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Introduction: Crohn’s disease (CD) is a chronic inflammatory condition of the intestines with a rising global incidence. Traditional
diagnostic and therapeutic methods have limitations, necessitating the exploration of more effective strategies.

Methods: In this study, we employed the Gene Expression Omnibus database to identify genes that are differentially expressed in CD.
RT-PCR and immunohistochemical analysis were used to SLC6A14 RNA and protein expression in the colons of CD mice and CD
tissues from patients. The mouse model of CD was induced by dextran sodium sulfate (DSS). Infiltrating immune cells in mouse
model were screened by flow cytometry.

Results: We discovered that SLC6A14 is significantly overexpressed in CD samples, and its expression is positively correlated with
the degree of infiltration by CD4" and CD8" T cells. The elevated levels of SLC6A14 RNA and protein were confirmed in clinical CD
tissues. The SLC6A 14 inhibitor a-methyl-tryptophan (a-MT) significantly decreased the expression of SLC6A14 RNA and protein in
the colons of CD mice. The a-MT treatment group also exhibited reduced levels of cytokines involved in T cell differentiation (IFN-y
and TNF-a) and the expression of immune cell surface markers CXCR-3 and LAG-3. Flow cytometry analysis revealed a significant
increase in the infiltration of CD4" and CD8" T cells in the DSS-treated group compared to the control group. Conversely, the o-MT
treatment group showed a significant reduction in CD4" and CD8" T cell infiltration and the restoration of intestinal parameters in CD
mice. These findings underscore the role of SLC6A14 in regulating intestinal immune cell infiltration during CD progression.
Discussion: Our findings suggest that SLC6A14 could serve as a potential diagnostic biomarker and therapeutic target for CD.
Furthermore, o-MT offers a novel approach for the clinical diagnosis and treatment of CD by targeting SLC6A14 for therapeutic
intervention.
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Introduction

Crohn’s Disease (CD) manifests as a pervasive, chronic inflammatory condition of the intestinal tract with a widespread
global prevalence.' However, due to its complex pathogenesis, research on CD diagnosis and treatment has progressed
slowly.> The current diagnostic and prognostic score was developed on the basis that colonoscopy is the “gold standard”
for diagnosing CD.*> However, this procedure is invasive with potential adverse outcomes, including recurrent

inflammation® and increased risk of intestinal perforation.” Given their high specificity, relatively low invasiveness,
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Graphical Abstract
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and rapid detection, biomarkers can supplement traditional diagnostics and therapeutics to improve disease diagnosis and
outcomes.* !

CD has a highly complex and multifaceted etiology that includes chronic overactivation of the immune response to
bacterial antigens in the intestinal lumen.'? Considering the immune-based pathology of CD, previous studies reported
that evaluating the relationships between immune-based biomarkers and the degree of intestinal inflammation is

important for the early monitoring, diagnosis, and prevention of colon cancer in CD.*'*'® Tissue inflammatory
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responses are important in the pathology of CD.'*!”!® Using single-cell sequencing data, Zhang et al'® determined that
interferon (IFN)-y is associated with inflammatory bowel disease and highly correlated with disease susceptibility. As an
immune factor, the concentration of IFN-y is influenced by the relative abundance of regulatory T cells (Tregs),”’ CD8"
T cells,”’ and CD4" T cells,?* corresponding to the degree of intestinal inflammatory lesions.

CD is an inflammatory disease caused by an interplay among genetics, immunity, microorganisms, and environmental
factors.>**** Current research on CD biomarkers has focused predominantly on intestinal resident microorganisms that
are commonly involved in microbial-intestinal interactions and microbial components, such as bacterial cell wall
polysaccharides,”> with a lesser focus on biomarkers related to the intestinal immune pathway. Immune-related
genes, including nucleotide-binding oligomerization (NOD)2,'*'* casein kinase 2 alpha 1 (CK24),"° CXC motif
chemokine ligand 8 (CXCLS),'® and leucine-rich repeat-containing G protein-coupled receptor 5 (LGRS5),%° participate
in interleukin (IL)-1, IL-6, and IL-8 regulation by affecting intestinal immunity.>” IL-17,'° other cellular inflammatory
factors, and immune cell dysfunction®® regulate CD pathology. Moreover, microRNAs (miRNAs) participate in immune
regulation. For example, miR-149-3p affects helper T cell differentiation through PHD finger-like domain-containing
protein SA (PHF5A) and its downstream effects, aggravating the intestinal immune response to microorganisms
contributing to CD development.*®

