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Background: Nonalcoholic fatty liver disease (NAFLD) is the most common progressive liver disease worldwide. It can cause liver 
cancer and possibly death. Abnormal immune infiltration is involved in the progression of NAFLD. The aim of this study was to 
identify and validate the hub immune-related genes in NAFLD.
Methods: Microarray data were downloaded from Gene Expression Omnibus, and immune-related differentially expressed genes 
(IRDEGs) were obtained. A protein–protein interaction network was used to further screen. The diagnostic value of the IRDEGs was 
evaluated by receiver operating characteristic curves. Differences in immune infiltration levels were analyzed using single-sample gene 
set enrichment analysis. Hub IRDEGs were identified by correlation analysis with immune infiltration levels. Finally, molecular 
experiments were used to confirm the expression of the hub IRDEGs and explore their roles in NAFLD.
Results: We obtained 18 IRDEGs. Five hub genes were further identified by protein–protein interaction network, receiver operating 
characteristic curves and correlation analysis: AQP9, BACH2, CD4, IL17RE and S100A9. Based on functional enrichment analysis, 
the hub genes were enriched primarily in many immune-related pathways. In NAFLD, AQP9, CD4, and IL17RE expression was 
significantly reduced, whereas BACH2 and S100A9 expression was elevated. PCR, oil red O staining and triglyceride detection 
revealed that the knock-down of BACH2 and S100A9 reduced lipid accumulation in NAFLD cells.
Conclusion: This study provided insight into the profile of immune infiltration underlying NAFLD and identified AQP9, BACH2, CD4, 
IL17RE and S100A9 as ancillary diagnostic indicators of NAFLD. And BACH2 and S100A9 might be therapeutic targets for NAFLD.
Keywords: nonalcoholic fatty liver disease, immune infiltration, BTB domain and CNC homolog 2, BACH2, S100 calcium binding 
protein A9, S100A9

Introduction
Nonalcoholic fatty liver disease (NAFLD) is a potentially serious liver disease. 2019 data suggested that the prevalence 
of NAFLD in Asia had exceeded 30%, as high as the figures for Europe and North America.1–3 NAFLD is characterized 
by liver steatosis without a clear cause such as excessive alcohol consumption.4 Liver steatosis alone has a 20–30% 
chance of progressing to nonalcoholic steatohepatitis (NASH). And NASH may lead to cirrhosis, liver failure, and even 
hepatocellular carcinoma (HCC).5,6 Notably, even in the absence of cirrhosis, NAFLD may predispose patients to HCC.7 

Therefore, NAFLD is currently a widespread public health issue.
Abnormal lipid accumulation has been demonstrated to cause liver inflammation, a hallmark of NAFLD progression 

to HCC.8 During this process, the immune system is abnormally activated, resulting in harmful inflammation. This state 
could lead to increased liver infiltration and the accumulation of inflammatory cells, which exacerbates liver damage.9 

Furthermore, NAFLD can promote HCC development by inducing apoptosis in CD4+ T cells.10 Therefore, identifying 
the immune-related molecular mechanisms that play a role in the progression of NAFLD is critical for both early 
diagnosis and the discovery of new treatment targets.
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The advancement of bioinformatics has made it possible to address the aforementioned questions. To date, various 
methods, such as functional enrichment analysis and immune infiltration analysis, have been widely used to investigate 
the molecular mechanisms of disease development. The aim of this study was to search for hub immune-related genes in 
the development of NAFLD by a series of bioinformatics analyses. Next, we explored the role of hub genes in NALFD. 
In addition, we calculated the diagnostic value of the hub genes to aid in clinical diagnosis. Finally, we performed 
molecular experiments to validate our findings.

Methods and Materials
Data Collection and Processing
Microarray expression data for NAFLD were downloaded from Gene Expression Omnibus. The GSE160016 dataset 
included data for 5 patients with NAFLD and 6 healthy controls.11 When multiple probes were mapped to the same gene 
symbol, the mean value was selected as the gene expression value.

