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INTRODUCTION

Metabolic dysfunction—associated steatotic liver dis-
ease (MASLD) is the most common chronic liver
disease worldwide, with a high prevalence rate, and is
the second leading cause of end-stage liver disease.['?]
Metabolic  dysfunction—associated  steatohepatitis
(MASH) is an essential link in MASLD progression,
which has the risk of further development into different
degrees of liver fibrosis, even end-stage liver disease
such as liver cirrhosis and liver cancer, and is positively
correlated with an increase in mortality.’! Despite its
high prevalence and potential impact on public health,
effective diagnostic methods for MASLD and its
progression to MASH are lacking. The gold standard
for diagnosing MASLD is liver biopsy, which is invasive
and carries potential risks, including bleeding, infection,
and pain. Therefore, there is an urgent need for
diagnostic methods that can effectively identify MASLD
progression to predict the prognosis and guide
treatment.

Immune cell infiltration plays a crucial role in MASLD
development and progression. The interaction between
immune cells and hepatocytes leads to the production of
proinflammatory cytokines and chemokines, which contrib-
ute to the development of hepatic steatosis, inflammation,
and fibrosis. ! As a significant immune organ, the liver
contains a coordinated network of innate immune cells,
including KCs, dendritic cells (DCs), and lymphocytes.?!
While MASLD primarily manifests as a metabolic disorder, it
involves inflammatory processes mediated by diverse
immune cells, particularly during the progression to MASH,
where inflammation is essential.l Many studies have found
that abnormalities in immune cells occur during the
progression of MASLD. MASLD progression requires the
release of neutrophil-specific components.”l One study
showed that Th1 cytokines, such as IL-6 and TNF-a, may
promote Th1 cell differentiation and contribute to inflamma-
tion in MASLD.®! In addition, B cell-activating factor levels
are increased in MASLD progression, and a higher BAFF
level in serum is considered a risk factor for MASH. Merad
et al found that the number of DCs increased in livers with
MASH, and these DCs showed an activated phenotype.['%
Consequently, a systematic study of the characteristics of
immune cells during MASLD progression will contribute to
developing new treatments for MASLD and MASH.

With the development of microarray and high-through-
put sequencing technologies, bioinformatics analysis can
be used to identify diagnostic biomarkers for many
diseases. For instance, a recent bioinformatics study
demonstrated that the secreted protein TSP-2, encoded
by THBS2, could be a noninvasive biomarker for
identifying MASH and advanced fibrosis.["!

This study aimed to investigate the dynamic changes
in immune cell composition during MASLD progression
and identify the diagnostic gene signature associated
with this process. First, we analyzed transcriptomic data

from liver biopsies of patients at different stages of
MASLD, including Normal, MASLD, and MASH, to
identify significant differences in immune cell infiltration
during MASLD progression. Subsequently, we identified
the differentially expressed immune-related genes
associated with at least one clinical feature of MASLD.
In addition, 4 machine learning methods were employed
to construct an ensemble learning model. Finally, we
elucidated the vital role of diagnostic genes and
immune cells in MASLD progression at the single-cell
level. By exploring the immune cell composition,
functional changes, and molecular signaling pathways
implicated in MASLD progression, as well as the
interaction between immune cells and the pathogenesis
of MASLD, this study provides a deeper understanding
of the underlying mechanisms driving the progression
of MASLD.

METHODS
Data collection and preprocessing

The microarray data sets E-MEXP-3291,1'2 GSE33814,["3l
GSE48452,"1 GSE61260,"% GSE66676,1 GSE89632,1'7)
and GSE164760;1'8 the RNA-Seq data sets GSE126848,["9]
GSE130970,2% and GSE135251;2" and the single-cell
RNA-sequencing (scRNA-seq) data sets GSE174748(
and GSE189175123 were obtained from the ArrayExpress
(https://www.ebi.ac.uk/arrayexpress/) and Gene Expression
Omnibus databases (https://www.ncbi.nim.nih.gov/geo/),
respectively. Clinical information associated with the data
sets is presented in Supplemental Table S1, http:/links.lww.
com/HC9/A591.

The raw microarray data underwent preprocessing
and normalization using the Robust Multiarray Average
method implemented in the R package “affy.” For
instances in which one gene corresponded to multiple
probes, the average value was calculated. Additionally,
the read counts of the RNA-seq data sets were
converted to transcripts per million for further analysis.

