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Chemokine (C-X3-C motif) Receptor 1 (CX3CR1) primarily mediates the chemotaxis and adhesion 
of immune cells. However, its role in hepatitis C virus (HCV)-induced early-stage liver cirrhosis 
remains unexplored. GSE15654 was downloaded from the GEO database. The Cox regression model, 
CIBERSORT, and LASSO technique were utilized to identify CX3CR1-associated immune infiltration 
genes (IIGs). Surgical resection samples were collected for verification, including 3 healthy controls 
(HC), 4 individuals with HCV-induced hepatic cirrhosis, and 3 with HCV-induced liver failure. High 
CX3CR1 expression correlated with worse prognosis in early-stage cirrhosis. CX3CR1-associated IIGs, 
namely ACTIN4, CD1E, TMCO1, and WSF1, were identified, showing specific expression in the livers 
of individuals with post-hepatic cirrhosis and liver failure compared to HC. LOC400499 and MTHFD2 
were elevated in individuals with liver failure in comparison to those with hepatocirrhosis. Notably, 
high infiltration of plasma cells and low infiltration of monocytes were predictive of poor prognosis in 
early-stage cirrhosis. The combined risk model predicted that high expression of CX3CR1-associated 
IIGs and increased infiltration of plasma cells were associated with unfavorable prognosis in individuals 
with HCV-induced early-stage liver cirrhosis. The developed combined risk model effectively predicted 
the prognosis of these individuals.
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Liver cirrhosis is a common physiological outcome of chronic fibrotic liver disease caused by various factors1,2. 
It involves the replacement of normal hepatic architecture with regenerative hepatic nodules3. Hepatitis C virus 
(HCV) affects around 71 million individuals and is a major cause of liver cirrhosis 4,5. The considerable genetic 
diversity of HCV has led to the identification of eight genotypes and various subtypes, especially in certain 
geographical regions, with genotypes 1 and 3 being the most prevalent globally6. Study has demonstrated a 
correlation between HCV genotypes and viral load, with genotype 1 typically associated with higher viral loads. 
Elevated viral loads are often linked to an increased risk of cirrhosis7. Liver cirrhosis claims approximately 1 
million lives annually worldwide, ranking it as the 11th leading cause of mortality2. Diagnosing liver fibrosis 
during the asymptomatic compensatory period remains challenging8,9, leading many individuals to miss early 
treatment opportunities. In addition, there are no effective methods to reverse cirrhosis10. Thus, there is an 
urgent need for new diagnostic techniques to accurately detect early-stage liver fibrosis and identify effective 
therapeutic targets to slow its progression.

Chemokine (C-X3-C motif) Receptor 1 (CX3CR1) is predominantly expressed in monocytes, macrophages, 
a subset of NK cells, and terminally differentiated cytotoxic T cells11. Its primary function involves mediating 
the chemotaxis and adhesion of immune cells by binding with its unique ligand CX3CL111. Several studies have 
demonstrated that increased expression of CX3CR1 contributes to the deterioration of obstruction-induced 
kidney fibrosis10 and is correlated with a worse prognosis in individuals with idiopathic pulmonary fibrosis12. 
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However, regarding liver cirrhosis, the role of CX3CR1 is controversial. While one study showed significantly 
increased expression of CX3CR1 in end-stage liver fibrosis induced by chronic hepatitis C13, another study 
suggested that overexpression of CX3CR1 could alleviate liver inflammation and fibrosis in the carbon 
tetrachloride (CCl4)-induced fibrosis model14. Presently, no research has confirmed the involvement of CX3CR1 
in predicting the prognosis of liver cirrhosis. Therefore, the primary objective of this research was to determine 
the link between CX3CR1 and the prognosis of individuals with early hepatic fibrosis induced by HCV.

Liver fibrosis occurs through iterative cycles of tissue injury, inflammation, and repair, in a microenvironment 
of cytokines and chemokines, where the interaction among the innate and adaptive immune systems and 
stromal cells leads to hepatic stellate cell (HSC) activation and extracellular matrix (ECM) accumulation, 
ultimately results in liver cirrhosis15,16. The infiltration pattern of immune cells in the liver significantly 
influences the advancement of liver fibrosis17. As mentioned earlier, CX3CR1 is a key mediator of immune cell 
migration during organ fibrosis. Some studies have indicated that the level of CX3CR1 in M1 macrophages in 
bronchoalveolar lavage fluid is significantly higher in mice with interstitial lung disease12,18, and inhibiting the 
expression of CX3CR1 in BALF reduces M1 macrophage infiltration18. In peritoneal fibrosis, CX3CR1 mediates 
the expression of CX3CL1 and TGF-β on the peritoneal mesothelium, promoting the development of peritoneal 
fibrosis19. However, the association between CX3CR1 and immune cell infiltration remains unclear in HCV-
induced early-stage liver fibrosis.

