MMP-9, PTGDS,
SLC26A8, and CD160 in colitis were significantly increased, whereas that of
TLR5 were decreased. Flow cytometry analysis revealed that MMPs regulate
intestinal inflammation and immunity mainly through CD8 in colitis. Our
findings reveal that MMPs play a crucial role in the pathogenesis of IBD and
are related to the infiltration of immune cells, suggesting that MMPs may
promote the development of IBD by activating immune infiltration and the
immune response. This study provides insights for further studies on the
occurrence and development of IBD.
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1 Introduction

The global incidence of inflammatory bowel disease (IBD) is
increasing yearly (1). IBD includes intestinal autoimmune
diseases, inflammation, stimulation of inflammatory cells, with
the release of inflammatory cytokines, activation of immune
cells, and abnormal changes in intestinal microvascular
endothelial cell function, which affect immune cell function
and the stability of the intestinal environment and lead to cell
and tissue damage (2). In recent years, it is generally believed
that a part of colorectal cancer can progress from IBD (3, 4). The
inflammatory response of the colon is a major factor in the
development of colorectal cancer (5). Studies on the treatment of
IBD provide insights for the prevention and treatment of
colorectal cancer. However, due to the increasing incidence,
long course, and delayed healing in IBD, its diagnosis, treatment,
and prognosis have become a challenge (6).

Although IBD can be triggered by various factors, the
immune response appears critical for the onset of IBD (7, 8).
As the largest immune organ of mammals, the gut contains
many types of immune cells, including B cells, T cells, dendritic
cells, macrophages, eosinophils, and mast cells (7, 9). When the
intestinal barrier is damaged, bacterial infection occurs, which
affects the process of IBD (10). A focus of our research includes
identifying the immune cells that play a role in the pathogenesis
of IBD. At present, therapy for IBD mostly involves inhibiting
intestinal inflammation (11). Immunotherapy that can regulate
the intestinal barrier also provides a new idea for treating IBD.

MMPs are enzymes with specific biological activities (12).
MMPs participate in many activities related to maintaining their
own stability and play a wide range of roles in the development of
disease (13). MMPs can regulate inflammation at all levels. They
can regulate the migration of inflammatory cells from the artery to
the inflammatory zone and process ECM components, growth
factors, cytokines, and chemokines, thus regulating the uptake of
inflammatory cells and access to the inflammatory zone (14-16).
The inflammatory marker role of metalloproteinases can help in the
diagnosis and treatment of some inflammatory diseases (17),
especially rheumatoid arthritis (18, 19); however, the role of
MMPs in IBD has not been elucidated, and the value of MMPs
in the immunotherapy of IBD is rarely demonstrated. Notably, the
relationship between MMPs and immune cells may be much more
complex than understood (20). Studies have demonstrated high
expression of MMP-3 (21), MMP-9 (22, 23), and MMP-13 (24) in
damaged colonic mucosa. This gives us confidence to further
demonstrate the relationship between other MMPs and IBD.

To evaluate the potential impact of MMPs on IBD, machine
learning was used to identify five MMP-related disease markers.
The expression of MMP-9, PTGDS, SLC26A8, and CD160 in
colitis was increased in the IBD mouse model, whereas the
expression of TLR5 was downregulated. In addition, the findings
revealed that MMPs regulated the occurrence and development
of IBD through CD8.

Frontiers in Immunology

02

10.3389/fimmu.2022.1067950

2 Materials and methods
2.1 Data sources and processing

The GSE94648 and GSE119600 microarray data sets were
downloaded from the Gene Expression Omnibus (GEO) datasets.
The GSE94648 profile includes samples from 75 patients with IBD
and 22 healthy controls, whereas GSE119600 contains samples
from 188 patients with IBD and 47 healthy controls. The
platforms are GPL19109 and GPL10558, respectively. Finally,
the batch effect was eliminated using the “SVA” package in R,
and the two datasets were subsequently merged.
Metalloproteinase-related genes were retrieved from Gene Cards
(https://www.genecards.org/). The cut-offs were set as Relevance
Score > 0.2 (Supplementary Table 1).

2.2 Analysis of differentially
expressed genes

The “limma” package in R is used to identify various genes.
Genes with P-value < 0.05 and absolute log2FC > 0.6 were
considered differentially expressed genes (DEGs). Volcano plots
and heatmaps were constructed using “heatmap” and “ggplot2”
packages in R, respectively.

2.3 Gene set enrichment analysis

Gene ontology (GO) enrichment analysis, KEGG pathway
analysis, and DO method combined with “cluster Profiler” in R
and the DOSE program were used to study DEGs. The GSEA
technique allows for the identification of the most important
functional terms in patients with IBD and control groups.
“c2.cp.kegg.v7.0.symbols.gm t” is a criterion used for
mymbols.gm t. The gene cluster is considered significantly
aggregated if P < 0.05 or false issue rate < 0.025.

2.4 Candidate diagnostic
biomarker screening

Three machine learning methods are used to predict
patients’ conditions to identify the main prognostic variables.
The least absolute compression and selection operation (LASSO)
is a new approach that uses regularization methods to improve
forecast accuracy. In R, the LASSO regression algorithm uses
“glmnet” grouping to identify genetic factors that are
significantly associated with IBD and control samples. Support
vector machine (SVM) is one of the most widely used supervised
machine learning methods. The metadata sequences are
optimized using recursive feature elimination (RFE) methods
to prevent duplicate screening. SVM-RFE was used to screen for
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suitable features to identify the set of gene pools with the highest
discrimination power. Then “randomForest” in R was used to
implement the random tree algorithm. Finally, the intersection
was obtained through the Venn diagram package.

2.5 Discovery of immune cell subtypes

To quantify the rate of invasive immune cells in the gene
expression profile of IBD, a bioinformatics algorithm called
CIBERSORT (https://cibersortx.stanford.edu/) was used to
estimate the invasion rate of the immune system. The number of
an immune cell type was estimated using a reference system
containing 22 isoforms (LM22) for 1000 permutations. A total of
22 infiltrating immune cell types were correlated using “corrplot” in
R. Violin charts were used to represent the infiltration of immune
cells in IBD and control samples using “vioplot” in R.

2.6 Correlation analysis between
identified genes and infiltrating
immune cells

The relationship between identified genetic markers and
invading immune cells was evaluated using Spearman’s
hierarchical correlation in R. The correlations were generated
using the graphical technique in the “ggplot2” suite.