Integration of immune cell gene sets

To identify immune cell signatures, 66 gene sets were
collected from Wang and colleagues (Supplemental
Table S2, http://links.lww.com/HC9/A592).24-321 The
Single-Sample Gene Set Enrichment Analysis method
was used to assess the immune infiltration of each
sample, which was computed based on the expression
levels of immune cell signature genes. The R package
“limma” was used to examine the differences in immune
cell infiltration between the 2 comparisons (MASLD vs.
Normal and MASH vs. MASLD). Pearson correlation
test was conducted to evaluate the correlation between
distinct immune cell infiltration, while R package
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“corrplot” was used to visualize the correlation between
immune cells.

Genes associated with MASLD
progression

Six microarray data sets were merged into a single
expression matrix after batch correction. The differen-
tially expressed genes (DEGs) in 3 comparison groups
(MASH vs. Normal, MASH vs. MASLD, and MASLD vs.
Normal) were identified using the R package “limma.”
DEGs were defined as genes that met the threshold of |
log2FC | >0.3 and p-value <0.05. Overall, the DEGs
from the 3 comparisons were combined.

Subsequently, all DEGs were clustered using the R
package “Mfuzz” based on the order of MASLD
progression (Normal, MASLD, and MASH), which
clustered genes with similar expression patterns in the
same group. The DEGs were divided into 10 clusters
with a membership threshold of 0.25. Clusters of
DEGs showing consistent expression patterns across
different stages were merged and considered MASLD
progression-related genes.

Functional enrichment analysis

To investigate the function and pathways of specific
genes, we performed gene ontology and Kyoto Ency-
clopedia of Genes and Genomes pathway analyses
using the R package “clusterProfiler.” We screened for
statistically significant gene ontology terms and signal-
ing pathways with a threshold of p < 0.05. The results of
the enrichment analysis were visualized using R pack-
ages “treemap” and “ggplot2.” Gene set variation
analysis was used to analyze functional differences in
different cell populations. The hallmark gene set for
gene set variation analysis was downloaded from the
Molecular Signatures Database (https://www.gsea-
msigdb.org/gsea/msigdb/index.jsp).

Immune-related coexpression networks

To identify coexpression modules with a high correla-
tion to immune cell infiltration in MASLD, we employed
the R package “weighted gene coexpression network
analysis” to construct a weighted gene coexpression
network and cluster all genes into different modules. We
chose a scale-free R? threshold of 0.85 and a soft
threshold of p = 5. The adjacency matrix was then used
to calculate the topological overlap matrix. Hierarchical
clustering was performed to identify modules containing
a minimum of 50 genes. Finally, the Pearson correlation
test was used to evaluate the association between
modules and traits.

Construction of protein-protein interaction
network

In this study, the protein-protein interaction (PPI)
network was constructed using the Search Tool for
the Retrieval of Interacting Genes/Proteins database
(https://string-db.org/).133l The minimum required inter-
action score was set to 0.4, and false discovery rate
stringency was set to 0.05. The PPl network was
visualized using the Cytoscape software. To identify
hub genes, the cytoHubba plugin of Cytoscape was
used, which scored each node gene using 11 algo-
rithms, including Maximal Clique Centrality, Density of
Maximum Neighborhood Component, Maximum Neigh-
borhood Component, Degree, Edge-Percolated Com-
ponent, BottleNeck, EcCentricity, Closeness, Radiality,
Betweenness, and Stress. The top 50 node genes
scored by each algorithm were screened for hub gene
identification using Supervenn. Identification of clinically
relevant hub genes was based on clinical features from
the data set GSE48452.

Diagnostic signature for MASLD
progression

To avoid overfitting, we used RNA-seq GSE126848
instead of integrated array data to construct the model.
We performed the Boruta algorithm with maxRuns =
1000 to select genes that were more strongly associ-
ated with MASLD progression based on their impor-
tance. To establish an accurate diagnostic signature,
we used an ensemble machine learning model based
on 3 algorithms: random forest, Extreme Gradient
Boosting, and decision tree. To avoid bias due to
different methods, we used the R package “care-
tEnsemble” for this purpose.

