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hepatitis B virus infection
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Background: The disease burden caused by chronic hepatitis B virus (HBV)

infection is still heavy, and the current treatment scheme has not achieved a

complete cure. Changes in natural and adaptive immunity usually accompany

chronic HBV infection. As a marker expressed on dendritic cells (DCs), whether

lysosome-associated membrane glycoprotein 3 (LAMP3) participates in chronic

HBV infection deserves further analysis.

Methods: We retrieved chronic HBV infection transcriptional information from

the Gene Expression Omnibus (GEO) database. The LAMP3 expression in the liver

of patients with chronic hepatitis B (CHB) was analyzed in three GEO datasets

and confirmed in our validation cohort (27 patients with CHB). Differentially

expressed genes were obtained from one CHB cohort by comparing LAMP3high

and LAMP3low expression subgroups. These genes underwent Gene Ontology,

Kyoto Encyclopedia of Genes and Genomes analysis, and Gene Set Enrichment

Analysis to decipher the influence of LAMP3 on the biological process and

immunity changes in HBV infection. Furthermore, we investigated the potential

relationship between LAMP3 levels, the abundance of infiltrating immune cells,

and liver dysfunction.

Results: Compared to healthy controls, LAMP3 expression was upregulated in

the transcriptional profiles of the liver in patients with CHB. The high LAMP3

expression was related to T cell activation and the chemokine signaling pathway.

The LAMP3 gene was positively linked to marker sets of infiltrating activated

regulatory T cells (Treg), T cell exhaustion, monocytes, and DCs. Moreover, CHB

patients with high LAMP3 expression had unfavorable liver dysfunction.

Conclusions: LAMP3 is a gene related to HBV infection, which might be involved

in HBV infection by regulating T cell activation and adaptive immune response.
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1 Introduction

Chronic hepatitis B (CHB) infection is a globally recognized

public health problem, estimated to affect approximately 300 million

people worldwide (1–4). Despite the successful introduction and

practical application of an HBV vaccine, the disease burden of HBV-

related liver disease is still heavy (5). CHB is directly related to the

occurrence and development of cirrhosis, liver cancer, and the long-

term morbidity associated with liver disease. Additionally, as the

second most lethal cancer in the world, liver cancer accounts for

600,000 deaths annually (5, 6).

Previous basic and clinical studies have analyzed chronic HBV

infection’s characteristics, natural history, and immunological

pathogenesis (4, 6, 7). Currently, the primary therapeutic strategy against

chronicHBV infection is suppressing viral replication, reducing liver injury

caused by the virus, and improving patients’ life quality (8). The treatment

of CHB infection mainly focuses on nucleoside (nucleotide) analogs that

inhibit HBV DNA replication, reverse transcription, and pegylated

interferon that activates the adaptive immune response. These treatment

schemes can achieve a partial or functional cure for chronicHBV infection.

However, these schemes are still unable to achieve a complete or sterilizing

cure (9). Recently, researchers presented various ideas on hepatitis B

immunotherapy, including the TLR 7/8 agonist and retinoic acid-inducible

gene I, immune checkpoint inhibitors, therapeutic vaccines, and

peginterferon lambda (10–15). However, these are all trial treatments

without adequate clinical evidence.

Recent studies have provided a new perspective on immunological

markers as therapeutic agents for chronic liver diseases. Lysosome-

associated membrane glycoprotein 3 (LAMP3) is a glycosylated

membrane protein located on the 3q chromosome (16, 17). As a

member of the lysosomal-associated membrane protein family,

LAMP3 is usually expressed in lymphoid organs (18). At the cellular

level, LAMP3 is a marker for mature dendritic cells (DCs) in humans,

and it is upregulated upon DC activation andmaturation (19). However,

it is unclear whether LAMP3 is involved in chronic HBV infection. In

this study, we analyzed the Gene Expression Omnibus (GEO) databases

and our cohort, explored the correlation between LAMP3 and HBV

infection, and investigated related immunological changes.
2 Material and methods