2.7 Construction of the mouse model of
chronic colitis and experimental design

Male C57 mice (22-24 g), aged ~6 weeks, were purchased from
Ltd. in Jiangsu, China. After 1 week of acclimatization, the rats were
randomly divided into two groups (n = 6 per group): normal control
and dextran sulfate (DSS) groups. For the DSS group, 1.5% (w/v) DSS
(36000-50000 Da, China Eason Biochemical Technology Co., Ltd.)
was prepared by dissolving in sterilized water, filtered through a 0.22-
pm filter, and provided to the rats in the DSS group. The DSS solution
was reconfigured every other day. Rats in the control group drank
sterilized fresh water and bred in the same facility. A mouse model of
chronic colitis lasted for three weeks per period, and after three
periods, the mice were euthanized. The mice was weighed every two
days, and the blood in the feces and changes in character were
evaluated. All mice were euthanized by cervical dislocation. The
colon was collected, and its length and thickness were measured.

2.8 HE staining and histological
evaluation of colonic damage

Colonic tissue was fixed in 4% methylal solution and left
overnight. Then the tissue was fixed and embedded in paraffin
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and cut into slices with a thickness of ~3 mm. Then after
dewaxing, dehydrating, HE staining, dehydrating, and making
the samples transparent, the slides were covered with a cover slip
coated with neutral gum and sealed. The lesions were observed
and recorded under an optical microscope. Lesions and
inflammatory cell infiltration were evaluated in colon tissue.
Then colon damage was determined histologically according to
the scoring criteria of the histological examination provided in
Supplementary Table 2.

2.9 Immunofluorescence

Immunofluorescence for MMP-9, PTGDS, the activating
NK cell receptor CD160 and TLR5 and SLC26A8 on colonic
tissue was performed using standard methods. Colonic sections
were deparaffinized and rehydrated. Then antigen retrieval was
performed by continuous heating with citrate buffer in a
pressure cooker at 98°C for 10 min. The sections were then
blocked-in normal serum and labeled with primary antibodies in
blocking solution overnight at 4°C. After washing with PBS, the
sheet was ligated to Alexa Fluor-488 or Cy-3. The sections were
then examined with a fluorescence microscope (Olympus DP72
Microscopic imaging system).

2.10 Flow cytometry

The spleen was cut into pieces with sterilized surgical
scissors and put into centrifuge tubes, digested with an
appropriate amount of trypsin, and centrifuged at 1000 rpm
for 5 min. Then 1 x 10° cells were collected and resuspended
with appropriate amount of flow staining buffer, and 5 UL of
each antibody was added to the final reaction volume of 100 pL.
Anti-CD16/CD32, -CDS8, -CD25, and -CD56 antibodies were
purchased from Multisciences. The cells were mixed by shaking
and incubated for 20 min in the dark at room temperature. Then
1 mL of flow staining buffer was added to each tube. The tube
was centrifuged at 300 x g for 10 min and the supernatant was
discarded. Then 500 UL of flow staining buffer was added to the
tube to resuspend the cells and a flow cytometer (Beckman
Coulter, Inc.) was used for detection.

2.11 Western blotting

Colonic tissue was cut and placed in EP tubes, and RIPA
lysis buffer (Epizyme Biomedical Technology, Shanghai, China)
was added at 100 mg/mL (containing 1% phosphatase inhibitor
and 1% PMSF). The sample was homogenized with a tissue
homogenizer until no visible pieces remained. Then lysis was
performed on ice for 30 min. The supernatant was collected and
total protein concentration was evaluated using a bicinchoninic
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acid kit (TransGen Biotech, Beijing, China). The samples were
run using 12% SDS-PAGE and transferred to polyvinylidene
difluoride membranes. Then, the membranes were blocked with
QuickBlock Blocking Buffer (Beyotime Biotechnology in
Shanghai, China) for 15 min, incubated with diluted primary
antibodies overnight at 4°C, washed three times with TBST, and
incubated for 1 h with secondary antibodies. TLR5 (19810-1-
AP) and SLC26A8 (12776-1-AP) were purchased from
Proteintech (Wuhan, China). MMP-9 (TA5228S) was
purchased from Abmart Technology (Shanghai, China).
PTGDS was purchased from Solarbio Life Science (Beijing,
China) and CD160 from Affinity Biosciences (Suzhou, China).
Goat anti-rabbit IgG (H+L) HRP (BL003A) was purchased from
Biosharp (Hefei, China).

3 Results
3.1 Identification of DEGs in IBD

In this study, data were collected from three GEO data sets,
namely GSE94648 and GSE119600, for 263 IBD and 69 control
samples, respectively. After correcting for batch processing,
metadata DEGs were parsed using the limma software. The
results showed that 18 DEGs could be obtained by this method.
Furthermore, 11 genes were significantly upregulated and 7 were
significantly downregulated (Figures 1A, B). Subsequently, the
DEGs were intersected with 3970 metalloproteinase-related
genes, and 9 differentially expressed metalloproteinase-related
genes (MRDEGS) were finally obtained.

3.2 Functional correlation analysis

The MRDEGs were initially evaluated using GO enrichment,
KEGG pathway analysis, and DO pathway enrichment analysis.
The results revealed that 205 biological processes, 10 signaling
pathways, and 127 diseases were significantly enriched. The
biological processes were enriched for positive control of
defense response to bacterium, leukocyte mediated immunity,
leukocyte degranulation, and myeloid cell activation involved in
immune response. In the cellular component, tertiary granule
lumen, specific granule, tertiary granule, and anchored
component of membrane were enriched. In addition, a
significant enrichment of serine-type endopeptidase activity,
serine-type peptidase activity, serine hydrolase activity, and
oxalate transmembrane transporter activity in molecular
function (Figure 2A) was observed. KEGG enrichment analysis
showed that thiamine metabolism, folate biosynthesis, bladder
cancer, legionellosis, arachidonic acid metabolism, and IBD were
enriched (Figure 2B). DO analysis revealed that kidney disease,
urinary system disease, arthropathy, central nervous system
cancer, infertility, and primary bacterial infectious disease were
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significantly enriched (Figure 2C). In addition, enrichment
differences were further investigated between IBD and control
groups using GSEA. In IBD, Galactose metabolism, insulin
signaling pathway, leukocyte transendothelial migration,
lysosome, the toll-type receptor signaling pathway is an
important area of aggregation. In the control group, graft
rejection, graft-versus-host disease, Huntington’s disease,
oxidative phosphorylation, and Parkinson’s disease were
significantly enriched (Figures 2D, E).

