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and confirming neutrophils
promote colitis-associated
colorectal cancer
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Background: Ulcerative colitis (UC) is a chronic inflammatory disease of the
intestinal mucosa, the incidence of which has increased worldwide. There is still
a lack of clear understanding of the pathogenesis of ulcerative colitis that
ultimately leads to colitis-associated colorectal cancer.

Method: We download UC transcriptome data from the GEO database and pass
the limma package in order to identify differentially expressed genes. Gene Set
Enrichment Analysis (GSEA) was used to identify potential biological pathways. We
identified immune cells associated with UC by CIBERSORT and Weighted co-
expression network analysis (WGCNA). We used validation cohorts and mouse
models to verify the expression of the hub genes and the role of neutrophils.

Result: We identified 65 differentially expressed genes in UC samples and healthy
controls. GSEA, KEGG, and GO analyses displayed that DEGs were enriched in
immune-related pathways. CIBERSORT analysis revealed increased infiltration of
neutrophils in UC tissues. The red module, obtained by WGCNA analysis, was
considered to be the most relevant module for neutrophils.Based on neutrophil-
associated differentially expressed genes, UC patients were classified into two
subtypes of neutrophil infiltration. We discovered that the highly neutrophil-
infiltrated subtype B of UC patients had a higher risk of developing CAC. Five
genes were identified as biomarkers by searching for DEGs between distinct
subtypes. Finally, using the mouse model, we determined the expression of
these five genes in the control, DSS, and AOM/DSS groups. The degree of
neutrophil infiltration in mice and the percentage of MPO and pSTAT3
expression in neutrophils were analyzed by flow cytometry. In the AOM/DSS
model, MPO and pSTAT3 expressions were significantly increased.
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Conclusions: These findings suggested neutrophils might promote the conversion
of UC into CAC. These findings improve our understanding of the pathogenesis of
CAC and provide new and more effective insights into the prevention and

treatment of CAC.
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Introduction

Ulcerative colitis (UC) is a chronic inflammatory disease affecting
the intestine that begins in the rectum and could progress to the entire
colon. Its clinical symptoms are mainly characterized by persistent or
recurrent diarrhea, mucopurulent, and bloody stools, and may be
accompanied by various degrees of systemic symptoms (1, 2).
Ulcerative colitis is considered a chronic immune-mediated
progressive disease with a rapidly increasing global incidence (3).
UC causes a variety of intestinal diseases and patients with a long
course eventually develop inflammation-associated malignancies,
thus affecting their quality of life (4). Inflammation levels, duration,
and severity of UC are also linked to an increased risk of colitis-
associated colorectal cancer (CAC) (5-7). The pathophysiology of UC
is complex and not fully understood. A defective intestinal epithelial
barrier, environmental factors, genetic susceptibility, and a
dysfunctional immune system are all thought to be involved in UC
pathogenesis (8-10). For chronic inflammation, epithelial cells
undergo a transition from injured and regenerating but non-
dysplastic tissue to the progressive neoplastic epithelium, with
molecular and genetic changes accompanying this histological
progression from low-grade dysplasia (LGD) to high-grade
dysplasia (HGD) and ultimately to adenocarcinoma (11-14).

Neutrophils play a primary function in the development and
maintenance of intestinal inflammation. Chemokines and reactive
oxygen species (ROS) are produced, the epithelial barrier is
disrupted, other immune cells are recruited and activated, and redox-
sensitive inflammatory pathways are activated (15). Studies have shown
that large numbers of neutrophils infiltrate the UC colonic mucosa,
releasing serine proteases, matrix metalloproteinases, and
myeloperoxidases through the production of reactive oxygen species,
directly causing tissue damage and producing the typical crypt
abscesses (16, 17). Neutrophils could also exacerbate intestinal
inflammation and cause malignancies by producing neutrophil
extracellular traps (NETs) (18). NETs are reticular structures that
induce the formation of NETs through the conversion of arginine
residues to citrulline dependent on peptidyl arginine deiminase type IV
(PAD4) (19-21). Myeloperoxidase (MPO), a heme peroxidase that is
mostly kept in the nitrogenophilic granules of neutrophils and
produced following the activation of neutrophils (22). High
concentrations of MPO in NETs also induce oxidative stress in
epithelial cells, exacerbating DNA damage and mutations (23). NETs
could cause metastatic tumors that exacerbate cancer and NET's could
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aggravate autoimmune diseases such as rheumatoid arthritis and
systemic lupus erythematosus (24, 25). In addition, increased NET's
formation is associated with COVID-19-associated ARDS and is a
potential biomarker of disease severity and clinical outcome (26).

In this study, we analyzed the correlation between neutrophils
and ulcerative colitis using the WGCNA approach and found 24
neutrophils-associated differentially expressed genes (NADEGs).
Based on the expression of NADEGs, UC patients were classified
into two subtypes. The differences in severity and immune cell
infiltration between patients of different subtypes were also
assessed. We identified five genes as biomarkers for colitis
conversion to colorectal cancer based on the differential genes
between subtypes. We then validated the signature gene in the DSS
and AOM/DSS mouse models. Flow cytometry analysis also showed
that neutrophils increased with the progression of colitis. As a result
of these findings, new insights into the diagnosis and treatment of
colitis and colitis-associated colorectal cancer will be gained.

Materials and methods
Data collection and processing

Figure S1 displayed the flowchart for the study. Gene expression
profiles of ulcerative colitis were retrieved from the GEO database
(http://www.ncbi.nlm.nih.gov/geo/). A total of 803 RNA-seq samples
were downloaded from datasets GSE87473, GSE92415, and
GSE206285, including untreated 743 UC samples and 60 healthy
control samples. It should be noticed that though 364 patients with
UC were treated with ustekinumab (data extracted from database
GSE206285), RNA extraction and microarray analysis of biopsy
samples collected when the data set was uploaded at baseline.
Baseline is the period of time in a clinical study when a patient has
been screened to for the study but has not yet started medication. To
convert the probe expression matrix to the gene expression matrix, we
used the platform annotation file. The average of multiple probes
corresponding to the same gene is calculated. To remove the batch
effect between datasets and merge them, we used the “ComBat”
function in the SVA package. Equally, the CAC dataset was
obtained from dataset GSE37283. For validation, GSE53306 and
GSE16879 datasets were also downloaded and processed. The
included datasets and baseline clinical characteristics of patients
with UC were provided in Supplementary Table S1.
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Identification of DEGs and functional
enrichment analysis

Based on RNA-seq data obtained from GEO (743 UC samples
and 60 normal samples), we used the LIMMA package to identify
differentially expressed genes (DEGs). Volcano and heatmap
visualizations of the results were created using the ggplot2 package
in R. DEGs were analyzed using Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) using the
ClusterProfiler package in R. GO analyses were conducted for
cellular components (CC), biological processes (BP), and molecular
functions (MF).

