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Purpose: The aim of this study was to compare the differences in the immune microenvir-
onment between HBV-infected pregnant women with a high HBV viral load and healthy 
pregnant women, with an emphasis on T cell subset alteration.
Patients and Methods: We compared the differences of cellular and molecular signatures 
between HBV-infected and healthy pregnant women by performing single-cell RNA and T cell 
receptor sequencing of peripheral blood mononuclear cells from 51,836 women in the mid- 
trimester pregnancy stage. Specific trajectories of the different T clusters throughout the course 
of T cell differentiation were investigated. Flow cytometry was used to validate the proportion 
of different T cell subtypes.
Results: We identified nine cellular subtypes and found an increased proportion of effector/ 
memory CD8+ T cells in HBV-infected pregnant women. Both CD4+ and CD8+ effector/ 
memory T cells in HBV-related samples expressed higher levels of metallothionein (MT)- 
related genes (MT2A, MTIE, MTIF, MTIX), metal ion pathways, and multiple inflammatory 
responses. Among CD8+ T cell clusters, we identified a particular subset of effector/memory 
CD8+ T cells (CD8-cluster 2) with MTs as the top-ranking genes, which may be enriched in 
HBV-related samples. These cells showed an increased clonal expansion in HBV infection. 
Moreover, we found more active immune responses, according to cellular interaction pat-
terns, between immune cell subsets in HBV-infected samples.
Conclusion: This study shows significant differences between HBV-infected and healthy 
samples, including cell clusters, dominant gene sets, T cell function, clonal expansion, and V/ 
J gene usage of T cell clonotypes, and identifies a distinct CD8+ T cell cluster with immune- 
active and antiviral properties. These findings pave the way for a deeper understanding of the 
impact of HBV infection on the immune microenvironment during pregnancy.
Keywords: single-cell RNA sequencing, HBV infection, pregnancy, immune cells, CD8+ 
T cells

Introduction
HBV chronically infects more than 400 million individuals worldwide,1–5 and approxi-
mately half of all HBV carriers are infected through mother-to-child transmission 
(MTCT).6,7 Therefore, management of pregnant women with chronic HBV infection 
and blocking MTCT are major global health challenges.1,2,8–11 Current nucleotide 
analogue (NA) therapies can efficiently suppress viral replication.9,11 Nevertheless, 
approximately 1–6% of the infants are still infected despite NA treatment,10,12–15 and 
pregnant women with HBV infection rarely achieve a functional cure.1,2,7,9,11,15–18 
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WHO developed a global strategy to decrease HBV inci-
dence by 90% and reduce the prevalence rate of hepatitis 
B surface antigen (HBsAg) in children to 1% by 2020 and 
<0.1% by 2030.13,19 Therefore, it is necessary to understand 
the pathogenesis of HBV infection, which can guide the 
development of novel treatment strategies for HBV-infected 
pregnant women.

Previous studies have shown that the antiviral immune 
response is closely associated with HBV pathophysiology 
and HBV infection control.5,7,20–23 Viruses may reprogram 
the immune microenvironment to induce immunosuppres-
sion or peripheral tolerance during chronic infection.5,24 

Particularly, the antiviral function of T cells may be 
impaired.25 Some studies have shown that immune modula-
tion has a positive effect and can be a promising strategy 
combined with NA therapies for patients with HBV, which 
could enhance the antiviral activity of T cells and NK 
cells.16,25–27 Also, a recent study proposed that a chimeric 
antigen receptor or a classical T cell receptor treatment may 
be efficient as a HBV cure.28 Accordingly, studying the 
phenotype and function of immunocytes could provide evi-
dence for developing immunotherapy-mediated functional 
cures for patients with HBV.20,21,23,29 Most studies to date 
have focused on single immune cell types using bulk DNA or 
RNA sequencing and flow cytometry for identifying altera-
tions in the immune system. However, identifying immune 
cell subtypes and analyzing differentially expressed genes 
(DEGs) between diverse cell populations remain major chal-
lenges. Furthermore, the specific relationship between HBV 
infection and pregnancy has not been considered, and there 
has been no comprehensive comparison of the distinct 
immune landscape and the underlying mechanisms during 
pregnancy with or without chronic HBV infection.

In the present study, we constructed a high-dimensional 
transcriptomic map of the immune microenvironment in 
healthy and HBV-infected pregnant women using single- 
cell RNA-sequencing (scRNA-seq) and T cell receptor 
(TCR) sequencing. As T cells play a dominant role in 
controlling HBV infection,16,20,22,30 we mainly investi-
gated differential gene expression as well as the function 
of T cell subsets and the TCR repertoire between healthy 
and HBV infected women during pregnancy.