3.3 Identification and validation of
diagnostic feature biomarkers

Three methods were used for detecting possible biological
markers. The application of MRDEGs was investigated using the
LASSO regression method and eight biochemical indicators
were identified that could be used for the diagnosis of IBD
(Figure 3A). MRDEGs were identified using the SVM-RFE
method for four feature points (Figure 3B). In addition, the
features of the top 5 were obtained by the random forest
algorithm (Figures 3C, D). Finally, the intersection of the three
algorithms was used to obtain five related metalloproteinases
(Figure 3E). These included CD160, MMP-9, PTGDS, SLC26A8,
and TLR5. Subsequently, the accuracy of the relevant genes was
evaluated by machine learning as disease diagnostic genes using
the ROC curve (Figures 4A-E). The AUC values of the five
related genes were 0.732, 0.728, 0.715, 0.748, and 0.751,
respectively, showing high sensitivity and specificity.

3.4 Immune cell infiltration

From the results of the analysis, a map was made that
showed how immune cells are distributed (Figure 5A) and
then a preliminary discussion of the immune cell component
of IBD was provided. To investigate the correlation between
immune cell expression, correlation analysis was performed. The
results showed the relationship between the expression of
immune cells in the combined data (Figure 5B). Immune cell
differential analysis revealed that in IBD, the expression of
plasma cells, T cells CD4 naive, T cells CD4 memory resting,
and neutrophils was higher and B cells memory, T cells CD4
memory activated, macrophages M0, and macrophages M2 was
lower than that in the control group (Figure 6).

3.5 Correlation analysis between the five
biomarkers and infiltrating immune cells

The correlation of the five biological markers with each

immune cell type was investigated (Appendix 5). The five
biomarkers were positively correlated with NK cells resting,
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Neutrophils, and T cells CD4 memory activated, respectively,
while negatively correlated with Neutrophils, T cells CD8 and T
cells CD4 memory activated (Figures 7A-E).

3.6 Chronic colitis model evaluation and
histological identification

The feeding process of mice is shown in Figure 8A. The mice
in the DSS group had redness and swelling around the anus. Due
to the proliferation and swelling of the perianal mucosa, some
mice showed adenomatous changes, with obvious redness and
swelling and irregular prolapse of the anus (Figure 8B). Analysis
of change in body weight revealed that the body weights of the
mice decreased at the initial stage of administration, and in the
subsequent modeling, the body weights of the mice in the DSS
group increased at a lower rate than that in the control group
(Figure 8C). After the mice were euthanized, the cecum was
dissected to the anal hilum, stretched and spread spontaneously,
and placed flat on A4 paper. When the length of each colon was
measured, the intestinal length of the DSS group was found to be
shortened (Figure 8D). The control group showed normal
colonic structure with smooth mucosal surface and absence of
annular folds and villi. The DSS group mainly showed typical
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manifestations of inflammatory mucosa, including infiltration of
a large number of inflammatory cells in the mucosa, submucosa,
and muscle layer; atypical gland hyperplasia; structural disorder;
submucosal hemorrhage; and edema (Figure 9).

3.7 Expression of immune cells in
the spleen

The results of flow cytometry showed that the expression of
the T cell CD8 marker (CD8 antibody) was different between the
DSS and control groups, whereas that of other neutrophil
markers (CD16/32) and T cells CD4 memory activated
markers (CD25 and CD65) were not different (Figures 10A-
F). CD8 was negatively correlated with MMP-9 and SLC26A8.

3.8 Validation of inflammatory factors
and MMPs associated with IBD

We verified the increased expression of inflammatory factors
(IL-6 and IL-1B) in DSS group, which indicate that MMPs are
closely related to inflammatory response (Figures 11A, B). Changes
in the levels of MMP-related genes were evaluated in chronic IBD
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(C) Random forest model. (D) Random forest MeanDecreaseGini assessment. (E) Venn diagram shows the five diagnostic markers shared by the
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models. Compared with the control group, the expression levels of
MMP-9, PTGDS, SLC26A8, and CD160 significantly increased,
whereas that of TLR5 decreased in the DSS group, suggesting that
the MMPs play a role in the development of the chronic
inflammatory intestinal disease mouse model (Figures 11C, D).
The results of immunofluorescence assay showed that compared
with the control group, the fluorescence intensity of MMP-9,
PTGDS, SLC26A8, and CD160 increased, whereas that of TLR5
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decreased (Figures 12A-F) in the DSS group, which is consistent
with the results of western blotting.

4 Discussion

IBD is an autoimmune disease of the intestine and includes
ulcerative colitis and Crohn’s disease (25). As an important
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The receiver operating characteristic (ROC) curve of the diagnostic effectiveness of the five diagnostic markers. (A) ROC curve of CD160. (B)
ROC curve of MMP9. (C) ROC curve of PTGDS. (D) ROC curve of SLC26A8. (E) ROC curve of TLR5.

causative factor of colorectal cancer, IBD has attracted global
attention. However, due to the increasing incidence, long course,
and delayed healing in IBD, its diagnosis, treatment, and
prognosis have become a challenge. The main feature of IBD
is the chronic inflammatory reaction in the intestine (26), which
induces immune stimulation of the mucosa and makes the
intestinal environment abnormal (27, 28). Therefore,
the immune function of the intestinal barrier is crucial for the
prevention and resolution of intestinal inflammatory diseases.

MMPs are a group of proteolytic enzymes containing active
zinc. MMPs can be divided into groups based on the structure of the
catalytic region (29). They are classified according to substrate and
fragment homology, such as collagenases, gelatinases, stromelysins,
elastases, and membrane-type MMPs (30). Dysregulation of MMP
expression can cause tissue damage and persistent inflammation.
Some studies have demonstrated the antitumor effects of MMPs.
Various MMPs are associated with the poor prognosis of tumors
(31). Cancer cells can evade the immune system by using MMPs to
ensure the survival of metastatic cells (32). In addition to the
regulatory role of MMPs in cancer, MMPs are also involved in
the inflammatory response of many inflammatory diseases, such as
sepsis (33), atherosclerosis (34, 35), and arthritis (36).