Immune cell infiltration analysis

To calculate immune cell infiltration and examine the disease
immune microenvironment, we used the algorithm CIBERSORT and
iterated 1000 times (27). Using the ggplot2 package, we visualized the
results of immune cell infiltration. For visualization of immune cell
infiltration correlations, Corrplot was used to calculate Spearman
analysis correlations between immune cells.

Identification of neutrophil-associated
differentially expressed genes

The WGCNA package was used to identify genes associated with
immune cell infiltration. The gene expression matrix outliers were
filtered using hierarchical clustering. Based on the expression data,
Pearson correlation coefficients were calculated between two genes to
construct a similarity matrix. Using a soft threshold of 15, the
similarity matrix was transformed into an adjacency matrix and
then into a topology matrix with a topological overlap measure
(TOM). Modules are identified using a dynamic pruning tree and
clustered based on 1-TOM distance. Setting the merge threshold to
0.25 resulted in the identification of 14 modules. By intersecting
DEGs with genes associated with neutrophils (red modules), we
identified neutrophil-associated differentially expressed genes
(NADEGS). A search for hub genes and functional analysis of
NADEGs in Cytoscape (3.9.1) using Cytohubba and Cluego.

Neutrophil-related subtype identification
based on NADEGs

We performed an unsupervised cluster analysis using
ConsensuClusterPlus to identify different neutrophil infiltrating
subtypes. Functional annotation and GSVA were used to identify
biological differences between subtypes. GSVA was performed on
gene sets from the MSigDB database (C2.Cp.ke.v7.2) with statistical
significance set at adj.P<0.05. To assess immune cell infiltration,
ssGSEA (single sample gene set enrichment analysis) was
performed. In addition, we used the ESTIMATION algorithm to
assess the stromal and immune score in each sample. Additionally, we
compared clinical characteristics (age and disease extent)
between subtypes.
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Finding specific biomarkers for the
conversion of colitis to CAC

Using the LIMMA package, the DEGs between various subtypes
were found, and the criterion was | log2 FC | >0.585 with an adjusted p-
value< 0.05. To test the predictive value of the identified biomarkers, we
assessed the diagnostic validity of UC and control sample
differentiation using the area under the ROC curve (AUC) values.
Using Spearmen analysis, the relationship between the detected
biomarkers and the quantity of invading immune cells was investigated.

Construction of the mouse model

The experiments were conducted with 8-10 weeks male mice
under specific pathogen-free conditions (SPF). The AOM/DSS model
was constructed using C57BL/6 mice, which is well-established for
replicating the immune response in colitis (28). All mice were
purchased from Vital River (Beijing, China). The Animal Health
Research Committee of the First Hospital of Jilin University approved
all animal experiments. The mice were divided into three groups,
control, DSS and AOM/DSS, with three mice in each group. AOM/
DSS models were constructed as follows: mice were intraperitoneally
injected with 10 mg/kg of AOM on the first day. A week later, mice
were fed 2% DSS solution (40-50 KDa DSS (Sigma Aldrich) dissolved
in water at a final concentration of 2%) for 5 consecutive days, and so
on for 3 cycles. The mice in the DSS group were fed with 2% DSS for 5
consecutive days and were regularly fed water for the remaining days.
After 6 weeks, mice were euthanized and colonic tissues were
collected for hematoxylin and eosin (H&E) staining, flow
cytometric analysis, and RT-qPCR.

RNA extraction and RT-qPCR in
tissue samples

Colon tissues were taken from different groups of mouse colons,
and we extracted total RNA from the tissues using the Animal Total
RNA Isolation kit (FOREGENE, China) and determined its purity
and concentration. We used the Uni RT&qPCR kit (transgen, China)
to reverse convert RNA to cDNA and performed RT-qPCR on an
instrument (ABI QuantStudio 3, USA). We used B-actin as an
internal reference and 2-AACt to calculate the relative gene
expression levels and Graphpad 9.0 to visualize the data. A detailed
list of primer sequences used for RT-qPCR is shown in Table S2.

H&E staining
Tissues from the colon were embedded in paraffin after being
treated with 4 percent paraformaldehyde (PFA) overnight. To prepare

a glass slide for H&E staining, 5 um-thick pieces of the colon were cut
out and set flat on it.

Tissue preparation

Mice were sacrificed to obtain tissues and cells for detection. 5ml
cold PBS was injected into the enterocele of mice, gently shaken the
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body, and collected PBS into 15ml centrifuge tubes to obtain
peritoneal irrigation fluid (PIF). To obtain neutrophils in peripheral
blood (PB), cells were separated by density gradient centrifugation
(Mouse peripheral blood lymphocyte isolation kit, solarbio, China),
and neutrophils were obtained after lysed red blood cells in the
sedimentation. Peyer’s patches (PP) were carefully detached from the
small intestine, and mesenteric lymph nodes (MLN) were carefully
detached from the colon and placed in PBS. To collect lamina propria
mononuclear cells (LPMC), the colon of mice was cut into small
pieces (about Imm3 in volume), mixed tissue pieces with digestion
buffer (PBS containing 5 mM EDTA and penicillin/streptomycin) and
shaken for 20 mins to remove intraepithelial lymphocytes. Then, the
tissue pieces were digested with 1 mg/ml collagenase IV and 10 U/ml
DNase I at 37°C for 1 h. All cells were obtained by passing the tissues
through a 70 mm strainer.

Flow cytometric analysis

5% 105 cells were washed twice in FACS buffer and stained for
CD45 Pacific Blue (S18009F), CD11b APC/Cyanine7 (M1/70), Ly 6g
PerCP/Cyanine5.5 (1A8) for 30 mins. For intracellular stain, cells
were treated with the transcription factor staining buffer set according
to the manufacturer’s specification (eBioscience, USA). Then, cells
were stained with the following antibodies: rabbit anti-mouse
myeloperoxidase (Abcam, England), STAT3 Phospho (Tyr705) PE
antibodies for 30 mins, then cells were washed with FACS buffer and
stained with goat anti-rabbit IgG H&L Alexa Fluor® 488 for 30 mins.
Then, cells were washed twice for flow cytometric analysis. Antibodies
for CD45, CD11b, Ly6g, and pSTAT3 were purchased from
Biolegend. Antibodies for myeloperoxidase and goat anti-rabbit IgG
H&L were purchased from Abcam. Flow cytometric analyses were
conducted using an Arial flow cytometer (BD Biosciences). Data were
evaluated using Flow]Jo software (Version 10; Flow]o).

Statistical analysis

The statistical analyses were conducted using R (version 4.2.0).
Continuous variables were compared between groups, and normally
distributed variables were compared using the t-test. Diagnostic
biomarkers were evaluated using ROC curve analysis. Spearman
correlation was used to analyze the relationship between infiltrating
immune cells and gene biomarkers. All statistical analyses were two-
sided, and P < 0.05 was considered statistically significant.