Considering the pivotal role of the immune microenvironment in CD pathogenesis, previous studies found that
treatment agents targeting the NOD2/muramy! dipeptide,'®'*'* SRY-box transcription factor/claudin 8,'" Janus kinase
(JAK)-signal transducer and activator of transcription (STAT),?’ and other pathways exhibit efficacy in clinical practice.
These agents include upadacitinib,’®>' anti-tumor necrosis factor (TNF)o agents,>> guselkumab,®® infliximab, and
risankizumab,?' which reduce intestinal immune inflammation primarily by controlling T cell differentiation.
Therefore, identifying the immune genes related to CD pathology is important. In addition, the importance of the
melanocortin system as a potential pathomechanism in chronic gastrointestinal inflammation (GI) is becoming increas-
ingly evident. This system has been shown to counteract chronic GI inflammation such as CD and to intervene in the
complex cytokine imbalances in the intestinal microenvironment induced by chronic inflammatory injury.>*

SLC6A14, part of the solute carrier transporter protein family, which is found to be upregulated in various colonic
diseases, including ulcerative colitis (UC).>> Mechanistic studies have identified SLC6A14 as a novel regulator of
ferroptosis, which promotes the progression of UC through the C/EBPB-PAK6-ERK signaling axis. However, the role of
SLC6A14 in CD remains to be elucidated. Further research is needed to understand the potential implications of
SLC6A14 in CD, which could open up new avenues for therapeutic intervention.

In this study, we aimed to identify biomarkers for CD that can enhance clinical management and patient outcomes by
using relevant data sourced from various databases, clinical specimens, and animal models.

Materials and Methods
CD Tissue Collection

Twenty pairs of CD and adjacent normal tissue were prospectively gathered from the Xiamen University Affiliated
Zhongshan Hospital between January and December 2023. All CD samples were verified via pathological examination.
This study was conducted in accordance with the Declaration of Helsinki and was approved by the Institutional Review

Board at Zhongshan Hospital, affiliated with Xiamen University.

Data Sources

Patterns of gene expression associated with CD tissues were assessed based on microarray datasets available in the Gene
Expression Omnibus (GEO) database: GSE10616, incorporating 32 CD tissue samples and 9 samples from healthy controls;
GSE36807, comprising 13 CD tissue samples and 7 healthy control samples; GSE16879, featuring 73 CD tissue samples
analyzed before and after infliximab treatment; GSE95095, including 48 CD tissues and 12 healthy controls; GSE16879,
comprising 73 CD tissues and 12 healthy controls; and GSE102133, featuring 65 CD tissues and 12 healthy controls.

Journal of Inflammation Research 2025:18 hetps: 1129



Su et al

|dentification and Visualization of Key Genes of CD

Differentially expressed genes (DEGs) were identified using the “limma” package in the R programming environment;
the raw data were subjected to log transformation after undergoing quantile normalization. DEGs were classified based
on meeting the set criteria of an absolute log fold change (JlogFC|) > 1 and adjusted p < 0.05. To visually represent the
DEGs, heat maps and volcano plots were generated using the R package, offering a detailed and clear depiction of the
variations in gene expression.

Screening of Key Genes Based on LASSO and SYM-RFE Algorithms

To screen genes associated with survival, the DEGs were subjected to univariate regression analysis. Characteristic genes
were screened using the Least Absolute Shrinkage and Selection Operator (LASSO)*® and support vector machine
(SVM)-recursive feature elimination (RFE) machine learning methods.’” The diagnostic value for CD was evaluated by
employing the ¢1071 package.*® The genes selected via the dual analytical methods of LASSO and SVM-RFE were
subsequently amalgamated to form a consolidated dataset for further analysis.

Weighted Gene Co-Expression Network Analysis (WGCNA)

Core modules associated with CD were identified through a WGCNA based on the expression profiles of the combined
dataset. According to the principle of a scale free network, soft thresholds (power = 20, R* = 0.84) were selected to
construct a scale free co expression network in turn, and the adjacency matrix was converted into a topological overlap
matrix. Then, cluster analysis was performed to identify gene modules, with a minimum number of 60 genes per module,
and a total of three similar gene modules were identified; The core genes in the module were filtered by setting the gene
significance(GS) > 0.5, and the module membership (MM) > 0.8. A dendrogram was constructed using hierarchical
clustering to calculate the correlation between the module’s characteristic genes and the disease phenotype; The
“PickSoftThreshold” function was used to determine the soft thresholding power. Co expression networks were
constructed using co expression analysis.

Gene Function Enrichment Analysis
The R package clusterProfiler’® was utilized to conduct function enrichment analyses for the DEGs with a significance
level set at p < 0.05. The statistically significant enrichment results were determined according to the established criteria.

Immune Infiltration Analysis

The simple sample Gene Set Enrichment Analysis (ssGSEA) function in the R package “GSVA” was used for analysis.*’
The ssGSEA score was used to quantify the extent of immune cell infiltration within each sample. Genes serving as
markers for immune cells were obtained from a previously published study®' that focused on 28 common immune cell
types. The variances in immune cell infiltration were determined using the CIBERSORT deconvolution algorithm
available at https://cibersortx.stanford.edu/.

