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Up-regulation of blood-circulating
TIM-4-expressing monocytes and
potential diagnostic biomarker
sTIM-4 in primary liver cancer
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Xingcai Chen?, Jilin Qing®"* & Zhizhong Chen”**

Primary hepatocellular carcinoma (PHC) remains a globally prevalent malignancy, where early
diagnosis is critical. Monocytes have been implicated in tumor progression. This study investigated
the expression of T cell immunoglobulin and mucin domain-containing protein 4 (TIM-4/TIMD4) in
PHC tissues and peripheral blood monocytes, and assessed the clinical relevance of soluble TIM-4
(sTIM-4). Immunohistochemistry and bioinformatics analyses revealed reduced TIM-4 expression in
PHC tissues, which correlated with immune cell infiltration. Flow cytometry showed elevated TIM-4
expression in circulating monocytes of PHC patients, predominantly within the intermediate subset
(91.7%). sTIM-4 and monocyte TIM-4 levels were positively correlated with alpha-fetoprotein (AFP),
alanine aminotransferase (ALT), aspartate aminotransferase(AST), gamma-glutamyl transferase
(GGT), alkaline phosphatase (ALP), and negatively correlated with albumin (ALB). Notably, sTIM-4
levels were significantly higher in patients with a history of hepatitis. Logistic regression indicated that
elevated sTIM-4 was associated with a 2.29-fold increased risk of PHC. ROC analysis demonstrated
that the combination of sTIM-4 and AFP improved diagnostic accuracy for PHC. In conclusion, TIM-4
is downregulated in PHC tissues but upregulated in circulating intermediate monocytes, suggesting
its dual role in tumor immunobiology. The combined measurement of sTIM-4 and AFP enhances
diagnostic sensitivity and offers predictive value for PHC risk stratification.
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Liver cancer is among the most prevalent malignant tumors worldwide. In 2020, an estimated 90.6 million
individuals were diagnosed with the disease"?, making it the third leading cause of cancer-related deaths globally,
with a relative five-year survival rate of approximately 18%!. The high incidence and mortality underscore its
poor prognosis. Liver cancer can be classified into primary liver cancer (PHC)—characterized by aggressive
biological behavior—and secondary liver cancer®. Hepatocellular carcinoma (HCC, also referred to as LIHC)
accounts for 80-90% of PHC cases, while intrahepatic cholangiocarcinoma contributes to 10-15%*. Most PHC
patients have underlying chronic liver conditions, commonly due to hepatitis B virus (HBV) or hepatitis C virus
(HCV) infection, with HBV predominating in Asia’.

The slow pace of advancements in prevention and early detection has contributed to the rising incidence
of PHC. Currently, the sensitivity of abdominal ultrasonography for early PHC detection remains suboptimal,
especially in patients with obesity or non-viral liver disease®. While blood-based monitoring strategies show
promise, they still require further validation before clinical practice®. In recent years, immune checkpoint
inhibitor (ICI)-based therapies have become widely used for advanced PHC treatment’. Although ICIs,
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especially in combination with other agents, have improved survival outcomes for some patients, sustained
benefits remain limited in late-stage disease. As a result, identifying novel molecular targets associated with liver
cancer has become a major focus in PHC research and treatment.

The human T-cell immunoglobulin and mucin domain-containing (TIM) gene family was first identified by
Mclntire’s team in 2001 during studies on asthma susceptibility®. This family includes three human TIM genes—
TIM-1, TIM-3, and TIM-4—which encode proteins involved in immune regulationg’lo. TIM-1 and TIM-3 are
predominantly expressed on T cells and play roles in regulating apoptosis and immune tolerance!!. In contrast,
TIM-4, also known as TIMD4, (TIMD4 for Mesh name, TIM-4 for commonly used name) is mainly expressed
on antigen-presenting cells such as macrophages and dendritic cells (DCs). As a natural ligand of TIM-1 and
a phosphatidylserine receptor, TIM-4 facilitates the phagocytosis of apoptotic cells by macrophages. It also
modulates T-cell activation and tolerance, contributing to immune homeostasis'?. While the role of TIM-4 has
been extensively investigated in malignancies such as cervical cancer, rectal cancer, and non-small cell lung
cancer (NSCLC)!3-13, its involvement in PHC remains poorly understood.

Recent studies have shown that TIM-4 is highly expressed in monocytes from patients with acute ischemic
stroke, particularly within non-classical and intermediate monocyte subsets'®'. Its expression was positively
correlated with the National Institutes of Health Stroke Scale (NIHSS) score!®. However, limited research
exists on the regulatory function of TIM-4 in tumors, especially PHC. To date, no studies have reported the
expression of TIM-4 in circulating monocytes or its concentration in plasma among PHC patients. In our
bioinformatics analysis, we identified that TIM-4 exhibits reduced transcriptional and protein expression levels
in liver cancer tissues. This pattern is distinct from the typical upregulation observed in many oncogenes and
suggests that TIM-4 may have context-dependent biological functions. Notably, TIM-4 is highly expressed in
other solid tumors, further highlighting its potential unique role in LIHC. Our analysis also revealed significant
differential expression of TIMD4 in monocytes derived from LIHC patients. Monocytes and their related cell
subsets play crucial regulatory roles in cancer development by influencing tumor growth, metastasis, and the
tumor microenvironment!®. Given the critical involvement of monocytes in these processes, we hypothesize
that TIMD4 may be intricately linked to the function of monocytes during tumor progression in LIHC. This
hypothesis forms the basis of our investigation and provides a strong rationale for focusing on the interplay
between TIMD4 and monocytes in the context of LIHC.

Therefore, this study investigates TIM-4 expression in peripheral blood monocytes and plasma of PHC
patients, alongside established PHC screening markers such as alpha-fetoprotein (AFP) and routine liver
function indicators—including alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline
phosphatase (ALP), gamma-glutamyl transferase (GGT), total bilirubin (TBIL), albumin (ALB), prealbumin
(PA), and albumin-to-globulin ratio (A/G). The aim is to explore TIM-4’s diagnostic and therapeutic potential
in PHC.