In the current research, the prognostic value of CX3CR1 was innovatively explored in individuals with 
chronic HCV-induced early-stage liver cirrhosis, and the link between CX3CR1 and immune cell infiltration 
was analyzed using bioinformatic analysis. An integrated model was developed for predicting the prognosis of 
these individuals based on the expression of CX3CR1, CX3CR1-associated immune infiltration genes (IIGs), 
and immune cell infiltration. Furthermore, clinical samples were collected from healthy liver donors, individuals 
with compensated cirrhosis, and those with acute-on-chronic liver failure to verify the findings.  PCR primer 
sequences are listed in Table 1. In summary, the research proposes that CX3CR1 can potentially be targeted to 
prevent and address the progression of liver cirrhosis in the future.

Results
High expression of CX3CR1 predicts poor prognosis in individuals with liver cirrhosis
The bioinformatic analysis flowchart and methodologies employed in the research are given in Fig. 1. The clinical 
information of patients from public database was presented in Table 2. Based on the expression of CX3CR1, 216 
individuals were divided into two categories using maximally selected rank statistics, yielding 186 cases in the 
high-risk and 30 cases in the low-risk category (Fig. 2a and b). Survival analysis demonstrated that individuals 
in the high-risk category exhibited significantly shorter survival compared to those in the low-risk category, as 
illustrated by the risk curves, which show a marked difference in survival rates over time between the two groups 
(P = 0.011). The median survival time (MST) for the high-risk group is 4591 days (Fig. 2c). The clinical details of 
Model 1 are shown in Table 3.

Gene Bidirectional primer sequence Product length (bp)

β-actin(H) F:5′GTGGCCGAGGACTTTGATTG3′
R:5′CCTGTAACAACGCATCTCATATT3′ 73

ACTN4 F:5′TGATCTGGACCATCATCCTTAG3′
R:5′TTCTGCACATTGACGTTCTTAT3′ 127

BRWD1 F:5′CTCTCATCGAGTCGGAGCTGT3′
R:5′CAGTCCAATCTCTTCGGCAAC3′ 127

CD1E F:5′TGAAGAAGTGGAAGACACGC3′
R:5′AAAATCTCTGGAAGATGGGG3′ 191

HYPK F:5′ATTGCCCTAACCAACTGATGC3′
R:5′CCAGATGTACCTTGAATACTGTTGA3′ 297

ITGB7 F:5′CTTTGCCAATGGTCCTTGTTTT3′
R:5′ACGCGGTGAAGTTCAGTTGC3′ 207

LOC400499 F:5′CCTATCATTTTTCCACCAACACC3′
R:5′AAGACCACTCCCCTCCACCA3′ 65

MTHFD2 F:5′CAAGTCACTCCTATGTCCTCAAC3′
R:5′CCTTCTCTCATCAATATGCTCTG3′ 191

THBS2 F:5′GGACGAGCCCTTCTACGA3′
R:5′TTGCTGGCAACCCTTCTT3′ 160

TMCO1 F:5′TTTTACTGCCCTAATGGGAATG3′
R:5′CGATGAGACAGTCCTTGGATGTA3′ 102

TMPRSS13 F:5′CTGTTCGCTGTGACGGGGT3′
R:5′TTTCCTGGATGGTGGAGTTGTAT3′ 270

WFS1 F:5′CCCAAGAAGAAGAAGCAGGTG3′
R:5′CCCTTGGCGTACTTCTTAGTGAT3′ 206

Table 1.  PCR primer sequences. PCR, polymerase chain reaction; ACTN4, alpha-actinin 4, BRWD1, 
bromodomain and WD repeat-containing protein 1, HYPK, Huntingtin yeast partner K, MTHFD2, 
Methylenetetrahydrofolate dehydrogenase 2, THBS2, ECM protein thrombospondin-2, TMCO1, 
transmembrane and coiled-coil domains 1, TMPRSS13, transmembrane protease serine 13.
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CX3CR1-associated genes and their function in liver cirrhosis
From a pool of 18,393 genes, 2114 genes were identified using univariate Cox regression analysis. Subsequently, 
21 genes linked to CX3CR1 expression were isolated from the initial 2114 genes using Pearson correlation 
analysis, as depicted in the correlation heatmap (Fig. 2d). Functional analysis revealed that CX3CR1-associated 
genes were prominently associated with endoplasmic reticulum (ER) calcium ion homeostasis and ER overload 
response within the biological process (BP). Cellular component (CC) analysis showed that CX3CR1-associated 
genes were mainly enriched in the integral component of the ER membrane. Molecular function (MF) analysis 

Characteristics GSE15654 (n = 216)

Survival 150(69.44%)

HCC 65(30.09%)

Child–pugh class B/C 66(30.56%)

Platelet < 100,000/mm3 99(45.83%)

Table 2.  Clinical information of patients.

 

Fig. 1.  The flow-chart and methodologies of the research.
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Fig. 2.  (a) Histogram based on maximally selected rank grouping in model1. (b) Grouping cut-off value based 
on maximally selected rank. (c) Kaplan–Meier diagram of the total survival rate of Model1. (d) Heatmap 
showed the correlations between CX3CR1 and genes which screened by univariate Cox analysis from whole 
genome. (e) Lollipop chart showed the GO function enrichment of CX3CR1 related genes. (f) Bubble diagram 
of KEGG pathway of CX3CR1 related genes.
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indicated their substantial association with protein N-terminus binding (Fig. 2e). Furthermore, KEGG pathway 
analysis revealed that CX3CR1-associated genes were enriched in amoebiasis, extracellular matrix (ECM)–
receptor interaction, and related processes (Fig. 2f). KEGG imagery is used with permission from the Kanehisa 
laboratory20.