2.1 Data resources

We collected three independent transcriptional profiles from

the GEO database, including the liver samples of healthy control
Abbreviations: HBV, hepatitis B virus; DCs, dendritic cells; CHB, chronic

hepatitis B; DEGs, differentially expressed genes; GO, gene ontology; NA,

nucleoside (nucleotide) analogues; GEO, Gene Expression Omnibus; NASH,

nonalcoholic steatohepatitis; GSEA, Gene set enrichment; FFPE, paraffin

embedded formalin fixed; IHC, immunohistochemistry; NK, natural killer;

ALT, alanine aminotransferase; AST, aspartate aminotransferase. and DBIL,

direct bilirubin; ISG, interferon stimulated gene; LNMTs, lymph node

metastasized tumors.
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and patients with CHB. Furthermore, as a representative of non-

viral hepatitis, one RNA-seq dataset of patients with nonalcoholic

steatohepatitis (NASH) was also used for validation in other

hepatitis. Table 1 showed detailed information on these four

cohorts. The LAMP3 expression between patients with CHB and

healthy controls was analyzed through the “edgeR” package.
2.2 Differentially expressed genes analysis

According to themedian counts of LAMP3 expression, patients with

CHB were divided into LAMP3high and LAMP3low expression groups.

DEGs (Log2 [Fold change] >1, adjusted p value<0.05) between these two

groups were extracted and analyzed using R 4.1.2 (R Foundation for

Statistical Computing, Vienna, Austria) for Gene Ontology (GO)

function, Kyoto Encyclopedia of Genes and Genomes (KEGG)

pathway, and Gene Set Enrichment Analysis (GSEA).
2.3 Gene correlation analysis

Pearson correlation analysis were applied to evaluate the genes

related to LAMP3 expression. The associations of LAMP3 expression

with the adaptive immune response-related genes were analyzed by

the “cor.test” function of R studio. The “ggcatterstats” function in the

“ggstatplot” package generated the dot plot. Finally, the analyzed

results were visualized in Glue modules by Cytoscape 3.9.1.
2.4 Validation cohort

We collected liver tissues of 27 patients with CHB and 5 healthy

controls (normal liver tissue of patients with hepatic hemangioma)

to validate the bioinformatic results. The detailed information of all

participants showed in Table 2. All paraffin-embedded formalin-

fixed liver biopsy samples were obtained from the Peking University

People’s Hospital Hepatology Department. This study was

approved by the Ethical Committees of Peking University

People’s Hospital (no. 2020PHE081), and all participants signed

the written informed consent forms.
2.5 Staining and histological evaluation

Subsequently, immunohistochemistry (IHC) was performed using

primary antibody anti-LAPM3 (1:200, cat# ab271053, Abcam) to

validate the expression in our cohort. Five fields (×200) were

randomly selected and captured for analysis in each sample. The

number of cells in the portal tract (per portal tract area) was quantified.
2.6 Statistical analysis

All statistical analysis was completed by SPSS 20.0 (Chicago, IL,

USA) and R 4.1.2 (Vienna, Austria). The differences of transcriptional

levels between control and CHB patients, or LAMP3high and

LAMP3low expression groups were analyzed by the Mann–Whitney

U test. Two paired p < 0.05 was assumed significant statistically.
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3 Results

3.1 LAMP3 expression upregulated in
transcriptional profiles of patients
with CHB

In total, three GEO RNA-seq profiles (GSE83148, GSE159413, and

GSE166759) were used to compare the transcriptional expression of

LAMP3 between patients with CHB and healthy controls. Table 1

presented detailed information on these GEO datasets. Analyzed

results showed that the mRNA levels of LAMP3 in the livers of

patients with CHB increased significantly compared to that in healthy

controls (all p<0.05, Figures 1A–C). Furthermore, using our cohort, we
Frontiers in Immunology 03
validated the upregulated LAMP3 protein level in our CHB liver tissues,

the representative images showed in Figure 1D.We also exploredmRNA

levels in a transcriptional profile of patients with NASH, representing a

sterile inflammatory and immune-activated state. Similarly, the levels of

LAMP3 mRNA in the liver of patients with NASH was significantly

higher than that of healthy controls (Figure 1E).
3.2 LAMP3 upregulation was associated
with T cell activation and adaptive immune
regulation in patients with CHB

To explore the potential function of LAMP3 in CHB infection, we

equally divided patients from one CHB cohort (GSE83148) into two
TABLE 1 Details of four GEO cohorts used in this study.