Identification of Immune-Related Differentially Expressed Genes (IRDEGs)
Differentially expressed genes (DEGs) were obtained using the limma package12 with screening criteria of P < 0.05 and |log 
fold change (FC)| > 1. We obtained immune-related genes from the ImmPort database.13 Marker genes for immune cells 
were obtained from a previous study.14 DEGs that overlapped with both of these sets of genes were defined as IRDEGs.

Functional Analysis of IRDEGs
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were used to 
understand the biological functions and signaling pathways of the IRDEGs associated with NAFLD. GO analysis 
included the categories of biological process (BP), cellular component (CC) and molecular function (MF). Disease 
Ontology (DO) enrichment analysis was used to identify diseases in which the IRDEGs might be involved. Finally, 
enrichment analysis of IRDEGs in tissues and cells was performed using the CellMarker database.15

To explore the potential mechanisms of immune function during NAFLD progression, the immunological signature 
gene set (c7.all.v7.5.1.symbols.gmt) in MSigDB was used as a reference for gene set enrichment analysis (GSEA). Genes 
for which |normalized enrichment score (NES)| > 1 and P < 0.05 were considered significantly enriched.

Finally, a protein–protein interaction (PPI) network for the IRDEGs was constructed using data from the STRING 
database with a confidence level of 0.4. Genes that did not interact with other nodes in this network were not included in 
further analyses. Furthermore, we used the maximal clique centrality (MCC) metric to determine the importance of 
individual nodes in the network.

Screening of Hub IRDEGs
With the data in GSE160016, we used receiver operating characteristic (ROC) curves to assess the diagnostic value for 
NAFLD of the IDEGs. Validation was performed using the GSE126848 dataset.

Single-sample gene set enrichment analysis (ssGSEA) was then used to investigate the level of immune infiltration in 
each sample. The resulting score was derived by calculating the expression levels of specific marker genes.16 Box plots 
were used to show differences in immune infiltration levels. A gene that correlated with a differential immune infiltration 
level and had an area under the curve (AUC) greater than 0.7 in both datasets was defined as a hub IRDEG.

Functional Enrichment Analysis of Hub IRDEGs
Correlations between the expression of hub IRDEGs were calculated using Spearman correlation analysis. We used 
GeneMANIA to investigate the network of the hub IRDEGs and their coexpressed genes. Finally, GO and KEGG 
enrichment analyses were carried out to investigate the functions involving the hub IRDEGs.
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Detecting the Role of Hub IRDEGs in NAFLD
Cell Culture, Animal Experiments and Clinical Samples
HepG2 cell line was purchased from Procell Biotechnology Co., Ltd. (Wuhan, China). The identification certificate of 
HepG2 was shown in Appendices I and II. Cells were maintained in MEM supplemented with 10% (v/v) heat-inactivated 
fetal bovine serum (FBS), penicillin G (100 units/mL) and streptomycin (100 μg/mL), and kept at 37°C in a humidified 
atmosphere containing 5% CO2. Based on published literature, we used palmitic acid (PA) to establish a NAFLD cell 
model.17,18 PA (Sigma, USA) was completely dissolved in anhydrous ethanol at a concentration of 500 mM and mixed 
with equimolar amounts of NaOH. This PA stock solution was added to the bovine serum albumin (BSA) solution to 
achieve a final PA concentration of 0.4 mmol/L, dissolved by heating in a water bath at 55 °C and filtered through a 0.22 
um microporous membrane, and cooled to room temperature to obtain the PA-BSA complex which is the PA induction 
solution. Cells were inoculated in 6-well plates and then starved for 12 h. After that, PA induction solution was added and 
treated for 24 h.

The NAFLD model was established using C57BL/6 male mice according to previous studies.19,20 In a short, regular 
diet was replaced with a diet containing 60 kcal% fat. In addition, the sex of the mice did not hinder the establishment of 
animal model. Mice were purchased from Vital River (Beijing, China). The livers from animals would be used for 
validation. National Institutes of Health guide for the care and use of Laboratory animals (NIH Publications No. 8023, 
revised 1978) had been followed.