Materials and methods

Identification of TIM-4 (TIMD4) expression and clinical characteristics of PHC (LIHC)

TIMD4 expression data and comprehensive clinical records were obtained from The Cancer Genome Atlas
(TCGA) database (https://cancer.gov/tcga). Expression levels of TIMD4 across various cancer types and its
correlation with clinical characteristics in liver hepatocellular carcinoma (LIHC) were analyzed using online
bioinformatics platforms including TIMER2.0, GEPIA, HPA, and UALCAN. The expression of TIMD4 in tumor
tissues was further validated through immunohistochemical data from the HPA database.

Prognostic significance of TIMD4 in LIHC

The prognostic significance of TIMD4 in liver hepatocellular carcinoma was assessed using the Kaplan-Meier
Plotter database. The TIMD4 gene identifier was selected, and the "automatic selection of the best cut-oft"
feature was employed.

In our bioinformatics analysis, to determine the optimal cutoff value for defining “high” and “low” TIM-4
expression groups, we performed receiver operating characteristic (ROC) curve analysis. This analysis involves
plotting the relationship between the true positive rate (sensitivity) and the false positive rate (1- specificity)
at various threshold settings. By calculating the area under the ROC curve (AUC), we quantified the overall
diagnostic accuracy of our test. The optimal cutoff value was determined by identifying the point on the ROC
curve that corresponds to the maximum AUC, representing the best balance between sensitivity and specificity.
This ensures accurate differentiation between the groups while minimizing misclassifications.

Correlation genes with TIMD4 in LIHC

UALCAN utilizes TCGA gene expression data from normal and tumor tissues to illustrate the expression
patterns of specific genes in liver hepatocellular carcinoma (LIHC). Gene expression values are transformed
into Log2(TPM +1) values, with a color-coded scale where blue indicates low expression and red indicates
high expression. A legend is provided to explain the color coding. Genes with very low expression (Median
TPM <0.5) were excluded from the analysis. The heatmap includes genes with a Pearson correlation coeflicient
(Pearson-CC) exceeding 0.72 with TIMD4, highlighting a strong association with TIMD4 expression. This
suggests potential functional or regulatory relationships between TIMD4 and these genes.

Immune infiltration analysis by TIMER2.0 and CIBERSORT

The association between TIMD4 expression and six types of tumor-infiltrating immune cells in LIHC was
examined using the TIMER2.0 database. A scatter plot was generated to depict these relationships, providing
insight into the potential immunomodulatory role of TIMD4 in LIHC.
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CIBERSORT was utilized to quantify tumor-infiltrating immune cells using a deconvolution algorithm based
on support vector regression, inferring cell proportions from gene expression profiles. A total of 424 LIHC
patient samples were retrieved from the TCGA database. Patients were stratified into high and low TIMD4
expression groups. CIBERSORT was used to quantify 22 types of tumor-infiltrating immune cells in both groups.
The analysis focused on differences in immune cell composition between the high and low TIMD4 expression
groups, as well as the correlation between TIMD4 levels and immune cell infiltration.

General information collection

A total of 30 pairs pathological tissue sections from newly diagnosed PHC patients (2015-2022) at the People’s
Hospital of Guangxi Zhuang Autonomous Region (IEC approval No.:KY-KJT-2023-111)were analyzed. For each
case, both cancerous and matched paracancerous tissues were examined. All 30 PHC cases were confirmed
as hepatocellular carcinoma, comprising 24 males and 6 females, with 17 patients aged>50 years and 13
aged <50 years. Of these, 21 had a history of hepatitis, and 9 did not. AFP levels were >400 ng/mL in 8 cases
and <400 ng/mL in 18 cases (4 cases missing data). Tumor size was>5 cm in 12 cases and <5 cm in 15 cases
(3 cases missing data). Twenty-four patients had a single tumor nodule, while 6 had multiple (=2) nodules.
Additionally, 23 non-PHC liver tissue samples were collected during the same period, including 19 hepatic cysts,
3 cases of nodular hyperplasia, and 1 case of bile duct stones with purulent cholecystitis.

Venous blood samples were collected from 29 newly diagnosed patients with primary hepatocellular
carcinoma (PHC) at Guilin People’s Hospital between May 2021 and January 2022 (IEC approval No.: 2020-
046KY). Inclusion criteria were: newly diagnosed PHC with a definitive diagnosis, complete clinical data,
and availability of relevant test results (AFP, TBIL, ALP, GGT, ALB, PA, and HBsAg). The cohort included 25
males and 4 females, with a median age of 58 years (IQR: 50.5-67.5). Patients with other malignancies were
excluded. PHC diagnosis followed the Standards for the Diagnosis and Treatment of Primary Liver Cancer
(2019 edition)®. For the control group, healthy individuals undergoing routine physical examinations at Guilin
People’s Hospital during the same period were selected, comprising 24 males and 6 females with a median age
of 57 years (IQR: 47.5-68.25).

All research protocols were reviewed and approved by the Ethics Committees/Institutional Review Boards of
the People’s Hospital of Guangxi Zhuang Autonomous Region and Guilin People’s Hospital. Written informed
consent was obtained from all participants, and the study was conducted in accordance with the Declaration of
Helsinki.