Mouse Model of CD

To model CD in mice, dextran sodium sulfate (DSS; MP Biomedicals, Santa Ana, CA, USA) was administered as a 1%
aqueous solution in sterile water. To encourage the mice to drink more, 0.5% glucose was added to the DSS solution. C57
wild-type mice, approximately 6 weeks old, were used for modeling, with > 5 mice per group: control, DSS treatment
only, a-methyl-tryptophan (a-MT) treatment, and DSS+a-MT treatment. The mice were subjected to 1 week of feeding
with the DSS solution, followed by 1 week of feeding with sterile water. The cycle was repeated thrice. Weight change,
degree of feces molding, perianal bleeding, and activity level were recorded throughout the modeling period to generate
weight change and Crohn’s disease activity index (CDAI) score curves. At the end of the first cycle, the mice were
treated with a-MT (5 mg/kg; dissolved in double-distilled water and administered by gavage). DSS administration was
maintained during the treatment period. The mice were euthanized after 3 cycles.
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RT-PCR

Reverse transcription-polymerase chain reaction (RT-PCR) was carried out using SYBR Master Mix (YEASEN Biotech,
Shanghai, China) with GAPDH as the reference standard. The RT-PCR primers are detailed in Table S1.

Histology and IHC

Fresh pathological samples were collected from six confirmed patients with CD diagnosed at the Xiamen University
Affiliated Zhongshan Hospital during the study period. Immunohistochemistry (IHC) staining was performed as
previously reported.** The results of THC for SLC6414 were assessed by merging the areas and intensity of staining.
The range of intensity scores varied from 0 to 9, with 0 representing the absence of expression and 9 representing strong
expression.

Intestinal tissue samples from mice and patients with CD were fixed with 4% paraformaldehyde, dehydrated,
embedded, and sectioned. We used an automatic hematoxylin/eosin staining machine (DP260; Roche, Basel,
Switzerland) to stain mouse intestinal tissue. The primary antibodies used for IHC staining were Proteintech
SLC6A14 (18,388-1-AP; 1:100; Rosemont, IL, USA) for mouse tissues and Affinity SLC6A14 (DF9924; 1:200; San
Francisco, CA, USA) for human tissues. The paraffin sections were dehydrated and subjected to antigen retrieval and
blocking. The sections were then incubated with primary antibodies overnight at 4 °C. Following rinsing, the cells were
incubated with the secondary antibodies at ambient temperature. After washing, a freshly prepared DAB chromogenic
solution was applied to the sections. Slides were subsequently rinsed, counterstained with hematoxylin, subjected to
differentiation, dehydrated, and mounted.

Flow Cytometry

To assess the therapeutic effects of a-MT, mouse colon segments were ground in 100 pL filtered sterilized phosphate-
buffered saline (PBS) on a 200-mesh sterile filter using the piston base of a sterile syringe at room temperature until no
obvious connective tissue remained. The suspension was transferred to a clean flow cytometer sample tube, and the
single-cell mixture was rinsed with sterile PBS. The cleaning method involved two rounds of centrifuging the cell
suspension at 4 °C and 1000 rpm for 4 min, discarding the supernatant, and adding filtered sterile PBS to resuspend the
pellet. The specified amount of flow cytometry antibodies was mixed in filtered sterile PBS, added to each sample, and
subsequently allowed to incubate at a low temperature within a dark environment. The antibodies included PE anti-
mouse CD3 (cat#103308; 1:100; BioLegend, San Diego, CA, USA), FITC anti-mouse CD45 (cat#103107; 1:100;
BioLegend), PerCP/Cvanine5.5 anti-mouse CDS8a (cat#100734; 1:100; BioLegend), and APC anti-mouse CD4
(cat#100412; 1:100; BioLegend). The antibodies were then washed, recovered, and tested. A CytoflexS flow cytometer
was used; the fluorescence channels were BrilliantViolet421, PE, FITC, and PerCP/Cvanine5.5. Forward- and side-
scattered light were applied to remove cell debris and a CD3—-CD45 gate was set to capture the immune cells. The
proportions of CD4" and CD8" T cells in the intestinal infiltration were quantified using FlowJo v10.8.1 (Flowlo,
Ashland, OR, USA).