Patients and Methods
Patients
Three consecutively admitted pregnant women with HBV 
infection and three consecutively admitted healthy pregnant 

women were recruited for this study for scRNA-seq. The 
inclusion criteria for HBV-infected pregnant women 
included 1) HBV DNA titer ≥1.0 × 107 IU/mL; 2) HBsAg 
and HBeAg dual-positive; and 3) second trimester preg-
nancy. The exclusion criteria included 1) co-infection with 
HIV, HCV, or HDV; 2) other immune-related diseases; 3) 
alanine aminotransferase levels >5 times the upper limit of 
normal, bilirubin >2 mg/dL, creatinine clearance rate 
<100 mL/min, or evidence of hepatocellular carcinoma, 
renal dysfunction, or hepatic dysfunction; 4) hemoglobin 
<8 g/100 mL, neutrophils <1000/mm3, or albumin <2.5 g/ 
100 mL; 5) HBV treatment within 6 months; and 6) usage of 
medication. The inclusion criteria for healthy pregnant 
women were being in the second trimester and without 
any physical illness. Written informed consent was acquired 
from all patients enrolled in the study, and the study proto-
col was approved by the Ethics Committee of the First 
Affiliated Hospital of Xi’an Jiaotong University and was 
performed in accordance with the Declaration of Helsinki.

Collection of Human Peripheral Blood 
Mononuclear Cells (PBMCs)
PBMCs were collected from three healthy pregnant 
women and three HBV-infected pregnant women at the 
outpatient service of the First Affiliated Hospital of Xi’an 
Jiaotong University by Ficoll-Hypaque density gradient 
centrifugation (GE Healthcare, Marlborough, MA, USA). 
All patients met the inclusion and exclusion criteria. 
PBMCs were collected before antiviral therapy. The cells 
were cryopreserved in a –80 °C freezer until analysis.

scRNA-Seq
scRNA-seq libraries were generated using 10× Genomics 
Single Cell 5ʹ Reagent Kit V2.0 (10× Genomics, 
Pleasanton, CA, USA) according to the manufacturer’s 
instructions. Single-cell suspensions were loaded on the 
Chromium Single-Cell Controller instrument (10× 
Genomics) to generate single-cell gel beads in emulsions. 
Reverse transcription reactions, cDNA generation, and 
library amplification were performed. These libraries 
were sequenced on the Illumina sequencing platform 
(HiSeq X Ten) and 150 bp paired-end reads were 
generated.

scRNA-Seq Data Preprocessing
FastQC (v 0.11.7) was used to assess the quality of the raw 
data. The Cell Ranger software pipeline (v 3.1.0) provided 
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by 10× Genomics was used to demultiplex cellular bar-
codes, map reads to the genome and transcriptome using 
the STAR aligner, and down-sample reads as required to 
generate normalized aggregate data across samples, produ-
cing a matrix of gene counts versus cells.26 We processed 
the unique molecular identifier (UMI) count matrix using 
the R (v3.6.1) package Seurat (v3.0.0).26,31 Cells and 
genes were filtered to remove low-quality cells and likely 
multiple captures. Cells with UMI/gene numbers beyond 
the limit mean value ±2-fold the standard deviation, 
assuming a Gaussian distribution for the UMI/gene num-
bers of each cell, were removed. Following visual inspec-
tion of the cell distribution according to the fraction of 
mitochondrial genes expressed, we further discarded low- 
quality cells in which >25% of the counts belonged to 
mitochondrial genes. After applying these quality control 
criteria, 51,836 single cells remained for inclusion in 
downstream analyses. The filtered digital gene expression 
matrix was normalized using the R Seurat (v3.0.0) 
package.32

Identification of Cell Types, Differential 
Expression, and Pathway Analysis
The top variable genes between groups across single cells 
were identified using the method described by Macosko 
et al.31 Principal component analysis was performed to 
reduce the dimensionality on the log-transformed gene- 
barcode matrices of the top variable genes. The number 
of principal components was 13 and resolution was 0.4. 
Default parameters used otherwise. Cells were clustered 
based on a graph-based clustering approach in the 
FindNeighbors and FindClusters functions and visualized 
in two dimensions using the t-distributed stochastic neigh-
bor embedding (t-SNE) method with R (v3.6.1) package 
Seurat (v3.0.0). T cells, NK cells, B cells, and monocytes 
were recognized according to the average expression level 
of curated gene sets of the following: T cells (CD3D/E/G), 
B cells (CD79A/B, CD19, MS4A1), monocytes (S100A12, 
VCAN, FCN1), NK cells (XCL1/2, KLRF1). Cluster 13 
with 282 cells was deleted because there was no curated 
gene set that could recognize it. To further address the 
intrinsic heterogeneity of each major cell type, the above-
mentioned steps were repeated and clusters of each cell 
type were identified by unsupervised clustering based on 
t-SNE. Cell subtypes of T cells, NK cells, and monocytes 
were then recognized according to the average expression 
of corresponding curated gene sets.32,33 Cell markers of 