In this study, a mouse model of chronic IBD induced by DSS
was constructed to evaluate the relationship between immune
cells in IBD and MMPs. Histologically, chronic colitis is
characterized by shortened colon length and loss of goblet
cells and crypts. Additionally, some mice may have
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adenomatous polyps and tumor-like changes. During the 9
weeks of modeling, mice showed weight loss and mucus and
blood in stool. Some mice showed adenomatous changes due to
the proliferation and swelling of the perianal mucosa, and
obvious redness, swelling, and irregular prolapse in the anus.
The histological score was statistically different from that of the
control group. Thus, the model of chronic IBD was validated.

In this study, a clustering approach was used to identify the types
of differentially expressed metalloproteinase-related genes. Toll-type
receptors (TLRs) are an important source of IBD. TLR is a natural
immune system receptor that contributes to the pathogenic
mechanisms of IBD, including immune response, genetics, and
microbiology (37). The TLR signal transduction pathway can
induce various factors involved in defense, such as inflammatory
factors, chemokines, and antigen presenting factors (38, 39).
Inflammatory cytokines play a crucial role in multiple processes of
IBD development, when TLR pathway is activated, immune cells will
produce a large number of pro-inflammatory factors, such as IL-1f3,
IL-6.This was also verified in our experiment. According to the
results of Western Blot, the expression of inflammatory cytokines in
the DSS group was significantly higher than that in the other.

On this basis, CD160, MMP-9, PTGDS, SLC26A8, and TLR5
were selected as indicators of tumor detection. A survey by
Mardnek et al. (40) showed that reduced MMP-9 in patients
with IBD is a risk factor in patients with IBD and infection (41).
Liu et al. studied MMP-9 in excreta using nanoparticles (42). A
study reported that TLR5 plays a key role in the inflammatory
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FIGURE 5
Immune infiltration analysis. (A) Immune cell distribution map.
disease (IBD) and normal patients

response in the intestine through animal tests on TLR5 and that
disruption of TLR5 signaling triggers the TNFR2 signaling
pathway, which leads to an inflammatory response in the
intestine (43). CD160 activates natural killer cells with specific
domains, making it a novel therapeutic target in the fight against
atherosclerosis, autoimmune diseases, and many cancers (44). In
recent years, researchers have shown that CD160 is associated
with the recovery of COVID-19 patients (45). PTGDS have been
shown to be selectively expressed in cancers, including ovarian
cancer (46) and melanoma (47) with overexpression, gastric
cancer (48) and lung cancer (49) with low expression. This
selective expression also indicates that PTGDS has a more
complex mechanism and potential research value. A study has
shown that SLC26A8 is a susceptibility gene for hereditary non-
polyposis colorectal cancer (50), which also provides reference for
our subsequent research on the development of IBD for colorectal
cancer. In this study, high levels of MMP-9, PTGDS, SLC26A8,

Frontiers in Immunology

!
2 Macrophages M2
a

0.05

—0.15 -0.05 -0.08

-0.45 -0.24 -0.22

-0.1a

-0.03

-0.21

-0.02

0.2

0.22

(B) Correlation of immune cells between patients

09

10.3389/fimmu.2022.1067950

B cells naive

B cells memory

Plasma cells

T cells CD8

T cells CD4 naive

T cells CD4 memory resting
T cells CD4 memory activated
T cells regulatory (Tregs)

NK cells resting

Monocytes

Macrophages MO
Macrophages M1
Macrophages M2

Dendritic cells activated
Mast cells resting
Eosinophils

Neutrophils

B
£
g
5
g
3
S
8
=

T cells regulatory (Tregs)

Mast cels resting
Teells CD§

NK cells resting
B cells naive
Plasma cells

T cells CD4 naive

!
s
3
!
s
°
2
!
3
o
8
!
&
£
'
S
9
N
!
s
&
!
s
5
8
!
3
5
&

0.5 -0.08 -0.1a

05

0.0z -041

0.01 o6
-0.04 o0.01
~0.12 -0.01

-0.22 -o0.05

02

-0.08 -0.02

-0.21 -0.02

0.02
-0.02

0.03 -0.16

0.15
-0.23

-0.08
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and CD160 and reduced levels of TLR5 protein in patients with
IBD (identified using WB and immunofluorescence analysis)
suggest that these are clinically significant in IBD.

In the pathogenesis of many chronic diseases, both innate
and adaptive immune functions are affected to some extent. A
comparison of different cell types identified high levels of plasma
cells, T-cell CD4 naive, T-cell CD4 memory, and eosinophils.
Mitsialis et al. (51) reported that the abundance of HLA-DR
+CD38+ T lymphocytes increased in colonic mucosal samples
from patients with IBD, where T-regulatory cells were also
present. Based on the relationship of the five antigens different
cell types, we suggest that there are differences in the function of
CD4 of neutrophils and T cells in the pathogenesis of IBD, which
is related to the non-homogeneity of cells. However, all but CD8
were ineffective at elevated expression levels in IBD. Recent data
show that CD8+ T lymphocytes (Tcl) and CD8+ (Tc17) play an
important role in the development of IBD (52).
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Expression of immune cells between patients with inflammatory bowel disease (IBD) and normal patients

In conclusion, the findings of this study show that MMPS-related
genes, namely MMP-9, CD160, PTGDS, SLC26A8, and TLR5,
regulate the occurrence and development of IBD. These findings
provide insights into future research on the mechanism of IBD. In
addition, bioinformatics and mouse model studies revealed that
MMP-related genes can participate in the progression of IBD by
regulating CD8 cells. However, the detailed mechanism of action of
MMPs in IBD is unknown and requires further investigation.

5 Conclusion

The findings of this study show that patients with IBD and
healthy controls have significantly different gene expression,
identifying the role of metalloproteinases in IBD. Moreover, the
results provide insights into immune cell activation through
metalloproteinases in IBD. However, more in-depth research is
needed in future studies.
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Correlation between five metalloproteinase-related genes and infiltrating immune cells. (A) Correlation between CD160 and infiltrating immune
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Frontiers in Immunology

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1067950
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Mei et al.

10.3389/fimmu.2022.1067950

A
1.5% DSS 1.5% DSS + sterile water
l Three cycle l
Mice sacrifice,
Histological
DSS SS DSS Assessment
W1 W2 W3 W4 W5 ° W6~ W7 W8~ W9
Chronic colitis
c 35
%0 . i oo
2 W
520
.‘5’ 15 —&—DSS
g —&— Control
10
5

-03691 1518212427
Time(Day)

FIGURE 8

(C) Body weight changes in mice. (D) Comparison of the length of colon. *P < 0.05, ***P < 0.001, ****P < 0.0001.