Immunohistochemistry

Paraffin-embedded pathological tissue sections were processed using standard immunohistochemical
procedures, including baking, dewaxing, antigen retrieval, quenching, blocking, and incubation with primary
and secondary antibodies, followed by color development and mounting. In the histochemical experiments,
we quantified the positively stained cells based on cytoplasmic color (light yellow, brown, or tan). Under high
magnification, we randomly selected five fields from each pathological slide, counted 100 cells per field (totaling
500 cells), and calculated the percentage of positive cells and staining intensity for each slide. The staining range
(percentage of positive cells) was scored as follows: 0% =0, 1-25% =1, 26-50% =2, 51-75% =3, 76-100% = 4.
Staining intensity (color intensity) was scored as follows: no staining =0, light yellow =1, brown =2, tan=3. The
immunoreactive score (IRS) was calculated as the product of the percentage value and the staining intensity
score. Based on the IRS, samples were classified into low expression (IRS<4) and high expression (IRS>4)
groups.

Detection of blood-circulating monocyte subsets by flow cytometry

Peripheral blood mononuclear cells (PBMCs) were analyzed by flow cytometry. Classical, intermediate, and
non-classical monocyte subsets were labeled using antibodies against CD14 (APC), CD16 (FITC), and TIM-
4 (PE). TIM-4 expression was assessed in each monocyte subset. Control groups included blank and isotype
controls.

ELISA to detect the expression level of sTIM-4
Soluble TIM-4 (sTIM-4) levels in peripheral blood plasma were measured using a commercially available
TIMD4 ELISA kit.

Statistical analysis
Statistical analyses were conducted using R (v3.6.2), SPSS 26.0, and GraphPad Prism 8.0. Categorical variables
were analyzed using the ) test or Fisher’s exact test. For normally distributed continuous data, the t-test was
used. Correlations were assessed using Spearman’s rank correlation. A p-value < 0.05 (two-tailed) was considered
statistically significant.

Results

TIMD4 is weakly expressed in cancer tissues of LIHC

Using the TIMER2.0 and UALCAN databases, we observed dysregulation of TIMD4 at both the transcriptional
and protein levels across various cancer types compared to normal tissues. Specifically, in liver hepatocellular
carcinoma (LIHC), TIMD4 was significantly downregulated in tumor tissues relative to normal liver tissue
(P=5.39%1072), as shown in Fig. 1A-D. This pattern was corroborated by pathological immunohistochemistry
from the Human Protein Atlas (Fig. 1EG). In addition, analysis via UALCAN revealed a marked reduction in
TIMD4 promoter methylation in LIHC samples (Fig. 1E).
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TIMD4 expression and clinical characteristics analysis

To elucidate TIMD4’s role in LIHC progression, we conducted correlation analyses between its expression
and clinical parameters using UALCAN (Fig. 2A-I). TIMD4 expression showed no significant association
with gender, body weight, race, TP53 mutation status, or tumor grade. However, it was significantly correlated
with patient age, lymph node metastasis, and tumor pathological subtype. Notably, TIMD4 expression was
significantly lower in advanced tumor stages (stages 3 and 4, P<0.05), suggesting a tumor-suppressive role
during LTHC progression.

TIMD4 expression and overall survival (OS)

Kaplan-Meier survival analysis, based on data from 419 LIHC patients in public databases(https://kmplot.com/
analysis/), revealed that higher TIMD4 expression is associated with improved prognosis and prolonged overall
survival (OS; Fig. 2]).

Correlation genes with TIMD4

We further performed a gene co-expression analysis using UALCAN, identifying genes with expression profiles
correlated with TIMD4 in LIHC (Fig. 2G). These findings were visualized to illustrate the relative expression of
each gene within the cohort.

The heatmap clearly shows differential expression of TIMD4 and related genes between tumor and normal
tissues. Genes such as TIMD4, LILRB5, and STEAP4 exhibit significantly lower expression levels in tumor tissues
compared to normal tissues, as indicated by the color change from blue to red. In contrast, genes like RNASE1
and CTSK show higher expression levels in tumor tissues, with a color change from red to blue. Genes such as
ATP8B4, POPDC2, and FOLR2 demonstrate minimal expression changes, evidenced by little color variation.
This pattern suggests diverse regulatory mechanisms and functional roles of these genes in the context of liver
cancer.

Correlation between TIMD#4 expression level and the proportion of 22 immune cells

To investigate the immunological context, we employed CIBERSORT to estimate the relative abundance of
22 tumor-infiltrating immune cell types in LIHC samples stratified by high and low TIMD4 expression. The
resulting histograms display the immune cell composition across the two groups (Fig. 3C). Notably, monocyte
infiltration was significantly higher in the TIMD4 high-expression group compared to the low-expression group
(P <0.05). The optimal cutoft value for TIM-4 expression was determined using ROC curve analysis, ensuring
the best trade-off between sensitivity and specificity. This algorithm determines the optimal cut-off value based
on the maximum AUC, thus achieving the best trade-off between sensitivity and specificity for differentiating
tumor from normal tissue.

The results of the analysis revealed differences in the proportion of immune cells in the TIMD4 low- and
high-expression groups in LIHC samples. Among them, the infiltration of monocytes in the TIMD4 high-
expression group was higher than that in the TIM-4 low-expression group, showing a significant difference
(P<0.05); the infiltration of MO macrophages in the TIMD4 low-expression group was higher than that in the
TIMD4 high-expression group, with a significant difference (P<0.001; Fig. 3D).

The correlation between TIMD4 expression and immune cell infiltration in liver hepatocellular carcinoma
(LIHC) was examined. TIMD4 expression showed a significant positive correlation with monocytes (P<0.001),
M2 macrophages (P=0.006), and CD8* T cells (P=0.03). Conversely, it was negatively correlated with MO
macrophages (P<0.001), regulatory T cells (Tregs; P =0.019), resting mast cells (P =0.023), and resting dendritic
cells (DCs; P=0.031) (Fig. 3E).