T cell subtypes found were as follows: CD8+ T cells 
(CD8A), CD4+ T cells (CD4 or CD8A-IL7Rhigh), effector 
CD8+ T cells (FGFBP2, PRF1, GZMH, KLRG1), effector 
CD4+ T cells (PRF1, GZMH, KLRG1, NKG7, GNLY), 
effector memory CD8+ T cells (GZMK), effector memory 
CD4+ T cells (GZMK, CCL5), Naïve CD4/CD8 T cells 
(CCR7). Cell markers of monocytes subtypes: atypical 
monocytes (SIGLEC10, P2RX1), typical monocytes 
(S100A12, SELL, CD99, CD14, CD1D, CD36, LGALS2). 
Cell markers of NK subtypes: CD56dim NK cells 
(FCGR3A, FCGR3B), CD56bright NK cells (NCAM1). For 
T cells, CD8+CD4– and CD8–CD4+ T cells were used in 
the t-SNE projection. Other cells such as CD8+CD4+ and 
CD8–CD4– T cells (cluster 9 of 1149 cells) were filtered 
out in this analysis.33

DEGs were identified using the FindMarkers function 
(test.use = MAST) in Seurat.26,34 We applied a threshold 
(fold-change > 1.2, p value < 0.05) to identify DEGs 
between HBV-infected and control groups. Gene 
Ontology (GO) and KEGG pathway enrichment analysis 
of DEGs were conducted according to the hypergeometric 
distribution test performed in R. Pathways with differential 
activities between different T cell clusters, and between 
HBV-infected and healthy cells were compared with gene 
set variation analysis (GSVA). Kyoto Encyclopedia of 
Genes and Genomes database information was down-
loaded (https://www.kegg.jp/) to collate gene set files. 
The GSEABase package (v 1.44.0) was used to read the 
gmt format gene set file, and GSVA (v 1.30.0) and limma 
(v 3.38.3) packages were then used for pathway enrich-
ment scoring and differential pathway analysis. Top 5 
significant upregulated and down-regulated pathway activ-
ities related with T cell functions were further assessed.35

Pseudotime Analysis
We determined the developmental pseudotime with the 
Monocle 2 package.36 The raw count was first converted 
from a Seurat object into a CellDataSet object with the 
importCDS function in Monocle. We used the 
differentialGeneTest function of the Monocle 2 package 
to select ordering genes (qval < 0.01) which were likely to 
be informative in the ordering of cells along the pseudo-
time trajectory. The dimensional reduction clustering ana-
lysis was performed with the reduceDimension function, 
followed by trajectory inference with the orderCells func-
tion using default parameters. Gene expression was plotted 
with the plot_genes_in_pseudotime function to track 
changes over pseudo-time.
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TCR Repertoire Analysis
The analysis pipelines in Cell Ranger (10× Genomics, 
version 3.1.0) were used for single-cell sequencing data 
processing. V(D)J sequence assembly and paired clono-
type calling were performed using cellranger vdj with 
reference = refdata-cellranger-vdj-GRCh38-alts-ensembl 
-3.1.0 for each sample. Clonotypes were determined by 
grouping of cell barcodes that shared the same set of 
productive CDR3 nucleotide sequences. The sequences 
of all contigs from all cells within a clonotype were then 
assembled to produce a clonotype consensus sequence. 
Clonality was integrated into the Seurat gene-expression 
analysis by adding clonality information to the meta-
data. Assembled clonotypes were then exported for 
diversity analyses using VDJtools.37 Clonotypic diver-
sity estimates were calculated based on CDR3 nucleo-
tide sequence and V- and J-segment usage. Top five 
clonotypes of each sample were used to analyze the 
proportion of clonal expansion in different T cell clus-
ters. Clonal cells are defined as those clonotypes con-
taining at least two cells. Top five clonotypes of each 
sample mean that the number of clonal cells in those 
clonotypes ranked in the top five in total T cells. 
Kruskal–Wallis test was used to compare cell population 
proportions. The origins of each sample’s top five clo-
notypes are shown in tSNE plots. V- and J-segment 
usage differences were compared in the HBV and con-
trol group using Mann–Whitney U test.

Ligand–Receptor Interactions Analysis
To investigate intercellular communications in PBMCs, 
we analyzed the correlation between ligands and their 
cognate receptors for each cell type’s ligand–receptor 
pair using CellPhoneDB (v 2.0) software. The 
R packages Igraph and Circlize were used to display the 
cell–cell communication networks.