To verify the diagnostic effectiveness of the identified
diagnostic signature in different MASLD progression
stages, we employed the data sets GSE130970,
GSE135251, and GSE164760. Additionally, the diag-
nostic effectiveness of the identified diagnostic signa-
ture was evaluated using ROC analysis by R package
“pROC,” with the area under the ROC curve value used
to determine the ability to distinguish between different
stages of MASLD progression.

Building and evaluation of predictive
nomogram

The R software package “rms” was employed to create
a nomogram, which was evaluated by plotting calibra-
tion curves to compare the predicted diagnostic
probabilities from the plots with the observed diagnostic
probabilities. The net benefit of the nomogram was
determined using the decision curve analysis curve.
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scRNA-seq data preprocessing

We obtained scRNA-seq data sets for MASLD from the
GEO database and conducted an analysis using
Seurat.®¥ To ensure the quality of our research, we first
removed low-quality cells that exhibited fewer than 500
unique molecular identifiers and with mitochondrial gene
expression levels exceeding 20%. We further refined our
dataset to include only cells that expressed between 300
and 7000 genes, with genes expressed in at least three
cells used for downstream analysis. Our analysis yielded
a total of 9033 cells from healthy samples, 15,236 cells
from patients with MASLD, and 8525 cells from patients
with MASH. We conducted log normalization of raw
uniqgue molecular identifier counts and identified 2000
highly variable genes using FindVariableFeatures. Prin-
cipal component analysis was performed using the
variable genes, and dimensionality reduction was per-
formed using RunPCA. To address the issue of batch
effects and heterogeneity between samples, we used
harmony to correct these effects. Finally, we conducted a
second round of dimensionality reduction using t-
Distributed Stochastic Neighbor Embedding and anno-
tated the cell clusters using marker genes from
CellMarker.®® The R package “Scissor’ used bulk
phenotypes to identify cell subpopulations associated
with the progression of MASLD.B®l The R package
“AUCell” was employed to identify the active states of the
diagnostic signature in T cells, categorizing cells in the
top 25% of scores as the high group and the remaining
cells as the low groups.

Ligand-receptor interactions between T cell
and hepatic stellate cell (HSC)

We investigated ligand-receptor interactions between T
cell subgroups and HSCs using the iTALK package. The
top 20 ligand-receptor interactions exhibiting high
expression levels were selected for further investigation.

RESULTS

The immune characteristics of MASLD
progression

The present study aimed to investigate the immune
infiltration characteristics at different stages of
MASLD. To this end, 6 microarray data sets were
selected for immune cell infiltration analysis, compris-
ing 140 normal samples, 107 MASLD samples, and
95 MASH samples. The batch effect of the merged
data was effectively mitigated, as demonstrated in
Figure 1A, C, which displays the data before and after
batch correction. The merged data sets were used for
further analysis.

First, the Single-Sample Gene Set Enrichment Analysis
algorithm was employed to calculate the infiltration scores
of 66 immune cells in the 3 groups, which are presented in
a heatmap (Figure 1D and Supplemental Table S3, http://
links.lww.com/HC9/A593). Twelve immune cells were
found to exhibit significant differences (p <0.05) in the 3
comparisons (MASLD vs. Normal and MASH vs.
MASLD), as depicted in a violin plot (Figure 1E). These
immune cells include resting memory CD4 T cells, T cells,
central memory CD4 T cells, naive CD4 T cells, CD8 T
cells, regulatory T cells, central memory CD8 T cells, mast
cells, activated CD8 T cells, effector memory CD4 T cells,
resting natural Kkiller cells, and monocytic lineage.
Furthermore, the infiltration of immune cells increases
with the progression of MASLD. Finally, by analyzing
single-cell data obtained from Normal, MASLD, and
MASH samples, we successfully identified seven distinct
cell types: hepatocytes, endothelial cells, cholangiocytes,
HSCs, T cells, DCs, and macrophages (Figure 1F, G).
Notably, hepatocytes constituted the highest proportion
across all samples (Figure 1H). Among the immune cells,
T cells accounted for the highest proportion in all sample
groups. Furthermore, there was an escalation in the
proportion of T cells, macrophages, and DCs from Normal
to MASH groups. These findings suggest that the immune
characteristics of liver tissues change with MASLD
progression.