GEO
series Contributors Year Control

(N)

CHB/
NASH
(N)

Platform

GSE83148 Zhou W, Ma Y, Wang J, Zheng H, Liu J 2017 6 122
Affymetrix Human Genome U133
Plus 2.0 Array

GSE159413 Nishio A, Rehermann B 2020 19 12
NanoString nCounter GX Human
Immunology v2

GSE166759 Yao J, Diao H 2021 3 3
Agilent-079487 Arraystar Human
LncRNA microarray V4

GSE89632
Allard JP, Arendt BM, Comelli EM, Ma DW, Lou W, Teterina A, Kim T,
Fung SK, Wong DK, McGilvray I, Fischer SE

2016 19 24
Illumina HumanHT-12 WG-DASL
V4.0 R2 expression beadchip
TABLE 2 Clinical information of 27 patients with CHB.

Control
(n=5)

All CHB
(n=27*)

CHB
(IT, n=3)

CHB
(IA, n=5)

CHB
(LR, n=11)

CHB
(RA, n=3)

Sex (M/F) 3/2 22/5 3/0 5/0 9/11 1/2

Age (y) 49 43 47 40 45 41

ALT (U/L) 35 94 49 294 30 192

AST (U/L) 30 99 40 334 26 185

ALP (U/L) 56 105 85 111 87 112

GGT (U/L) 38 78 20 177 33 68

TBIL 15.3 31.2 13.4 134.6 16.5 19.1

HBsAg – + + + + +

HBsAb – – – – – –

HBeAg – +/– + + – –

HBeAb – +/– – – + +

HBcAb – + + + + +

HBV DNA (IU/ml) –
6.29

10E+06
3.94

10E+07
3.91

10E+06
4.73

10E+02
2.84

10E+04

LAMP3+
cells
(n, ×200)

1 7 4 10 5 17
fr
Ps: Sex showed the number of males/females of CHB patients, ALT, AST, ALP, GGT, HBV DNA and the LAMP3+ cells showed the mean of each item. IT, Immune tolerant phase; IA, Immune
activation; LR, Low replication; RA, Reactivation; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; GGT, g-glutamyl transpeptidase; y, year; CHB,
chronic hepatitis B. *There were some missing data from certain samples.
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groups (LAMP3high and LAMP3low) according to the median expression

levels of LAMP3. DEGs between LAMP3high and LAMP3low subgroups

were then analyzed. Biological processes and molecular functions in GO

enrichment showed that the upregulated DEGs were mainly associated

with T cell activation, cell response to chemokine, cytokine, and

chemokine receptor binding (Figures 2A–C). KEGG enrichment

analysis indicated that the upregulated genes were primarily distributed

in the cytokine-cytokine receptor interaction and chemokine signaling

pathway (Figure 2D). GSEA analysis explored the signaling pathways

associated with upregulated LAMP3 mRNA levels. The analyzed results

showed that genes in the LAMP3high cohort were mainly enriched in the

cytokine signaling pathway. For example, IL2-STAT5, IL6-JAK-STAT

signaling, and interferon a and g response were enriched, similar to that

observed in GO and KEGG analyses (Figures 2E-H).

Co-expression analysis was performed to characterize the genes

associated with the expression of LAMP3 in the CHB cohort (Figure 3A).

These genes were strongly associated with LAMP3 expression and
Frontiers in Immunology 04
analyzed further (r>0.8, p<0.05, Figure 3B). We found that the genes

related to T cell activation, DCs, macrophage maturation, and cytokine

release were significantly related to the expression of LAMP3. The

CCND2, CSF2RB, STK17B, and TNFAIP8 genes were primarily

expressed on T- and DC cells (all r>0.83, p<0.05) (Figure 3B).