Human blood samples were obtained from NAFLD patients at Shandong Provincial Hospital from November 2021 to 
November 2022. Inclusion criteria: (1) patients were diagnosed with NAFLD by ultrasonography and relevant blood 
biochemical tests, and met the relevant diagnostic criteria in the “Guidelines for the diagnosis and treatment of non- 
alcoholic fatty liver disease”1 developed by the Chinese Medical Association, and had no history of excessive alcohol 
consumption (ethanol intake < 140g/week for men and < 70g/week for women); (2) patients had no abnormal mental 
status.

Exclusion criteria: (1) combined with other liver diseases such as viral hepatitis, immune hepatitis, alcoholic hepatitis; 
(2) combined with underlying diseases such as diabetes, hypertension, coronary artery disease or renal disease; (3) 
combined with autoimmune diseases or hematological diseases; (4) combined with malignant neoplasm; (5) received 
other medications within 4 weeks.

Healthy subjects who underwent physical examination at our hospital during the same period were selected as the 
controls. All vital signs were normal and there was no history of underlying diseases such as diabetes, hypertension and 
liver diseases. All patients and subjects had signed an informed consent form.

Cell Transfection
The small interference RNA (siRNA) of BACH2 and S100A9 and negative control siRNA (siNC) were purchased from 
Genechem (Shanghai, China). Cells were transfected according to the manufacturer’s instructions. We used PCR to 
analyze transfection efficiency.

Quantitative Real-Time PCR and Immunohistochemistry
RNA was extracted using TRIzol reagent and PCR was performed to determine the mRNA expression levels of genes 
based on previous studies.21 GAPDH was used as the internal control, and relative gene expression was calculated by the 
2–ΔΔCt method. The sequences of the primers used are listed in Supplemental Table 1.

Mice were anesthetized and sacrificed. The livers were made into deparaffinized sections. For immunohistochemistry 
analysis, we conducted it according to previous study.22 The antibodies of BACH2 and S100A9 were purchased from 
Affinity Biosciences (Cincinnati, USA) and diluted according to the manufacturer’s protocol. For all stains, samples with 
inadequate staining due to technical problems were excluded.

Oil Red O Staining and Triglyceride Detection
Based on published literature, we performed the oil red O staining to detect the lipid accumulation in cells.23

According to the manufacturer’s instructions, we used commercially available kits (BC0625, Solarbio, China) to 
detect triglyceride in cells.
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Statistical Analysis and Ethics Statements
All experiments were repeated at least three times independently. All statistical information was shown in the figures, 
figure legends. The data distribution was assumed to be normal but this was not formally tested. The allocation in animal 
experiments was random. Data collection and analysis were not blind to the conditions of the experiments. Continuous 
variables were expressed as the means ± standard deviations. The Student’s t-test was used to determine the significance 
of differences. R (version 4.1.2) was used for all statistical analyses, and the significance level was set at P < 0.05. The 
codes used in this study were uploaded as Supplementary Materials.

The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Biomedical 
Research Ethic Committee of Shandong Provincial Hospital (SWYX: NO. 2021–270; SWYX: NO. 2021–497).

Results
Identification of IRDEGs
We identified 2033 DEGs based on the screening criteria: 833 upregulated genes and 1200 downregulated genes (Figure 1A). 
Eighteen IRDEGs were obtained after determining the overlap among the sets of genes (Figure 1B). The expression levels and 
log2FC values of these genes are shown in Figure 1C and D. More detailed data is shown in Table 1.