Statistical Analysis

Datasets are collected from the GEO database. The quantiles function from the preprocessCore package in R is used to
standardize the data. We consistently apply a log2 transformation to all data. We apply the removeBatchEffect function
from R’s limma package to address batch effects across different batches within the same dataset and platform. Box plots
are used to evaluate the normalization of data during preprocessing; The assessment of data batch effects is done by
comparing PCA plots before and after removing batches. Pearson or Spearman correlation coefficients were used to
perform correlation analyses. The Pearson method was applied when the data were continuous and normally distributed,
while the Spearman method was utilized for data that did not meet these criteria. Receiver operating characteristic (ROC)
curves were utilized to evaluate the diagnostic value. The results of three independent experiments were included in each
analysis. And the data (mean = SD) were examined using GraphPad Prism (version 8.0.2). For normally distributed data,
differences between two groups were assessed using the Student’s #-test, whereas those among three or more groups were
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assessed using analysis of variance. For non-normally distributed data, the Wilcoxon rank-sum test was used for
comparisons between two groups, whereas the Kruskal-Wallis test was employed for comparisons involving more
than two groups. Significance was set at p < 0.05.

The graphical abstract of this study is shown in Graphical Abstract.

Results

DEG Screening

Gene expression data in CD tissues were sourced from microarray datasets available on the GEO database (Figure 1a).
The ComBat function (sva R package) was used to correct batch effects in two distinct datasets (GSE10616 and
GSE36807) by adjusting the expression values (Figure 1b and c). We identified 106 DEGs meeting the criteria [logFC]|
>1 and adjusted p < 0.05, of which 91 were upregulated, and 15 were downregulated (Figure 1d). The heat map in
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Figure | Differentially expressed genes (DEGs) obtained from the Gene Expression Omnibus (GEO) database. (A—-C) Dataset of patients with Crohn’s disease (CD) in the
GEO database for correcting batch effects. (D) A total of 106 DEGs, including 91 upregulated and 15 downregulated genes, were identified in the GSE106 16 and GSE36807
datasets based on the criteria of |logFC| > | and adjusted p < 0.05. (E) Heat map showed significant DEGs (“con” = normal tissue, “treat” = CD tissue), including 32
upregulated (yellow) and 8 downregulated (blue) genes.
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Figure le shows the significant DEGs, comprising 32 with augmented expression (indicated in yellow) and 8 with
diminished expression (highlighted in blue).

GO and KEGG Pathway Enrichment Analyses of CD-Related Genes

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses were conducted to determine
the functional implications of the delineated genes associated with CD. The KEGG analysis revealed that the DEGs
exhibited significant enrichment in various inflammatory pathways, including the IL-17 pathway, chemokine signaling
pathways, interactions between cytokines and their receptors, and NOD-like receptor signaling pathway (Figure 2a and
b). This result emphasizes the pivotal role of these molecular pathways in regulating inflammatory responses, under-
scoring their potential as targets for therapy or markers for diagnosis (Figure 2a and b). Similarly, GO pathway analysis
identified that the signature genes primarily influenced immune regulation, including the humoral immune response,
leukocyte chemotaxis, response to chemokines, cell chemotaxis, and cellular response to chemokines (Figure 2¢ and d).

GSEA yielded similar enrichment results in the Toll-like receptor signaling pathway (Figure 2e), intestinal immune
network for immunoglobulin A production pathway (Figure 2f), NOD-like receptor signaling pathway (Figure 2g),
cytokine receptor interaction (Figure 2h), chemokine signaling pathway (Figure 2i), valine, leucine, and isoleucine
degradation (Figure 2j), citrate cycle (Figure 2k), and oxidative phosphorylation (Figure 21). Additionally, several
immune-related pathways showed significantly higher activity, including TNF-a signaling via NF«xB, IL6-JAK—-STAT3
signaling, the IFN-a response, GSE10325 B cell vs myeloid DN cells, IFN-y response, GSE10325-CD4" T cells vs
B cells UP, and GSE10325-CD4" T cell vs myeloid DN cells (Table S2). The upregulated pathways, including 1L-17,
chemokine, and NOD-like receptor signaling, further demonstrated the involvement of inflammatory processes in CD
pathogenesis (Table S3). These pathways are important in immune regulation, cytokine production, chemotaxis, and
cellular migration. Moreover, the enrichment of pathways associated with the humoral immune response, IFN response,
and TNF-a signaling further implicates dysregulated immune function in CD pathology.

Identification of Genes Most Associated with CD

Using the differential limma algorithm, we identified 106 DEGs in 45 CD and 16 non-CD tissues. To further investigate
regulatory genes in CD, we utilized the SVM-RFE and LASSO algorithms individually. Twelve genes were identified via
LASSO analysis (Figure 3a), and eight CD-associated genes were identified using the SVM—RFE algorithm (Figure 3b).
By identifying the intersection between CD-associated genes derived from LASSO regression and the SVM-RFE
algorithm, we confirmed the significance of eight crucial genes: CCLII, C4BPB, SLC6A14, CCLS, SPINK4,
ADGRG7, NXPEI, and BCHE (Figure 3c). ROC analyses were conducted to evaluate the diagnostic performance of
the eight implicated genes, revealing that CCL1] (area under the curve (AUC) = 0.915), C4BPB (AUC = 0.9), SLC6A414
(AUC = 0.881), CCL8 (AUC = 0.818), SPINK4 (AUC = 0.805), and NXPEI (AUC = 0.889) exhibited significant
diagnostic potential (Figure Sla-h).