Pathological analysis
Immunohistochemical analysis revealed that TIM-4 was predominantly localized in the cytoplasm of
hepatocytes and was detectable in cancerous tissues, adjacent non-tumorous tissues, and normal liver tissues
(Fig. 4A). Among cancer tissues, 18 cases (60%) exhibited low TIM-4 expression and 12 cases (40%) showed
high expression. In adjacent tissues, 9 cases (30%) had low expression while 21 cases (70%) had high expression.
In non-cancerous liver tissues, low and high TIM-4 expression were observed in 5 cases (21.7%) and 18 cases
(78.3%), respectively. The differences in TIM-4 expression between cancerous and non-cancerous tissues were
statistically significant (P<0.05; Fig. 4B). These findings indicate that TIM-4 expression is reduced in liver
cancer tissues and may serve as a diagnostic marker for distinguishing malignant from benign hepatic lesions.
Chi-square analysis demonstrated that TIM-4 expression in PHC tissues was not significantly associated with
patient age, sex, hepatitis B history, AFP levels, tumor number, tumor size, or other clinicopathological features.

Differences in the expression levels of blood-circulating monocyte subsets in PHC patients
No significant differences were found in sex distribution or age between the PHC and control groups (P >0.05),
thereby minimizing the confounding effects of these variables. Circulating monocytes were categorized into three
subsets based on surface expression of CD14 (lipopolysaccharide receptor) and CD16 (Fcy receptor): classical
(CD14 + +CD16 -), non-classical (CD14+CD16+ +), and intermediate (CD14+ + CD16+). The proportions
of these subsets in PHC patients and healthy controls were evaluated using flow cytometry (Fig. 4C,D). The
classical subset comprised 61% (IQR: 45.8-74.45) in PHC patients and 69.3% (IQR: 45.7-80.68) in controls, with
no statistically significant difference (P>0.05; Fig. 4E). Intermediate monocytes were significantly increased
in the PHC group—38.3% (IQR: 4.8-11.85) versus 3.35% (IQR: 2.58-6.65) in controls (P <0.05; Fig. 4F). No
significant difference was observed in non-classical monocytes between PHC patients (14.3%; IQR: 6.65-24.45)
and controls (19.35%; IQR: 8.63-31.45; P > 0.05; Fig. 4G).
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on the patient’s age. (B) Expression of TIMD4 in LIHC based on the patient’s race. (C) Expression of TIMD4
in LTHC based on the patient’s gender. (D) Expression of TIMD4 in LIHC based on the patient’s weight. (E)
Expression of TIMD4 in LIHC based on tumor grade. (F) Expression of TIMD4 in LIHC based on the patient’s
histological subtypes. (G) Expression of TIMD4 in LIHC based on individual cancer stage. (H) Expression of
TIMD4 in LIHC based on TP53 mutation status. (I) Expression of TIMD4 in LIHC based on nodal metastasis
status. (J) Prognostic significance of TIMD4 in LIHC. (K) Correlation genes with TIMD4. *P <0.05, **P <0.01,

P <0.001.
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Fig. 3. Correlation between TIMD4 expression level and LIHC immune cell infiltration. (A) Scatter plot
showing the correlation of six immune cell with TIMD4 expression in TIMER?2.0. (B) Correlation of CNV
of TIMD4 gene in somatic cells and the infiltration level of six immune cells in LIHC in TIMER?2.0. (C)
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Fig. 4. (A) IHC staining (40x) of TIM-4 in the liver cancer tissue (CT), paracancerous tissue (PT) and non-
cancerous liver tissue (NT). CT/PT/NT1 (low expression); CT/PT/NT2 (high expression) (B) Statistical graph
of TIM-4 expression level of IHC. (C) Flowchart of monocyte subsets in the PHC group; (D) Flowchart of
monocyte subsets in the normal control group; (E) Statistical chart of the expression difference in classical
monocyte subsets in the PHC and control groups; (F) Statistical graph of the difference in the expression of
intermediate-type monocyte subsets in the PHC and control groups; (G) Statistical graph of the difference

in the expression of non-classical monocyte subsets in the PHC and control groups. (H) Flowchart of the
expression of TIM-4 in the monocyte subsets of PHC patients; (I) Flowchart of the expression of TIM-4 in
monocyte subsets of the normal control group; (J) Flowchart of TIM-4 expression in PHG; statistical chart of
the expression of total monocytes in the control group.

These results suggest that while classical monocyte levels are not significantly different, they tend to be lower
in PHC patients. The significant elevation of intermediate monocytes in PHC indicates a possible phenotypic
transition from classical to intermediate subsets, which may be implicated in PHC pathogenesis and progression.

Expression level of TIM-4 in blood-circulating monocytes of PHC patients

Further analysis of TIM-4 expression in monocytes and their subsets revealed that TIM-4 was expressed at
significantly higher levels in PHC patients—9.1% (IQR: 3.65-14.8) compared to 4.7% (IQR: 2.05-9.4) in controls
(P<0.05) (Fig. 4H-]). Given the central role of monocytes in immune regulation, the elevated TIM-4 expression
in circulating monocytes of PHC patients may contribute to altered immune function and tumor immune
evasion.
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Expression level of TIM-4 in blood-circulating monocyte subsets of PHC patients

Flow cytometry analysis revealed a significant upregulation of TIM-4 expression on circulating blood monocytes
in patients with PHC. Given that monocyte subsets exhibit distinct biological functions, this study further
investigated TIM-4 expression across different subsets. Monocytes were labeled with CD14 and CD16 antibodies
to distinguish subsets and analyzed via flow cytometry (Fig. 5A,B). The results indicated no significant difference
in TIM-4 expression within classical monocytes between the PHC and control groups (P> 0.05). Notably, TIM-4
was predominantly expressed in the intermediate subset (CD14 + + CD16 +). The proportion of TIM-4-positive
intermediate monocytes was significantly higher in the PHC group (91.7%, IQR: 78.00-95.90) compared to the
control group (73.85%, IQR: 57.7-85.3), with P<0.05 (Fig. 5C). Conversely, the proportion of TIM-4-positive
non-classical monocytes was significantly lower in the PHC group (6.7%, IQR: 0-14.6) compared to controls
(31.1%, IQR: 2.88-38.95), P<0.05 (Fig. 5D). TIM-4 positivity in classical monocytes ranged from 0 to 2.3% in
the PHC group and 0-2.07% in controls, with no statistical significance (P > 0.05; Fig. 5E). These findings suggest
that TIM-4 is primarily expressed in intermediate monocytes and is significantly elevated in PHC patients.

