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ABSTRACT

Chronic hepatitis B virus (HBV) infection due to perinatal mother-to-infant transmission (MTIT) remains a serious global
public health problem. It has been shown that intrauterine exposure to HBV antigens might account for the MTIT-related
chronic infection. However, whether hepatitis B surface antigen (HBsAg) intrauterine exposure affected the offspring’s
immune response against HBV and MTIT of HBV has not been fully clarified. In this study, we investigated the effects
and the potential mechanisms of the HBsAg intrauterine exposure on the persistence of HBV replication using a
solely HBsAg intrauterine exposure mice model. Our results revealed that solely HBsAg intrauterine exposure
significantly accelerated the clearance of HBV when these mice were hydrodynamically injected with pBB4.5-HBV1.2
plasmids after birth, which may be due to the increased number of HBs-specific CD8" T cells and interferon-gamma
secretion in the liver of mice. Mechanismly, HBsAg intrauterine exposure activated antigen-presenting dendritic cells,
which led to the generation of antigen-specific cellular immunological memory. Our data provide an important

experimental evidence for the activation of neonatal immune response by HBsAg intrauterine exposure.
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Introduction

Chronic hepatitis B virus (HBV) infection remains a
serious global public health problem. Currently, about
257 million people are chronically infected with HBV
worldwide, resulting in approximately 1 million deaths
every year [1]. In most HBV endemic regions, the main
transmission route of HBV is perinatal mother-to-infant
transmission (MTIT), by which the chronic HBV carriers
contract the virus via vertical transmission from their
infected mother early in life. In contrast to horizontal
transmission between adults which usually leads to self-
limited acute infection, more than 90% of perinatal infec-
tions due to MTIT may turn out to be chronic infections
[2]. Tt has been suggested that intrauterine exposure of
the fetal immune system to HBV antigens and/or the
immature immune system of young children might
account for the MTIT-related chronic infection [3-5].
However, the mechanism of MTIT leading to HBV per-
sistent infection has not been fully clarified.

A large number of studies have proved that the risk
of vertical transmission is significantly higher in
HBeAg-positive mothers than that in HBeAg-negative
mothers if without antiviral therapy and immunopro-
phylaxis [6,7]. This phenomenon is usually attributed
to the immune suppression of mother-derived HBeAg
and the high level of viremia in HBeAg-positive
mothers [8,9]. However, with the increasingly wide
use of nucleos(t)ide analogues (NAs) for the treatment
of chronic hepatitis B (CHB) patients, more patients
achieved HBeAg seroconversion as well as low HBV
DNA load, so that the number of female patients of
childbearing age who are solely HBsAg positive is
increasing. In addition to the lower HBV DNA load
in HBeAg-negative mothers, it is not clear whether
maternal-derived HBsAg could affect the fetal
immune system thus affecting the risk of MTIT-
related HBV infection. Therefore, exploring the role
and mechanism of HBsAg in the vertical transmission
is of great significance for the implementation of
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MTIT blockade strategies for the neonates born to
HBeAg-negative mothers whose serum HBsAg was
positive, and it might provide the potential immu-
notherapeutic targets for the treatment of persistent
HBV infection.

HBsAg is the envelope protein of HBV and the
important marker of HBV infection. During HBV
infection, excess HBsAg can also be assembled into
non-infectious subviral particles (SVP), which are
much more abundant in serum than complete hepa-
titis B virion in CHB patients. Although previous
studies have suggested that HBsAg theoretically can-
not pass through the placental barrier, accumulated
studies have reported that maternal HBsAg can be
detected in placenta, cord blood or amniotic fluid
when HBYV infects maternal cells in the placenta, or
due to the placental leakage [10-14]. These findings
suggested that the maternal-derived HBsAg might
also alter the immune response against HBV in
offspring. Indeed, poor vaccination effects and more
chronic HBV infection in offspring have been
observed after intrauterine exposure to HBsAg [15-
17]. However, there is no statistical difference in
anti-HBs titre and response rate between the offspring
born to women with HBsAg positive alone and those
without HBV infection, suggesting that the immune
response to the vaccine in offspring may not be inhib-
ited by HBsAg [18]. Furthermore, a recent study
showed that intrauterine exposure to HBsAg may trig-
ger a state of “trained immunity” in infants, which is
manifested by promoted innate immune maturation
and T-helper 1 cells (Thl) development [19]. These
findings raise the possibility that intrauterine exposure
to HBsAg may promote the immune response of
offspring. However, the effects and potential mechan-
isms of the HBsAg intrauterine exposure on the per-
sistence of HBV replication and immune response of
offspring still need to be clarified.