Characterizing gene expression alterations
during MASLD progression

To identify genes exhibiting differential expression
across distinct stages of MASLD, we performed
differential expression analysis of 342 samples encom-
passing Normal, MASLD, and MASH. The analysis
identified a set of 68 DEGs from the Normal-MASLD
group, 385 DEGs from the MASLD-MASH group, and
537 DEGs from the Normal-MASH group, which met the
criteria of p <0.05 and llog2FCl > 0.3 (Figure 2A-C and
Supplemental Table S4, http://links.lww.com/HC9/
A594). By integrating the three sets of DEGs, we
ultimately identified 667 DEGs, which are visually
represented in Figure 2D using a Venn diagram.

To determine the gene alteration characteristics
during MASLD progression, we conducted Mfuzz cluster
analysis to identify the expression trends of DEGs across
the three stages (Figure 2E and Supplemental Table S5,
http://links.lww.com/HC9/A595). The initial set of 667
DEGs identified was used as input for the Mfuzz analysis,
resulting in the identification of 10 clusters that were
categorized into 3 groups: upregulated (clusters 2, 4,
and 5), downregulated (clusters 3 and 7), and dis-
continuous change (clusters 1, 6, 8, 9, and 10).
Ultimately, we discovered 236 Mfuzz-DEGs belonging
to the upregulated group and 117 Mfuzz-DEGs belonging
to the downregulated group, demonstrating their
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FIGURE 1 Boxplot and principal component analyses of before (left) and after (right) batch correction (A, B). Expression levels of the immune
cell-related genes before (top) and after (bottom) batch correction (C). The infiltration score of 12 kinds of immune cells with significant differences
in the 2 comparisons was shown in a heatmap and violin plot (D, E). ***p < 0.001. The main cell types in MASLD are illustrated by the t-SNE plot
(F). Dot plot showing average expression of marker genes in each cell type (G). The proportions of the main cell types were ranked from high to
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sustained changes during MASLD progression. We enrichment of upregulated Mfuzz-DEGs in immune-
performed gene ontology and Kyoto Encyclopedia of  related functional pathways, whereas downregulated
Genes and Genomes enrichment analyses using Mfuzz-DEGs were closely associated with metabolic
clusterProfiler to explore the mechanisms underlying processes. Additionally, T cell-related pathways were
MASLD progression. Our findings revealed a significant prominent among the top enriched pathways, implying



6 HEPATOLOGY COMMUNICATIONS
(A) (B) (©) (D)
Normal : MASLD MASLD : MASH Normal : MASH MASLD:MASH Normal:MASLD
MRAS. = 4 N
P i MACROEZAR camz| 15 Eoa Mk MACRszTzBM i
S 91 I6FBPZ ; " cypral = 277 5PP1 120 cpppaMRASE L Sept
g . vIL1 S SGRM8 | 4| CLECAS . ITR_K::‘__,‘ : Lf'lKme' . (16.8%)
o g <t - L "
o SHBG._?KPMLZ:: s \ A 10 _:. Y
gs X e ; i K
! o URR2I"HLA-DRES | 4 0 %
-10-65 0 05 1.0 o 1 6 1 3 2 -1 0 1 2
log2 fold change log2 fold change log2 fold change
2 . d g 8 . Normal:MASH
(E) Cluster | 1 |
SampleType Expression
MASH
MASLD & B
Normal -2 -1 0 1 2
GO Term | [ KEGG
o Hematopo- The call
T leukocyt letic ce differentia-
activation | proliteration lineage a B
LLE Th17 cell
lymphocyte Coeim| | differentiation Asthma
proliferation
Growth
small | AMPK h°";|‘°".e
molecule [, -, | | signaling synthesls,
5t acid secretion
catabolic | metabolic | | pathway and S
process process action 8
cellular amino| prasma ::':ﬂ:;::y Hnolele
acid catabolic | lipoprotein gthwa 9 metabolism
process particle P y
FIGURE 2 Differentially expressed gene in the 3 comparisons were visualized by the volcano map (A, B, C). A Venn diagram showed the

combination of the differentially expressed genes (D). Mfuzz cluster analysis and heatmap illustrated the changes in the expression of differentially
expressed genes, and the GO term and KEGG pathway enrichment analyses were performed on the upregulated and downregulated gene sets
(E). Abbreviations: AMPK, adenosine 5-monophosphate-activated protein kinase; GO, gene ontology; KEGG, Kyoto Encyclopedia of Genes and
Genomes; MASH, metabolic dysfunction—associated steatohepatitis; MASLD, metabolic dysfunction—associated steatotic liver disease.

the potential significant involvement of T cells during
MASLD progression.