Correlation between the expression level of TIM-4 in blood-circulating monocytes and the
commonly used clinical liver function indexes

Further flow cytometry analysis confirmed that elevated TIM-4 expression in PHC patients was predominantly
confined to intermediate monocytes. This expression was correlated with AFP and several liver function
biomarkers, including TBIL, ALP, GGT, ALT, AST, ALB, and PA. Specifically, TIM-4 levels showed a positive
correlation with AFP, AST, GGT, and ALP, and a negative correlation with ALB and the albumin-to-globulin
ratio, indicating a meaningful association. Moreover, TIM-4 expression in intermediate monocytes was
negatively correlated with leukocyte ratio and PA but showed no significant correlation with AFP (Table 1).
Collectively, these results suggest that TIM-4 expression may reflect both hepatocellular injury and impaired
liver synthetic function.

Expression of sTIM-4 protein in peripheral blood

ELISA measurements of plasma sTIM-4 concentrations demonstrated significantly elevated levels in the PHC
group [11.39 ng/mL (IQR: 6.76-18.47)] compared to the control group [5.44 ng/mL (IQR: 2.86-8.03)], with
P<0.05 (Fig. 5F). This finding indicates that sTIM-4 is highly expressed in the plasma of PHC patients and may
be implicated in disease progression.
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Fig. 5. (A) Flowchart of TIM-4 expression in the monocytes of PHC patients. (B) Flowchart of TIM-4
expression in the monocytes of patients in the normal control group. (C) Flowchart of TIM-4 expression

in the PHC and control groups intermediate-type mononuclear cells. Statistical graph of the expression of
nuclear cell subsets. (D) Statistical graph of the expression of TIM-4 in non-classical monocyte subsets in the
PHC and control groups. (E) TIM-4 in classical monocytes in the PHC and control groups. Statistical chart of
subpopulation expression. (F) Concentration of sTIM-4 in plasma. (G) Statistical chart of the differences in the
expression levels of sSTIM-4 between the hepatitis and non-hepatitis groups. (H) Intermediate-type monocyte
subset Tim-4 between the hepatitis group and the non-hepatitis group. (I) ROC curve of AFP combined with
sTIM-4 for the diagnosis of PHC.
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Monocyte TIM-4 | CD14"*CD16'TIM-4" | sTIM-4

r P r P r P
AFP 0.306 | 0.034* 0.281 0.053 0.322 | 0.026*
ALT 0.093 | 0.488 0.037 0.782 0.275 | 0.037*
AST 0.332 | 0.011* 0.077 0.565 0.039 | 0.772
GGT 0.322 | 0.015* 0.069 0.610 0.424 | 0.01*
ALP 0.294 | 0.027* 0.1 0.460 0.312 | 0.018*
ALB | -0.451 | 0.000*** | —0.248 0.063 | —0.353 | 0.007
A/G | -0.439 | 0.001** | -0.300 0.023* | —0.245 | 0.066
PA —0.204 | 0.247 -0.399 0.019* | —0.278 | 0.112
TBIL 0.103 | 0.448 0.229 0.089 0.446 | 0.01*

Table 1. Correlation analysis of the expression ratio of TIM-4 in monocytes and intermediate-type monocytes
and the concentration of plasma sTIM-4 with AFP and routine biochemical indexes. *P < 0.05, **P <0.01,
P <0.001.

Sensitivity | Specificity | Youden Index | P AUC
AFP 62.07 100 0.6207 0.0004** | 0.757
sTIM-4 62.52 80 0.4552 <0.0001*** | 0.793
sTIM4 + AFP | 75.86 94.74 0.7060 <0.0001*** | 0.891

Table 2. Analysis results of AFP combined with sTIM-4 to improve the diagnostic efficacy of PHC. *P <0.05,
**P<0.01, **P<0.001.

Pearson correlation analysis revealed that plasma sTIM-4 concentrations were positively correlated with
AFP, ALT, ALP, GGT, and TBIL, and negatively correlated with ALB (Table 1), further supporting its relevance
to liver dysfunction and tumor markers.

Correlation between the expression of TIM-4 and the history of hepatitis

Since hepatitis virus infection is a major risk factor for PHC, the PHC cohort and control group were stratified
based on hepatitis history (25 with, 35 without). sTIM-4 levels were significantly higher in patients with a
hepatitis history [11.62 ng/mL (IQR: 6.83-18.75)] than those without [6.10 ng/mL (IQR: 3.21-8.03)], P <0.05
(Fig. 5G). Similarly, TIM-4 expression in intermediate monocytes was elevated in the hepatitis group [92.9%
(IQR: 77.6-96.35)] compared to the non-hepatitis group [75.85% (IQR: 59.18-87.55)], P<0.05 (Fig. 5H).
These results suggest that the upregulation of TIM-4 may be closely associated with hepatitis virus-related liver
pathology.

Diagnostic efficacy of venous blood sTIM-4 protein concentration in PHC

Our findings indicate that sSTIM-4 is markedly elevated in the plasma of PHC patients and may serve as a potential
diagnostic biomarker. A plasma sTIM-4 concentration >8.08 ng/mL demonstrated diagnostic utility for PHC,
with an area under the ROC curve (AUC) of 0.793, a sensitivity of 62.52%, and a specificity of 80%, representing
a modest improvement over AFP alone. ROC curve analysis identified diagnostic thresholds of AFP >6.93 ng/
mL and sTIM-4 > 8.08 ng/mL as indicative of PHC. Notably, combining sTIM-4 with AFP significantly improved
the AUC, sensitivity, and specificity, enhancing diagnostic accuracy, and the AUC difference between the two
ROC curves was statistically significant (P=0.0214< 0.05; Fig. 5] and Table 2).