In this study, we constructed a mouse model of
solely HBsAg intrauterine exposure using the HBV
transgenic maternal mouse which only HBsAg is posi-
tive in its serum and liver tissue and investigated the
effects of HBsAg intrauterine exposure on the persist-
ence of HBV replication and immune response of the
offspring when re-exposed to HBV after birth. We
found that only HBsAg intrauterine exposure signifi-
cantly increased the number of HBs-specific CD8" T
cells and interferon-gamma (IFN-y) secretion in the
liver of mice, which may account for the faster clear-
ance of HBV when the HBsAg intrauterine exposure
mice were re-exposed to HBV after birth. Mechanismly,
HBsAg intrauterine exposure activated the powerful
antigen-presenting dendritic cells (DCs), which led to
the generation of antigen-specific cellular immunologi-
cal memory. Our data provide an important exper-
imental evidence for the activation of neonatal
immune response by HBsAg intrauterine exposure.
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Materials and methods
Experimental animals and model construction

C57BL/6 mice and C57BL/6-Tg (HBV Alb-1) Bri44
HBV transgenic female mice were purchased from
Peking University Health Science Center. All of the
mice had the C57BL/6N genetic background. The
C57BL/6-Tg (HBV Alb-1) Bri44 HBV transgenic
mouse is a widely used HBV transgenic mouse
model, which integrated 2839nt to 1986nt of HBV
subtype ayw (containing the coding regions only for
the HBV pre-S, S and X antigens) immediately down-
stream of the mouse Alb promoter so that only HBsAg
is positive in its serum and liver tissue [20]. We ident-
ified the transgenic mice by PCR genotyping using the
following primer: 5'- AGGCGGGGTTTTTCITGTITG
-3" and 5'- GGAAAGCCCTACGAACCACT -3'. This
PCR reaction resulted in a product of 515 bp for HBV
transgenic mice. The PCR of nicotinamide nucleotide
transhydrogenase (Nnt) allele was used for the
identification of mouse substrain background as
described [21]. The experiments were conducted in
accordance with the Guide for the Care and Use of
Laboratory Animals and were approved by the animal
ethics committee of Peking University Health Science
Center (Beijing, China).

Plasmid and HBV hydrodynamic injection (HI)

The replication cloning plasmid pBB4.5-HBV1.2,
which carries 1.2 times the length of genotype C
HBV genome, was kept in our laboratory and used
for the HI. The HI was performed as previously
described [22]. Two mice of each group were
sacrificed at 72 h post-injection, and the liver was
taken for immunohistochemistry staining (IHC) to
prove the plasmid expressed successfully. Serum
was collected for the analysis of HBsAg and
HBeAg levels at 7 days post-injection. Mice with
comparable HBsAg and HBeAg levels were used in
the studies.

Vaccination and immunization strategy

For vaccine immunization and HBsAg stimulation, 4-
week-old mice were subcutaneously treated with a 3
ug recombinant hepatitis B vaccine (Kangtai Biologi-
cal Products Ltd, Shenzhen, China).

HBV serological assays by time-resolved
fluoroimmunoassay (TRFIA)

Serum of mice in each group was collected at 1, 2, 3, 4,
6, 8, 10, 12, 16, 20, 24 and 28 weeks after HI and per
week after vaccination. The levels of HBsAg, HBeAg
and anti-HBs were detected by the TRFIA diagnostic
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kit according to the manufacturer’s instructions (Per-
kinElmer, Waltham, MA).

IHC for HBsAg and hepatitis B core antigen
(HBcAg)

At 12 weeks after HI, 4 mice in each group were
sacrificed and the liver tissues were collected. The
expression of HBsAg and HBcAg were detected by
IHC using our previous procedures [23]. Mouse
anti-HBs antibody and rabbit anti-HBc antibody
were purchased from Maixin Biotechnology Develop-
ment Ltd. (Fuzhou, China).

Isolation of murine splenic and hepatic
mononuclear cells

The mouse liver was perfused with pre-warmed PBS
via the hepatic portal vein. The liver and spleen tissues
were isolated and forced through a 70 um nylon cell
strainer (BD Falcon, Franklin Lakes, NJ) with a syr-
inge plunger. Cells were centrifuged at 500 x g for
5min at 4°C. Liver mononuclear cells were then
layered on 80% percoll solution (GE healthcare, Wau-
kesha, WI) in 40% percoll solution, and gradient cen-
trifuged at 780 x g for 20 min at 4°C. Cells were
incubated with the red blood cell lysis buffer (BD Bio-
sciences, San Jose, CA) at room temperature for
10 min, and washed twice in PBS. Cell count and via-
bility detection were performed using a haemocyt-
ometer and trypan blue exclusion microscopy.