CX3CR1-associated immune infiltration genes and their prognostic correlation in individuals 
with liver cirrhosis
In the discovery dataset, CIBERSORT was employed for the identification of the composition of 22 immune cell 
types. Using Pearson correlation analysis, a CX3CR1-associated gene correlated with immune cell infiltration 
was identified (Fig. 3a). Further, univariate Cox regression and LASSO Cox regression analyses were employed 
to filter genes, identifying 11 optimal prognostic genes known as CX3CR1-associated IIGs (Fig. 3b and c). Based 
on the expression and corresponding coefficients of 11 CX3CR1-associated IIGs, risk score 2 was computed 
utilizing the following equation: expression of ACTIN4 × 1.106 + expression of BRWD1 × (− 0.477) + expression 
of CD1E × 0.328 + expression of HYPK × (− 0.951) + expression of ITGB7 × (− 0.474) + expression of 
LOC400499 × 0.234 + expression of MTHFD2 × 0.173 + expression of THBS2 × 0.335 + expression of 
TMCO1 × (− 0.629) + expression of TMPRSS13 × (− 1.376) + expression of WES1 × (− 0.382). Applying risk score 
2, the maximally selected rank method divided individuals into high-risk (96 individuals) and low-risk categories 
(120 individuals) (Fig. 3d). The cut-off value was − 9.49 (Fig. 3e). The forest plot of 11 CX3CR1-associated IIGs 
is shown in Fig. 3f. Survival analysis demonstrated that the high-risk category had shorter survival times in 
comparison to the low-risk category (P < 0.0001) (Fig. 3g). The MST for the high-risk group is 3822 days. The 
clinical information of Model 2 is shown in Table 3.

CX3CR1-associated immune infiltration cells and their prognostic significance in individuals 
with liver cirrhosis
Based on CIBERSORT outcomes, immune cells exhibiting correlation with the expression of CX3CR1 were 
retained (Fig. 3a). Using univariate Cox regression and LASSO Cox regression analyses, immune cell types were 
further refined (Fig. 4a and b). Among these, three immune cell types were identified as CX3CR1-associated 
immune infiltration cells. Formulating risk model 3 involved the following formula: Plasma cells × 4.346 + T 
follicular helper cells × 9.680 + Monocytes × (− 6.143). Based on the risk score 3, individuals were classified 
into high-risk (23 individuals) and low-risk categories (193 individuals), with a cut-off value of 0.54 (Fig. 4c 
and d). The high-risk category exhibited a poor prognosis in comparison to the low-risk category (P < 0.0001) 
(Fig. 4e). The MST for the high-risk group is 3062 days, while for the low-risk group it is 7027 days. The clinical 
information of Model 3 is shown in Table 3.

Model 1 High-risk group (186) Low-risk group (30)

Survival 124(66.67%) 26(86.67%)

Survival time(days, mean ± s.d.) 3264.45 ± 1502.02 4046.97 ± 1518.64

Platelet < 100,000/mm3 88(47.31%) 11(36.67%)

HCC 60(32.26%) 5(16.67%)

Child–Pugh class B/C 59(31.72%) 7(23.33%)

Model 2 High-risk group (96)
Low-risk group 
(120)

Survival 47(48.96%) 103(85.83)

Survival time(days, mean ± s.d.) 2978.14 ± 1473.80 3689.12 ± 1497.24

Platelet < 100,000/mm3 51(53.12%) 48(40.00%)

HCC 34(35.42%) 31(25.83%)

Child–Pugh class B/C 43(44.79%) 23(19.17%)

Model 3 High-risk group (23)
Low-risk group 
(193)

Survival 9(39.13%) 141(73.06%)

Survival time(days, mean ± s.d.) 2593.35 ± 1458.58 3466.06 ± 1509.72

Platelet < 100,000/mm3 11(47.82%) 88(45.60%)

HCC 11(47.82%) 54(27.98%)

Child–Pugh class B/C 13(56.52%) 53(27.46%)

Combined model High-risk group (121) Low-risk group (95)

Survival 62(51.24%) 88(92.63%)

Survival time(days, mean ± s.d.) 3407.96 ± 1449.39 3787.31 ± 1526.00

Platelet < 100,000/mm3 64(52.89%) 35(36.84%)

HCC 44(36.36%) 21(22.11%)

Child–Pugh class B/C 50(41.32%) 16(16.84%)