We then performed a weighted correlation network analysis (WGCNA) based on the expression profiles of the
combined dataset to identify core modules associated with CD. The samples exhibited strong clustering in the
hierarchical cluster analysis without any noticeable outliers (Figure 3d). To establish the soft thresholding power in
line with the scale-free network principle, the “PickSoftThreshold” function was employed. To achieve the network’s
scale-free topology, the soft threshold was adjusted to 20, resulting in an R? value of 0.84 and a notably high average
connectivity. A scale-free co-expression network was created using soft thresholds (R* = 0.84, power = 20). By
converting the adjacency matrix, a topological overlap matrix was established (Figure 3e and f). Cluster analysis was
conducted to detect gene clusters, each containing at least 60 genes; 3 corresponding gene clusters were found (Figure 3g
and h). The blue module showed the highest correlation, with a maximum correlation value of 0.46 and a p-value of 2 x
1074, followed by the gray module (R? = 0.38 and p = 0.003; Figure 3h). The scattered data plot (Figure 3i and j)
demonstrated a robust relationship between gene significance (GS) and module membership (MM) in the “blue” and
“gray” segments (Cor = 0.48, p = 1.4 x 10™**, and Cor = 0.36, p = 6.7 x 10" "4, respectively).

In addition, 1124 genes within these two modules were deemed significant, meriting subsequent in-depth analysis.
Genes in blue (CARD6, CCL2, CDHII, CHST15, COL6A3, DRAMI, F2R, FGR, IKBIP, NCF2, PDE4B, RAB3I,
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Figure 3 DEGs were screened and weighted correlation network analysis (WGCNA) soft threshold was determined using the Least Absolute Shrinkage and Selection
Operator (LASSO)/support vector machine (SVM)-recursive feature elimination (RFE) algorithm. (A) In total, 12 key genes were confirmed through LASSO analysis. (B)
Using SVM-RFE, 28 key regulatory genes were identified. (C) Venn diagram showed 8 key genes by taking the intersection of CD-related genes obtained from LASSO and
SVM-RFE. (D) Sample hierarchical cluster analysis results showed good clustering among the samples, with no significant outliers. (E and F) The PickSoftThreshold function
was used to determine the soft threshold capability. (G and H) Cluster analysis identified three similar gene modules, with a minimum number of 60 genes per module.
(I and }) Scatter plot showed a strong correlation between gene significance (GS) and module membership (MM) in the “blue” and “grey” modules (Cor = 0.48, p = 1.4 x
102 and Cor = 0.36, p = 6.7 x 107'* respectively).

SLAMF?7, STAP2, TDO2, and THEMIS?2) and gray modules (CXCLI, MMP3, and SLC6A14) were identified as the most
relevant genes associated with CD.

Figure 4a shows that the crucial gene in CD was SLC6A4 14, as indicated by the overlap of genes revealed by the LASSO and
SVM algorithms. Analysis of differential expression indicated that CD tissues exhibited a notable increase in SLC6A414
expression in contrast to normal tissues (Figure 4b). ROC curve analysis identified SLC6A4 14 as a diagnostic indicator in patients
with CD (AUC =0.881, Figure 4c). The same results were observed in external validation datasets (GSE95095, GSE16879, and
GSE102133), with significantly elevated expression of SLC64 14 in patients (Figure 4d—f) and AUCs of 0.773, 0.998, and 0.949,
respectively (Figure 4g—i). Specifically, the GSE16879 dataset offered a comparative analysis of pre- and post-treatment
conditions with the first administration of infliximab. Subsequent analysis revealed a notable downregulation of SLC6A414
expression following the infliximab intervention for CD within the confines of the GSE16879 dataset (Figure 4j). This decrease
suggests that SLC6A4 14 holds considerable potential as an indicative biomarker for forecasting the therapeutic response in CD
(AUC = 0.70; Figure 4k).