Analysis of HBs-specific CD8" T cells

Mononuclear cells isolated from mice liver or spleen
were stimulated for 8 h with KP-restricted HBsAg-
derived CD8" epitope 190-197 (VWLSVIWM) and
detected using soluble DimerX H-2 K" Ig fusion
protein labelled with PE-conjugated rat anti-mouse
IgG1l (BD Biosciences) following the previous pro-
cedure [24].

Flow cytometry analysis and sorting

Cell staining was performed using anti-mouse CD3e
PerCP-Cyanine5.5, anti-mouse CD8a FITC, anti-
mouse CD4 RedFluor710, anti-mouse CD279 (PD-1)
EFLUOR 450, anti-mouse CD62L APC-EFLUOR,
anti-human/mouse CD44 APC, anti-mouse CD11C
PE-Cyanine5.5, anti-mouse I-Ab PerCP-Cyanine5.5,
anti-mouse CD301 (MGL1/MGL2) APC and anti-
mouse CD86 APC/Fire 750. All antibodies were pur-
chased from eBioscience (San Diego, CA) and BioLe-
gend (San Diego, CA). Cells were incubated with Fc
Block (BD Biosciences) for 30 min at 4°C in darkness
to block the FcyR and then stained with fluoro-
chrome-conjugated antibodies for 60 min at 4°C also

in darkness. Data were acquired on Gallios flow cyt-
ometers (Beckman Coulter, Brea, CA) or FACS Aria II
Sorp cell sorter (BD biosciences) from 1 x 10° cells per
sample. The HBs-specific CD8" T cells and CD11c"
cells were sorted out on BD FACS Aria II sorter and ana-
lysed using FlowJo software (Tree Star, Ashland, OR).

RNA extraction and quantitative real-time PCR
analysis

The whole blood, fetal mouse liver tissue and cells
sorted by FACS were collected and homogenized in
TRIzol reagent (Invitrogen, Carlsbad, CA), and RNA
was extracted according to the manufacturer’s proto-
col. The RNA was reverse transcribed into cDNA
using Transcriptor First Strand cDNA Synthesis Kit
(Roche, Basel, Switzerland) in accordance with the
manufacturer’s instructions. Real-time quantitative
PCR (RT-qPCR) was performed using the Roche
LightCycler 480 sequence detection system (Roche,
Mannheim, USA). The primers used for RT-qPCR
are shown in Supplementary Table S1.

ELISPOT assay

Mouse IFN-y precoated ELISPOT kit was purchased
from DAKEWE (Shenzhen, China) and used accord-
ing to the manufacturer’s instructions. Lymphocytes
separated from the liver and spleen were tested in tri-
plicate stimulated with 5 pg/mL HBsAg-derived CD8"
epitope peptides. After 36 h of substrate incubation
and post-culture operation, the number of IFN-y-pro-
ducing cells and spot intensity were estimated using
the automated ELISPOT plate reader (AID GmbH,
Germany).

RNA sequencing

Total RNA was extracted from fetal mice liver tissue
according to the standard method and three biological
repeats were performed for each group. The RNA
quality assessment, library preparation and sequen-
cing were using the Illumina Novaseq 6000 platform
of Majorbio Biotech (Shanghai, China). The Smart-
seq of 300-1000 HBs-specific CD8" T cells and
CD11c" cells sorted from mice livers respectively
were completed by using Clontech-SMART-Seq™
v4 Ultra™ Low Input RNA Kit on Illumina
Hiseq4000 platform of Majorbio Biotech. Genes with
corrected P values less than .05 and the absolute
value of log2FC>1 were assigned as significantly
differentially expressed genes (DEGs). The Gene
Ontology (GO) terms enrichment and pathway anno-
tation using the Kyoto Encyclopedia of Genes and
Genomes (KEGG) were analysed and the false discov-
ery rate (FDR) was used to test for the statistical
enrichment.



Statistical analyses

The statistical analysis was performed using GraphPad
Prism V5.0 (GraphPad Software Inc., San Diego, CA)
and SPSS 21.0 (Xishu Software Company, Shanghai,
China). Data were presented as the mean + SEM,
and statistical differences were analysed by 2-tailed
Student’s  test, Mann-Whitney U test and qualitative
data using x” test. The P values <.05 were considered
statistically significant.