Table 3.  Clinical information of patients in different model.
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Fig. 3.  (a) The correlations between the CX3CR1-related genes and immune cell compositions. (*** means 
P < 0.01, ** means P < 0.05, and * means P < 0.1). (b) LASSO coefficient profiles of 11 CX3CR1-related immune 
infiltration genes. (c) Three-fold cross-validation of lasso analysis. Error bars represented the SE. The dotted 
vertical lines showed the optimal values. (d) Histogram based on maximally selected rank grouping in model2. 
(e) Grouping cut-off value based on maximally selected rank. (f) Forest plot of 11 CX3CR1-related immune 
infiltration genes with P < 0.05 by univariate Cox regression. (g) Kaplan–Meier diagram of the total survival 
rate of Model2.
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Integrated prognostic model based on risk scores 1–3 for individuals with liver cirrhosis
To predict patient prognosis, an integrated model was constructed using multivariate Cox regression analysis 
based on risk models 1–3 (Fig.  5a and b). The combined risk score was derived as follows: Combined risk 
score = risk score 1 × 0.6264 + risk score 2 × 0.9714 + risk score 3 × 0.3491. According to the maximally selected 
rank statistics, 121 individuals were placed in the high-risk and 95 in the low-risk category (Fig. 5c and d). 
Individuals in the high-risk category exhibited a notably shorter overall survival period in comparison to the 
low-risk category (P < 0.0001) (Fig. 5g). In the combined model, the MST for the high-risk group is 4012 days. 
Individuals in the high-risk category demonstrated higher plasma cell infiltration and lower monocyte 
infiltration in comparison to the low-risk category (Fig. 5e and f). The clinical information of the combined 
Model is given in Table 3.

Preliminary validation of clinical samples:
Lower expression levels of ACTN4, TMCO1, CD1E, and WFS1 were observed in the liver tissues of patients 
compared to normal liver donors. Conversely, the expression levels of LOC400499 and MTHFD2 were elevated 
in individuals with liver failure in comparison to those with hepatocirrhosis (Fig.  6a). CIBERSORT results 
indicated that the infiltration level of plasma cells was higher in specimens with liver failure compared to those 
with hepatic cirrhosis. In contrast, the infiltration of monocytes was lower in the liver failure group (Fig. 6b). 
This was consistent with the trends observed in our bioinformatics analysis; however, due to the small sample 
size, it lacked statistical significance. Furthermore, Pearson correlation analysis showed a negative relationship 
between the expression of BRWD1 and the aspartate aminotransferase levels in patients (Fig. 6c). In addition, 
the findings demonstrated a positive relationship between the expression of LOC400499 and the levels of total 
bilirubin (TB) and direct bilirubin (DB) (Fig. 6d and e). Similarly, the expression of MTHFD2 exhibited positive 
correlations with TB, DB, and indirect bilirubin levels (Fig.  6f–h). The clinical information of patients was 
presented as Table 4.

Discussion
CX3CR1, the sole receptor for CX3CL1, has been established as pivotal in prior research. The CX3CR1–CX3CL1 
axis has been highlighted for its substantial role in liver fibrosis and cirrhosis progression. This study is the first 
to delineate the significance of CX3CR1 within a retrospective cohort of HCV-induced cirrhosis. The findings 
showed that high expression of CX3CR1 serves as a risk factor for the prognosis of individuals with HCV-
induced cirrhosis. A series of genes and immune cells correlated with the expression of CX3CR1 were identified 
in the discovery dataset, leading to the successful establishment of the prognosis model. Furthermore, this study 
was supported by preliminary validation using clinical specimens. The present study not only advances the 
understanding of therapeutic targets but also furnishes potential prognostic markers for individuals with HCV-
induced liver fibrosis and cirrhosis.

At present, the significance of CX3CR1 in liver fibrosis remains controversial. A previous investigation 
reported that the expression level of CX3CR1 was increased among individuals with more severe liver fibrosis13, 
which is similar to this study showing poor prognosis in individuals with cirrhosis with higher expression of 
CX3CR1. Furthermore, serum levels of CX3CL1 in individuals with liver cirrhosis were considerably higher 

Fig. 4.  (a) LASSO coefficient profiles of 3 CX3CR1-related immune infiltration cells. (b) Three-fold cross-
validation of lasso analysis. (c) Histogram based on maximally selected rank grouping in model3. (d) Grouping 
cut-off value based on maximally selected rank. (e) Kaplan–Meier diagram of the total survival rate of model3.
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than those in healthy donors, positively correlating with their Child–Pugh score21. However, other studies 
emphasized that CX3CR1 plays an important role in protecting the body from inflammatory damage. For 
example, in the mice model of schistosomiasis hepatic cirrhosis, CX3CR1 expression was upregulated after 
Schistosoma japonicum cercariae infection22. In addition, CX3CR1 deficiency mitigated acute inflammation by 
fostering M2 macrophage polarization23.