Construction of immune-related
coexpression networks in MASLD
progression

To investigate genes highly correlated with immune cell
infiltration during MASLD progression, we constructed a
coexpression network by considering immune cell types as
phenotypes and identified phenotype-related genes. A
power of p = 5 (scale-free R? = 0.85) was selected as the
soft threshold to ensure a scale-free network (Figure 3A).
Subsequently, hierarchical clustering and dynamic
tree clipping were employed to identify ten modules
(Figure 3B). We calculated correlation coefficients (Cor) to
determine the correlation between the modules and
immune cell types. The results in Figure 3C show that the

black module was the most positively correlated module
with T cells (Cor = 0.7, p = 6e — 49), whereas the dark
red module exhibited the highest negative correlation with
mast cells (Cor = -0.51, p = 8e — 23). Additionally, the
black module displayed significant positive correlations with
the other immune cell types. Therefore, the black and dark
red modules were selected as crucial modules associated
with immune cell infiltration for further analysis.

Identification of hub genes associated with
clinical features in MASLD progression

An overlap of 157 genes was observed between the Mfuzz-
DEGs and the genes in the crucial weighted gene
coexpression network analysis modules (Figure 4A). To
understand the functional mechanisms involved in MASLD
progression by these overlapping genes, we constructed a
PPI network comprising 157 overlapping genes. Using the
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Search Tool for the Retrieval of Interacting Genes
database, we set an interaction score threshold of 0.4
and removed isolated genes. Subsequently, the 113 filtered
genes were classified into eight modules (immune
response, fibrosis, lipid metabolism, inflammation,
apoptosis, cell adhesion, oxidative stress, and others)
(Figure 4B). The PPI network depicted the interactions
among these functional gene modules. Employing 11
algorithms, we quantified the importance of each gene, and
16 hub genes were ultimately obtained (Figure 4C and
Supplemental Table S6, http:/links.lww.com/HC9/A596).
Furthermore, we investigated the correlation between 5
clinical features [body mass index, steatosis, inflammation,
NAFLD activity score, and fibrosis] and the progression of
MASLD. NAFLD activity score, a comprehensive scoring
system for MASLD, provides an overall assessment based
on 3 histological features: steatosis, ballooning, and lobular
inflammation. The degree of fibrosis plays a crucial role in
the progression of MASLD. Analyzing Normal to MASH
samples, we observed an ascending trend in the 5 clinical

feature indices, which exhibited significant positive correla-
tions with each other (Figure 4D, E). To identify genes with
clinical significance, we evaluated the correlation between
16 candidate genes and the 5 clinical indices, subsequently
excluding those without significant associations. Finally, we
successfully identified 14 genes that demonstrated
substantial correlations with MASLD clinical features
(Figure 4F, G).

Construction and validation of a 2-gene
diagnostic signature for MASLD
progression

To enhance the accuracy of diagnosing MASLD progres-
sion, we performed feature selection based on 14 hub genes
with clinical significance separately in Normal-MASLD/
MASH and MASLD-MASH subgroups (Figure 5A, B and
Supplemental Table S7, http:/links.lww.com/HCO/A597).
Nine genes were identified in the Normal-MASLD/MASH
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MCC, maximal clique centrality; NAS, NAFLD activity score; PPI, protein-protein interaction; WGCNA, weighted gene coexpression network analysis.

group, including CXCL10, INPP5D, SPP1, dedicator of  C-X-C motif chemokine receptor 4 (CXCR4), and CD48. On
cytokinesis 8 (DOCKS8), SYK, LGALS3, HLA class Il the other hand, in the MASLD-MASH group, only 3 genes
histocompatibility antigen , DR alpha chain (HLA-DRA), were identified, including CXCR4, TLR7, and DOCKS.
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Notably, CXCR4 and DOCK8 were common features in
both groups.