Results

Intrauterine exposure of HBsAg facilitates the
rapid elimination of HBV in the mouse pups

To obtain the HBsAg intrauterine exposed wild-type
mice (EXP-WT group), C57BL/6-Tg (HBV Alb-1)
Bri44 HBV transgenic female mice were crossed with
wild-type C57BL/6 male mice, and the offspring with
negative integrated HBV DNA and HBsAg were
classified as EXP-WT group. The offspring produced
by wild-type C57BL/6 mice were used as the control
group (WT group) (Figure 1(A)). To establish the
HBV re-exposed models, we designed the following
experimental procedure (Figure 1(B)). Briefly, both
EXP-WT and WT mice were injected with pBB4.5-
HBV1.2 plasmid by HI to simulate the HBV re-exposure
at 6-weeks after birth. On the third day after injection,
two mice of each group were randomly selected and
sacrificed to examine whether pBB4.5-HBV1.2 plasmid
was successfully expressed in the liver by detecting
HBcAg expression using IHC assays (Figure S1A).
One week after injection, all mice were bled from the
angular vein, and serum HBsAg and HBeAg levels
were detected to confirm both groups of mice were suc-
cessfully re-exposed to HBV (Figure S1B and S1C).

To compare the HBV clearance rate in each group,
dynamic changes in serum HBsAg and HBeAg were
detected at different time points in the 28-week period
after injection. As shown in Figure 1(C,D), a rapid
decrease of both HBsAg and HBeAg levels were
observed in each group post-injection. However, the
rate of serum HBsAg loss at the 12th and 28th week
after HI in the EXP-WT group was significantly higher
than that in the WT group (27.78% vs. 4.17%, P = .030;
81.25% vs. 16.67%, P=.0017). Consistent with the
trend of HBsAg loss, the clearance of serum HBeAg
was also much faster in the EXP-WT group, as com-
pared to that in the WT group (Figure 1(D)). Serum
HBeAg in all EXP-WT group mice became undetect-
able at 16 weeks after injection, while it was still
detectable in 4 of 18 (22.22%) WT mice until the
study endpoint at 28 weeks post-injection. Further-
more, the THC results showed that staining of
HBsAg in liver tissue of all EXP-WT mice became
negative at the 12th week after HI, while it was still
positive in all WT mice pups (Figure 1(E)). Also, the
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anti-HBs titre in serum was detected after HBV re-
challenge in the mouse pups. Consistent with our
expectations, the anti-HBs level in the EXP-WT
group was higher than that of the WT mice, and the
anti-HBs production time was also earlier in the
EXP-WT mice, which indicated that intrauterine
exposure may affect the immunity of offspring and
lead to a rapid clearance of HBV (Figure 1(F)).

Previous studies have shown that gender would
affect the outcome of HBV infection [24]. Concor-
dantly, we found that the overall HBsAg, HBeAg
and anti-HBs levels were lower and declined much fas-
ter in female mice, as compared to that in the male
mice (Figure S2). Moreover, in comparison to that
of the WT mice, faster clearance of HBsAg and
HBeAg levels in EXP-WT mice can still be observed
either in male or female genders (Figure S3, Tables
S2 and S3). Taken together, these results suggested
that intrauterine exposure to HBsAg facilitated the
rapid elimination of HBV in the mice.

Intrauterine exposure of HBsAg induces more
HBs-specific CD8" T cells in the mouse pups

It is known that HBV-specific T cells play a crucial role
in the resolution of HBV infection. To clarify the poss-
ible mechanism relevant to the accelerated HBV clear-
ance observed in HBsAg intrauterine exposed progeny
mice, mononuclear cells were isolated from the liver
and spleen tissues in both groups of 4-week-old mice
and analysed by flow cytometry. The flow cytometry
gating strategy was presented in Figure S4A. The results
showed that EXP-WT mice contained a higher percen-
tage of HBs-specific CD8" T cells than WT mice in
spleen lymphocytes (Figure S5). In addition, after 7
days of HBsAg stimulation, the proportion of HBs-
specific CD8" T cells in the liver of EXP-WT mice
was significantly higher than that in WT mice, in
both females (2.05% vs. 0.86%, P=.016) and males
(1.77% vs. 0.74%, P <.001) (Figure 2(A-C)).

PD-1 is an important negative immunoregulatory
molecule, which can promote the apoptosis and death
of antigen-specific T cells [25]. We found that EXP-
WT mice showed a lower percentage of HBs-specific
CD8" T cells with highly expressed PD-1 than WT
mice (Figure 2(D)), whether male (8.35% vs. 19.13%,
P =.036) or female (8.76% vs. 16.85%, P =.055) (Figure
2(E)). Taken together, these results suggested that more
functional HBs-specific CD8" T cells in the liver were
recruited in EXP-WT mice than in WT mice.