Fig. 5.  (a) LASSO coefficient profiles of 3 risk models. (b) Three-fold cross-validation of lasso analysis. (c) 
Histogram based on maximally selected rank grouping in combined model. (d) Grouping cut-off value based 
on maximally selected rank. (e) The infiltration of plasma cells in two clusters based on the combined risk 
model. (f) The infiltration of monocytes in two clusters based on the combined risk model (g) Kaplan–Meier 
diagram of the total survival rate of combined risk model.
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CX3CR1 contributes to the progression of liver fibrosis in several ways. The CX3CR1 coding variant V249I is 
strongly associated with advanced liver fibrosis. The presence of CX3CR1 in HSCs indicates that its interaction 
with fractalkine suppresses the expression of tissue inhibitor of matrix metalloproteinase 1 (TIMP1) mRNA in 
HSCs, thereby promoting the progression of liver cirrhosis24. Meanwhile, HMGB2 plays a crucial role in the 
activation of HSCs. In Hmgb2-/- mice, the activation of the CX3CR1 gene is significantly inhibited, leading to a 
reduction in fibrosis25. As liver fibrosis progresses, there is a notable expansion of CX3CR1 + monocyte-derived 

Fig. 6.  (a) The expression of ACTN4, TMCO1, CD1E, WFS1 between liver donor and patients. The expression 
of LOC400499 and MTHFD2 between liver failure and hepatiocirrhosis patients. **means P < 0.01, *means 
P < 0.05. (b) The infiltration of monocytes and plasma cells in clinical samples. (c–h) Pearson analysis showed 
the correlation between gene expression and clinical features.
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inflammatory dendritic cells, which activate surrounding HSCs through the secretion of pro-inflammatory 
factors such as TNFα. This process results in excessive deposition of ECM and structural remodeling of the 
liver, further promoting the development of liver fibrosis26. Therefore, CX3CR1 is a critical mediator in the 
progression of liver fibrosis induced by HCV and holds potential as a therapeutic target for HCV-induced 
fibrosis. However, current research on the relationship between HCV and CX3CR1 is limited, underscoring the 
need for further investigation in this area.

The present study found a set of genes correlated with the expression of CX3CR1 and immune cell infiltration, 
including ACTN4, BRWD1, CD1E, HYPK, ITGB7, LOC400499, MTHFD2, THBS2, TMCO1, TMPRSS13, and 
WSF1. During validation, ACTIN4, CD1E, TMCO1, and WSF1 exhibited distinct expression in disease 
conditions. In contrast, LOC400499 and MTHFD2 showed elevated expression in liver failure tissues compared 
to hepatocirrhosis. In addition, expressions of LOC400499 and MTHFD2 were positively related to liver 
function, while the expression of BRWD1 was negatively correlated with liver function indices. ACTN4, also 
known as alpha-actinin 4, is critically involved in the pathogenesis of hepatocellular carcinoma (HCC), 
promoting cancer cell invasion, metastasis, and signaling regulation27–29. Although the role of ACTN4 in liver 
fibrosis is underreported at present, it’s been associated with kidney fibrosis and glomerulosclerosis progression. 
Notably, decreased expression of ACTN4 could delay kidney fibrosis development30–32. In the liver, the expression 
of ACTN4 is primarily observed in cancer cells of HCC. Therefore, the main source of ACTN4 may still be 
hepatocytes27–29. ACTN4 interacts with AKT1 and enhances its phosphorylation33. The interaction between 
ACTN4 and TRIP13 in HCC activates the AKT/mTOR pathway, triggering EMT29, a process significant to the 
progression of liver fibrosis. Recent studies have shown that CX3CR1 may play a role in various biological 
processes by regulating the AKT/mTOR pathway34–36. One study found that in hepatopulmonary syndrome 
caused by cirrhosis, the increased expression of CX3CL1 and CX3CR1 in the lungs stimulates AKT pathway 
activation, further promoting the accumulation of intrapulmonary monocytes, angiogenesis, and the 
development of experimental hepatopulmonary syndrome34. In our study, we found that CX3CR1 was positively 
correlated with ACTN4 in HCV-induced fibrosis, and high ACTN4 expression predicted poor prognosis. 
Therefore, we speculate that CX3CR1 and ACTN4 may co-participate in the progression of liver fibrosis through 
the AKT pathway. However, further research is needed. BRWD1, a bromodomain and WD repeat-containing 
protein 1 holds a predicted molecular weight of 263 KD and encompasses tandem BROMO domains and a 
WD40 repeat sequence37. Previously conducted studies have shown that the expression of BRWD1 is correlated 
with the development and maturation of sperm and eggs38. Meanwhile, the loss of BRWD1 has been correlated 
with the incidence of Down syndrome and hypogammaglobulinemia39,40. BRWD1 is highly expressed in 
follicular B cells and plays a crucial role in B lymphocyte development and immune regulation. It functions by 
closing early developmental enhancers in small pre-B cells while opening enhancers associated with late B 
lymphopoiesis to promote transcription factor binding. The expression and recruitment of BRWD1 are regulated 
by stage-specific signals, particularly the necessary inhibitory role of STAT5 during different stages of B cell 
development39,41. The loss of CX3CR1 results in reduced proximal BCR signaling while enhancing the activation 
of distal signaling pathways related to metabolic reprogramming. Additionally, CX3CR1 deficiency leads to 
overactivation of WASP and diminished dephosphorylation of Ezrin in small pre-B cells, affecting BCR clustering 
and signalosome recruitment42. This impact may intertwine with BRWD1’s role in regulating enhancer 
accessibility, suggesting that BRWD1 might play a role in the signaling changes mediated by CX3CR1 through 
its regulation of transcriptional programs related to B cell development. At present, no research has discussed the 
role of BRWD1 in liver or fibrosis diseases. Our study found that the expression of BRWD1 had negative 
correlation with CX3CR1 in HCV-induced cirrhosis. The potential interaction between CX3CR1 and BRWD1 
warrants further investigation to better understand their collaborative effects on B cell development and liver 
fibrosis. CD1E, a member of the CD1 family, is a membrane-associated protein located in the Golgi compartment 
of immature human dendritic cells. It is subsequently transported to lysosomes, where it is cleaved into soluble 
form. CD1E is involved in glycolipid antigen processing43. Expression of CD1E is also detected on T cell 
membranes, facilitating glycolipid antigen presentation on the cell surface44. Studies involving CD1E have been 
reported in conditions such as HCC, chronic lung allograft dysfunction, and multiple sclerosis45–47. High 
expression of CD1E indicated poor prognosis in individuals with HCC due to altered lipid microenvironment47. 
This study suggested that CD1E had positive correlation with the expression of CX3CR1 and predicted poor 
prognosis in individuals with cirrhosis. While no studies reported a link between CD1E expression and fibrosis, 