Flow Cytometry Assay
PBMCs were obtained from five HBsAg and HBeAg dual- 
positive HBV-infected pregnant women and from eight 
healthy pregnant women in the second trimester at the 
outpatient service in the First Affiliated Hospital of Xi’an 
Jiaotong University for flow cytometry assay. Patients met 
the same inclusion and exclusion criteria as the patients 
undergoing scRNA-seq. Cells were resuspended in 200 µL 
phosphate buffered saline and transfer to a 1.5-mL centri-
fuge tube. CD3, CD8, and CCR7 antibodies were added 

into the tube, and samples were incubated 15 min at room 
temperature without light. After 15 min, cells were filtered 
into the flow tube and placed in a flow cytometer (Becton 
Dickinson, Franklin Lakes, NJ, USA). CD3+CD8+CCR7- 
was defined as the effector/memory CD8+ T cell. The 
following antibodies were used: PerCP-cy5.5-labeled anti- 
CD3 (mouse, 70-AH00307-50, Multi Sciences, Hangzhou, 
China), fluorescein isothiocyanate-labeled anti-CD8A 
(mouse, 70-AH008A0201-20, Multi Sciences), allophyco-
cyanin-labeled anti-CD4 (mouse, 70-AH0040205-20, 
Multi Sciences), and phycoerythrin-labeled anti-CCR7 
(mouse, 12-1979-42, eBioscience, San Diego, CA, USA). 
Data analysis was performed using FlowJo (V10).

Statistical Analyses
Mann–Whitney U test and Kruskal–Wallis test were used 
to compare the proportions of cell populations and number 
of genes, transcripts between two groups and multiple 
groups with R (v3.6.1), respectively. P<0.05 was consid-
ered statistically significant.

Results
Study Population
Basic clinical characteristics of the study population are 
provided in Table 1. The age range of the six pregnant 
women was 25 to 33 years. Their gestational age varied 
from 22 to 25 weeks.

Alteration in the Immune Cell Population 
in HBV-Related Samples
In total, 51,836 cells were used for scRNA-seq analysis 
after quality screening. Basic information of the scRNA- 
seq analysis in the six samples is provided in Additional 
Table 1. First, 13 clusters from PBMCs of six samples 
were generated after dimensionality reduction 
(Additional Figure 1). We identified four major immune 
cell types in the six samples: T cells, B cells, mono-
cytes, and NK cells (Figure 1A and B, Additional 
Figure 2). To identify subtypes of four major cell 
types, dimensionality reduction and the clustering of 
each major cell type were repeated. The number of 
principal components was 11 in T cells, 5 in NK cells, 
and 8 in monocytes (Additional Figure 3). T cells were 
then classified into the following subtypes: naïve CD8+ 
T cells (cluster 5), effector/memory CD8+ T cells (clus-
ter 3, 7, 10, 11), naïve CD4+ T cells (cluster 1, 2), 
effector/memory CD4+ T cells (cluster 4, 6, 8). Cluster 
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9 in T cells was removed further in the analysis because 
of CD4 and CD8 double-negative cells. NK cells were 
classified into CD56 brightCD16– NK cells (cluster 3), 
CD56dimCD16+ NK cells (cluster 1, 2, 4, 5). Monocytes 
were classified into typical monocytes (cluster 1, 2, 4, 5, 
6, 7, 8) and atypical monocytes (cluster 3) according to 
the average expression of corresponding curated gene 
sets in different clusters (Additional Figures 4–6) The 
subtypes of four major immune cells are shown in 
Figure 1C. After deleting the unknown cluster and the 
CD4, CD8 double-negative cells, there were 50,405 
cells included in the next steps. Heat map analysis was 
performed using the top five DEGs in each cell type 
(Additional Figure 7). The average fraction of all 
immune cell types in the six samples is shown in 
Figure 1D. Regarding the number of genes and tran-
scripts, there were no significant differences in each cell 
subtype between HBV-related and healthy samples 
(Figure 1E). HBV-related samples showed 
a predominant fraction of effector/memory CD8+ 
T cells in total T cells, compared with that found in 
healthy samples. Conversely, HBV-related samples had 
fewer effector/memory CD4+ T cells than healthy sam-
ples (Figure 1F).

To validate the alteration of T cell subtypes in HBV- 
related samples, we isolated effector/memory CD8+ 
T cells, and effector/memory CD4+ T cells from PBMCs 
by flow cytometry, noting an increased percentage of 
effector/memory CD8+ T cells in HBV-infected pregnant 
women (Figure 2A–C). Flow cytometry results are listed 
in Additional Table 2.

T Cell Subtypes Indicate Immune 
Activation in HBV-Related Samples
Next, we estimated the differential pathway activities 
between HBV-related and healthy samples in effector/ 