HBs-specific CTLs of HBsAg intrauterine
exposure mice have a stronger cytotoxic
function

To investigate the potential function of HBs-specific
CD8" T cells in EXP-WT mice, Smart-Seq was used
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to detect the transcriptome of intrahepatic HBs-
specific CD8" T cells sorted by FACS. A total of
2384 DEGs were identified between two groups of
mice (Figure 3(A)). Among these genes, a large num-
ber of genes related to cell proliferation and differen-
tiation, as well as immune-related genes, were
significantly up-regulated in EXP-WT mice. These
differentially expressed immune-related genes include
122 up-regulated and 27 down-regulated genes

(Figure 3(B)). Further GO analysis and KEGG path-
way analysis revealed that most of these immune-
related genes were significantly enriched in “lympho-
cyte activation” and “cytokine-cytokine receptor inter-
action pathway,” which might contribute to stronger
HBs-specific CD8" T immune response (Figure 3(C,
D)). Furthermore, the expression of Il12a, Cd44,
I2rb, Eomes, Tgfb, Gzmb, Ifna, TIr8 and Irf4, which
were related to the antiviral function of T cells, were
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expressed significantly higher in the EXP-WT group
(Figure S6). In consist with the results of the Smart-
Seq, RT-qPCR assay was also used to confirm the
upregulated expression of these genes (Figure S7A).
To further confirm the stronger cytotoxic function
of HBs-specific CD8" T cells in HBsAg intrauterine
exposure mice, the ability of HBs-specific CD8" T
cells to produce IFN-y was determined by ELISPOT
assay. The results showed that the numbers and inten-
sities of IFN-y spots produced by HBs-specific CTLs
from both liver (P =.0029 and P =.0015, respectively)
and spleen (P =.036 and P =.0094, respectively) in 4-
week-old EXP-WT female mice were significantly
higher than that in WT female mice (Figure 4(A,B)).
While the higher number and intensity of IFN-y
spots were only observed in the HBs-specific CTLs
from the liver of EXP-WT male mice (P<.001 and
P<.001, respectively) (Figure 4(A,C)). Similar
phenomena were also observed in HBs-specific
CD8" T cells post HBsAg stimulation (Figure 4(D-

F)), in which the numbers and intensities of IFN-y
spots produced by intrahepatic CTLs in EXP-WT
mice were significantly higher than that in WT mice,
whether in female (P <.001 and P <.001, respectively)
or in male (P=.010 and P =.042, respectively). How-
ever, no difference was observed in splenic lympho-
cytes. These results suggested that HBs-specific
CD8" T cells in the liver of EXP-WT mice had a stron-
ger capability to secrete IFN-y.

Taken together, the above results confirmed that
more HBs-specific CD8" T cells with powerful cytoly-
tic functions in EXP-WT mice were activated than
that in WT mice, which may be account for the stron-
ger cellular immune response in EXP-WT mice.

HBsAg intrauterine exposure triggers the HBs-
specific CD8" T cellular memory

A major feature of the adaptive immune response is
the presence of immune memory, which is maintained
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even after disease resolution. It provides the more
rapid establishment of stronger immune defences
when the same pathogen is encountered again. We
noticed that the expression of Cd44, II2rb and
Eomes, which were considered as the master regulators
of CD8" effector and memory T cells, was significantly
increased in the EXP-WT group mice in our Smart-
Seq data (Figure 3(B) and S6C), indicating that there
might be more memory phenotype CD8" T cells in
EXT-WT group [26,27]. To further confirm whether
more memory phenotype CD8" T cells existed in
EXT-WT mice, the percentage of memory T cell sub-
population of HBs-specific CD8" T cells in mice livers
were analysed by flow cytometry after 7 days of HBsAg
stimulation. As shown in Figure 5(A), the proportion
of intrahepatic HBs-specific central memory T cells
(Tcm, CD44" CD62L") of male mice and effector

memory T cells (Tem, CD44" CD62L") of female
mice in EXP-WT group was significantly higher
than that in WT mice with the same gender, respect-
ively (Figure 5(B,C)). These results suggested that
HBsAg intrauterine exposure resulted in the gener-
ation of cellular immunological memory, which may
contribute to the quick clearance of HBV in those
EXP-WT mice.

Next, the anti-HBs levels were detected in offspring
mice to investigate the humoral immune response
after vaccination. As shown in Figure S8A, the positive
conversion rate and anti-HBs titre in EXP-WT mice
after primer immunization were marginally higher
than that in the WT group, and the difference in anti-
body positive conversion rate reached a statistic sig-
nificance between the females in the two groups (P
=.0096). However, such difference disappeared after
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subsequent booster immunizations (Figure S8B),
which suggested that HBsAg intrauterine exposure
would not cause adverse humoral immune to vacci-
nation. Instead, HBsAg intrauterine exposure might
promote the humoral immune response, though the
effect was mild.