Additionally, using GlueCo, we could visualize the interactive network

of genes that were in the same biological processes and functionally

related. The significantly related biological functions were leukocyte

proliferation, migration, and T cell activation (p<0.001, Figure 3C).
3.3 Relationship between LAMP3
expression and marker genes sets of
various immune cells

We explored the relationship of LAMP3 mRNA levels to the

abundance of infiltrating immune cells, including T cells, B cells,
A B

D

E

C

FIGURE 1

Upregulated LAMP3 expression in patients with CHB. (A–C) The comparison of LAMP3 transcriptional levels between patients with CHB and healthy
controls in three GEO databases. (D) The expression of LAMP3 in our validation cohort. (E) LAMP3 expressions in patients with NASH and controls.
*p <0.05, **p <0.01, ***p <0.001. con, Control; CHB, chronic hepatitis B; GEO, Gene Expression Omnibus; NASH, nonalcoholic steatohepatitis;
LAMP3, lysosome-associated membrane glycoprotein 3.
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neutrophils, natural killer cells, monocytes, macrophages, and DCs

(Figure 4A). Remarkably, there was a close relationship amongmarkers

of Treg cells (TGFb), T cell exhaustion (TIM3), and Th1 cells (STAT1,

IFN-g). Moreover, the mRNA levels were positively associated with

general T cell markers and CD8+ T cells. In addition, the DC markers

(CD1C, HLA-DPB1), macrophages, monocytes (CD86, CSF1R), and

neutrophils (ITGAX, CCR7) showed a close correlation with LAMP3

levels (Figure 4A). After T cell was divided into CD4+ T cells and CD8

+ T cells, the mRNA levels of RGS1 and TRAT1 in CD4+T cells and

CD69 and LCK in CD8+T cells were correlated with LAMP3 level

significantly (Figure 4B).
Frontiers in Immunology 05
3.4 LAMP3 expression was associated with
liver dysfunction in HBV infection

We counted LAMP3+ cells in each portal area under a 200×

visual field and analyzed the correlation between LAMP3+ cells and

serum markers of liver function injury. The results indicated that the

number of LAMP3+ cells was positively correlated with the levels of

alanine aminotransferase (ALT), aspartate aminotransferase (AST),

and direct bilirubin (DBIL) (Figures 5A–C). In addition, there were

differences in the expression level of LAMP3 in patients at different

natural history stages of HBV infection. The expression level of
A B

D

E F

G H

C

FIGURE 2

LAMP3 upregulation is associated with T cell activation and adaptive immune regulation. (A–D) GO analysis and KEGG pathway enrichment of 216
upregulated DEGs. (E–H) GSEA showed that LAMP3 is positively associated with various bioprocesses of T cells. DEGs, differentially expressed genes;
KEGG, Kyoto encyclopedia of genes and genomes; GSEA, Gene Set Enrichment Analysis; LAMP3, lysosome-associated membrane glycoprotein 3.
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LAMP3 in patients in immune activation (IA) and reactivation (RA)

stage is relatively high (Table 2; Supplementary Figure 2).
4 Discussion

Chronic HBV infection and persistence are usually accompanied by

changes in natural and adaptive immunity, particularly in T- and DC

cells. In this study, by analyzing GEO datasets, we found that the LAMP3

gene was associated with chronic HBV infection, and the upregulation of

LAMP3 expression was mainly involved in T cell activation and adaptive

immune response. Additionally, the increased LAMP3 expression was

positively associated with liver dysfunction caused by HBV infection.

In our research, LAMP3mRNA and protein levels increased in the

liver of patients with CHB compared to healthy controls. Previous

studies showed that LAMP3 was involved in viral infection and the

formation of various biological processes. For instance, in nonalcoholic

fatty liver disease (NAFLD), the overexpression of LAMP3

substantially increased the lipid accumulation of hepatocytes (20), in

our study, we also found that the expression of LAMP3 in the liver of

NASH patients was significantly higher than that in healthy controls.

From the perspective of virus infection, LAMP3 also participated in the
Frontiers in Immunology 06
replication of the influenza virus. Influenza viral infection could induce

the upregulation of LAMP3 expression (21).

Furthermore, in other viral infections, e.g., hepatitis C virus and

human papillomavirus, LAMP3 is also specifically induced as a

classical interferon-stimulated gene (22, 23). Moreover, LAMP3 is

overexpressed in various tumors and is related to a poor prognosis

and tumor metastasis (24–26). Therefore, the expression of LAMP3

is involved in various viral infections and tumor prognoses.