memory CD8+ T cells and effector/memory CD4+ 
T cells scored by GSVA (Figure 3A and B). In effec-
tor/memory CD8+ T cells, the mineral absorption 
pathway was the most highly upregulated pathway in 
HBV-related samples. Other enriched pathways included 
cytokine–cytokine receptor interaction, TNF signaling 
pathway, IL-17 signaling pathway, and NOD-like recep-
tor signaling pathway, which are all closely linked with 
the inflammatory response. While more pathways related 
to proliferation and differentiation of T cells (PI3K Akt 
signaling pathway, Ras signaling pathway, Hippo signal-
ing pathway, ECM receptor interaction) were down- 
regulated in the HBV group. The top enriched pathway 
in effector/memory CD4+ T cells from HBV-related 
samples was inflammatory mediator regulation of TRP 
channels. The following enriched pathways included 
AMPK-signaling-pathway and chemokine signaling 
pathway, which indicates that effector/memory CD4+ 
T cells in HBV-related samples may participate in the 
inflammatory response and maintain cellular energy bal-
ance. Pathways involved with the proliferation of T cells 
(peroxisome, ErbB-signaling-pathway, and Hippo signal-
ing pathway) were down-regulated in HBV group. T cell 
activation (increased expression genes: NCF1, CD7, 
SLA2, TGFB1) was among the top 10 upregulated GO 
biological processes in the HBV-related samples of CD8 
+ T cells compared with those of healthy cells. SRP- 
dependent cotranslational protein targeting to membrane, 
viral transcription, nuclear-transcribed mRNA catabolic 
process, nonsense-mediated decay, and translational 
initiation were upregulated in HBV-related CD4+ 
T cells, which correlated with an increased expression 
of RPS3A, RPS10, RPS26, RPL41. Metallic ion-related 
pathways, including detoxification of copper ion, cellu-
lar response to cadmium ion, cellular response to zinc 
ion, cellular response to copper ion, and cellular 
response to homeostasis were upregulated in HBV 

Table 1 Basic Clinical Characteristics of Pregnant Women

ID Patients HBV Infection Age (y) Gestational Age  
(wk)

HBV DNA  
(Log 10IU/mL)

HBsAg  
(IU/mL)

HBeAg  
(s/co)

ALT  
(IU/L)

1 HBV1 Yes 33 22 8.1 73,890.2 1474.5 13

2 HBV2 Yes 26 23 7.9 32,301.1 1288.8 16

3 HBV3 Yes 27 22 7.6 33,790.1 1030.8 15
4 CON1 No 25 24 – – – –

5 CON2 No 32 24 – – – –

6 CON3 No 30 25 – – – –

Abbreviations: HBV, hepatitis B virus; CON, control; HBsAg, hepatitis B surface antigen; HBeAg, hepatitis Be antigen; ALT, alanine aminotransferase.
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Figure 1 Single-cell RNA-Seq analysis of PBMC in pregnant women identifies nine major cell populations. Single-cell RNA-Seq was performed on single-cell 
suspensions generated from three HBV-infected pregnant women and three healthy pregnant women. (A) tSNE of the 51,836 cells profiled here: four major cell 
types; its sample type of origin (HBV-infected and healthy samples); the corresponding patient. T cells: 39,049 cells; B cells: 2947 cells; NK cells: 2465 cells; 
Monocytes: 7093 cells; unknown cells: 282; HBV group: 27,390 cells; Control group: 24,446 cells; Control 1: 8032 cells; Control 2: 7497 cells; Control 3: 8917 cells; 
HBV1: 11,208 cells; HBV 2: 7599 cells; HBV3: 8583 cells. (B) Expression of marker genes for the cell types. (C) tSNE plot of subtypes of T cells, monocytes and NK 
cells. (D) For 9 cell subtypes: the average fraction of each cell subtype (Kruskal–Wallis test, p<0.001). (E) The average number of genes in each cell subtype; the 
average number of transcripts in each cell subtype (Mann–Whitney rank test). (F) The average proportion of cell subtypes in HBV-infected and control groups 
(*p<0.05, Mann–Whitney rank test). 
Abbreviations: tSNE, t-distributed stochastic neighbor embedding; NK, natural killer; HBV, hepatitis B virus.
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Figure 2 HBV-related samples display higher proportion of effector/memory CD8+ T cells by flow cytometry assay. (A) Examples of CD3, CD4 and CCR7 staining to 
determine effector/memory CD4+ T cells. (B) Examples of CD3, CD8 and CCR7 staining to determine effector/memory CD8+ T cells. (C) The average proportion of 
effector/memory CD4+ T cells and CD8+ T cells in HBV and control groups (*p<0.05, Mann–Whitney rank test).
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samples in both CD4+ and CD8+ T cells. These 
enriched pathways correlated with the increased expres-
sion of MTs-related genes (MT2A, MT1E, MT1F, MT1X) 

in HBV-related samples compared with those of healthy 
subjects in both CD4+ and CD8+ T cells 
(Figure 3C–F).