Journal of Inflammation Research 2025:18 hetps: 1135



Su et al

A SVM-RFE

LASSO WGCNA
F
B3 Con B3 CD
12 9.2¢-07
= o e
2 I
2 10 R
2 e
o ¢t
58 . B
= o
e ) A
O .
— ol
Ky $ s
Con CD
I
SLC6A14
=
— —
0
S
>
g e
Z © )
G /AUC: 0.998
S < 95% CI: 0.986-1.000
©n S /
N
(=]
<
< T T T T T T
00 02 04 06 08 1.0

1-Specificity

w

SLC6A 14 expression

o

Q SLC6A14 expression

Sensitivity

SLC6A 14 expression

B89 con B3 CD
8 7.3e-06
6 * .,
.o
4 —
s
2 J '
CD
E5 Con B3 CD
0.003
12 . .
10 .
8
6
Con CD
SLC6A14
o
0
B
o |
(=1
AUC: 0.773
< | 95% Cl: 0.585-0.927
f=1
N
(=4
<
. T T T T T T
00 02 04 06 08 1.0
1-Specificity
B3 Before £33 After
0.0032
8 * j o 2 ..":
6 A < * ".'..
T .
4 I
Before After

Sensitivity

SLC6A 14 expression

Sensitivity

1.0m

04 06 08
1

0.2

0.0

1.0

0.8

Sensitivity

0.4

0.6

0.2

0.0

SLC6A14

AUC: 0.881
95% Cl: 0.781-0.956

00 02 04 06 08 10
1-Specificity

Con CD
SLC6A14

AUC: 0.949
95% Cl: 0.895-0.985

0.0 02 0.I4 0.‘6 0.8 1.0
1-Specificity
SLC6A14

/AUC: 0.701
95% Cl: 0.573-0.815

T

00 02 04 06 08 10
1-Specificity

Figure 4 Screening of SLC6A14 and diagnostic ability of SLC6A 14 in samples from patients with CD. (A) Venn diagram of the key regulatory genes (including SLC6A14) of
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compared with normal tissues. (C) Receiver operating characteristic (ROC) curve analysis further showed that SLC6A14 can be used as a key diagnostic indicator in patients
with CD (AUC=0.881). (D-F) GSE95095, GSEI6879 and GSE102133 showed that the expression of SLC6A4 significantly increased in patients with CD. (G-1) The ROC
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Our assessment of SLC6474 mRNA expression in 15 pairs of CD and healthy tissue samples aligned with prior
findings. SLC6A14 mRNA levels significantly increased in CD tissues (Figure 5a and b). IHC analysis yielded similar
results, showing significantly elevated SLC6A14 protein levels in CD tissues, suggesting that SLC6A14 could be a key

diagnostic indicator for patients with CD (Figure Sc).
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Figure 5 Expression of SLC6AI4 in clinical samples. (A and B) The relative expression levels of SLC6A14 in 15 pairs of CD and normal tissue samples. (C)
Immunohistochemistry (IHC) analysis yielded similar results, showing significantly elevated protein expression levels of SLC6A14 in CD tissues, suggesting that SLC6A 14
could be a key diagnostic indicator for CD patients. **¥, p<0.01.
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Immune Cell Infiltration/Functions and Their Association with SLC6A 14

Additional ssGSEA uncovered variances in the levels of immune cell infiltration among individuals with CD compared
with those in the control group; the distribution of the 28 different immune cell types is presented in Figure 6a.
Disparities observed in individuals with CD included a significantly increased count of immune cells, eg, activated
CD4" T cells, CDS" T cells, and dendritic cells, suggesting these cells were crucial in CD progression (Figure 6b).
Correlation analysis revealed positive correlations between SLC6414 and most immune cell types (Figure 6¢ and
Table S4).

We further analyzed the variances in immune function (Figure 6d). Immune function scores were significantly greater
in patients with CD than in those without. Differential analysis revealed increased activity in immune pathways,
including CCR, checkpoints, HLA, promotion of inflammation, T cell co-inhibition, APC co-inhibition, T cell co-
stimulation, cytolytic activity, APC co-stimulation, type II IFN response, and TIL in CD tissues (Figure 6e), highlighting
their roles in immune-related pathways in CD pathology. Correlation analysis further revealed significant positive
correlations between SLC6A414 and APC co-inhibition, APC co-stimulation, CCR, checkpoints, cytolytic activity,
HLA, promotion of inflammation, T cell co-inhibition, T cell co-stimulation, TIL, and type II IFN response (Figure 6e
and Table S5). These findings suggest the cellular molecular mechanisms through which SLC6474 may regulate CD
progression.

The deconvolution algorithm CIBERSORT was employed to assess the variances in levels of immune infiltration
among individuals with CD and control specimens (Figure S2a). The levels of yd T cells, MO macrophages, and M1
macrophages showed a notable increase in CD specimens, pointing to their significant involvement in CD development.
The correlation between SLC6414 and MO/M1, y3 T cells, and Tth cells is shown in Figure S2b—f. These results confirm
the significant effect of SLC6414 on the intestinal immune environment during CD pathogenesis and suggest that it is

a clinical diagnostic marker for CD.