Based on the 2 Boruta algorithm—selected features,
we employed 3 machine learning methods to develop
ensemble learning models. To create effective base
learners, we performed 10-fold cross-validation for
hyperparameter tuning. Furthermore, we conducted
ROC analysis to validate the diagnostic efficiency of
MASLD and MASH progression models (Supplemental
Table S8, http:/links.lww.com/HC9/A598). As shown in
Figure 5C, an MASLD/MASH diagnosis model was
created based on the CXCR4 and DOCKS8 signature,
with an AUC of over 0.9, which indicated that the model
had excellent diagnostic accuracy. As shown in
Figure 5D, a MASH diagnosis model was created, with
an AUC of over 0.8, showing great diagnostic accuracy.

Subsequently, we validated the diagnostic ability of the
models using external validation data sets. As shown in
Figure 5E, F, the AUC of the MASLD/MASH diagnosis
model was 0.785, whereas that of the MASH diagnosis
model was 0.733. We further verified the diagnostic
effectiveness of CXCR4 and DOCKS in early (FO—F2) to
mid-late (F3—F4) MASH fibrosis and MASH-HCC by ROC
analysis. As shown in Figure 5G, H, the AUC of the 2-gene
diagnostic signature in early to mid-late MASH fibrosis
reached 0.6, and the AUC in MASH-HCC reached
0.826. Overall, the CXCR4 and DOCKS8 diagnostic
signatures demonstrated strong predictive ability in
MASLD progression.

Development and evaluation of
nomograms based on a 2-gene diagnostic
signature for MASLD progression

To improve the accuracy of diagnosing different stages of
MASLD, we constructed nomograms based on the
2-gene diagnostic signature of MASLD/MASH and
MASH (Figure 6A, D). Furthermore, we used calibration
plots of the nomograms to demonstrate close
agreement between the predicted and actual diagnoses
(Figure 6B, E). To evaluate the performance of the
prediction models, decision curve analysis was
employed to calculate the net benefit without additional
clinical information such as body mass index or NAFLD
activity score. As shown in Figure 6C, F, the 2-gene
diagnostic signature of MASLD/MASH provided a
superior net benefit when the decision threshold was
between 0 and 1. This finding suggests that the net
benefit of the prediction model was superior to that of all
treatments and no treatment. The threshold probability
for MASH diagnosis ranged from 0 to 0.66, and the net
benefit of the predictive model was negative when
the threshold probability exceeded 0.66. Hence, the
predictive model can be employed for MASH
diagnosis when the threshold probability is between
0 and 0.66. These results imply that CXCR4 and

DOCK8 diagnostic signatures hold promise as
valuable tools for clinical practice.

Single-cell analysis reveals the mechanism
of T-cell involvement in the progression of
MASLD

We employed the Scissor algorithm to identify cell types
associated with MASLD progression (Scissor-positive)
(Figure 7A). Notably, besides hepatocytes, cholan-
giocytes, and HSCs, the majority of T cells were also
connected to the progression of MASLD (Figure 7B).
Furthermore, CXCR4 and DOCKS8 exhibited high
expression in T cells (Figure 7C). Based on AUCell
scores for CXCR4 and DOCKS8, we observed an
enrichment of T cells with high scores within cells
linked to MASLD deterioration (60%) (Figure 7D, E).
Additionally, gene set variation analysis analysis
unveiled that T cells with high scores shared akin
functionalities  with  Scissor-positive T  cells,
encompassing interferon alpha and gamma responses
and DNA repair. Conversely, T cells with low scores
displayed similarities to Scissor-negative T cells, being
enriched in functions such as inflammatory responses
and epithelial-mesenchymal transition (Figure 7F).
These findings imply that CXCR4-regulated and
DOCKS8-regulated T cells might participate in MASLD
progression through distinct functional mechanisms.

In total, 2265 T cells were clustered into four distinct
subtypes: T-C1, T-C2, T-C3, and T-C4 (Figure 8A). The
identification and characterization of T-cell subtypes
were conducted using the expression of functional
markers and marker genes (Figure 8B). Specifically,
T-C1 exhibited an increased expression of genes
associated with naive T cells, T-C2 displayed high
expression levels of Chemokine genes, T-C3 showed
heightened expression of proliferation markers, and T-C4
presented elevated expression of cytotoxicity-related
genes. Notably, high-scored T cells were enriched in
T-C1(87.4%), T-C2 (71.2%), and T-C4 (60.2%), whereas
low-scored T cells were abundant in T-C3 (54.2%)
(Figure 8C). Furthermore, the proportion of T-C3
increased from Normal to MASH, while the proportions
of T-C1, T-C2, and T-C4 decreased, with a reduction in
the abundance of high-scored T cells (Figure 8D). These
findings indicate the specific expression patterns of
CXCR4 and DOCKS in T cells across different stages
of MASLD, suggesting the potential involvement of
CXCR4 and DOCK8 in MASLD progression by
regulating T-cell subpopulations in distinct mechanisms.