Based on ROC curve analysis, AFP levels>6.93 ng/mL were defined as positive, and levels <6.93 ng/mL as
negative. Similarly, sSTIM-4 levels > 8.08 ng/mL were considered elevated, while levels < 8.08 ng/mL were regarded
as normal. Univariate logistic regression analysis was conducted using patient characteristics, including hepatitis
history, age (=50 years defined as older, <50 years as younger), and gender, as well as AFP and sTIM-4 levels.
Variables with P <0.05 in the univariate analysis were subsequently included in a multivariate logistic regression
model to identify independent risk factors for primary hepatocellular carcinoma (PHC). Statistical significance
was defined as P<0.05. The regression analysis identified AFP positivity and a history of hepatitis virus infection
as independent risk factors for PHC. Additionally, patients with elevated sTIM-4 levels had a 2.29-fold increased
risk of PHC compared to those with normal sTIM-4 levels, indicating that elevated sTIM-4 is also a significant
risk factor (Tables 3 and 4).

Discussion

Currently, treatment options for PHC include liver resection, liver transplantation, transarterial
chemoembolization, radiation therapy, systemic therapy, and other modalities?!. Among these, liver resection
remains the most effective approach for achieving long-term survival. However, it is limited by stringent
indications, and most patients are diagnosed at an advanced stage, having already missed the optimal window for
surgical intervention. Even when surgery is feasible, intraoperative examination often reveals no visible tumor or
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B SE P OR 95% confidence interval
AFP 3.383 | 1.096 | 0.002 |29.455 | 3.435~252.57
sTIM-4 1.831 | 0.582 | 0.002 | 6.243 | 1.994 ~19.542
Gender -0.446 | 0.706 | 0.527 | 0.640 | 0.160~2.553
Age -0.557 | 0.642 | 0.386 | 0.573 | 0.163~2.016
History of hepatitis | 3.983 | 0.864 | 0.000 | 53.667 | 9.876 ~291.628

Table 3. Univariate logistic regression analysis results.

B SE P OR 95% confidence interval
AFP 2.328 | 1.236 | 0.06 | 10.258 | 0.910-115.634
sTIM-4 0.83 |0.89 |0.351 | 2.293 | 0.401-13.124
History of hepatitis | 2.436 | 0.962 | 0.11 | 11.428 | 1.734-75.340
Constant —1.540 | 0.610 | 0.12 0.214

Table 4. Multivariate logistic regression analysis results. In the regression model P =0.288>0.05, the
regression equation is meaningful.

thrombus in the remnant liver, while in other cases, residual malignancy is confirmed. Consequently, the overall
prognosis of PHC remains poor. This underscores the emerging significance of targeted and immunotherapeutic
strategies in PHC management.

Immunohistochemical analysis confirmed TIM-4 expression across liver cancer tissues, adjacent tissues, and
non-cancerous tissues, with markedly lower levels observed in cancerous samples. This pattern is consistent with
findings from The Cancer Genome Atlas (TCGA) and supports the potential utility of TIM-4 as a differential
diagnostic marker for PHC. The behavior of TIM-4 is reminiscent of histone deacetylase 6 (HDACS6), a
ubiquitously expressed protease in eukaryotic cells, which is known to promote transcription of oncogenes and
suppress tumor suppressor genes, thereby exhibiting diverse and context-specific roles?? in tumorigenesis. These
parallels suggest a significant role for TIM-4 in the progression of PHC.

Further analysis of TCGA data revealed correlations between TIM-4 expression and patient age, lymph
node metastasis, pathological classification, and tumor stage, indicating its potential involvement in tumor
development and progression. However, our experimental findings showed no significant association between
TIM-4 expression in PHC tissues and variables such as age, sex, hepatitis B history, AFP level, tumor number,
or tumor size. Nonetheless, we observed a slight increase in TIM-4 expression in tumors>5 cm in diameter
compared to smaller tumors (<5 cm), although this difference did not reach statistical significance, likely due to
the limited sample size.

Previous studies have demonstrated that DNA sequence errors and methylation loss are major contributors
to carcinogenesis®. In our study, TIM-4 expression was found to be low in liver cancer tissues. Contrary to
expectations, the methylation level of the TIM-4 promoter region was also significantly reduced in these
tissues. This inverse relationship—low expression despite hypomethylation—suggests that TIM-4 regulation
may involve complex, multifactorial mechanisms?!. For instance, chromatin remodeling or other epigenetic
modifications may disrupt transcription factor binding despite low promoter methylation?>?¢. Additionally,
transcriptional repression may result from RB protein dysfunction leading to HDAC1/2-mediated deacetylation,
or aberrant deacetylation by class II HDACs?. Post-transcriptional regulation by specific miRNAs could
also reduce TIM-4 protein levels®® through mRNA degradation or translational inhibition. Moreover, tumor
microenvironmental conditions such as hypoxia and acidosis may activate inhibitory pathways that further
suppress TIM-4 transcription'?%. Recent studies have demonstrated that among 10,844 genes showing strong
mRNA-protein correlation, 18.4% exhibited promoter methylation associated exclusively with RNA expression,
3.5% exclusively with protein abundance, and only 13.9% with both RNA and protein levels*’. These findings
underscore the nuanced and gene-specific regulatory role of DNA methylation in TIM-4 expression and its
broader implications for tumorigenesis. Specifically, the low expression and methylation levels of TIM-4 in liver
cancer warrant deeper investigation into its functional role in tumor development.