The construction of the inflammatory bowel disease (IBD) model. (A) Flow chart for mice feeding. (B) Irregular perianal prolapse in mice.

Dss Control

FIGURE 9

Comparison of HE staining between the DSS and control groups.

Frontiers in Immunology

11

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1067950
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Mei et al.

>

FL3-H: CD56 PC5.5

(]

FL5-H: CD25 APC

FL2-H: CD56

FIGURE 10

10°

10*

10°

10?

10°

10*

10°

102

10°

10*
1 ol

10°

10°

Control

1Q3-UL(0.00%)

Q3-UR(0.00%)

Q3-LL(91.88%)

Q3-LR(8.12%)

108

104

10°

FL1-H: CD8 PE

1Q1-UL©25%)

Q1-UR(0.01%)

R
Q1-LL(90.75%)x... .

Q1-LR(0.00%)

P
LU B ) B

102 108

104

108

FL1-H: CD16/CD32 FITC

1Q3-UL(0.00%)

Q3-UR(0.00%)

Q3-LL©O1.13%) - -

Q3-LR(8.87%)

T TTTIm T T

108

102

104

105

FL5-H: CD25 APC

w

FL3-H: CD56 PC5.5

10°

o

FL5-H: CD25 APC

FL2-H: CD56

10°

10*

10?

10°

10*

10°

102

10°

10*
1 ol

10°

10°

DSS

10.3389/fimmu.2022.1067950

1Q3-UL(0.00%)

Q3-UR(0.00%)

Q3-LL(79.33%)"

Q3-LR(20.67%)

102

108

10

10°

FL1-H: CD8 PE

1Q1-UL©.93%)

Q1-UR(0.04%)

Q1-LL(90.02%) " -

Q1-LR(0.01%)

102

108

104

10°

FL1-H: CD16/CD32 FITC

1Q3-UL(0.00%)

Q3-UR(0.00%)

Q3-LL(91.88%

Q3-LR(8.12%)

108

10*

105

FL5-H: CD25 APC

Effects of chronic inflammatory bowel disease (IBD) on immune cells in the spleen of mice. (A—F) The strategy of CD8, CD56, CD16/CD32, and
CD25 in the DSS and control groups.

Frontiers in Immunology

12

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1067950
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Mei et al.

B
NC DSS NC DSS NC DSS

IL-6’  — e — — o~ ‘

IL-1B’ - — - - ‘

caroH | N ED @D SO |
C

NC DSS NC DSS NC DSS

MMP-Q’--—--—-—‘

PTGDS‘---- -‘

T
DSS

SLC26A8’ - - S— ‘

TLR5‘~-.—-—--—-‘

cmeo’"‘-v -...-‘

GAPDH ‘ -.—-“

T
Dss

FIGURE 11

T
DS

r
\C s
*
:
N
L1t
i,
= NC Dss

10.3389/fimmu.2022.1067950

Validation of differential expression of inflammatory factors and five biomarkers. (A) Protein expression of IL-6 and IL-1. (B) Protein statistics of
IL-6 and IL-1P. (C) Protein expression of five biomarkers. (D) Protein statistics of five biomarkers. **P < 0.01, ****P < 0.0001

A MMP-9 DAPI Merge

c SLC26A8 DAPI Merge D

CD160

DAPI

E TLR5 DAPI Merge

FIGURE 12

Colonic tissue immunofluorescence in mice. (A—E) Immunofluorescence of CD160, MMP-9, PTGDS, SLC26A8, and TLR5

Frontiers in Immunology 13

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1067950
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Mei et al.

Data availability statement

The original contributions presented in the study are
included in the article/Supplementary Material. Further
inquiries can be directed to the corresponding authors.

Ethics statement

The studies involving human participants were reviewed and
approved by The Committee on the Ethics of Nanjing Normal
University, Nanjing Normal University. The ethics committee
waived the requirement of written informed consent for
participation. The animal study was reviewed and approved by
All in vivo animal experiments were approved by the Committee
on the Ethics of Animal Experiments of Nanjing Normal
University (IRB#2020-0047), Nanjing Normal University.

Author contributions

All authors made a significant contribution to the work reported,
whether that is in the conception, study design, execution, acquisition
of data, analysis and interpretation, or in all these areas; took part in
drafting, revising or critically reviewing the article; gave final approval
of the version to be published; have agreed on the journal to which the
article has been submitted; and agree to be accountable for all aspects
of the work.

Funding

This study was supported by the National Natural Science
Foundation of China (grant no. 81773947), Foundation for The
Top Talent Program of Jiangsu Commission of Health’s “Six-One

References

1. Kaplan GG. The global burden of IBD: from 2015 to 2025. Nat Rev
Gastroenterol Hepatol (2015) 12(12):720-7. doi: 10.1038/nrgastro.2015.150

2. Ananthakrishnan AN, Bernstein CN, Iliopoulos D, Macpherson A, Neurath
MF, Ali RAR, et al. Environmental triggers in IBD: a review of progress and
evidence. Nat Rev Gastroenterol Hepatol (2018) 15(1):39-49. doi: 10.1038/
nrgastro.2017.136

3. Shalapour S, Karin M. Immunity, inflammation, and cancer: an eternal fight
between good and evil. J Clin Invest (2015) 125(9):3347-55. doi: 10.1172/jci80007
4. Faye AS, Holmer AK, Axelrad JE. Cancer in inflammatory bowel disease.
Gastroenterol Clin North Am (2022) 51(3):649-66. doi: 10.1016/j.gtc.2022.05.003

5. Dyson JK, Rutter MD. Colorectal cancer in inflammatory bowel disease: what
is the real magnitude of the risk? World J Gastroenterol (2012) 18(29):3839-48.
doi: 10.3748/wjg.v18.i29.3839

6. Argollo M, Gilardi D, Peyrin-Biroulet C, Chabot JF, Peyrin-Biroulet L,
Danese S. Comorbidities in inflammatory bowel disease: a call for action. Lancet
Gastroenterol Hepatol (2019) 4(8):643-54. doi: 10.1016/s2468-1253(19)30173-6

Frontiers in Immunology

14

10.3389/fimmu.2022.1067950

Project” for High Level Personnels (grant no. LGY2020003), Young
Talent Development Plan of Changzhou Health Commission (grant
no. CZQM2020004), Social Development Projects of Changzhou
Science and Technology Bureau (grant no. CE20205039), and
Postgraduate Research Innovation Program of Jiangsu Province
(grant no. KYCX22_1888).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fimmu.2022.1067950/full#supplementary-material

SUPPLEMENTARY TABLE 1
Metalloproteinase-related genes.