Result

Identification and functional enrichment
analysis of DEGs

We collected 743 UC patients and 60 healthy controls from the
GSE87473, GSE92415, and GSE206285 datasets. Using the battle
algorithm in the SVA package, the combined dataset was obtained
by removing batch effects from the GEO dataset. DEGs between
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UC and healthy controls were analyzed by the LIMMA package
(|LogFC|>2, p<0.05). There were found to be 65 DEGs in total, of
which 22 had down-regulation and 44 had upregulation (Table S3).
Heatmap and volcano plots illustrated these upregulated and
downregulated genes (Figures 1A, B). The biological features of
these DEGs were then ascertained by the GO analysis and KEGG
analysis. GO functional enrichment analysis revealed that DEGs were
significantly enriched in granulocyte chemotaxis, neutrophil
chemotaxis, and neutrophil migration in the BP category. There
was a significant enrichment in the cytoplasmic vesicle lumen and
secretory granule lumen in the CC category. The MF terms were
enriched with cytokine activity, chemokine receptor binding, and
cytokine receptor binding (Figure 1C and Table 1). KEGG pathway
analysis revealed regulated terms (FDR<0.05), including IL-17
signaling pathway, Cytokine-cytokine receptor interaction, NF-xB
signaling pathways, and TNF signaling pathway (Figure 1D and
Table 2). We also compared the respective significantly enriched
pathways in the healthy control and UC cohorts. As shown in
Figures 1E, F, immune-related pathways were enriched in the UC
cohort compared to healthy controls. These results suggested that
inflammation-related pathways are enriched in UC patients.

Analysis of immune cell landscapes and
identification of NADEGs

Based on CIBERSORT estimates, we determined the relative
infiltration abundance of immune cell types in UC and healthy
control samples. The majority of immune cells infiltrating the UC
were more abundant than those in the control (Figure 2A and Table
S4). In UC samples, neutrophils, mast cells, activated CD4 T cells, T
cell gamma delta, MO macrophages, and M1 macrophages were the
major infiltrating immune cells, suggesting the involvement of
multiple immune cells. Figure 2B showed the correlation between
immune cells. Next, we used the WGCNA package to construct co-
expression networks and calculated average linkages and Pearson
correlation values to cluster the samples. The logarithm of node
connectivity K (K) was negatively correlated with the logarithm of
node probabilities (P(K)) with a correlation coefficient above 0.85.
Based on the gene expression matrix and the proportion of immune
cell types, the optimal soft threshold power was 15 (Figure S2). We
created a hierarchical clustering tree using a dynamic hybrid cut
method, where genes with similar expressions were tightly grouped to
form a branch representing a gene module. Different branches of this
tree represent different gene modules, with high co-expression levels
of genes within the modules. As a result, 14 main modules were
identified (Figure 2C). In order to select important modules to
research the relationship between modules and immune cells, we
found that the red module had the strongest correlation with
neutrophils (R=0.83, P=3e-193) based on Pearson correlation
coefficients between modules and sample characteristics. The
infiltration characteristics of neutrophils in UC were further
explored in combination with the enrichment results of DEGs.
Therefore, 24 neutrophil-associated differentially expressed genes
(NADEGs) were obtained by focusing on the red module and
intersecting the genes in the red module with DEGs (Figure 2D).
The core genes in the NADEGs were then identified using the
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(E, F) Results of GSEA pathway analysis in UC and healthy control samples.

Identification of DEGs between UC and control samples. (A) The expression of 65 DEGs was visualized by heatmap. Red for upper regulation, blue for
lower regulation (B) Volcano map of DEGs in UC compared to healthy controls. The significantly upregulated DEGs (log2FC>2, adj.P<0.05) were labeled
in red, and the significantly downregulated DEGs (log2FC<2, adj.P<0.05) were labeled in blue. (C, D) GO and KEGG enrichment analyses of DEGs. The
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CytoHubba plugin in Cytoscape. Using the Degree algorithm, we
identified the top 5 hub genes as IL1B, CXCL8, CXCLI, TIMP1, and
FCGR3B (Figure 2E). ClueGO then analyzed the NADEGs for
pathway and process enrichment. RAGE receptor binding, cellular
response to UV-A, IL-17 signaling pathway, and neutrophil
chemotaxis were highly enriched (Figure 2F).
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Two distinct subtypes of neutrophil
infiltration identified

Using the ConsensusClusterPlus package in R software, different

neutrophil infiltration subtypes were identified using consensus
clustering based on 24 NADEGs, and two clusters (cluster A and
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TABLE 1 GO enrichment results for 65 DEGs.

ONTOLOGY ID Description

BP GO0:0019730 antimicrobial humoral response

BP GO:0061844 antimia"obial humo-ral‘ im@une res.ponse
mediated by antimicrobial peptide

BP GO:0006959 humoral immune response

BP G0:0002237 response to molecule of bacterial origin

BP GO0:0030593 neutrophil chemotaxis

BP GO0:0032496 response to lipopolysaccharide

BP GO0:0071621 granulocyte chemotaxis

CC GO:0034774 secretory granule lumen

CcC G0:0060205 cytoplasmic vesicle lumen

CcC GO:0031983 vesicle lumen

CcC GO0:0035580 specific granule lumen

CcC GO:1904724 tertiary granule lumen

CcC GO:0042581 specific granule

CC G0:0070820 tertiary granule

MF GO0:0042379 chemokine receptor binding

MF GO:0008009 chemokine activity

MF GO0:0048018 receptor ligand activity

MF GO:0030546 signaling receptor activator activity

MF GO0:0005125 cytokine activity

MF GO:0005126 cytokine receptor binding

MEF GO0:0045236 CXCR chemokine receptor binding

cluster B) were identified (Figure 3A). There were 403 samples in
cluster A and 340 samples in cluster B. PCA showed that NADEGs
could completely distinguish between the two subtypes (Figure 3B).
Then, the heatmap and boxplot plot illustrated the differential
expression levels of the 24 NADEGs between the two clusters
(Figures 3C, D). The expression levels in cluster A were all lower
than those in cluster B. GSVA enrichment analysis was then
conducted to understand the biological changes behind the different
clusters. Figure 3E and Table S5 showed that subtype B is significantly
enriched in immune-related pathways such as complement and
coagulation cascades, cytokine-cytokine receptor interaction,

TABLE 2 KEGG enrichment results for 65 DEGs.

ID Description

hsa04657 IL-17 signaling pathway

hsa05323 Rheumatoid arthritis

hsa04061 Viral protein interaction with cytokine and cytokine receptor
hsa04668 TNF signaling pathway

hsa04062 Chemokine signaling pathway

hsa04060 Cytokine-cytokine receptor interaction

hsa04621 NOD-like receptor signaling pathway
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chemokine signaling pathway, NOD-like receptor signaling
pathway, natural killer cell-mediated cytotoxicity, TOLL like
receptor signaling pathway, and JAK-STAT signaling pathway.
Next, we compared the differences in immune cell infiltration
between the two clusters using the ssGSEA method (Table S6). In
Figure 3F, there was a higher infiltration of immune cells, especially
neutrophils and various types of macrophages, in cluster B compared
to cluster A. The ESTIMATE package was also used to assess the
microenvironment score (immune score, stromal score, and
estimated score) for both subtypes (Figure 3G).