Increased CD8" T cells response may attribute
to antigen-presenting capability of DCs in
HBsAg intrauterine exposure mice

During the priming activation of CD8" T cells, pro-
fessional antigen-presenting cells (APCs) play a critical
role. DCs, matured in the second trimester, are the
powerful antigen-presenting cells essential for the for-
mation of immunological memory [28]. According to
the sequencing results of CD11c" cells isolated from

the liver in mice of two groups (Figure S9), we found
that some of the DEGs were upregulated in EXP-WT
mice, such as Cd83 and Cd86, suggesting the presence
of more mature DCs with stronger function in the
liver of EXP-WT mice. To further explore whether
DCs involved in the formation of immunological mem-
ory in EXP-WT mice, the mononuclear cells were iso-
lated from the liver and spleen of two groups, and both
the number and function of DCs were investigated. The
flow cytometry gating strategy of DCs was presented in
Figure S4B. As expected, the proportion of mature DCs
in the liver and spleen of 4-week-old EXP-WT mice was
significantly higher than that in the WT group, with the
exception of that in the liver of male mice (Figure 6(A,
B)). It has been reported that asialoglycoprotein recep-
tor (ASGPR) expressed on the surface of DCs (DC-
ASGPR or CD301), can bind to, take up and then
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present HBsAg to adaptive immune cells [14,29,30].
Next, RT-qPCR and flow cytometry were employed
to explore whether HBsAg intrauterine exposure
could affect DC-ASGPR expression. The results showed
that the expression of DC-Asgpr was significantly higher
in female EXP-WT mice than WT mice, while margin-
ally higher in male EXP-WT mice than WT mice
(Figure 6(C)). The similar trend in the proportion of
CD301" DCs was also observed, although there was
no statistical difference (Figure 6(D,E)).

Since the activation of T cells also requires non-
specific co-stimulation signals, such as CD80, CD86
and so on [31], the expression of such co-stimulators
in DCs after one-week HBsAg re-exposed was
measured. As shown in Figure 6(F), the percentage
of CD86" mature DCs in the EXP-WT group was sig-
nificantly higher than that in the WT group in both
males and females (P =.0048 and P =.0032, respect-
ively), suggesting that they could induce more T
cells proliferation and activation. Consistence with
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that, Smart-seq results also suggested that activation
markers of DCs, such as CD83, CD86, and antiviral
cytokines secreted by DCs were significantly upregu-
lated in the EXP-WT group rather than the WT
group (Figures S9C, S9D and S9E). And RT-qPCR
was also used to verify the upregulated expression of
these genes (Figure S7B). The above results indicated
that EXP-WT mice had more mature DCs with
increased antigen presentation capacity, which may
induce stronger activation of adaptive immunity.

HBsAg exposure in utero affected the
expression of immune-related genes in fetal
liver

To explore whether the HBsAg intrauterine exposure
could affect the gene expression in fetal mice, tran-
scriptome of the fetal liver tissues between the two
groups of mice was analysed by RNA-Seq assays. A
total of 1768 DEGs were identified, including 917
up-regulated and 851 down-regulated genes in the

EXP-WT mice (Figure 7(A)). KEGG pathway analy-
sis showed that the top 10 enrichment KEGG path-
ways of DEGs in the fetal liver included “PPAR
signalling pathway,” “Insulin resistance,” “Fatty acid
degradation” and so on, which were closely related
to the metabolic function of the liver (Figure
S10B). GO annotations enrichment analysis indi-
cated that 134 DEGs were mainly enriched in
“immune system” (Figure 7(B)). Further, the GO
and KEGG enrichment analysis of 134 immune-
related genes showed that HBsAg intrauterine
exposure significantly promoted the biological func-
tions of “positive regulation of IFN-y production,”
“B cell activation,” and “regulation of cytokine pro-
duction in immune response” in fetal liver, and so
did the “JAK-STAT signalling pathway,” “Toll-like
receptor signalling pathway,” and “Hematopoietic
pathway” (Figure 7(C,D)). Noticeably, the expression
of Cd2, Gzma, Gzmb, Tgtp2, I12rb and Cd7 in EXP-
WT mice were significantly higher than that in WT
mice, suggesting that the intrahepatic T cells
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immune response in the embryonic period has
already been increased to some extent (Figure
S10C). In addition, the expression of Igkv, Cd79b
and Ms4al were also upregulated in the HBsAg
intrauterine exposed fetal liver tissues, suggesting

that HBsAg exposure might affect the differentiation
and development of B cells. The expression level of
DEGs mentioned above was also verified by RT-
qPCR (Figure S7C). Taken together, these results
suggested that HBsAg intrauterine exposure activated



the adaptive immune response in the liver during the
embryonic period.