Functional Enrichment Analysis of the IRDEGs
KEGG signaling pathway enrichment analysis indicated that the IRDEGs were involved in various immune-related 
pathways, including antigen processing and delivery, the IL-17 signaling pathway, and the differentiation of Th1, Th2, 
and Th17 cells (Figure 2A). The IRDEGs were primarily enriched in BP terms related to defense processes (eg, defense 
responses against bacteria and fungi and cellular chemotaxis) (Figure 2B). In terms of CCs and MFs, the IRDEGs were 
closely related to MHC and fatty acid binding (Figure 2C and D). DO enrichment analysis revealed that the IRDEGs 
were also involved in numerous immune function-related diseases, such as psoriatic arthritis disorders (Figure 2E). As 
shown in Figure 2F, the IRDEGs were enriched primarily in T cells.

GSEA indicated that these gene sets were enriched primarily in CD4+ T cells and B cells. Figure 3 shows the top 15 
enriched gene sets, and Supplemental Table 2 contains more information. In summary, these findings demonstrated that 
immune-related genes play a critical role in the development and progression of NAFLD.

Next, we used PPI analysis to perform a preliminary screen of the IRDEGs, yielding a network of 14 genes 
(Figure 4A). The MCC scores shown in Figure 4B revealed that the three most central genes in this network were 
CD4, S100A8, and S100A9.

Identification of Hub IRDEGs
To determine the diagnostic value of the IRDEGs in NAFLD, we first used GSE160016 as the training dataset. The 
findings revealed that most of the IRDEGs had a high diagnostic value (AUC > 0.7). Only nine genes (AQP9, BACH2, 
CCL20, CD4, GNLY, HLA-DPA1, HLA-DPB1, IL17RE, and S100A9) retained an AUC of greater than 0.7 after 
validation with GSE126848 (Figure 5).

We used ssGSEA with the GSE160016 dataset to analyze immune infiltration in NAFLD (Figure 6A). In Figure 6B, 
the Wilcoxon rank–sum test results revealed that the infiltration level of T helper cells, the infiltration level of Tfh cells, 
and the type I IFN response were decreased in NAFLD (P < 0.05). Next, we performed Spearman correlation analysis 
(Figure 6C and D). Finally, we identified five hub IRDEGs: AQP9, BACH2, CD4, IL17RE, and S100A9. The 
associations between the expression levels of these genes are shown in Figure 7A.

Functional Enrichment Analysis of the Hub IRDEGs
We further investigated the functions of the hub IRDEGs. As shown in Figure 7B and C, the hub genes were involved in 
various immune-related biological functions, such as immune receptor activity and inflammatory response regulation. 
These findings implied that the hub IRDEGs influence the progression of NAFLD by regulating immune function.
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Validation of Hub IRDEG Expression in NAFLD
We used quantitative real-time PCR to confirm the expression levels of the hub IRDEGs. As shown in Figure 7D, the 
expression of AQP9, CD4, and IL17RE was significantly lower but that of BACH2 and S100A9 was higher in NAFLD 
cells. The same trend was found for all genes except for IL17RE in the established NAFLD animal model (Figure 7E). 
Finally, we obtained blood samples from 18 NAFLD patients and 18 healthy controls. The expression levels of the hub 
IRDEGs in human blood were consistent with those in NAFLD cells (Figure 7F).

The Knock-Down of BACH2 and S100A9 Reduced Lipid Accumulation in NAFLD 
Cells
In five hub IRDEGs, the expression of BACH2 and S100A9 was up-regulated in NAFLD. Thus, we decided to explore 
their roles in NAFLD.

First of all, we further confirmed the histological expression of BACH2 and S100A9. As evidenced by immunohisto
chemical staining analysis, the expression of BACH2 and S100A9 was increased in the livers of NAFLD mice (Figure 8A).

Figure 1 Identification of IRDEGs in NAFLD. Volcano map of DEGs (A). Venn diagram indicated the overlap of DEGs in NAFLD, immune-related genes from ImmPort database 
and marker genes of immune cells to obtain 18 IRDEGs (B). Heat plot and horizontal bar chart showed the expression profile and fold change of 18 IRDEGs (C and D).
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In Figure 8B, we successfully knocked down the expression of BACH2 and S100A9 in HepG2 cells. Next, we 
detected the expression of several marker genes of lipid accumulation (SREBP1c, FAS, SCD1 and ACC) 
(Figure 8C). We found that the expression of all marker genes decreased after transfection. In the NAFLD cell 
model established by PA, the same phenomenon was observed. Oil Red O staining revealed that siBAHC2 and 
siS100A9 inhibited the lipid accumulation and reduced triglyceride levels in NAFLD cells (Figure 8D and E).