Neutrophils infiltration might affect the
conversion of UC to CAC

Age and disease extent are risk factors for colitis-association
colorectal cancer, and patients with UC who are younger and have
more extensive lesions are more likely to convert to CAC (29, 30). We
observed a different distribution of age and extent of disease between
the two subtypes. As shown in Figure 4A, a greater proportion of
patients in cluster A were over 30 years of age (64.30%), while more
than half of the patients under 30 years of age were from cluster B
(55.30%). In terms of the extent of the disease, more patients with
extensive lesions were from cluster B (62.50%), while 66.67% of patients
in cluster A presented with limited lesions (Figure 4B). Following that,
we examined the GSE37283 dataset for DEGs between UC and CAC.
Using the LIMMA package, we set [LogFC>2|, p<0.05 to identify 14
genes associated with CAC (Figure S3). We next compared the
differences in the expression of the CAC-associated genes between
different neutrophil subtypes. We found that most CAC-associated
genes were highly expressed in cluster B, and therefore we concluded
that cluster B with highly infiltrated neutrophils was more likely to
transform from UC to CAC (Figure 4C). The major histocompatibility
complex and T-cell stimulating factor were investigated concerning the
two subtypes. Major histocompatibility complex and T-cell stimulating
factor expression levels were higher in cluster B, but not in TNFRSF14
and TNFRSF25 (Figures 4D, E). Recent studies have shown that highly
infiltrated neutrophils in UC could form neutrophil extracellular traps
that contribute to the transformation of colitis into cancer (24). From
the review, we collected mostly information on ligands and receptors
that promote the NET formation, downstream signals, and molecules
identified as NET adhesion frameworks (31). According to our results
(Figure 4F), almost genes related to neutrophil extracellular traps were
highly expressed in subtype B, suggesting that more neutrophil
extracellular traps might be present in cluster B (32). Furthermore,
we compared the differential expression of immune checkpoints
between the two subtypes, and we found that most immune
checkpoints, including PD-L1 and CTLA4, were highly expressed in
subtype B (Figure 4G).

Identification of valid diagnostic markers of
inflammatory-cancer conversion
To better find genes that could diagnose UC or even CAC, we

identified 5 DEGs (AQP9, FCGR3B, GPR109B, PROK2, S100A12)
between neutrophil-associated subtypes using the LIMMA package.
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FIGURE 2
Identification of neutrophil-associated differentially expressed genes (NADEGS).
the main enrichment pathways.

and healthy controls. (B) Heatmap of correlations of 22 immune cells in UC samples. Red indicated positive correlations and blue indicated negative
correlations. (C) Heatmap of the correlation between immune cell on module genes by WGCNA. (D) Venn diagram showed the neutrophil-associated
differentially expressed genes. (E) Subnetwork of core genes from the PPl network. Node color reflected the degree of connectivity (red color
represented a higher degree, and blue color represented a lower degree). (F) Interaction pathway between NADEGs by Cluego. The circles represented
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(A) Comparison of significantly different immune cell infiltration in UC

Firstly, we examined the correlation between these 5 genes, which was
highly correlated as illustrated in Figure 5A. Next, we accessed the
correlations between these genes and immune cells. These genes were
also correlated with other immune cells besides neutrophils
(Figure 5B). To account for the ability of each gene to distinguish
between UC and normal samples, the area under the ROC curve
(AUC) was calculated to assess the diagnostic value of these genes
(Figure 5C). Next, we compared the expression of 5 genes in the
GSE92415 and GSE16879 cohort receiving anti-TNF-o. treatment to

Frontiers in Immunology 07

determine whether the effect of anti-TNF-o. treatment could be
assessed. As shown in Figure 5D and Figure S4, the expression
levels of all 5 genes were decreased in the response-yes group,
suggesting that these genes could also be used as markers to assess
the response of anti-TNF-a. treatment. Furthermore, we investigated
whether these five genes could be used to distinguish between patients
with active UC and those with remission UC in the GSE53306 cohort.
Apart from FCGR3B, the expression of the remaining genes was
higher in active UC, as shown in Figure 5E.
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Differential expression of markers in

mouse models

DSS-induced colitis and AOM/DSS-induced CAC were used to
further validate the expression of biomarker genes. The colonic length
of mice with different models exhibited significant differences from
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Exploration of neutrophil-associated subtypes and biological features. (A) Consensus matrix heatmap defining two clusters (k =
area. (B) PCA analysis showed significant differences in transcriptomes between the two subtypes. (C, D) Heatmap and boxplot of the expression of 24
NADEGs in different clusters. Red for upper regulation, blue for lower regulation. (E) GSVA of biological pathways between two distinct subtypes, in
which red represented activated and blue inhibited pathways. (F) The ssGESA results indicated the abundance of 28 infiltrating immune cells in different
subtypes. The asterisks represented the statistical P-value (*P < 0.05; **P < 0.01; ***P < 0.001). (G) Correlations between the two subtypes and TME
score. The asterisks represented the statistical P-value (*P < 0.05; **P < 0.01; ***P < 0.001).
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control mice (Figures 6A, B). Histological analysis indicated the
presence of damage to the intestinal epithelium in mice with
enterocolitis, and mice in the AOM/DSS group had significant
dysplasia (Figure 6C). We also examined the expression levels of
the IL-6, TNF-o, and biomarker genes using RT-qPCR. Gene
expression was increased in the DSS group compared to the Ctrl
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High-infiltration neutrophils of subtype B were more likely to develop CAC. (A, B) Alluvial diagram of subtype distributions in groups with different clinical
features. (C) Gene expression of CAC-related gene between two distinct clusters. (D, E) Gene expression of HLA and MHC gene sets between two
distinct clusters. (F) Gene expression of NETs-related gene sets between two distinct clusters. (G) Expression of immune checkpoints between two
different clusters. The asterisks represented the statistical P-value (ns, not significant; P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001).

group and was even more significantly upregulated in the mice with
AOM/DSS group (Figure 6D).

AOM/DSS mice recruit more neutrophils

Then we proceeded to further investigate the variation in
neutrophil infiltration with different mouse models (Control, DSS,
and AOM/DSS). The initiation of colitis resulted in a mass
recruitment of CD11b+ Ly 6g+ neutrophils in PB, MLN, and PIF
(Figures 7A, B, E, F, and Figure S5). The proportion of neutrophils in
PP of mice with AOM/DSS was higher than that of DSS (Figure 7C) but
declined in LP (Figure 7D). Next, we compared the expression of MPO
in neutrophils by flow analysis to compare the differences between the
different groups (33, 34). In addition, DSS mice showed an increased
level of MPO in PB, PP, LP, MLN, and PIF (Figures 7G-L), and even
higher in AOM/DSS mice (Figures 7H-], L). JAK-STAT signaling
pathway has been demonstrated to play a potential role in
inflammation and tumor development. The elevated levels of
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pSTAT3 in PB, LP, MLN and PIF of AOM/DSS mice (Figures 7M,
0-Q) were consistent with the results of GSVA (Figure 3E). However,
for DSS mice, the pSTAT3 levels in PP did not change significantly
(Figure 7N). These results established an increased percentage of
neutrophils and MPO, pSTAT3 expression in DSS and AOM/DSS
mouse models. These results also indicated that the neutrophils and the
JAK-STAT pathway might be involved in the transformation of colitis
to colitis-associated colorectal cancer.