Discussion

It has been reported that HBeAg could cross the pla-
cental barrier and the maternal-derived HBeAg in
offspring impaired HBV-specific T cells response,
resulting in HBV persistence [8]. However, the effect
of HBsAg intrauterine exposure on the HBV persist-
ence and immune response of the offspring has not
been thoroughly elucidated. In this study, by use of a
mouse model of solely HBsAg intrauterine exposure,
we demonstrated for the first time that, contrary to
the immunosuppressive effect of HBeAg, HBsAg
intrauterine exposure did not cause the immune toler-
ance to HBV in the offspring, but instead, accelerated
the clearance of HBV when re-exposed to HBV. Our
data provide an important experimental evidence for
the activation of neonatal immune response by
HBsAg intrauterine exposure.

HBsAg can stimulate the body to produce protec-
tive antibodies, and at the same time, high HBsAg
levels can also induce immune tolerance in CHB
patients [32-34]. However, definitive evidence for
the function of HBsAg in intrauterine exposure to
influence the immune response of offspring remains
unclear. In our present study, a faster rate of HBV
clearance was observed in the HBsAg intrauterine
exposed group of mice when simulated re-exposure
of HBV after birth by HI of HBV plasmid. Most
importantly, we found that HBsAg intrauterine
exposure increased the number and function of
HBs-specific CD8" T cells, characterized by more
IFN-y secretion and lower PD-1 expression. It is
well known that IFNa and IL12 are the third signal
required for the activation and differentiation of
CD8" T cells [35,36], IRF4 is crucial for the immune
response of effector CD8" T cells [37], and GzmA
and GzmB are the main effectors secreted by CTLs
which can mediate target cell apoptosis and pyroptosis
[38,39]. As expected, data of Smart-Seq and RT-qPCR
indicated that the expression of all these factors was
significantly increased in HBs-specific CD8" T cells
derived from the EXP-WT mice. Since HBV-specific
CD8" T lymphocytes are the most important effector
cells of adaptive immune response against HBV [40],
these findings confirmed that HBsAg intrauterine
exposure activated HBs-specific CD8" T cells and
accelerated the clearance of HBV in the offspring
when they re-exposed to HBsAg after birth.

As reported by Reinhold Schirmbeck et al. and
Petra Riedl et al. [41,42], amino acid sequence between
the small HBsAg of genotype D (ayw) and genotype C
(adr) HBV was similar, especially H-2 KP-restricted
S190-197 epitope, which we used in our study. There-
fore, the T cell immune response induced during
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HBYV infection of both genotypes is consistent. Con-
sidering the most common HBV genotype infected
in Chinese patients are C or B and infected with gen-
otype C HBV will lead to more severe liver damages
[43], we used the C genotype HBV plasmid to mimick
HBV re-exposure, while the transgenic mice were
integrated with genotype D HBV. Also, we compared
the amino acid sequence between the small HBsAg of
genotype C strain and D strain used in this study (data
not shown) and found that most CD8" T cell epitopes
and “a” determinant region were highly conserved
between these two strains. Therefore, we think that
it would not affect the immune response in offspring
when re-exposed to genotype C HBsAg in our study.
Nevertheless, Riedl et al. also reported that CD8" T
cells primed by genotype D HBV showed relatively
low cross-reactive recognition of the genotype A
HBV epitope [42], which suggested that anti-HBsAg
CD8" T cell responses to genotype A and D HBV
may differ significantly. Further studies should be per-
formed to investigate the potential difference in the
immune responses between re-exposure to the same
and to another strain.

As a powerful antigen-presenting cell, functional
DCs play an important role in initiating strong T
cell response and generation of immunological mem-
ory. Importantly, previous study has shown that the
function of DCs would not be inhibited by HBV
intrauterine exposure [44]. Indeed, we found the pres-
ence of more mature DCs with stronger function in
the liver of EXP-WT mice in this study. Previous
study has reported that the DC-ASGPR expressed on
the surface of DCs can co-localize with HBsAg and
participate in the endocytosis and presenting process
of the antigen [29]. In line with it, we did find that
the expression of DC-ASGPR in EXP-WT mice was
increased. These results suggested that HBsAg intrau-
terine exposure could promote the uptake and presen-
tation of HBsAg by DCs. In addition, significantly
higher expression of Cd44 and Eomes, two master reg-
ulators of memory T cells [45,46], was observed in
EXP-WT mice in this study. Consistently, more
HBs-specific CD8" Tcm and Tem in the liver of
EXP-WT mice were found by using flow cytometry
as compared to those in WT mice. These results indi-
cated that HBsAg intrauterine exposure triggered cel-
lular immunological memory which might account for
the accelerated clearance of HBV in EXP-WT mice
after re-exposed. In support of our observation, a
recent literature reported that CD8" T cells of early
developmental origin have an inherent tendency to
differentiate into virtual memory cells, which contrib-
ute to the aggressive and rapid response to infections
after birth [47]. Taken together, our findings and
other literature reports suggested that HBsAg intrau-
terine exposure promoted the uptake and presentation
of HBsAg by DCs, which in turn enhanced the cellular
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immune response and potentially induced antigen-
specific cellular immunological memory.