Effects of SLC6A 14 Inhibitors in Animal Models

Single-gene indicators of CD showed favorable treatment trends. For example, blocking the small molecule receptor
gw130 in the STAT pathway exerted a significant therapeutic effect on CD. Therefore, we hypothesized that inhibitors
specifically blocking the effects of SLC6474 would also have positive effects on treating CD. Based on existing
2243 we identified a-MT, a SLC6414 inhibitor, as a potential therapeutic drug for CD. a-MT binds specifically
to SLC6A14 and has shown good results in treating colon and liver cancers.

literature,

We used 1% DSS aqueous solution as an inducer of inflammatory bowel disease to model CD in mice. During the
modeling process, changes in mouse body weight and CDAI scores were recorded as indicators of CD modeling success
(Figure 7a). Upon completion of the modeling process, the mice were euthanized, and the length of the colon segments
was measured (Figure 7b). The weight changes in the mice and the CDAI score based on mouse weight and perianal
bleeding in the stool and blood are shown in Figure 7¢ and d. The eosin and hematoxylin staining showed that the
morphology of the intestinal glands was more complete in the a-MT-treated group than in the DSS group (Figure 7e).
IHC results indicated that in the DSS-induced group, the expression of SLC6A14 was significantly upregulated; after
treatment with o-MT, SLC6A14 abundance was downregulated, comparable to the control group. The IHC results were
corroborated by the RT-PCR results (Figure 7f). These findings underscore that o-MT distinctly attenuates SLC6A414
expression within the colonic segments of mice afflicted by CD, exerting a beneficial therapeutic impact.

Effect of SLC6A 14 on Immune Infiltration in Lesions of Mice with CD

One characteristic of CD is the exacerbation of local inflammation. A more significant feature is the increased infiltration
of immune cells, including macrophages,'?> CD4" T cells,”* and CD8" T cells.*! Using the refined methodologies of
LASSO/SVM to discern DEGs, our exploration within immune-related databases revealed a positive association between
the degree of infiltration of CD4" and CDS8" T cells and SLC6A14 expression. This suggests that SLC6A14 may
contribute to CD development by altering CD4" and CD8" T cell infiltration in the intestinal lesions of patients with CD.
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Figure 7 In the dextran sodium sulfate (DSS)-induced mouse model of CD, a-methyl-tryptophan (0-MT) ameliorated disease progression. (A) Flow chart of DSS-induced
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the expression of SLC6A14. ¥, p<0.001.

RT-PCR results indicated significantly elevated levels of cytokines, such as IFN-y and TNF-o, which influence T cell
differentiation, compared with the control group. Additionally, the immune cell surface markers CXCR-3 and LAG-3
were upregulated. Meanwhile, a-MT treatment markedly decreased the expression of these genes. This implies that the
CD mice treated with a-MT exhibited decreased SLC6A14 expression, impeding chemokine metabolism processes
(Figure 8a—f).

Flow cytometry analyses revealed a significantly higher degree of intestinal CD4" and CD8" T cell infiltration in the
DSS treatment group than that in the control group. Conversely, compared with the DSS treatment group, the proportion
of infiltrating CD4" and CD8" T cells in the CD mice subjected to o-MT treatment was notably reduced (Figure 8g).
These findings suggest an augmented synthesis of inflammatory factors promoting immune cell infiltration and abun-
dance in the intestines of mice with CD, exacerbating the degree of intestinal immune cell infiltration. Inhibiting the
expression of SLC6A14 reduced CD4" and CD8" T cell infiltration in the intestines of mice with CD, thereby
suppressing CD progression. This highlights SLC6A14 as a potentially crucial therapeutic target for CD.
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Figure 8 Correlation between SLC6A 14 and the degree of immune cell infiltration in CD mice. (A) The expression of SLC6A14 showed an upward trend in the CD mouse
colon segment (p < 0.05). (B—F) The expression of CD4" and CD8" T cell-related markers, including FASLG (B), CXCL3 (C), INFG (D), TNFa (E), and Lag-3 (F), was
significantly upregulated in the mice with CD (p < 0.05). (G) Flow cytometry was used to detect immune cell infiltration in the intestines of mice. Compared with the CD
model group, the intestinal immune infiltration of a-MT-treated mice was significantly improved, and the infiltration ratio of CD4" and CD8" T cell cells was significantly
reduced (p < 0.05). *, p<0.05; **¥, p<0.01; ***, p<0.001.
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Discussion

In this study, we used relevant data from databases, clinical samples, and animal models, which revealed high SLC6414
expression in CD. The elevated expression levels of SLC6414 were positively correlated with the extent of immune cell
infiltration. Targeted inhibition of SLC6A414 expression through o-MT alleviated the infiltration of intestinal immune
cells, thereby controlling the progression of CD. These findings support the need to analyze the immune regulatory
mechanism of CD for developing treatment options.