Figure 3 Transcriptomic differences between HBV-infected and healthy samples in effector/memory T cells. (A and B) Top five differences in pathway activities 
related with T cell functions between HBV-infected and healthy samples in effector/memory CD8+ and CD4+ T cells estimated by GSVA. There were only 4 
significant pathways significant in down-regulation in effector/memory CD4+ T cells. (C and D) Top 10 upregulated GO biological processes in HBV-related samples 
compared with healthy samples in effector/memory CD8+ and CD4+ T cells. (E) Upregulated genes related with top 10 GO biological processes in effector/memory 
CD8+ T cells in HBV-related samples (fold-change > 1.2, p value < 0.05). (F) Upregulated genes related with top 10 GO biological processes in effector/memory CD4 
+ T cells in HBV-related samples (fold-change > 1.2, p value < 0.05). 
Abbreviations: GO, Gene Ontology; GSVA, gene set variation analysis.
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CD8-C2 T Cells May Be Related to the 
Altered Function of Effector/Memory 
CD8+ T Cells Under HBV Infection
A total of 37,900 T cells were included in t-SNE analysis. 
There were five CD4+ T cell clusters and five CD8+ T cell 
clusters identified (Figure 4A and B). T cell clusters origin 
from HBV and control groups are shown in Additional 
Figure 8. CD8-C1, CD4-C1, and CD4-C2 T cells repre-
sented naïve T cells, whereas the other cell clusters 
expressed high levels of effector and effector memory 
markers based on the functional annotation of genes 
(Figure 4B and C). Because these clusters expressed both 
effector and effector memory marker genes, it may be 
inferred that T cells stay in a transient state between 
effector and memory T cells. To further differentiate 
among these effector/effector memory clusters, GSVA 
and the trajectories of CD4 and CD8 clusters were per-
formed among clusters (Figure 4D and E). CD8-C2 pre-
sented the following pathways: enriched AMPK signaling 
pathway, cytokine–cytokine receptor interaction, and 
mineral absorption, which were clearly different from 
other T cell clusters. Mineral absorption pathway and 
cytokine–cytokine receptor interaction were also the most 
highly upregulated pathways in effector/memory CD8 
T cells in HBV-related samples. It may be inferred that 
the different pathways in effector/memory CD8+ T cells 
between the HBV and control group were related with 
CD8-C2. CD8-C2 also showed enrichments in the TGF- 
beta signaling pathway, peroxisome, MAPK signaling- 
pathway, chemokine signaling pathway, and FoxO signal-
ing pathway, which indicate that CD8-C2 participate in 
various inflammatory responses and antiviral pathways 
(Figure 4D). CD8-C3, CD8-C4, CD4-C3, and CD4-C4 
may have a much stronger ability to proliferate and differ-
entiate, enriched in ErbB signaling pathway or ras signal-
ing pathway. The most enriched pathways in CD4-C5 
were Toll-like receptor signaling pathway, IL 17 signaling 
pathway, and TNF signaling pathway. Trajectory analysis 
of CD8+ T cells inferred a differentiation direction that 
began with CD8-C1 and bifurcated into two activation 
branches. The left two branches contained CD8-C2, CD8- 
C3, and CD8-C4 together, which indicates that these clus-
ters may remain in the same state. This result also supports 
the evidence that CD8-C2, CD8-C3, and CD8-C4 may 
stay in a transient state between effector and memory 
T cells. For CD4+ T cells, the Monocle trajectory analysis 
also exhibited a branched structure, starting with CD4-C1 

and CD4-C2 (naïve CD4 T cell clusters) and bifurcated 
into right two activation branches. These two branches 
contained CD4-C3, CD4-C4, and CD4-C5 (Figure 4E). 
The top 10 genes expressed in effector/memory T cell 
clusters are shown in Figure 4F. These genes include MT- 
related genes (MT1X, MT1E, MT2A, MT1F). MT1X, 
MT1E, MT2A, MT1F were also upregulated in effector/ 
memory CD8+ T cells belonging to the HBV group 
(Figure 3E). Therefore, this may further support that path-
way differences between effector/memory CD8+ T cells in 
the HBV group may be mainly related with CD8-C2. 
CD8-C2 also expressed higher levels of FCGR3A and 
CXCR3 with evident cytotoxic features.

Because of the specific gene expression pattern of 
CD8-C2, we paid more attention of CD8-C2. CD8-C2 
may be the largest group in CD8+ T cells and was mainly 
enriched in the HBV-related samples (Figure 4G). We 
further compared CD8-C2 gene expression between 
HBV–control groups. CD8-C2 of HBV-related samples 
showed increased expression levels of MT-related genes 
(MT2A, MTIE, MTIF, MTIX), T cell-activated gene (NCF1, 
CD7), inflammation-activated genes (IRF1), and pro- 
inflammatory genes (CD69, MAP3K8, JUN, JUNB) com-
pared with non-infected samples (Figure 4H).