We also analyzed the biological mechanism of LAMP3

participation in HBV infection. The GEO database was analyzed,

and we found that the upregulated LAMP3 expression in HBV-

infected patients mainly participated in T cell activation and

adaptive immune response. Previous studies showed that LAMP3

was primarily expressed in DC cells, and LAMP3 participated in

major histocompatibility complex class II-restricted antigen

presentation and the processing of exogenous antigens (27).

LAMP3 is involved in HBV infection, possibly because LAMP3

on DC cells promoted T cell activation and adaptive immunity

changes. Zhang et al. and Oh et al. proposed that LAMP3+ DCs

expressed many ligands to interact with receptors on T cells,

possibly being the most active immune regulators of lymphocytes

(28, 29).
A B

C

FIGURE 3

Associations between LAMP3 and key genes related to immune cell regulation. (A) The spoon-shaped plot shows genes related to LAMP3 expression
calculated by Pearson correlation analysis. (B) Correlation between immunocyte regulatory genes and LAMP3, and their impact on HBV infection.
(C) Visualization of the interaction network of genes strongly associated with LMAP3 by Cytoscape (ClueGO module). Node size, p value; Node
color, gene groups. HBV, Hepatitis B virus; LAMP3, lysosome-associated membrane glycoprotein 3.
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A

B

FIGURE 4

Relationship of LAMP3 expression with marker gene sets of various immune cells. (A) The association among LAMP3 level with marker genes in
immune cells and (B) CD4+ T cells and CD8+ T cells. LAMP3, lysosome-associated membrane glycoprotein 3; Circle size indicated -log10 (p value),
Y-axis displayed the correlation coefficient.
A B C

FIGURE 5

Correlation among numbers of LAMP3+ cells in liver section with serum markers of liver dysfunction in patients with CHB. (A) ALT, (B) AST, (C) DBIL.
ALT, alanine aminotransferase; AST, aspartate aminotransferase; DBIL, direct bilirubin; CHB, chronic hepatitis B.
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Currently, research on the interaction between LAMP3+ DCs

and T cells is mainly focused on the tumor field, which might

provide a basis for the understanding that LAMP3 participates in T

cell activation and immune regulation during HBV infection. For

example, in hepatocellular carcinoma, LAMP3+ DCs were

positively correlated with the infiltration of exhausted CD8+ T

cells and Tregs (30). In gastric cancer, LAMP3+ DCs were predicted

to deliver attracting and activating signals to lymphocytes.

However, LAMP3+ DCs inhibited anti-tumor T cell activity

through a high expression of PD-L1 (31). In lymph node

metastasized tumors, LAMP3+ DCs showed a stronger

interaction with Tregs to enhance immunosuppression (32). In

pancreatic adenocarcinoma, urothelial bladder carcinoma, and

cutaneous T-cell lymphoma, LAMP3+ DCs also promote immune

tolerance and immunosuppression through interacting with CD8

+T or tumor-infiltrating Tregs (33–35). LAMP3+ DCs highly

expressed CD80 and CD86, through interaction of CD80-CD28,

CD80-CTLA4, CD86-CD28, and CD86-CTLA4, which might

modulate CXCL13+/CD4+, and FOXP3+/CD4+ Tregs activities

(36, 37). This indicated a close relationship among markers of

Treg cells, T cell exhaustion, and Th1 cells, which illustrated the

tight association between LAMP3 levels and the exhausted status of

T cells. These results suggested that LAMP3+ DCs triggered T cell

activation and exhaustion signaling simultaneously. Although there

was no direct evidence, this might be the molecular mechanism of

LAMP3 involvement in liver immunity changes and liver function

during HBV infection.
5 Conclusion

Although no previous studies have reported on the association

of LAMP3 with HBV infection, our study adds knowledge to this

research gap. Our results revealed that the increased LAMP3

expression could enhance T cell activation and adaptive immune

regulation. However, this study had several limitations. First, our

explanation of the role of LAMP3 in HBV infection was based on

pre-existing data from the GEO database and verified by our cohort;

however, we did not confirm the function of LAMP3 in HBV

infection by conducting in vivo and in vitro experiments. Second,

the validation sample in this study was a cross-sectional cohort. In

the future, we need to explore the application value of LAMP3 in

HBV treatment.
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