Discussion
Recently, studies have confirmed that the immune system plays an important role in the initiation and progression 
of liver inflammation in patients with NAFLD.9 Different T-cell populations are involved in the immunopatho
genesis of NAFLD, and the progression from steatosis to NASH is accompanied by a progressive increase in the 
accumulation of natural killer T cells.24 Since regulatory T cells and Th17 cells represent the two extremes of the 
immune response (tolerance and inflammation), it has been suggested that NAFLD progression may be associated 
with disruption of this balance.25 Our data showed that the infiltration levels of helper T cells and Tfh cells were 
decreased in NAFLD, reflecting the diminished partial immune response in NAFLD. Moreover, a study by Ma 
et al demonstrated that NAFLD led to the loss of selective CD4+ T cells and promoted hepatocarcinogenesis.10 

These results suggest that the immune system is suppressed during hepatic progression from steatosis through 
NAFLD to HCC. However, data on the behavior of T cells in the liver are scarce, and we cannot yet identify the 
specific mechanisms that trigger this process. In addition, some studies have shown that adipose tissue may 
directly contribute to the progression of NAFLD through cytokines and immune signaling and lead to liver 
injury.26,27

In the present study, we identified five hub genes: AQP9, CD4, IL17RE, BACH2 and S100A9. Among these genes, 
AQP9 plays a major role in glycerol uptake by mouse hepatocytes.28 One study reported that AQP9 expression was 
downregulated in a mouse model of NAFLD,29 a pattern that was also found in the human liver.30 However, some studies 
have shown that AQP9 overexpression increases the degree of steatosis.31 These findings seem to be contradictory. We 

Table 1 Detail Information of Eighteen IRDEGs

Gene 
Symbols

Log2FC P value Regulated

S100A12 3.497 < 0.001 Up

S100A8 2.810 < 0.001 Up

S100A9 2.354 < 0.001 Up
BACH2 2.209 < 0.001 Up

CCL20 1.937 0.032 Up

CCL18 1.826 0.016 Up
IL32 1.581 0.001 Up

PDGFRL 1.489 0.033 Up
FABP5 1.455 0.001 Up

GREM2 1.094 0.004 Up

AHNAK −1.002 0.001 Down
HLA-DPA1 −1.149 0.035 Down

GNLY −1.433 0.044 Down

HLA-DPB1 −1.565 0.014 Down
AQP9 −1.591 < 0.001 Down

IL17RE −1.896 0.003 Down

CD4 −2.007 < 0.001 Down
KLRC1 −2.870 0.012 Down
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think that the difference in the level of AQP9 expression may be due to the difference in the degree of steatosis, and 
further studies are needed to demonstrate this relationship.

S100A9 encodes a binding protein that plays an important role in the regulation of inflammatory processes and 
immune responses.32–34 High expression levels of S100A9 have been identified in patients with cardiovascular disease 
and diabetes.35,36 Our study showed upregulation of S100A9 expression in NAFLD. And siS100A9 could inhibited 
NAFLD progression. Consistent with previous studies, S100A9 had a high diagnostic value in NAFLD (AUC close to 1) 
and was a sensitive marker of NAFLD progression.37 Thus, S100A9 undoubtedly has a high potential for clinical 
application.