T Cells Show Different Clonal Expansion 
and Different V/J Gene Usage in HBV 
Infection
All T cells (37,900 cells) were included in V(D)J sequence 
assembly and paired clonotype calling. After clonotype 
recognition using cellranger vdj with reference = refdata- 
cellranger-vdj-GRCh38-alts-ensembl-3.1.0, a total of 
18,289 cells with full-length TCRs for both alpha and 
beta chains were used for TCR repertoire analysis, includ-
ing 15,015 unique cells and 3274 clonal cells. The propor-
tion of clonal cells of each T cell cluster in the top five 
clonotypes of each sample is shown in Figure 5A. The 
higher the proportion of cluster, the larger the number of 
clonal cells found in a cluster. In HBV-related samples, 
CD8-C2 exhibited the highest level of clonal expansion. 
Clonal expansion showed that CD8-C2 may be the most 
active CD8 cluster in HBV samples. The distribution of 
the top five clonotypes in each sample is shown in 
Figure 5B. Significant differences of V gene and J gene 
usage frequency in clonotypes are shown in Figure 5C. We 
noted a higher frequency of TRAV14DV4, TRBV13, 
TRAJ28 in HBV-related samples than that in the healthy 
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Figure 4 Dissection and clustering of T cells in HBV-related and healthy samples. (A) The tSNE project of 37,900 single T cells from six patients (3 HBV-related and 3 
healthy patients), showing the formation of 10 clusters, including five for CD8+ T cells, 5 for CD4+ T cells. (B) Expression of marker genes for CD4+ T cells, CD8+ T cells, 
naïve T cells and effector T cells. (C) Heatmap of z-score normalized mean expression of T cell function-associated genes in each cell cluster. (D) Differences in pathway 
activities scored using GSVA in CD8+ T-cell clusters 2, 3, 4, 5 and CD4+ T-cell clusters 3, 4, 5. (E) The branched trajectory of CD8+ T cells and CD4+ T cells. (F) Heatmap 
of top 10 genes in each T cell clusters. (G) Proportion of T cell clusters in total T cells in HBV-infected and healthy samples. (H) Upregulated genes in CD8-C2 T cells in 
HBV-related samples: metallothionein-related genes (MT2A, MTIE, MTIF, MTIX), T cell-activated genes (NCF1, CD7), inflammation-associated genes (IRF1) and pro- 
inflammatory genes (CD69, MAP3K8, JUN, JUNB). 
Abbreviations: CD8-C, CD8-cluster; CD4-C, CD4-cluster; tSNE, t-distributed stochastic neighbor embedding.
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samples (p<0.05). Detecting the differences of specific V/J 
gene usage in TCR during pregnancy between HBV- 
infected and non-infected individuals may contribute to 
understanding the development of HBV infection.

Ligand–Receptor Interactions Among 
Different Immune Cell Subsets
We used CellPhoneDB to identify intercellular communi-
cations among different immune cell subsets in HBV- 
infected and healthy samples (Figure 6). We found that 
CCR1-CCL5, CCR1-CCL3 receptor/ligand pairs between 
atypical monocytes and other immune cell subsets, CD94: 
NKG2E- HLA-E between effector/memory CD8+ T cells 
and other immune cell subsets were enhanced in HBV- 
infected samples. The inhibitory interaction produced by 
CD160-TNFRSF14 between CD56bright CD16-NK cells 
and other immune cell subsets was weakened in HBV- 
infected samples.

Discussion
Past previous research focuses on the phenotype and func-
tions of HBV-specific T cells during chronic HBV 

infection in the absence of a pregnancy. Schuch et al 
reported that impaired circulating T cell responses were 
different between core- and pol-specific CD8+ T cells in 
chronically HBV-infected patients with a low viral load.23 

Wang et al identified TNF-a producing CD4+ T cells, 
which were the dominant immune cell population in 
patients with chronic HBV infection and may be involved 
in liver damage.20 Another study reported that the combi-
nation of antioxidants and natural polyphenols may con-
tribute to reconstitution of an efficient antiviral T cell 
response.25 Evidence regarding HBV-related immune 
cells during pregnancy is sparse. Only a recent study 
suggested that the immune status of chronic HBV- 
infected pregnant women was different from that of 
chronic HBV-infected nonpregnant women. It found that 
T cells in HBV-infected mothers with ALT flare produced 
fewer anti-inflammatory cytokines or more pro- 
inflammatory cytokines than those in HBV-infected 
mothers without ALT flare before, during, or after antiviral 
treatment.38

Accordingly, in this present study, we constructed 
a comprehensive single-cell map of PBMCs in HBV-infected 

Figure 5 Clonal expansion of T cells in HBV-infected and healthy samples by TCRs. (A) The average proportion of clonal cells of each cell cluster in total clonal cells of top 
five clonotypes. (B) The distribution of top five clonotypes in each sample on the tSNE plots. (C) Significant differences of proportion of V- and J-segment usage between 
HBV and control group (*p<0.05, Mann–Whitney U test). 
Abbreviations: TCR, T cell receptor; HBV, hepatitis B virus; CD8-C, CD8-cluster; CD4-C, CD4-cluster.

Figure 6 Intercellular communication among different immune cell subsets.
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pregnant women with a high HBV viral load and healthy 
pregnant women. We found significant differences between 
HBV-infected and healthy samples, including T cell subtypes, 
dominant gene sets, T cell functions, clonal expansion, and V/J 
gene usage of T cell clonotypes. We also characterized a T cell 
cluster (CD8-C2), which may proliferate in HBV-related sam-
ples with distinctive functional features. Finally, we present 
a detailed map of global interactions among different immune 
cell subtypes.