As HSCs play a crucial role in liver fibrosis, we
examined the molecular interactions between T cells
and HSCs at various stages of MASLD progression to
elucidate the underlying molecular mechanism of T
cells in MASLD (Figure 8E-G). Using iTALK, we
constructed a cell communication network based on
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potential receptor—ligand interactions. From Normal to
MASH, the interactions between HSCs and high-scored
T cells (T-C1 and T-C2) were intensified, while
interactions with low-scored T cells (T-C3) were
weakened. In normal samples, the influence of HSCs
on T-C1 and T-C2 through HGF-CD44 and FN1-CD44
interactions suggests a potential role of early-stage
HSCs in promoting T-cell activation and differentiation.
However, interactions between HSCs and T-C4
were amplified in NAFL samples, revealing emerging
interactions  involving FGA-ITGAV, FGA-ITGBH1,

FGB-ITGAV, and FGB-ITGB1, which indicates that
following activation of HSCs during liver injury, T cells
might mediate the migration and differentiation of HSCs
through integrins. In MASH samples, interactions
between HSCs and T-C1, as well as T-C2, were
augmented, impacting both T-cell subgroups through
THBS1-ITGA4, THBS1-ITGA6, FN1-CD44, FN1-
ITGA4, and FN1-ITGA6. Due to the stimulation of
inflammatory responses, T cells underwent substantial
proliferation. The above results suggest that T cells
possess the potential to engage in interactions with
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dedicator of cytokinesis 8; MASH, metabolic dysfunction—associated steatohepatitis; MASLD, metabolic dysfunction—associated steatotic liver disease.

HSCs through specific cell adhesion molecules, thus
participating in the progression of MASLD.

DISCUSSION

MASLD is a complex and multifactorial disease that is
rapidly increasing in incidence and prevalence world-
wide, and is considered the leading cause of chronic
liver disease. MASLD is characterized by hepatic
steatosis, which is often considered a milder condition
that may not always exhibit symptoms. However, some

patients with MASLD may progress to MASH over time.
MASH is a more severe form of MASLD characterized
by inflammation, hepatocellular injury, and fat accumu-
lation in the liver and is associated with an increased
risk of developing cirrhosis, liver failure, and liver
cancer.?”] The diagnosis of MASLD and MASH typically
involves a thorough medical history, physical examina-
tion, blood tests, and imaging studies; in some cases, a
liver biopsy may be necessary. However, the invasive-
ness of the “gold standard” liver biopsy limits its
widespread use.®8 Furthermore, existing imaging stud-
ies (such as ultrasound and elastography), when
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combined with other indicators, provide only rough
estimates of the degree of MASLD, advanced liver
steatosis, and cirrhosis. In contrast, effective non-
invasive assessment methods to identify patients with
MASLD and MASH are still lacking.

This study presents a novel approach for diagnosing
and monitoring the progression of MASLD, based on
the analysis of immune cell infiltration in liver biopsies.
Specifically, this study aimed to identify the diagnostic
signature of MASLD progression using immune cell
infiltration analysis and integrated a new set of immune
cells to enhance the analysis. The results of the immune
infiltration analysis were consistent with those of
previous studies. As MASLD progresses (ie, from
healthy to MASLD to MASH), there is a significant
increase in the infiltration of various immune cells,
including resting memory CD4 T cells, T cells, central
memory CD4 T cells, naive CD4 T cells, CD8 T cells,
regulatory T cell, central memory CD8 T cells, mast
cells, activated CD8 T cells, effector memory CD4 T

cells, resting natural killer cells, and monocytic lineage.
This observation suggests that immune cells, especially
T cells, are crucial for MASLD progression.