Discussion

The present study demonstrated that increased neutrophils in UC
promote colitis progression and even the transformation to CAC. We
found 65 DEGs between 734 samples from patients with UC and 60
samples from healthy controls. UC was associated with multiple
immune response pathways, according to the GSEA results.
According to CIBERSORT analysis, neutrophils were significantly
increased in UC patients’ colonic tissue. Comprehensive
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bioinformatics analysis and in vivo validation using the classical
AOM/DSS mouse model identified AQP9, FCGR3B, GPR109B,
PROK2, and S100A12 as markers for the diagnosis and
determination of UC progression to CAC. Through flow cytometry
analysis, we found a positive correlation between neutrophils and UC
severity, providing new insight into how UC transforms into CAC.
Chronic mucosal inflammation is the hallmark of inflammatory
bowel disease (IBD), especially ulcerative colitis. Long-term chronic
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mucosal inflammation has long been known to be a contributing factor
in the development of cancer (35). Unlike sporadic colorectal cancer,
CAC begins in the swollen epithelium and progresses in an
“inflammation-dysplasia-cancer” pathway (11). A chronic
inflammation-induced signaling pathway might promote
carcinogenesis by enhancing oxidative stress, epithelial cell
proliferation, and neovascularization (11, 35, 36). Toll-like receptors
(TLR), JAK/STAT signaling pathway, nuclear factor kB (NF-xB),
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p-value (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).

mammalian target of rapamycin complex (mTOR), autophagy, and
oxidative stress have been suggested as molecular mechanisms present in
the progression of CAC (37). Numerous studies have shown that in IBD,
especially the JAK/STAT pathway interferes with many inflammatory
pathways (38). STAT3 has been documented as the most important
member of the JAK/STAT family in IBD. Phosphorylated STAT3 was
found in mucosal T cells of IBD patients with high STAT3 activity and
expression (39, 40). The IL6-STAT3 signaling pathway in T cells can
promote the survival of pathogenic T cells (41). In our results, JAK/
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STAT pathways were greatly enriched in subtype B of high neutrophil
infiltration. In addition, IL-6 expression was significantly increased in
the AOM/DSS mouse model compared to the control and DSS groups.
PSTAT3 expression in PB, LP, MLN, and PIF also showed significantly
higher expression levels in the AOM/DSS simulated CAC disease model.
These results suggest that the JAK-STAT pathway might play an
important role in the progression of colitis to cancer.

Numerous pathologies are associated with neutrophil-driven
inflammation (42, 43). As one of the most abundantly expressed
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FIGURE 7

Enhanced STAT3 phosphorylation and MPO secretion in expanded neutrophils of mice were periodically treated with DSS or AOM/DSS. Then, mice were
sacrificed to obtain PB, PP, LP, MLN, and PIF. The percentage of neutrophils was detected after Ficoll-Hypaque separation and lysed red blood cell

(A, G) Flow-cytometry gating strategy for neutrophils, MPO and pSTAT3. Percentage of neutrophils analyzed by flow-cytometry in the PB (B), PP (C), LP
(D), PIF (E), and MLN (F). Mean fluorescence intensity of MPO in the PB (H), PP (), LP (J3), PIF (K), and MLN (L). Mean fluorescence intensity of pSTAT3 in
the PB (M), PP (N), LP (O), PIF (P), and MLN (Q). PB, peripheral blood; PP, peyer's patch; LP, lamina propria; MLN, mesenteric lymph node; PIF, peritoneal
irrigation fluid; MFO, fluorescence minus one. *P<0.05; **P< 0.01, ***P<0.001, ****P<0.0001. ns, not significant

proteins in neutrophils, MPO is recognized as a marker of neutrophil
pathological function in neutrophils and disease, and its release into
the extracellular environment might cause tissue damage and thereby
exacerbate inflammation. Plasma MPO levels are often elevated in
patients and correlate with disease severity (44-46). In addition,
neutrophils could release NETs to promote the production of pro-
inflammatory mediators by other cells, dysfunction the intestinal
epithelial barrier, denature the extracellular matrix, and maintain the
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malignant inflammatory cycle of IBD (47). In our study, neutrophils
infiltrated with more in cluster B, we found more expression of
ligands and receptors that stimulate the formation of NETs,
downstream-related signals, and NETs framework molecules. In our
mouse model, the expression of MPO was increased in neutrophils
from DSS mice. The expression of MPO was higher in the AOM/DSS
group compared to the DSS group. These findings suggest a potential
role of neutrophils in the transformation of colitis to intestinal cancer.
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We finally identified 5 biomarkers for the diagnosis of CAC.
ACP9 could regulate the synthesis and function of mucus and tissue-
specific physiological properties in UC tight junctions (48). SI00A12
is a calcium-binding protein found specifically in granulocytes. It
belongs to the S100 family of calcium-binding proteins. Neutrophil-
derived SI00A12 is strongly upregulated during active IBD, and
increased serum and fecal SI00A12 protein concentrations are
associated with disease activity (49, 50). Prokineticin 2 (PROK?2) is
an inflammatory cytokine-like molecule expressed primarily by
macrophages and neutrophils infiltrating damaged tissues. PROK2
might serve as a potential biological marker for UC (51). FCGR3B is a
stimulatory Fcy receptor that promotes neutrophil recruitment and
immune complex capture and clearance, and deletion of FCGR3B
results in immune complex-mediated disease (52). In addition, it has
been suggested that FCGR3B may contribute to UC pathogenesis by
increasing the copy number of the gene (53). In neutrophils,
GPR109B is abundantly expressed, and its activation induces
chemotaxis (54). According to these findings, these biomarkers are
associated with neutrophils and accurately predict CAC development.

In conclusion, we demonstrated by bioinformatics that UC
patients with more neutrophil infiltration are more prone to CAC
and have higher expression of ligands and receptors that stimulate
NETs formation, downstream related signals, and molecules linked to
the NETs framework. The JAK/STAT pathway was also significantly
enriched in subtype with high neutrophil infiltration. In the DSS-
induced colitis model and the AOM/DSS-induced CAC model,
neutrophil infiltration increased with disease progression. Among
them, MPO expression was also increased in neutrophils. In
neutrophils, we also observed increased pSTAT3 expression. This
suggests that neutrophils and the JAK/STAT pathway might promote
the transformation of colitis to intestinal cancer. Although
bioinformatic methods suggested that NET formation contributed
to the conversion of UC to CAC, more detailed studies are necessary.
Moreover, advanced methods like single-cell sequencing will provide
a better understanding of how neutrophils influence the
transformation of colitis into intestinal cancer, as well as reveal new
therapeutic targets for disease prediction and treatment.