Immune cell infiltration is a critical factor in the pathogenesis of both malignant and non-malignant
diseases. In the context of tumor biology, immune infiltration refers to the penetration of immune cells into
the tumor immune microenvironment (TME), reflecting the dynamic interplay between immune surveillance
and tumor progression. Genes highly expressed in the TME typically show a negative correlation with tumor
purity, whereas genes predominantly expressed in tumor cells correlate positively. Consistent with this pattern,
we observed a negative correlation between TIM-4 expression and tumor purity in PHC tissues, aligning with
our previous finding that TIM-4 is downregulated in these tumors. Since immune dysregulation is a hallmark
of cancer progression, immune infiltration serves as a key component of TME-driven carcinogenesis®!. Immune
cells modulate the TME to influence tumor apoptosis, immune evasion, and therapeutic resistance. Our analysis
revealed that TIM-4 expression in PHC is positively correlated with infiltration levels of B cells, CD8* T cells,
CD4" T cells, macrophages, neutrophils, and DCs. Moreover, CNVs in the TIM-4 gene appear to modulate the
infiltration intensity of these immune subsets. Elevated immune infiltration is generally associated with improved
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therapeutic response and survival, whereas reduced infiltration may reflect a tumor’s capacity for immune
evasion. These observations suggest that low TIM-4 expression in PHC corresponds to diminished immune
infiltration, underscoring TIM-4's potential role in regulating the TME and its relevance to immunotherapeutic
efficacy.

Tlymphocytes, as primary mediators of cellular immunity, exert direct effects on tumor cell cytotoxicity and
regulation®?. DCs possess robust antigen-presenting capabilities and play a pivotal role in initiating anti-tumor
immune responses. Conversely, regulatory T cells (Tregs) facilitate immune evasion by dampening anti-tumor
activity, thus promoting tumor progression®'. Macrophage polarization®, particularly the M1/M2 axis, is closely
linked to oncogenesis. M1 macrophages are traditionally viewed as tumoricidal®*, whereas M2 macrophages
contribute to cancer progression by fostering angiogenesis, lymphangiogenesis, immunosuppression,
hypoxia, and metastasis!®. In PHC tissues, TIM-4 expression was significantly positively correlated with
monocytes and M2 macrophages, but negatively correlated with M0 macrophages, DCs, and Tregs. Notably,
TIM-4 low-expression groups exhibited higher MO macrophage infiltration, while monocyte infiltration was
elevated in TIM-4 high-expression groups. Chemokines such as CCL2, secreted by tumor cells, may recruit
peripheral monocytes to the TME, facilitating their transition from bone marrow to blood and eventually to
tumor-associated macrophages®. This recruitment contributes to a pro-tumorigenic microenvironment, with
peripheral monocyte counts correlating with macrophage density and poor prognosis®. These findings suggest
that TIM-4 may regulate cellular immunity in PHC, particularly through its influence on monocyte recruitment
and differentiation within the immune microenvironment.

Recent studies have demonstrated an increased expression of intermediate monocyte subsets in various
tumor types, suggesting a strong association with tumorigenesis. Consistent with these findings, our study
observed a similarly elevated expression of intermediate monocytes in patients with PHC. Specifically, the
proportion of intermediate monocytes in the PHC group was significantly elevated by 8.3% (4.8-11.85),
implying that PHC progression may involve a mechanism that facilitates the differentiation of classical
monocytes into intermediate monocytes. Chronic inflammation, a key factor in PHC development, likely
contributes to this shift. During inflammatory processes, intermediate monocytes secrete substantial quantities
of pro-inflammatory cytokines, thereby amplifying the inflammatory response®’. Given that PHC often arises
from persistent hepatic inflammation, the marked increase in intermediate monocyte subsets aligns with their
established immunological roles.

Additionally, we found that TIM-4 expression was markedly elevated in circulating monocytes of the PHC
group, increasing by 9.1%, which is 4.7% higher than in the control group. This upregulation parallels TIM-4
expression trends observed in various non-cancer inflammatory conditions'®. Further stratified analysis revealed
that TIM-4 expression in the intermediate monocyte subset reached 91.7%, significantly higher than the 73.85%
observed in healthy controls. Although TIM-4 was also detected in non-classical monocytes, its expression
was reduced in both non-classical and classical subsets in PHC patients. This distribution pattern suggests that
TIM-4 expression correlates with the functional specialization of monocyte subsets. Literature reports indicate
that intermediate monocytes contribute to tumor progression by secreting inflammatory mediators such as
tumor necrosis factor-a and reactive oxygen species, fostering a pro-tumorigenic environment®’. Moreover,
they facilitate tumor angiogenesis via matrix metalloproteinase-9 and vascular endothelial growth factor A'°. In
contrast, non-classical monocytes play roles in vascular homeostasis and anti-inflammatory responses by clearing
damaged cells and secreting anti-inflammatory cytokines!”. The dysregulation observed in PHC—characterized
by reduced anti-inflammatory activity and enhanced pro-inflammatory signaling—supports the hypothesis
that intermediate monocytes, in cooperation with TIM-4, may promote tumor progression. Correlation
analyses further reinforced these findings. TIM-4 expression in monocytes showed positive correlations with
serum markers of liver injury and dysfunction—AFP, AST, GGT, and ALP—and negative correlations with
albumin (ALB) and leukocyte ratio. In intermediate monocytes specifically, TIM-4 was negatively correlated
with leukocyte ratio and prealbumin (PA), but not with AFP. These patterns suggest that TIM-4 expression
reflects hepatocellular injury and impaired synthetic function, and may serve as a biomarker for liver function
assessment. Collectively, these findings indicate that TIM-4 is differentially expressed across monocyte subsets
in the peripheral blood of PHC patients and may contribute to liver cancer development by disrupting monocyte
homeostasis.