SUPPLEMENTARY TABLE 2
Scoring criteria for the histological examination of mice.

7. Schirbel A, Fiocchi C. Inflammatory bowel disease: Established and evolving
considerations on its etiopathogenesis and therapy. J Dig Dis (2010) 11(5):266-76.
doi: 10.1111/j.1751-2980.2010.00449.x

8. Zhang YZ, Li YY. Inflammatory bowel disease: pathogenesis. World |
Gastroenterol (2014) 20(1):91-9. doi: 10.3748/wjg.v20.i1.91

9. Hou Q, Huang J, Ayansola H, Masatoshi H, Zhang B. Intestinal stem cells and
immune cell relationships: Potential therapeutic targets for inflammatory bowel
diseases. Front Immunol (2020) 11:623691. doi: 10.3389/fimmu.2020.623691

10. Fabian O, Bajer L. Histopathological assessment of the microscopic activity
in inflammatory bowel diseases: What are we looking for? World ] Gastroenterol
(2022) 28(36):5300-12. doi: 10.3748/wjg.v28.i36.5300

11. Marin-Jiménez I, Gisbert JP, Pérez-Calle JL, Garcia-Sanchez V, Tabernero S,
Garcia-Vicuia R, et al. [Two-year incidence of new immune-mediated
inflammatory diseases in patients with inflammatory bowel disease: A study in
the AQUILES cohort]. Gastroenterol Hepatol (2015) 38(10):569-74. doi: 10.1016/
j.gastrohep.2015.04.003

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2022.1067950/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1067950/full#supplementary-material
https://doi.org/10.1038/nrgastro.2015.150
https://doi.org/10.1038/nrgastro.2017.136
https://doi.org/10.1038/nrgastro.2017.136
https://doi.org/10.1172/jci80007
https://doi.org/10.1016/j.gtc.2022.05.003
https://doi.org/10.3748/wjg.v18.i29.3839
https://doi.org/10.1016/s2468-1253(19)30173-6
https://doi.org/10.1111/j.1751-2980.2010.00449.x
https://doi.org/10.3748/wjg.v20.i1.91
https://doi.org/10.3389/fimmu.2020.623691
https://doi.org/10.3748/wjg.v28.i36.5300
https://doi.org/10.1016/j.gastrohep.2015.04.003
https://doi.org/10.1016/j.gastrohep.2015.04.003
https://doi.org/10.3389/fimmu.2022.1067950
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Mei et al.

12. Cabral-Pacheco GA, Garza-Veloz I, Castruita-De la Rosa C, Ramirez-Acufla
JM, Perez-Romero BA, Guerrero—Rodriguez JE, et al. The roles of matrix
metalloproteinases and their inhibitors in human diseases. Int ] Mol Sci (2020)
21(24):9739. doi: 10.3390/ijms21249739

13. Alaseem A, Alhazzani K, Dondapati P, Alobid S, Bishayee A, Rathinavelu A.
Matrix metalloproteinases: A challenging paradigm of cancer management. Semin
Cancer Biol (2019) 56:100-15. doi: 10.1016/j.semcancer.2017.11.008

14. Tsaacson KJ, Martin Jensen M, Subrahmanyam NB, Ghandehari H. Matrix-
metalloproteinases as targets for controlled delivery in cancer: An analysis of
upregulation and expression. J Control Release (2017) 259:62-75. doi: 10.1016/
jjconrel.2017.01.034

15. Jobin PG, Butler GS, Overall CM. New intracellular activities of matrix
metalloproteinases shine in the moonlight. Biochim Biophys Acta Mol Cell Res
(2017) 1864(11 Pt A):2043-55. doi: 10.1016/j.bbamcr.2017.05.013

16. de Almeida LGN, Thode H, Eslambolchi Y, Chopra S, Young D, Gill S, et al.
Matrix metalloproteinases: From molecular mechanisms to physiology,
pathophysiology, and pharmacology. Pharmacol Rev (2022) 74(3):712-68.
doi: 10.1124/pharmrev.121.000349

17. Bassiouni W, Ali MAM, Schulz R. Multifunctional intracellular matrix
metalloproteinases: implications in disease. FEBS ] (2021) 288(24):7162-82.
doi: 10.1111/febs.15701

18. Arab HH, Abd El-Aal SA, Ashour AM, El-Sheikh AAK, Al Khabbaz HJ,
Arafa EA, et al. Targeting inflammation and redox perturbations by lisinopril
mitigates freund’s adjuvant-induced arthritis in rats: role of JAK-2/STAT-3/
RANKL axis, MMPs, and VEGF. Inflammopharmacology (2022) 30(5):1909-26.
doi: 10.1007/s10787-022-00998-w

19. Liang Z, Wang N, Shang L, Wang Y, Feng M, Liu G, et al. Evaluation of the
immune feature of ACPA-negative rheumatoid arthritis and the clinical value of
matrix metalloproteinase-3. Front Immunol (2022) 13:939265. doi: 10.3389/
fimmu.2022.939265

20. Koch J, Ménch D, Maal A, Mangold A, Guzvic M, Miirdter T, et al.
Pharmacologic targeting of MMP2/9 decreases peritoneal metastasis formation of
colorectal cancer in a human ex vivo peritoneum culture model. Cancers (Basel)
(2022) 14(15):3760. doi: 10.3390/cancers14153760

21. Kessenbrock K, Plaks V, Werb Z. Matrix metalloproteinases: regulators of
the tumor microenvironment. Cell (2010) 141(1):52-67. doi: 10.1016/
j.cell.2010.03.015

22. de Bruyn M, Vandooren J, Ugarte-Berzal E, Arijs I, Vermeire S, Opdenakker
G. The molecular biology of matrix metalloproteinases and tissue inhibitors of
metalloproteinases in inflammatory bowel diseases. Crit Rev Biochem Mol Biol
(2016) 51(5):295-358. doi: 10.1080/10409238.2016.1199535