Characteristics Liver failure(n = 3) Hepatocirrhosis(n = 4)

Serum albumin (g/L) 30.2 ± 5.8 37.8 ± 3.08

Prothrombin time (s) 16.67 ± 0.55 14.18 ± 1.91

Total bilirubin(µmol/L) 383.37 ± 70.28 24.58 ± 3.07

Direct bilirubin(µmol/L) 304.87 ± 31.87 9.70 ± 2.02

Indirect bilirubin (µmol/L) 78.50 ± 41.77 14.88 ± 1.73

Aspartate aminotransferase(U/L) 126.33 ± 52.17 79.75 ± 106.44

Hepatic encephalopathy 3 0

Ascites 3 2

Child–Pugh class B/C 3 0

Table 4.  Clinical information of clinical samples.
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the progression of liver fibrosis is closed associated with the innate and adaptive immune responses mediated by 
T cells and dendritic cells. Compared to healthy individuals, CD1c + DCs, which belong to the CD1 family along 
with CD1e, exhibit a significant reduction in their ability to kill target cells in patients with chronic hepatitis C48. 
Additionally, in renal fibrosis, CD1c + DCs serve as a primary source of TGF-β and CX3CR1 expression. The 
secretion of CX3CL1 by proximal tubular epithelial cells induces the accumulation of TGF-β-producing 
CD1c + DCs in the renal interstitium, promoting the progression of fibrotic diseases49. However, the precise 
mechanism between CD1E and CX3CR1 necessitates further research. TMCO1, a product of transmembrane 
and coiled-coil domains 1, belongs to the DUF841 superfamily50. This multifunctional eukaryotic protein plays 
a crucial role in preventing excessive intracellular Ca2+ accumulation and maintaining endoplasmic 
reticulum(ER) calcium homeostasis51. TMCO1 dysfunction is linked to various human diseases, including 
dysmorphism, mental retardation, glaucoma, tumorigenesis, gliomas, and osteoporosis52,53. TMCO1 mRNA 
widely expressed in liver50. The interaction of CX3CL1 with CX3CR1 increases Ca2⁺ levels, which activates 
Calcium/calmodulin-dependent Protein Kinase II delta (CaMKIIδ) and prompts the translocation of HDAC4 
from the nucleus to the cytosol. This translocation inhibits autophagy in Kupffer cells, leading to their apoptosis 
and contributing to liver damage54. Furthermore, a study revealed that the absence of TMCO1 resulted in 
reduced CaMKII phosphorylation, which in turn decreased HDAC4 phosphorylation, ultimately impairing 
bone formation and osteoblast differentiation52. Our study suggested that high expression of TMCO1 indicated 
better prognosis in patients with cirrhosis. In the context of liver fibrosis, the high expression of CX3CR1 may 
lead to increased Ca2⁺ levels, which in turn reduces the expression of TMCO1, thereby maintaining intracellular 
Ca2⁺ homeostasis. The process may be mediated by the CaMKIIδ/HDAC4 axis involving both factors. The 
transmembrane protein wolframin, encoded by the nuclear gene WSF1, resides in the ER membrane. WSF1 
mutations are associated with Wolfram syndrome or type 2 diabetes mellitus55. WFS1-encoded wolframin could 
play a role by maintaining the body’s calcium levels in conjunction with CX3CR1 in fibrosis. The deficiency of 
WFS1 disrupts communication between the ER and mitochondria within specialized suborganelles known as 
mitochondria-associated ER membranes (MAMs), resulting in mitochondrial dysfunction56. HCV proteins 
specifically associate with MAMs, which are essential for viral replication57. Therefore, the reduced expression of 
MAMs due to WFS1 deficiency may influence the progression of HCV-induced fibrosis. Moreover, this research 
demonstrated a positive relationship between the expression of LOC400499 and MTHFD2 and the clinical 
signature of patients. The LOC400499 gene remains unidentified. Our study suggested that LOC400499 is 
positively correlated with the progression of liver fibrosis in patients. Methylenetetrahydrofolate dehydrogenase 
2 (MTHFD2) is a key enzyme in one-carbon metabolism. A study linked the high expression of MTHFD2 to 
lung fibrosis development in mice58. In addition, MTHFD2 is overexpressed in HCC, and its deficiency showed 
potential antitumor effects in various cancers59. In HCC, Wnt/beta-catenin signaling pathway regulates the 
expression of MTHFD2. Suppressed expression of MTHFD2 considerably attenuated the malignant phenotype 
of tumor cells induced by the activation of the Wnt/beta-catenin signaling pathway60. Wnt/β-catenin is one of 
the important signaling pathways through which the CX3CL1/CX3CR1 axis influences the inflammatory 
process36. Therefore, CX3CR1 may interact with MTHFD2 to modulate the inflammatory response and disease 
progression by influencing the Wnt/β-catenin signaling pathway.