Hepatitis B virus (HBV) infection is a well-established risk factor for PHC. Our data revealed significantly
elevated levels of soluble TIM-4 (sTIM-4) and TIM-4 expression on circulating intermediate monocytes in
individuals with a history of HBV infection, suggesting a potential link between TIM-4 activity and HBV-
mediated pathogenesis. Previous studies have shown that TIM-4 is upregulated in monocytes from patients with
type 2 diabetes, where serum sTIM-4 positively correlates with C-reactive protein and negatively correlates with
interleukin-1p, indicating a negative regulatory role for TIM-4 in inflammasome?® activity. Moreover, TIM-4
has been reported to inhibit macrophage activation via the NF-«B signaling pathway, thereby protecting against
lipopolysaccharide-induced endotoxic shock, further implicating TIM-4 in the modulation of inflammatory
responses®. Our findings extend these observations to liver disease, showing that both plasma sTIM-4 and
TIM-4 expression in intermediate monocytes are significantly elevated in HBsAg-positive individuals. This
supports the notion that TIM-4 is involved in HBV-related liver inflammation and may play a critical role in
inflammation-driven hepatocarcinogenesis.

TIM-4 is a transmembrane protein, and under the proteolytic activity of a disintegrin and metalloproteinases
(ADAM10 and ADAM17), its extracellular domain is cleaved to produce soluble TIM-4 (sTIM-4). Therefore,
sTIM-4 concentration in peripheral blood serves as an indirect measure of TIM-4 expression in vivo. Our
findings demonstrate that plasma sTIM-4 levels in PHC patients were elevated by an average of 11.62 ng/mL
compared to normal controls (6.10 ng/mL). Furthermore, sTIM-4 levels showed a positive correlation with
established liver function biomarkers—AFP, ALT, GGT, ALP, and TBIL—while being negatively correlated with
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ALB, indicating a strong association with hepatocellular injury and impaired synthetic function. These findings
align with sTIM-4 performance in other disease contexts, suggesting its potential clinical utility as a diagnostic
biomarker.

Alpha-fetoprotein (AFP) is a well-established marker for PHC, as its levels rise sharply during
hepatocarcinogenesis. Pearson correlation analysis in our study revealed that both TIM-4 expression in
circulating monocytes and plasma sTIM-4 levels positively correlated with AFP concentrations and were
significantly elevated in the PHC group, supporting the diagnostic potential of TIM-4. However, AFP has well-
documented limitations: approximately 30% of PHC patients are AFP-negative, and its diagnostic cutoff remains
controversial. According to the 2019 Diagnostic and Treatment Guidelines for Primary Liver Cancer issued by
the National Health Commission of the People’s Republic of China?’, an AFP threshold of 400 ng/mL improves
diagnostic specificity, though this may exclude patients with lower AFP levels. Moreover, AFP is not specific to
PHC and may also be elevated in non-malignant liver conditions, such as chronic hepatitis B, non-alcoholic fatty
liver disease, and cirrhosis. It is moderately correlated with the severity of hepatic inflammation and fibrosis*’.
Given these limitations, AFP must be supplemented with more sensitive and specific biomarkers. Our results
indicate that sSTIM-4 is a promising candidate. ROC curve analysis revealed that plasma sTIM-4 levels > 8.08 ng/
mL yielded high diagnostic accuracy for PHC, underscoring its potential as a complementary biomarker for early
detection and diagnosis. The combined use of sSTIM-4 and AFP for diagnosing primary hepatocellular carcinoma
(PHC) demonstrated higher sensitivity and specificity compared to AFP alone. Furthermore, univariate and
multivariate logistic regression analyses identified elevated serum TIM-4 (sTIM-4) as a significant risk factor for
PHC, with patients exhibiting elevated levels facing a 2.29-fold increased risk. These findings suggest that sSTIM-
4, when used alongside AFP, can serve as a valuable adjunct diagnostic biomarker, enhancing the diagnostic
efficiency for PHC through a non-invasive, straightforward, and clinically feasible approach.

TIM-4, a member of the TIM protein family, plays a crucial role in immune regulation. In the context of
cancer, TIMD4 may modulate immune responses through its interactions with monocytic and macrophage
cells*!. These cells are key components of the tumor microenvironment and can exhibit a spectrum of phenotypes
ranging from pro-inflammatory M1 to immunosuppressive M2 macrophages*’. An imbalance toward M2
macrophages is often observed in HCC, contributing to an immunosuppressive environment that facilitates
tumor progression?>. Our data revealing concurrent TIM-4 downregulation in PHC tissues and elevated TIM-
4 on circulating monocytes represent interconnected components of an immunoregulatory axis. We propose a
mechanistic link through CCL2/CCR2-mediated trafficking*$, whereby peripheral TIM-4 + monocytes infiltrate
tumors and differentiate into tumor-associated macrophages (TAMs)?2. Within the tumor microenvironment,
these cells may suppress intratumoral TIM-4 expression while simultaneously driving M2 polarization via
STAT6/PPARy-dependent reprogramming and IL-10/TGF-f secretion*’. Concomitantly, diminished TIMD4
in tumor cells likely dampens MHC-II-mediated immunogenicity, creating a feed-forward immunosuppressive
loop™. This systemic-to-local crosstalk elucidates clinical correlations between circulating TIM-4 + monocytes
and advanced disease stage while suggesting combinatorial therapeutic targeting could disrupt pro-tumorigenic
signaling at both compartments.

Conclusion

Our findings further reveal that TIM-4 expression is downregulated in PHC tumor tissues and is closely associated
with immune cell prognosis, particularly by monocytes and macrophages. Notably, elevated TIM-4 expression in
circulating intermediate monocytes and its correlation with liver function markers reinforce its potential utility
as a biomarker. The combined detection of sSTIM-4 and AFP not only improves diagnostic accuracy but also
aids in risk stratification. In future work, we’ll investigate TIMD4’s role in monocyte/macrophage polarization
and liver cancer using co-culture assays, transcriptome sequencing, and animal models, with a focus on tumor
growth, metastasis, immune regulation and targeted therapy.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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