Data availability statement

The datasets analyzed for this study can be found in the GEO (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE87473, GSE92415,
GSE206285, GSE87473, GSE53306, GSE16879, and GSE37283).

References

1. Ordas I, Eckmann L, Talamini M, Baumgart DC, Sandborn WJ. Ulcerative colitis.
Lancet (2012) 380:1606-19. doi: 10.1016/S0140-6736(12)60150-0

2. Baumgart DC, Sandborn WJ. Inflammatory bowel disease: clinical aspects and
established and evolving therapies. Lancet (2007) 369:1641-57. doi: 10.1016/S0140-6736
(07)60751-X

Frontiers in Immunology

10.3389/fimmu.2023.1095098

Ethics statement

The animal study was reviewed and approved by The Animal
Health Research Committee of the First Hospital of Jilin University.

Author contributions

CZ, ZM, and HY conceived the project. CZ, YZ, ZS, and JB
contributed to data acquisition, analysis and interpretation, and
manuscript writing. CZ, ZM, and JZ conducted the experiments
and revised the manuscript. All authors contributed to the article
and approved the submitted version.

Acknowledgments

We appreciated the technical help from Central Laboratory, The
First Hospital of Jilin University, during performing experiments.

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.2023.1095098/
full#supplementary-material

3. Ng SC, Shi HY, Hamidi N, Underwood FE, Tang W, Benchimol EI et al. Worldwide
incidence and prevalence of inflammatory bowel disease in the 21st century: A systematic review
of population-based studies. Lancet (2017) 390:2769-78. doi: 10.1016/S0140-6736(17)32448-0

4. Ullman TA, Itzkowitz SH. Intestinal inflammation and cancer. Gastroenterology
(2011) 140:1807-16. doi: 10.1053/j.gastro.2011.01.057

frontiersin.org


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE87473
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE87473
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1095098/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1095098/full#supplementary-material
https://doi.org/10.1016/S0140-6736(12)60150-0
https://doi.org/10.1016/S0140-6736(07)60751-X
https://doi.org/10.1016/S0140-6736(07)60751-X
https://doi.org/10.1016/S0140-6736(17)32448-0
https://doi.org/10.1053/j.gastro.2011.01.057
https://doi.org/10.3389/fimmu.2023.1095098
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhang et al.

5. Eaden JA, Abrams KR, Mayberry JF. The risk of colorectal cancer in ulcerative
colitis: a meta-analysis. Gut (2001) 48:526-35. doi: 10.1136/gut.48.4.526

6. Gupta RB, Harpaz N, Itzkowitz S, Hossain S, Matula S, Kornbluth A, et al.
Histologic inflammation is a risk factor for progression to colorectal neoplasia in
ulcerative colitis: a cohort study. Gastroenterology (2007) 133:1099-105. doi: 10.1053/
j.gastro.2007.08.001

7. Rutter M, Saunders B, Wilkinson K, Rumbles S, Schofield G, Kamm M, et al.
Severity of inflammation is a risk factor for colorectal neoplasia in ulcerative colitis.
Gastroenterology (2004) 126:451-9. doi: 10.1053/j.gastro.2003.11.010

8. Iglesias-Rey M, Barreiro-de AM, Caamano-Isorna F, Rodriguez IV, Ferreiro R,
Lindkvist B, et al. Psychological factors are associated with changes in the health-related
quality of life in inflammatory bowel disease. Inflammation Bowel Dis (2014) 20:92-102.
doi: 10.1097/01.MIB.0000436955.78220.bc

9. Kobayashi T, Siegmund B, Le Berre C, Wei SC, Ferrante M, Shen B, et al. Ulcerative
colitis. Nat Rev Dis Primers (2020) 6:74. doi: 10.1038/s41572-020-0205-x

10. Ungaro R, Mehandru S, Allen PB, Peyrin-Biroulet L, Colombel JF. Ulcerative
colitis. Lancet (2017) 389:1756-70. doi: 10.1016/S0140-6736(16)32126-2

11. Itzkowitz SH. Molecular biology of dysplasia and cancer in inflammatory bowel
disease. Gastroenterol Clin North Am (2006) 35:553-71. doi: 10.1016/j.gtc.2006.07.002

12. Zeissig S, Rosati E, Dowds CM, Aden K, Bethge J, Schulte B, et al. Vedolizumab is
associated with changes in innate rather than adaptive immunity in patients with
inflammatory bowel disease. Gut (2019) 68:25-39. doi: 10.1136/gutjnl-2018-316023

13. Qu J, Liu Q, You G, Ye L, Jin Y, Kong L, et al. Advances in ameliorating
inflammatory diseases and cancers by andrographolide: Pharmacokinetics,
pharmacodynamics, and perspective. Med Res Rev (2022) 42:1147-78. doi: 10.1002/
med.21873

14. Wu T, Peng Y, Yan S, Li N, Chen Y, Lan T. Andrographolide ameliorates
atherosclerosis by suppressing pro-inflammation and ROS generation-mediated foam
cell formation. Inflammation (2018) 41:1681-9. doi: 10.1007/s10753-018-0812-9

15. Biasi F, Leonarduzzi G, Oteiza PI, Poli G. Inflammatory bowel disease:
mechanisms, redox considerations, and therapeutic targets. Antioxid Redox Signal
(2013) 19:1711-47. doi: 10.1089/ars.2012.4530

16. Wera O, Lancellotti P, Oury C. The dual role of neutrophils in inflammatory bowel
diseases. ] Clin Med (2016) 5(12). doi: 10.3390/jcm5120118

17. Kolaczkowska E, Kubes P. Neutrophil recruitment and function in health and
inflammation. Nat Rev Immunol (2013) 13:159-75. doi: 10.1038/nri3399

18. Dinallo V, Marafini I, Di Fusco D, Laudisi F, Franze E, Di Grazia A, et al.
Neutrophil extracellular traps sustain inflammatory signals in ulcerative colitis. ] Crohns
Colitis (2019) 13:772-84. doi: 10.1093/ecco-jcc/jjy215

19. Yang L, Liu L, Zhang R, Hong J, Wang Y, Wang J, et al. IL-8 mediates a positive
loop connecting increased neutrophil extracellular traps (NETs) and colorectal cancer
liver metastasis. ] Cancer (2020) 11:4384-96. doi: 10.7150/jca.44215

20. Zhang Y, Chandra V, Riquelme SE, Dutta P, Quesada PR, Rakoski A, et al.
Interleukin-17-induced neutrophil extracellular traps mediate resistance to checkpoint
blockade in pancreatic cancer. J Exp Med (2020) 217(12):¢20190354. doi: 10.1084/
jem.20190354