The innate and adaptive immune systems perform a critical function in the process of liver fibrosis, promoting 
the activation of hepatic stellate cells and subsequent ECM deposition. The present study characterized the 
immune cell composition linked to the expression of CX3CR1-associated genes and its prognostic value in 
individuals with HCV-induced early-stage liver cirrhosis. Monocytes recruited from the peripheral blood 
through the CX3CR1–CX3CL1 axis differentiate into macrophages61 that centrally govern the progression 
and regression of liver cirrhosis through their phenotypic changes. The combined model revealed that higher 
monocyte infiltration predicts a better prognosis. Previous studies have reported that CX3CR1 can limit liver 
cirrhosis by controlling the differentiation and survival of intrahepatic monocytes14,62. Consequently, inhibiting 
monocyte-to-proinflammatory macrophage differentiation might emerge as a viable strategy to reverse 
cirrhosis. Furthermore, this study showed that infiltration of plasma cells in injured livers was correlated with 
a worse prognosis. Plasma cells are a terminally differentiated form of B cells. B cells account for nearly half of 
the lymphocyte population in the liver63. In chronic liver disease, retinoic acid produced by HSCs enhances 
B cell survival, expression of the plasma cell marker CD138, and IgG production, thereby exacerbating liver 
fibrosis progression64. Additionally, the involvement of B cells in αCD40-induced necrotizing inflammatory liver 
disease reveals their pro-inflammatory role, which is dependent on the presence of macrophages65. In addition, 
infiltration of follicular helper T cells was found to be a prognostic risk factor for individuals with liver cirrhosis. 
Although its role in recruiting eosinophils during schistosomiasis infection has been reported, scarce attention 
has been paid to its role in liver cirrhosis pathogenesis66.

There are several limitations to this study. First, the analysis was based on a retrospective cohort with 
individuals exclusively suffering from chronic HCV infection, potentially limiting the direct applicability of 
these findings to cirrhosis resulting from other causes such as chronic HBV infection or non-alcoholic fatty liver 
disease. Second, the clinical sample size was relatively small, preventing the verification of all gene expressions. 
Third, this study was unable to assess the relationship between liver immune infiltration and systemic immune 
status in individuals with cirrhosis due to the absence of fresh samples from patients. In future studies, it is 
intended to expand the sample size and investigate the mechanism underlying CX3CR1-associated genes in liver 
fibrosis. In addition, the aim is to compare data from HC, individuals who are decompensated, and those with 
acute-on-chronic liver failure with individuals in the early stage to precisely delineate the role of CX3CR1 and its 
associated immune cells in liver cirrhosis pathogenesis.

In summary, the current research explored the prognostic value of CX3CR1 in individuals with chronic HCV 
infection and examined its correlation with immune cell infiltration using bioinformatic analyses. An integrated 
prognostic model based on the expression of CX3CR1, CX3CR1-associated IIGs, and immune infiltration 
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pattern was constructed to predict patient outcomes. Furthermore, clinical samples collected from healthy liver 
donors, individuals with post-hepatic cirrhosis, and those with acute-on-chronic liver failure were verified using 
the bioinformatics findings. In conclusion, these findings suggest that CX3CR1 could emerge as a novel target 
for mitigating and managing the progression of liver cirrhosis.

Material and methods
Dataset preparation
The microarray expression dataset GSE15654 was acquired from the Gene Expression Omnibus (GEO) database 
(https://www.ncbi.nlm.nih.gov/gds)67. This dataset encompassed 216 individuals with HCV-related early-stage 
cirrhosis from an Italian center, with a median follow-up duration of 10 years. Using the platform annotation 
file, probes within the dataset were converted into corresponding gene symbols. Duplicate probes were excluded 
from the dataset, retaining the maximum value, before performing log2 normalization.

Identification of CX3CR1 as a risk factor in individuals with liver cirrhosis
The expression matrix of CX3CR1 was extracted, and the maximally selected rank statistics were employed to 
divide the individuals into high and low-risk groups (categories). The algorithm was implemented using the R 
packages “survival” and “survminer.” Combined with the clinical information, the Kaplan–Meier method was 
utilized to create risk model 1.