Unlike the associations of the other three genes, the associations of IL17RE and BACH2 with NAFLD were 
previously identified. IL17RE acts as a receptor for interleukin-17C (IL-17C), and the IL-17C/IL17RE signaling 

Figure 2 Functional enrichment analysis of IRDEGs. KEGG plot showed the top 10 enriched pathways of IRDEGs (A). GO plots showed the enriched functions of IRDEGs 
in biological processes (BP), cellular components (CC), and molecular functions (MF) (B–D). The enriched diseases, tissue and cell of IRDEGs (E and F).
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axis activates immune function during infection. Mice lacking IL17RE are unable to fight infection.38 This 
observation demonstrates the important role of IL17RE in activating immune function. However, uncontrolled 
activation can sometimes occur. IL17RE has been shown to exacerbate the course of autoimmune encephalitis,39 

and the IL-17C/IL17RE axis was shown to significantly promote renal tissue damage in a mouse model of 
crescentic nephritis.40 To date, IL17-RE has been little studied in the liver. Some studies have reported that the 
IL-17C/IL17RE axis enhances T-cell function in autoimmune hepatitis and that high IL17RE expression is 
associated with poor prognosis in HCC.41,42 Our data showed decreased expression levels of IL17RE in 
NAFLD. Similar to IL17RE, BACH2 is involved in T-cell regulation. BACH2 negatively regulates CD4+ 
T cells and can maintain CD4+ T cells in a naive state by suppressing effector memory-related genes.43 

Moreover, S100 calcium binding protein a was identified as a direct target gene of BACH2. In our study, the 
expression of both BACH2 and S100A9 was elevated in NAFLD, but the positive correlation between their 

Figure 3 Enrichment plot for GSEA immunologic signature database.
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expression was not statistically significant. In addition, some studies have demonstrated a low number of CD4+ 
T cells in NASH.44 Considering the functions of IL17RE and BACH2, these results further demonstrate that 
immune function is suppressed in NAFLD.

Figure 4 PPI network and MCC analysis. Construction of PPI network based on IRDEGs in STRING database and disconnected nodes were hided (A). The MCC scores of 
IRDEGs were analyzed using Cytohubba and displayed in Cytoscape software (B).

Figure 5 Diagnostic value of 14 IRDEGs in two datasets. The ROC curves of 14 IRDEGs in GSE160016 (A). The diagnostic value of 14 IRDEGs was validated using the data 
in GSE126848 (B).
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Although five immune-related genes with good diagnostic value in patients with NAFLD were identified in this study, 
some limitations remain. First, the findings need to be validated using tissue-based flow cytometry. Second, the 
associations between immune cells and related genes as well as disease severity require further estimation.

Figure 6 Correlation analysis between immune infiltration and IRDEGs. The heat map of immune infiltration levels (A). Box plot showed the level of identified immune cells 
and function between NAFLD and control samples (B). The correlation between IRDEGs and immune cells and function (C and D).

Figure 7 The function enrichment analysis and validation of hub IRDEGs. Heat map showed the correlation of hub IRDEGs expression (A). Hub IRDEGs and their co- 
expression genes were analyzed using GeneMANIA (B). GO and KEGG enrichment analysis of hub IRDEGs (C). Validation of hub IRDEGs expression in cell (D), animal 
model (E) and human blood (F) (*P < 0.05; **P < 0.01; ***P < 0.001). 
Abbreviation: ns, not significant.
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Conclusions
This study provided initial insight into immune infiltration in NAFLD and identified AQP9, CD4, IL17RE, BACH2 and 
S100A9 as ancillary diagnostic indicators of NAFLD. However, future studies that use flow cytometry to analyze larger 
samples and incorporate clinical information are necessary to validate these findings.
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Figure 8 Detecting the role of BACH2 and S100A9 in NAFLD cells. Representative immunohistochemistry images of BACH2 and S100A9 in mice livers (scale bars, 50μm) 
(A). The knock-down of BAHC2 and S100A9 (***P < 0.001) (B). PCR to detect several maker genes of lipid accumulation after transfection (ns, not significant; *P < 0.05; 
**P < 0.01; ***P < 0.001) (C). Representative images of oil red O staining (scale bars, 50μm) (D). Triglyceride detection (**P < 0.01; ***P < 0.001) (E).
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