We found that HBV-infected pregnant women may have 
partial active T cell immune response due to a larger number 
of effector/memory CD8+ T cells present than that of healthy 
pregnant women. There were no differences in the proportion 
of other immune cell populations between HBV-infected and 
healthy pregnant women. It can be inferred that T cells may 
have distinct characteristics in HBV-infected pregnant 
women, which is similar to the results of the above- 
mentioned study HBV-infected pregnant women with ALT 
flare.38 In HBV-related samples, pathways related with mul-
tiple inflammatory responses were activated in both of CD4+ 
and CD8+ effector/memory T cells. In addition, both CD4+ 
and CD8+ effector/memory T cells expressed higher levels of 
MT and metal ion pathway genes. The upregulation of metal 
ion pathways and mineral absorption were related to the 
higher expression of related MT genes in HBV-related sam-
ples. Studies already demonstrated that the expression of 
MTs in both CD4+ and CD8+ T cells could influence 
immune responses due to zinc-dependent proteins.39–41 

IFN-α and inflammatory cytokines, such as TNF, IL-1β, 
and IL-6 have been reported to induce MTs, suggesting 
they may participate in immunity.41,42 If MTs could suppress 
or activate T cells’ function remains debatable. One study 
found that CD4+ T cells activation and proliferation are 
related with an increased expression of MTs. The release of 
Zn2+ from MT correlates with an elevated p38 MAPK acti-
vation following restimulation. Manipulating [Zn2+] or MT 
expression during activation influences cytokine secretion 
patterns and cell signaling networks.39 Another study 
reported that MTs were highly enriched in dysfunctional 
T cells.41 In our study, T cell activation pathway was upre-
gulated in effector/memory CD8+ T cells in HBV-related 
samples with an increased expression of MTs in both effec-
tor/memory CD4+ and CD8+ T cells. It may indicate that 
MTs exert a favorable effect on T cell activation.

Among CD8 T cell clusters, we identified that HBV- 
infected pregnant women may show a trend of an 
increased number of a particular subset of effector/mem-
ory CD8+ T cells (CD8-C2) with a high degree of CD8-C2 

clonal expansion. MT genes (MT1X, MT1E, MT2A, 
MT1F) were the most evident markers of CD8-C2. Some 
studies already reported that the effect of MTs on T cells 
could be considered a novel therapeutic target for the 
manipulation of immune responses in chronic viral infec-
tion or cancer.39,41 In addition, all results regarding CD8- 
C2 indicate that CD8-C2 may be the main cluster of 
activated CD8+ T cells, which has cytotoxic activity as 
well as pro-inflammatory properties in an HBV 
infection.33,43 CD8-C2 may be considered a promising 
CD8+ T cell cluster as a target for further improvement 
of anti-HBV therapy.

Finally, our results show the intercellular interaction of all 
immune cell population types in HBV-infected and healthy 
samples. HBV-infected samples exhibited more active sig-
naling pathways in atypical monocytes, effector/memory 
CD8+ T cells, and other cell populations44,45 and lower levels 
of inhibitory interactions between CD56 bright CD16− NK 
cells and other cell populations.32,46,47 This finding further 
corroborates the notion that healthy pregnant women may be 
in an immunosuppressed status, while in infected pregnant 
women, some immune responses may be activated due to the 
presence of an HBV infection.38

Our study found evidence of part of active immune 
responses and pro-inflammatory immunity as well as poten-
tial T-cell cytotoxicity in HBV-infected pregnant women. It 
can be inferred that chronically HBV-infected pregnant 
women with a high viral load might remain in an incomplete 
immune tolerance state at the level of PBMCs because of 
hormonal fluctuations and increased metabolic burden.48 

Immune system during pregnancy is dynamically changed 
with the various stages of pregnancy. Alteration of maternal 
immune status may lead to ALT flare and liver damage 
during pregnancy and postpartum.38,49

There are unavoidable limitations in this study. First, 
the number of HBV-related and healthy samples collected 
is relatively small; nonetheless, we identified distinct 
immune microenvironments between the two groups. 
Second, the results require further validation from bulk 
RNA-seq and functional experiments.

Conclusion
This study provides deeper insights into the immune micro-
environment in both healthy and HBV-infected pregnant 
women. HBV-infected pregnant women may have a more 
active immune response, especially by activated CD8+ 
T cells, compared with that of healthy pregnant women. 
We identified a distinct subset of activated CD8+ T cells 
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with MTs as the top-ranking genes, which may be enriched 
in HBV-related samples. We also found different V/J genes 
in clonotypes of T cells in HBV-related samples compared 
to healthy samples. These findings may fuel advances in 
understanding the immune-related pathogenesis of HBV 
infection in pregnant women with a high HBV viral load 
and provide a theoretical basis for improving HBV therapy 
during pregnancy in the future.
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