21. Yang C, Dong ZZ, Zhang J, Teng D, Luo X, Li D, et al. Peptidylarginine deiminases
4 as a promising target in drug discovery. Eur ] Med Chem (2021) 226:113840. doi:
10.1016/j.ejmech.2021.113840

22. Ramachandra C, Ja K, Chua J, Cong S, Shim W, Hausenloy DJ. Myeloperoxidase as
a multifaceted target for cardiovascular protection. Antioxid Redox Signal (2020) 32:1135-
49. doi: 10.1089/ars.2019.7971

23. Metzler KD, Fuchs TA, Nauseef WM, Reumaux D, Roesler J, Schulze I, et al.
Myeloperoxidase is required for neutrophil extracellular trap formation: implications for
innate immunity. Blood (2011) 117:953-9. doi: 10.1182/blood-2010-06-290171

24. Mutua V, Gershwin LJ. A review of neutrophil extracellular traps (NETs) in
disease: Potential anti-NETs therapeutics. Clin Rev Allergy Immunol (2021) 61:194-211.
doi: 10.1007/s12016-020-08804-7

25. Park J, Wysocki RW, Amoozgar Z, Maiorino L, Fein MR, Jorns J, et al. Cancer cells
induce metastasis-supporting neutrophil extracellular DNA traps. Sci Transl Med (2016)
8:138r-361r. doi: 10.1126/scitranslmed.aagl711

26. Middleton EA, He XY, Denorme F, Campbell RA, Ng D, Salvatore SP, et al.
Neutrophil extracellular traps contribute to immunothrombosis in COVID-19 acute
respiratory distress syndrome. BLOOD (2020) 136:1169-79. doi: 10.1182/
blood.2020007008

27. Newman AM, Liu CL, Green MR, Gentles AJ, Feng W, Xu Y, et al. Robust
enumeration of cell subsets from tissue expression profiles. Nat Methods (2015) 12:453-7.
doi: 10.1038/nmeth.3337

28. Guo C, Guo D, Fang L, Sang T, Wu J, Guo C, et al. Ganoderma lucidum
polysaccharide modulates gut microbiota and immune cell function to inhibit
inflammation and tumorigenesis in colon. Carbohydr Polym (2021) 267:118231. doi:
10.1016/j.carbpol.2021.118231

29. Bitton A, Peppercorn MA, Antonioli DA, Niles JL, Shah S, Bousvaros A, et al.
Clinical, biological, and histologic parameters as predictors of relapse in ulcerative colitis.
Gastroenterology (2001) 120:13-20. doi: 10.1053/gast.2001.20912

Frontiers in Immunology

10.3389/fimmu.2023.1095098

30. Beaugerie L, Itzkowitz SH. Cancers complicating inflammatory bowel disease. N
Engl ] Med (2015) 372:1441-52. doi: 10.1056/NEJMral403718

31. Papayannopoulos V. Neutrophil extracellular traps in immunity and disease. Nat
Rev Immunol (2018) 18:134-47. doi: 10.1038/nri.2017.105

32. Zhang Y, Guo L, Dai Q, Shang B, Xiao T, Di X, et al. A signature for pan-cancer
prognosis based on neutrophil extracellular traps. | Immunother Cancer (2022) 10(6):
€004210. doi: 10.1136/jitc-2021-004210

33. Wigerblad G, Kaplan M]J. Neutrophil extracellular traps in systemic autoimmune
and autoinflammatory diseases. Nat Rev Immunol (2022) 18:1-15. doi: 10.1038/s41577-
022-00787-0

34. Ndrepepa G. Myeloperoxidase - a bridge linking inflammation and oxidative stress
with cardiovascular disease. Clin Chim Acta (2019) 493:36-51. doi: 10.1016/
j.cca.2019.02.022

35. Luo C, Zhang H. The role of proinflammatory pathways in the pathogenesis of
colitis-associated colorectal cancer. Mediators Inflammation (2017) 2017:5126048. doi:
10.1155/2017/5126048

36. Azer SA. Overview of molecular pathways in inflammatory bowel disease
associated with colorectal cancer development. Eur ] Gastroenterol Hepatol (2013)
25:271-81. doi: 10.1097/MEG.0b013e32835b5803

37. Coskun M, Salem M, Pedersen J, Nielsen OH. Involvement of JAK/STAT signaling
in the pathogenesis of inflammatory bowel disease. Pharmacol Res (2013) 76:1-8. doi:
10.1016/.phrs.2013.06.007

38. Salas A, Hernandez-Rocha C, Duijvestein M, Faubion W, McGovern D, Vermeire
S, et al. JAK-STAT pathway targeting for the treatment of inflammatory bowel disease.
Nat Rev Gastroenterol Hepatol (2020) 17:323-37. doi: 10.1038/s41575-020-0273-0

39. Musso A, Dentelli P, Carlino A, Chiusa L, Repici A, Sturm A, et al. Signal
transducers and activators of transcription 3 signaling pathway: an essential mediator of
inflammatory bowel disease and other forms of intestinal inflammation. Inflammation
Bowel Dis (2005) 11:91-8. doi: 10.1097/00054725-200502000-00001

40. LiY, de Haar C, Peppelenbosch MP, van der Woude CJ. New insights into the role
of STATS3 in IBD. Inflammation Bowel Dis (2012) 18:1177-83. doi: 10.1002/ibd.21884

41. Atreya R, Mudter J, Finotto S, Mullberg J, Jostock T, Wirtz S, et al. Blockade of
interleukin 6 trans signaling suppresses T-cell resistance against apoptosis in chronic
intestinal inflammation: evidence in crohn disease and experimental colitis in vivo. Nat
Med (2000) 6:583-8. doi: 10.1038/75068

42. Liew PX, Kubes P. The neutrophil’s role during health and disease. Physiol Rev
(2019) 99:1223-48. doi: 10.1152/physrev.00012.2018

43. Mantovani A, Cassatella MA, Costantini C, Jaillon S. Neutrophils in the activation
and regulation of innate and adaptive immunity. Nat Rev Immunol (2011) 11:519-31. doi:
10.1038/nri3024

44, Brennan ML, Penn MS, Van Lente F, Nambi V, Shishehbor MH, Aviles R], et al.
Prognostic value of myeloperoxidase in patients with chest pain. N Engl | Med (2003)
349:1595-604. doi: 10.1056/NEJMo0a035003

45. Nicholls SJ, Hazen SL. Myeloperoxidase and cardiovascular disease. Arterioscler
Thromb Vasc Biol (2005) 25:1102-11. doi: 10.1161/01.ATV.0000163262.83456.6d

46. Baldus S, Heeschen C, Meinertz T, Zeiher AM, Eiserich JP, Munzel T, et al.
Myeloperoxidase serum levels predict risk in patients with acute coronary syndromes.
Circulation (2003) 108:1440-5. doi: 10.1161/01.CIR.0000090690.67322.51