23. de Bruyn M, Breynaert C, Arijs I, De Hertogh G, Geboes K, Thijs G, et al.
Inhibition of gelatinase B/MMP-9 does not attenuate colitis in murine models of
inflammatory bowel disease. Nat Commun (2017) 8:15384. doi: 10.1038/
ncomms15384

24. Zhang X, Ma L, Shen Y, Zhang C, Hou B, Zhou Y. Transcription factor
paired related homeobox 1 (PRRX1) activates matrix metalloproteinases (MMP)
13, which promotes the dextran sulfate sodium-induced inflammation and barrier
dysfunction of NCM460 cells. Bioengineered (2022) 13(1):645-54. doi: 10.1080/
21655979.2021.2012549

25. Lee M, Chang EB. Inflammatory bowel diseases (IBD) and the microbiome-
searching the crime scene for clues. Gastroenterology (2021) 160(2):524-37.
doi: 10.1053/j.gastro.2020.09.056

26. Matsuoka K, Kanai T. The gut microbiota and inflammatory bowel disease.
Semin Immunopathol (2015) 37(1):47-55. doi: 10.1007/s00281-014-0454-4

27. Gearry RB. IBD and environment: Are there differences between East and
West. Dig Dis (2016) 34(1-2):84-9. doi: 10.1159/000442933

28. Turpin W, Goethel A, Bedrani L, Croitoru Mdcm K. Determinants of IBD
heritability: Genes, bugs, and more. Inflammation Bowel Dis (2018) 24(6):1133-48.
doi: 10.1093/ibd/izy085

29. Siddhartha R, Garg M. Molecular and clinical insights of matrix
metalloproteinases into cancer spread and potential therapeutic interventions.
Toxicol Appl Pharmacol (2021) 426:115593. doi: 10.1016/j.taap.2021.115593

30. Page-McCaw A, Ewald AJ, Werb Z. Matrix metalloproteinases and the
regulation of tissue remodelling. Nat Rev Mol Cell Biol (2007) 8(3):221-33.
doi: 10.1038/nrm2125

31. Winer A, Adams S, Mignatti P. Matrix metalloproteinase inhibitors in
cancer therapy: Turning past failures into future successes. Mol Cancer Ther (2018)
17(6):1147-55. doi: 10.1158/1535-7163.Mct-17-0646

32. Guedez L, Jensen-Taubman S, Bourboulia D, Kwityn CJ, Wei B, Caterina J,
et al. TIMP-2 targets tumor-associated myeloid suppressor cells with effects in

Frontiers in Immunology

15

10.3389/fimmu.2022.1067950

cancer immune dysfunction and angiogenesis. ] Immunother (2012) 35(6):502-12.
doi: 10.1097/CJ1.0b013e3182619c8e

33. Lubis B, Lelo A, Amelia P, Prima A. The effect of thiamine, ascorbic acid,
and the combination of them on the levels of matrix metalloproteinase-9 (MMP-9)
and tissue inhibitor of matrix metalloproteinase-1 (TIMP-1) in sepsis patients.
Infect Drug Resist (2022) 15:5741-51. doi: 10.2147/idr.S378523

34. Basiak M, Kosowski M, Hachula M, Okopien B. Impact of PCSK9 inhibition
on proinflammatory cytokines and matrix metalloproteinases release in patients
with mixed hyperlipidemia and vulnerable atherosclerotic plaque. Pharm (Basel)
(2022) 15(7):802. doi: 10.3390/ph15070802

35. Wang GJ, Dong X, Li Y. Cluster of differentiation 147 (CD147) serves as a
promoter of atherosclerosis in patients with cerebral infarction. Eur Rev Med
Pharmacol Sci (2022) 26(16):5710-7. doi: 10.26355/eurrev_202208_29506

36. Cox JH, Starr AE, Kappelhoff R, Yan R, Roberts CR, Overall CM. Matrix
metalloproteinase 8 deficiency in mice exacerbates inflammatory arthritis through
delayed neutrophil apoptosis and reduced caspase 11 expression. Arthritis Rheum
(2010) 62(12):3645-55. doi: 10.1002/art.27757

37. Inoue R, Yajima T, Tsukahara T. Expression of TLR2 and TLR4 in murine
small intestine during postnatal development. Biosci Biotechnol Biochem (2017) 81
(2):350-8. doi: 10.1080/09168451.2016.1254534

38. Frosali S, Pagliari D, Gambassi G, Landolfi R, Pandolfi F, Cianci R. How the
intricate interaction among toll-like receptors, microbiota, and intestinal immunity
can influence gastrointestinal pathology. J Immunol Res (2015) 2015:489821.
doi: 10.1155/2015/489821

39. Kordjazy N, Haj-Mirzaian A, Haj-Mirzaian A, Rohani MM, Gelfand EW,
Rezaei N, et al. Role of toll-like receptors in inflammatory bowel disease. Pharmacol
Res (2018) 129:204-15. doi: 10.1016/j.phrs.2017.11.017

40. Maronek M, Marafini I, Gardlik R, Link R, Troncone E, Monteleone G.
Metalloproteinases in inflammatory bowel diseases. ] Inflammation Res (2021)
14:1029-41. doi: 10.2147/ir.5288280

41. Baugh MD, Perry MJ, Hollander AP, Davies DR, Cross SS, Lobo AJ, et al.
Matrix metalloproteinase levels are elevated in inflammatory bowel disease.
Gastroenterology (1999) 117(4):814-22. doi: 10.1016/s0016-5085(99)70339-2

42. Liu D, Viennois E, Fang J, Merlin D, Iyer SS. Toward point-of-Care
diagnostics to monitor MMP-9 and TNF-a levels in inflammatory bowel disease.
ACS Omega (2021) 6(10):6582-7. doi: 10.1021/acsomega.0c05115

43. Wahida A, Miiller M, Hiergeist A, Popper B, Steiger K, Branca C, et al. XIAP
restrains TNF-driven intestinal inflammation and dysbiosis by promoting innate
immune responses of paneth and dendritic cells. Sci Immunol (2021) 6(65):
eabf7235. doi: 10.1126/sciimmunol.abf7235