Combining studies from other scholars with our
results [10-14,48], we deduced that intrauterine
exposure to HBsAg occurred and promoted the
immune response in offspring in our model. To
further investigate whether HBsAg intrauterine
exposure could activate the adaptive immune
response in the liver during the embryonic period,
we analysed the changes of transcriptome in the
fetal liver tissues. We found that the expression of
Cd2 and Cd7, the characteristic surface markers of T
cells [49], was significantly higher in fetal liver tissue
of the EXP-WT group. Meanwhile, the expression of
Gzma and Gzmb in fetal liver tissue of EXP-WT
mice was significantly higher than that of WT mice.
These results suggested that more thymus-induced T
cells migrated and distributed in fetal liver tissue of
EXP-WT mice, and they drove a stronger function
of CTLs during the embryonic period. Such activation
of HBs-specific CD8" T cells would arise the concern
of immunopathological damage in fetal liver. How-
ever, a recent report suggested that after recognizing
and presenting alloantigens, fetal DCs can signifi-
cantly induce the production of regulatory T cells
(Treg) to prevent the overactivation of CD8" T cells
[28]. Additionally, a higher positive conversion rate
of anti-HBs was obtained in EXP-WT mice after pri-
mer immunization in this study. In line with this, the
expression of Cd79b and Ms4al, the important regu-
lator for B cells proliferation and differentiation
[50,51], was significantly up-regulated in fetal liver tis-
sue of EXP-WT mice, suggesting the more active
humoral immune response happened even during
the embryonic period. Therefore, the current study
provided an alternative explanation for the clinical
observation that the newborns of only HBsAg-positive
mothers are less likely to become chronically infected,
especially after NAs treatment. Meanwhile, our study
also supported the notion that only HBsAg positive
does not inhibit the immune response of the progeny
vaccination [18]. Besides, KEGG pathway analysis of
all dysregulated genes in the fetal liver of two groups
of mice showed that intrauterine exposure to HBsAg
affected the metabolic function of the liver, which
indicated that HBsAg might affect the function of glu-
cose and lipid metabolism in liver cells. Consistent
with our findings, Li et al. suggested that HBsAg ser-
oclearance rate was associated with fatty liver [52].
This was an interesting finding that we will explore
further in the future study.

It has been reported that gender can affect the rate
of clearance of HBV in mice, the impaired function of
HBV-specific CD8" T cells can be observed in male
mice due to the presence of a greater number of
Treg cells in the liver, resulting in slower clearance
of HBV [24]. Consistent with this report, we also

found that the overall clearance rate of HBV was faster
in female mice than that in male mice. Also, more
HBs-specific CD8" T cells and DCs in the liver of
female mice, consistence with more IFN-y secreted
by CTLs in female mice suggested that the intrauterine
exposed female mice may have a stronger HBV-
specific immune response than male mice. In addition,
we noticed that although the proportion of HBs-
specific CD8" T cells in the liver of EXP-WT female
mice was significantly higher than that in WT female
mice, the difference in HBsAg level after HBV re-
exposed between the two groups of female mice was
not as pronounced as that of male mice. We specu-
lated that the immune response to HBsAg of female
mice may be strong enough for HBV clearance
whether with or without intrauterine exposure and
thus the difference in HBsAg level was not such sig-
nificant in female mice.

Certainly, our study also had its limitations.
Although the placental exchange physiology of mice
has been found to be similar to that of humans [53],
mouse experiments cannot fully simulate human
intrauterine exposure to HBV, and the titre of
HBsAg in this mouse model might be lower than
that of pregnant women in the real world. Also,
since mice cannot be infected with HBV, we can
only mimic HBV postnatal infection by using the
HBV replication model, which cannot fully reflect
the process of virus infection in patients during the
peripartum and infancy. And although Wang et al.
have reported that HBsAg can be detected in the
amniotic fluid of C57BL/6-Tg (HBV Alb-1) Bri44
mice [48], which was exactly the mouse model we
used in our study, we have not explored exactly how
intrauterine exposure of HBsAg occurred. Therefore,
more clinical and animal experiments are needed for
verification and exploration in future studies.

In summary, our study showed that the adaptive
immune response against HBV already existed in the
fetal liver of solely HBsAg intrauterine exposed mice,
and as a result, HBsAg intrauterine exposure could
accelerate the clearance of HBV by the enhanced
immune response of DCs and HBs-specific CTLs in
the offspring.
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