47. Dos SRA, Viana G, de Macedo BM, Almeida JF. Neutrophil extracellular traps in
inflammatory bowel diseases: Implications in pathogenesis and therapeutic targets.
Pharmacol Res (2021) 171:105779. doi: 10.1016/j.phrs.2021.105779

48. Taman H, Fenton CG, Hensel IV, Anderssen E, Florholmen J, Paulssen RH.
Transcriptomic landscape of treatment-naive ulcerative colitis. ] Crohns Colitis (2018)
12:327-36. doi: 10.1093/ecco-jcc/jjx139

49. Foell D, Kucharzik T, Kraft M, Vogl T, Sorg C, Domschke W, et al. Neutrophil
derived human S100A12 (EN-RAGE) is strongly expressed during chronic active
inflammatory bowel disease. Gut (2003) 52:847-53. doi: 10.1136/gut.52.6.847

50. Kaiser T, Langhorst J, Wittkowski H, Becker K, Friedrich AW, Rueffer A, et al.
Faecal S100A12 as a non-invasive marker distinguishing inflammatory bowel disease
from irritable bowel syndrome. Gut (2007) 56:1706-13. doi: 10.1136/gut.2006.113431

51. Watson RP, Lilley E, Panesar M, Bhalay G, Langridge S, Tian SS, et al. Increased
prokineticin 2 expression in gut inflammation: role in visceral pain and intestinal ion
transport. Neurogastroenterol Motil (2012) 24:65-75. doi: 10.1111/j.1365-
2982.2011.01804.x

52. Chen K, Nishi H, Travers R, Tsuboi N, Martinod K, Wagner DD, et al. Endocytosis
of soluble immune complexes leads to their clearance by FcgammaRIIIB but induces
neutrophil extracellular traps via FcgammaRIIA in vivo. Blood (2012) 120:4421-31. doi:
10.1182/blood-2011-12-401133

53. Asano K, Matsumoto T, Umeno J, Hirano A, Esaki M, Hosono N, et al. Impact of
allele copy number of polymorphisms in FCGR3A and FCGR3B genes on susceptibility to
ulcerative colitis. Inflammation Bowel Dis (2013) 19:2061-8. doi: 10.1097/
MIB.0b013e318298118e

54. Irukayama-Tomobe Y, Tanaka H, Yokomizo T, Hashidate-Yoshida T, Yanagisawa
M, Sakurai T. Aromatic d-amino acids act as chemoattractant factors for human
leukocytes through a G protein-coupled receptor, GPR109B. Proc Natl Acad Sci U.S.A.
(2009) 106:3930-4. doi: 10.1073/pnas.0811844106

frontiersin.org


https://doi.org/10.1136/gut.48.4.526
https://doi.org/10.1053/j.gastro.2007.08.001
https://doi.org/10.1053/j.gastro.2007.08.001
https://doi.org/10.1053/j.gastro.2003.11.010
https://doi.org/10.1097/01.MIB.0000436955.78220.bc
https://doi.org/10.1038/s41572-020-0205-x
https://doi.org/10.1016/S0140-6736(16)32126-2
https://doi.org/10.1016/j.gtc.2006.07.002
https://doi.org/10.1136/gutjnl-2018-316023
https://doi.org/10.1002/med.21873
https://doi.org/10.1002/med.21873
https://doi.org/10.1007/s10753-018-0812-9
https://doi.org/10.1089/ars.2012.4530
https://doi.org/10.3390/jcm5120118
https://doi.org/10.1038/nri3399
https://doi.org/10.1093/ecco-jcc/jjy215
https://doi.org/10.7150/jca.44215
https://doi.org/10.1084/jem.20190354
https://doi.org/10.1084/jem.20190354
https://doi.org/10.1016/j.ejmech.2021.113840
https://doi.org/10.1089/ars.2019.7971
https://doi.org/10.1182/blood-2010-06-290171
https://doi.org/10.1007/s12016-020-08804-7
https://doi.org/10.1126/scitranslmed.aag1711
https://doi.org/10.1182/blood.2020007008
https://doi.org/10.1182/blood.2020007008
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1016/j.carbpol.2021.118231
https://doi.org/10.1053/gast.2001.20912
https://doi.org/10.1056/NEJMra1403718
https://doi.org/10.1038/nri.2017.105
https://doi.org/10.1136/jitc-2021-004210
https://doi.org/10.1038/s41577-022-00787-0
https://doi.org/10.1038/s41577-022-00787-0
https://doi.org/10.1016/j.cca.2019.02.022
https://doi.org/10.1016/j.cca.2019.02.022
https://doi.org/10.1155/2017/5126048
https://doi.org/10.1097/MEG.0b013e32835b5803
https://doi.org/10.1016/j.phrs.2013.06.007
https://doi.org/10.1038/s41575-020-0273-0
https://doi.org/10.1097/00054725-200502000-00001
https://doi.org/10.1002/ibd.21884
https://doi.org/10.1038/75068
https://doi.org/10.1152/physrev.00012.2018
https://doi.org/10.1038/nri3024
https://doi.org/10.1056/NEJMoa035003
https://doi.org/10.1161/01.ATV.0000163262.83456.6d
https://doi.org/10.1161/01.CIR.0000090690.67322.51
https://doi.org/10.1016/j.phrs.2021.105779
https://doi.org/10.1093/ecco-jcc/jjx139
https://doi.org/10.1136/gut.52.6.847
https://doi.org/10.1136/gut.2006.113431
https://doi.org/10.1111/j.1365-2982.2011.01804.x
https://doi.org/10.1111/j.1365-2982.2011.01804.x
https://doi.org/10.1182/blood-2011-12-401133
https://doi.org/10.1097/MIB.0b013e318298118e
https://doi.org/10.1097/MIB.0b013e318298118e
https://doi.org/10.1073/pnas.0811844106
https://doi.org/10.3389/fimmu.2023.1095098
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Identifying neutrophil-associated subtypes in ulcerative colitis and confirming neutrophils promote colitis-associated colorectal cancer
	Introduction
	Materials and methods
	Data collection and processing
	Identification of DEGs and functional enrichment analysis
	Immune cell infiltration analysis
	Identification of neutrophil-associated differentially expressed genes
	Neutrophil-related subtype identification based on NADEGs
	Finding specific biomarkers for the conversion of colitis to CAC
	Construction of the mouse model
	RNA extraction and RT-qPCR in tissue samples
	H&amp;E staining
	Tissue preparation
	Flow cytometric analysis
	Statistical analysis

	Result
	Identification and functional enrichment analysis of DEGs
	Analysis of immune cell landscapes and identification of NADEGs
	Two distinct subtypes of neutrophil infiltration identified
	Neutrophils infiltration might affect the conversion of UC to CAC
	Identification of valid diagnostic markers of inflammatory-cancer conversion
	Differential expression of markers in mouse models
	AOM/DSS mice recruit more neutrophils

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Acknowledgments
	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 /sRGB
  /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