44. Piotrowska M, Spodzieja M, Kuncewicz K, Rodziewicz-Motowidto S, Orlikowska
M. CD160 protein as a new therapeutic target in a battle against autoimmune, infectious
and lifestyle diseases. analysis of the structure, interactions and functions. Eur ] Med Chem
(2021) 224:113694. doi: 10.1016/j.ejmech.2021.113694

45. Zhang JY, Wang XM, Xing X, Xu Z, Zhang C, Song JW, et al. Single-cell
landscape of immunological responses in patients with COVID-19. Nat Immunol
(2020) 21(9):1107-18. doi: 10.1038/s41590-020-0762-x

46. Lim W, Bae SM, Jo G, Bazer FW, Choi Y, Song G. Prostaglandin D, synthase
related to estrogen in the female reproductive tract. Biochem Biophys Res Commun
(2015) 456(1):355-60. doi: 10.1016/j.bbrc.2014.11.086

47. Shimanuki M, Takeda K, Kawaguchi M, Suzuki T, Shibahara S. Lipocalin-
type prostaglandin d synthase as a marker for the proliferative potential of
melanocyte-lineage cells in the human skin. J Dermatol (2012) 39(8):699-704.
doi: 10.1111/j.1346-8138.2011.01485.x

48. Zhang B, Bie Q, Wu P, Zhang J, You B, Shi H, et al. PGD2/PTGDR2
signaling restricts the self-renewal and tumorigenesis of gastric cancer. Stem Cells
(2018) 36(7):990-1003. doi: 10.1002/stem.2821

49. Ragolia L, Palaia T, Hall CE, Klein J, Biiyiik A. Diminished lipocalin-type
prostaglandin D(2) synthase expression in human lung tumors. Lung Cancer
(2010) 70(1):103-9. doi: 10.1016/j.lungcan.2010.01.011

50. YuL, Yin B, QuK, LiJ, Jin Q, Liu L, et al. Screening for susceptibility genes
in hereditary non-polyposis colorectal cancer. Oncol Lett (2018) 15(6):9413-9.
doi: 10.3892/01.2018.8504

51. Mitsialis V, Wall S, Liu P, Ordovas-Montanes J, Parmet T, Vukovic M, et al.
Single-cell analyses of colon and blood reveal distinct immune cell signatures of
ulcerative colitis and crohn’s disease. Gastroenterology (2020) 159(2):591-608.e510.
doi: 10.1053/j.gastro.2020.04.074

52. Funderburg NT, Stubblefield Park SR, Sung HC, Hardy G, Clagett B, Ignatz-
Hoover ], et al. Circulating CD4(+) and CD8(+) T cells are activated in
inflammatory bowel disease and are associated with plasma markers of
inflammation. Immunology (2013) 140(1):87-97. doi: 10.1111/imm.12114

frontiersin.org


https://doi.org/10.3390/ijms21249739
https://doi.org/10.1016/j.semcancer.2017.11.008
https://doi.org/10.1016/j.jconrel.2017.01.034
https://doi.org/10.1016/j.jconrel.2017.01.034
https://doi.org/10.1016/j.bbamcr.2017.05.013
https://doi.org/10.1124/pharmrev.121.000349
https://doi.org/10.1111/febs.15701
https://doi.org/10.1007/s10787-022-00998-w
https://doi.org/10.3389/fimmu.2022.939265
https://doi.org/10.3389/fimmu.2022.939265
https://doi.org/10.3390/cancers14153760
https://doi.org/10.1016/j.cell.2010.03.015
https://doi.org/10.1016/j.cell.2010.03.015
https://doi.org/10.1080/10409238.2016.1199535
https://doi.org/10.1038/ncomms15384
https://doi.org/10.1038/ncomms15384
https://doi.org/10.1080/21655979.2021.2012549
https://doi.org/10.1080/21655979.2021.2012549
https://doi.org/10.1053/j.gastro.2020.09.056
https://doi.org/10.1007/s00281-014-0454-4
https://doi.org/10.1159/000442933
https://doi.org/10.1093/ibd/izy085
https://doi.org/10.1016/j.taap.2021.115593
https://doi.org/10.1038/nrm2125
https://doi.org/10.1158/1535-7163.Mct-17-0646
https://doi.org/10.1097/CJI.0b013e3182619c8e
https://doi.org/10.2147/idr.S378523
https://doi.org/10.3390/ph15070802
https://doi.org/10.26355/eurrev_202208_29506
https://doi.org/10.1002/art.27757
https://doi.org/10.1080/09168451.2016.1254534
https://doi.org/10.1155/2015/489821
https://doi.org/10.1016/j.phrs.2017.11.017
https://doi.org/10.2147/jir.S288280
https://doi.org/10.1016/s0016-5085(99)70339-2
https://doi.org/10.1021/acsomega.0c05115
https://doi.org/10.1126/sciimmunol.abf7235
https://doi.org/10.1016/j.ejmech.2021.113694
https://doi.org/10.1038/s41590-020-0762-x
https://doi.org/10.1016/j.bbrc.2014.11.086
https://doi.org/10.1111/j.1346-8138.2011.01485.x
https://doi.org/10.1002/stem.2821
https://doi.org/10.1016/j.lungcan.2010.01.011
https://doi.org/10.3892/ol.2018.8504
https://doi.org/10.1053/j.gastro.2020.04.074
https://doi.org/10.1111/imm.12114
https://doi.org/10.3389/fimmu.2022.1067950
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	The role of intestinal immune cells and matrix metalloproteinases in inflammatory bowel disease
	1 Introduction
	2 Materials and methods
	2.1 Data sources and processing
	2.2 Analysis of differentially expressed genes
	2.3 Gene set enrichment analysis
	2.4 Candidate diagnostic biomarker screening
	2.5 Discovery of immune cell subtypes
	2.6 Correlation analysis between identified genes and infiltrating immune cells
	2.7 Construction of the mouse model of chronic colitis and experimental design
	2.8 HE staining and histological evaluation of colonic damage
	2.9 Immunofluorescence
	2.10 Flow cytometry
	2.11 Western blotting

	3 Results
	3.1 Identification of DEGs in IBD
	3.2 Functional correlation analysis
	3.3 Identification and validation of diagnostic feature biomarkers
	3.4 Immune cell infiltration
	3.5 Correlation analysis between the five biomarkers and infiltrating immune cells
	3.6 Chronic colitis model evaluation and histological identification
	3.7 Expression of immune cells in the spleen
	3.8 Validation of inflammatory factors and MMPs associated with IBD

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