Using the CD dataset in the GEO database'®** and KEGG pathway analysis,** we found that, unlike normal tissues,
the DEGs in CD tissues were enriched mainly in immune infiltration—related pathways, corroborating the insights
gleaned from published research.'”*® An intersection of the LASSO method and SVM algorithm with the CD regulatory
genes obtained by WGCNA yielded the differential gene SLC6474. We discovered that SLC6A14 is significantly
overexpressed in CD samples, and its expression is positively correlated with the degree of infiltration by CD4+ and
CD8+ T cells, which has great potential as a marker for the diagnosis and prognosis of CD. Moreover, the elevated levels
of SLC6A14 RNA and protein were confirmed in clinical CD tissues and animal models of CD.

SLC6A14 belongs to the solute-carrier transporter superfamily. Members of this family are widely involved in the
maintenance of immune homeostasis*’ and participate in ferroptosis by regulating T cell amino acid metabolism*® and
the C/EBPB—PAKG6 pathway,”” as well as affecting the immune response. Our study revealed that SLC6414 exhibited
high levels of expression in both clinical specimens and animal models of CD. Therefore, we hypothesized that SLC6414
regulates CD by affecting the proliferation and differentiation of intestinal immune T cells. Studies on SLC6A414 and its
family members have shown that this family of genes promotes the proliferation of Tregs.*®*’ Evaluation of the immune
correlation of SLC6A4174 in CD using the ssGSEA algorithm revealed a positive association between increased SLC64 14
expression and the extent of CD4" and CD8" T cell infiltration. In our research, there is a significantly higher degree of
intestinal CD4+ and CD8+ T cell infiltration in the CD model mice, which indicated that SLC6414 could serve as an
indicator of CD4" and CDS8" T cell infiltration in the lesion tissue of animal models with CD. Conversely, the proportion
of infiltrating CD4+ and CD8+ T cells in the CD mice subjected to a-MT treatment was notably reduced. These findings
suggest an augmented synthesis of inflammatory factors promoting immune cell infiltration and abundance in the
intestines of mice with CD, exacerbating the degree of intestinal immune cell infiltration. Inhibiting the expression of
SLC6A14 reduced CD4+ and CD8+ T cell infiltration in the intestines of mice with CD, thereby suppressing CD
progression. This highlights SLC6A14 as a potentially crucial therapeutic target for CD. The findings from the external
validation set also revealed a markedly positive association between SLC6414 expression and the presence of CD4" and
CDS8" T cells. The expression levels of SLC6414 in the intestine mirror the infiltration rates of intestinal CD4" and CD8"
T cells, suggesting that SLC6A414 can effectively reduce the severity of CD.

The mode of action of CD immune-related inhibitors in treating CD is by inhibiting interleukins, integrins, and TNF-
0.°> Common drugs include upadacitinib,>®*"! risankizumab,*' guselkumab,*® infliximab, vedolizumab (Entyvio), adali-
mumab (Humira), pexelizumab (Cimzia), ustekinumab (Stelara), risankizumab, azathioprine, methotrexate, anti-
inflammatory 5-aminosalicylic acid formulations, and prednisone.** However, patients with CD may develop tolerance
to single immunosuppressant therapy, resulting in poor therapeutic efficacy.’® Therefore, new immunosuppressive
pathways and combined immunotherapy strategies need to be explored for the effective treatment of patients with CD.
The SLC6A414-targeting inhibitor a-MT inhibits cell proliferation by blocking the mTOR pathway, promoting local
thrombus formation under sonodynamic forces, and eliminating diseased tissue.**' Combined with the high SLC6414
expression in CD tissues and its confirmed strong association with both CD4" and CD8" T cells found in our database
analysis, we hypothesized that a-MT inhibits the proliferation of intestinal immune cells by inhibiting SLC6414
expression.

Our animal experiments showed that the immune function of the intestinal tract of mice treated with a-MT was
significantly restored, and the percentages of both CD4" and CD8" T cells decreased significantly. These findings indicate
that SLC6A14-related inhibitors can be combined with sonodynamic blood supply occlusion therapy and inhibit the
inflammatory response in the intestine, thereby eliminating CD tissue simultaneously. This offers new possibilities for the
minimally invasive treatment of CD.
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Conclusion

Controlling SLC6A414 expression inhibits the intestinal immune activity of DSS-induced CD in mice to an appreciable
extent, providing a new avenue for clinically diagnosing and treating CD. Nevertheless, this study is not without its
limitations. For instance, the quantity of clinical specimens was not sufficient, which could have potentially limited the
robustness of the conclusions drawn, and the algorithm screening could have been further optimized. Addressing these
limitations will be a major focus of our subsequent research.
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