T cells play a distinct role in providing a potent
adaptive immune response to potential threats to the
liver. These cells participate in a range of processes
including viral clearance, inflammation regulation, tissue
repair, and maintenance of liver homeostasis.*% In liver
disease, T cells are involved in both the development
and resolution of liver inflammation.[“?! Moreover, some
studies have suggested that CD4+ T cells also
contribute to the promotion of liver inflammation and
fibrosis through the production of proinflammatory
cytokines such as IL-17 and IFN-y.#" In addition, T
cells may promote chronic inflammation observed in
MASLD by activating HSCs and promoting fibrosis, and
they may also play a role in regulating liver lipid
metabolism.*2 Furthermore, CD8+ T cells have been
shown to promote MASLD progression by inducing
hepatocyte death and fibrosis.3!
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SNE, t-Distributed Stochastic Neighbor Embedding.

The present study successfully identified a pivotal
diagnostic signature consisting of 2 genes, DOCKS8
and CXCR4, which exhibit significant associations with
T cells and are intricately linked to the progression of
MASLD. Furthermore, the diagnostic potential of these
genes in predicting MASLD progression was validated
across diverse cohorts, including Normal-MASLD/
MASH, MASLD-MASH, MASH fibrosis, and MASH-
HCC, underscoring their critical relevance in the
progression of MASLD. Moreover, confirmation at
the single-cell level has further underscored the
significance of these genes in MASLD progression,
exerting an influence on T cells through various
mechanisms encompassing epithelial-mesenchymal

transition, inflammatory responses, and metabolism-
related pathways.

CXCR4 encodes C-X-C chemokine receptor type 4,
a chemokine receptor protein. It is located on chromo-
some 2 in humans and is widely expressed in various
tissues, including the liver. CXCR4 plays a crucial role
in immune responses and cell migration by binding to its
ligand, stromal-derived factor 1.4l In addition to
immune cell recruitment, CXCR4 is involved in many
functions and plays a pivotal role in the pathogenesis
of liver disease.”! The aberrant expression pattern of
CXCR4 is related to the migration and movement of
liver-specific cells in liver disease through cross talk
with other signaling pathways.?! In addition, studies
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have reported that overexpression of CXCR4 in the liver
in chronic liver injury decreases the expression of
hepatocyte-specific genes and promotes liver injury.7]

DOCKS8 encodes the DOCKS protein, which plays a
crucial role in regulating various cellular processes,
including cell adhesion, migration, and the immune
response.l*8l |t is reported that DOCKS8 plays a pivotal
role in the survival and function of T cells.*9 Addition-
ally, mutations in DOCK8 have been associated with
DOCKS deficiency syndrome, also known as autosomal
recessive hyper-IgE syndrome, a rare immuno-
deficiency disorder.[5"!

This study had several limitations that warrant
discussion. First, the analysis solely hinges on tran-
scriptomics, without the integration of multiomics data,
thereby limiting the holistic approach to data interpre-
tation. Second, the study falls short of addressing the
pressing issue of noninvasive MASLD diagnosis, as
further clinical experiments on blood samples are
warranted. Finally, the functional interplay between
immune cells and other hepatic cell types, including
hepatocytes and endothelial cells, has not been
evaluated, potentially undermining the nuanced under-
standing of the mechanistic underpinnings of MASLD
progression.

In summary, this study employed a comprehensive
analysis of bulk, scRNA-Seq and clinical information to
investigate immune cell infiltration associated with
MASLD progression. Through bioinformatics analysis,
a 2-gene diagnostic signature relevant to MASLD
progression was identified, including the CXCR4 and
DOCKS8 genes, which exhibited significant correlations
with clinical characteristics. Moreover, this 2-gene
diagnostic signature effectively differentiated the Nor-
mal-MASLD/MASH, MASLD-MASH, MASH fibrosis,
and MASH-HCC cohorts. Finally, at the single-cell
level, the crucial roles of diagnostic genes and
immune cells in MASLD progression were elucidated,
suggesting that CXCR4 and DOCK8 may facilitate
MASLD progression by influencing signaling pathways
and molecular interactions in T cells. Consequently,
this study provides a fresh perspective on the
diagnosis and underlying immune-related molecular
mechanisms of MASLD by identifying immune cells
and diagnostic gene signature associated with MASLD
progression.
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