Identification of CX3CR1-associated genes in individuals with liver cirrhosis
To gain further clarity regarding genes associated with disease progression, univariate Cox analysis 
was employed across the whole genome, retaining genes with P < 0.05. Pearson correlation analysis 
was conducted to identify genes related to CX3CR1 (|Pearson R|> 0.2 and P < 0.05). Subsequently, gene 
ontology functional annotation (GO) and Kyoto Encyclopedia of Genes and Genomes analyses (KEGG) 
were employed to uncover the functional roles and signaling pathways of the CX3CR-associated genes. 
The GO and KEGG analyses were performed using “DAVID” available at https://david.ncifcrf.go. Adjusted 
P < 0.05 was considered statistically significant. The GO enrichment plot and KEGG bubble chart were 
generated using the online tool at http://www.sangerbox.com.

Identification of immune infiltration patterns in individuals with liver cirrhosis
CIBERSORT analysis was employed to determine the composition of 22 immune cell types in individuals with 
liver cirrhosis. Using Pearson correlation analysis, genes linked to immune cell infiltration were selected from 
CX3CR1-associated genes (|Pearson R|> 0.2 and P < 0.05). Subsequently, these genes were identified as CX3CR1-
associated IIGs. The least absolute shrinkage and selection operator (LASSO), a type of shrinkage-based linear 
regression, was employed to filtrate the optimal gene set. Multivariate Cox regression analysis was conducted to 
determine corresponding coefficients. The risk score for CX3CR1-associated IIGs was calculated as Score = ∑i 
1n (Coefi ∗ the expression of a relative gene). A coefficient exceeding 0 indicated a risk factor, while values below 
0 indicated a protective factor. Using the risk score, maximally selected rank statistics were utilized to categorize 
individuals into two clusters. Survival curves were generated for predicting the survival differences between the 
two clusters (risk model 2).

Identification of CX3CR1-associated immune infiltration cells in individuals with liver 
cirrhosis
Immune cells that exhibited correlation with CX3CR1-associated genes were isolated using Pearson correlation 
analysis. These cells were then designated as CX3CR1-associated IIGs. Subsequently, individuals were divided 
into high- and low-immune infiltration clusters as per the infiltration levels of the identified immune cells, 
employing maximally selected rank statistics. The survival curve was utilized to ascertain the impact of CX3CR1-
associated immune infiltration cells on the survival duration of individuals with liver cirrhosis (risk model 3).

Integrated prognostic model for individuals with liver cirrhosis
Based on the risk scores of CX3CR1, CX3CR1-associated IIGs, and CX3CR1-associated immune infiltration 
cells, an integrated prognostic model for liver cirrhosis was developed. This model entailed calculating the 
combined risk score as Score = ∑i 1n (Coefi ∗ corresponding risk score), with coefficients established using 
multivariate Cox regression analysis. Employing the combined risk score, maximally selected rank statistics 
were used to classify individuals into high- and low-risk groups. The Kaplan–Meier method was then applied to 
create a survival curve.

Validation of clinical patients
To verify the aforementioned bioinformatic findings, 10 surgical resection specimens, including 3 healthy 
controls (HC), 4 individuals with HCV-induced hepatic cirrhosis, and 3 with HCV-induecd liver failure, were 
collected for gene expression testing. The research was approved by the institutional review board (Ethics 
Committee) of the West China Hospital of Sichuan University (2023-288). RNA was extracted from the liver 
tissues using TRIzol reagent, followed by quantitative reverse transcriptase-PCR (qRT-PCR) to assess the 
expression of CX3CR1-associated IIGs. Each gene was evaluated three times, and the mean cycle threshold data 
was computed. Equation 2−△CT was used to ascertain relative gene expression.

RNA-seq analysis of clinical samples
Seven liver fibrosis clinical samples were analysed by RNA-seq. Total RNA was isolated from liver specimens 
using an RNA Isolation Kit (Foregene, Chengdu, China). RNA-sequencing (RNA-seq) libraries were constructed 
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and sequenced using the Illumina NovaSeq™ X Plus platform, with the process carried out by Anoroad (Beijing, 
China). The evaluation of relative gene expression was based on transcripts per million (TPM).

Statistical analysis
All analyses were executed using R 4.0.2 and Graphpad Prism 9.0. The maximally selected rank statistics algorithm 
and survival plots were generated using the R packages “survival” and “survminer.” CIBERSORT analysis was 
conducted at https://cibersort.stanford.edu/. The LASSO and Cox regression models were developed using the 
R package “glmnet.” PCR results were presented as mean ± standard deviation. Continuous data were compared 
utilizing the unpaired t-test. The code used in this study has been uploaded as Supplementary Material 1.

Data availability
The datasets generated and/or analysed during the current study are available are publicly available. The data 
can be found here: Gene Expression Omnibus GEO, available at: ​h​t​t​p​s​:​/​/​w​w​w​.​n​c​b​i​.​n​l​m​.​n​i​​h​​.​​g​o​v​/​g​e​o​/​q​u​e​r​y​/​a​c​c​.​
c​g​i​?​a​c​c​=​G​S​E​1​5​6​5​4​​​​​.​​
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