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Introduction

Summary

Hepatitis B virus (HBV) infection causes liver diseases and hepatocellular
carcinoma. Immunotolerance in HBV-infected patients is one of the fac-
tors that incur failure of HBV clearance and persistent HBV amplification.
However, the mechanisms underlying immunotolerance after HBV infec-
tion are yet to be thoroughly understood. Using a novel HBV mouse
model, we found for the first time that epidermal growth factor receptor
(EGFR) is up-regulated on intrahepatic regulatory T (Treg) cells in
HBV-infected mouse livers. The EGFR-positive Treg cells are more immu-
nosuppressive than EGFR-negative Treg cells, demonstrated by higher
expression of immunosuppressive cytokines and robust inhibition of
CD8" T-cell proliferation in vitro. Furthermore, EGFR-positive Treg cells
potently restrain CD8" T-cell-mediated anti-viral activity, leading to
higher HBV burden in hepatocytes. Amphiregulin, a cytokine of the EGF
family, is significantly up-regulated in HBV-infected livers, but the cellular
sources of amphiregulin are still elusive. Amphiregulin promotes the
immunosuppressive activity of EGFR-positive Treg cells in vitro, so as to
profoundly inhibit production of anti-viral components in CD8" T cells.
Taken together, our discovery elucidated a novel mechanism contributing
to immunotolerance and viral amplification after HBV infection. Our
study may provide new clues for developing therapeutic strategies against
HBV infection.

Keywords: amphiregulin; epidermal growth factor receptor; hepatitis B
virus; regulatory T cells.

efficient viral clearance contributes to persistent viral rep-
lication and spreading, as well as development of active

As a Hepadnaviridae family member, hepatitis B virus
(HBV) is a small DNA virus with unusual features similar
to retroviruses.'" HBV replicates in the hepatocytes and
can integrate into the host genome. Hepatitis B virus
infects more than 300 million people worldwide and is a
common cause of liver disease and liver cancer.” Infection
with HBV can cause a wide spectrum of liver disease
ranging from acute to chronic hepatitis, cirrhosis and
even hepatocellular carcinoma. Most HBV-infected adults
recover, but 5-10% are unable to clear the virus and
become chronically infected individuals.’” The failure of

disease, which can eventually progress to cirrhosis and
liver cancer.

There have been accumulating studies on understand-
ing the virology and immune response of HBV infection
in the past decades. However, the cellular and molecular
mechanisms by which the host fails to clear the virus and
develops chronic infection remain largely elusive. Both
innate and adaptive host immune responses play impor-
tant roles in the successful restraint and elimination of
HBV.* Innate immunity against HBV includes the pro-
duction of anti-viral cytokines such as type I interferon

Abbreviations: HBV, hepatitis B virus; EGFR, epidermal growth factor receptor; Treg, regulatory T
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(IFN-o and IFN-f) and the activation of innate immune
cells such as natural killer cells.” Even though innate
immune response is crucial for the outcome of HBV
infection, the hallmark of successful viral eradication is a
sustained adaptive immune response. Specifically, CD4"
and CD8" T-cell responses have been shown to play a
central role in the fight against HBV infection.®

Regulatory T cells (Treg cells) are a group of CD4" T
cells expressing high levels of interleukin-2 (IL-2) receptor
o chain (CD25) and nuclear Foxp3. Treg cells have been
considered critical in maintaining immune homeostasis,
restraining autoimmune reaction and alleviating inflam-
matory responses.” In HBV infection, the significance of
Treg cells has been taken into account for the develop-
ment and prognosis. Although Treg cells might contribute
to the protection of overwhelming liver tissue damage, it
has been considered that Treg cells are the negative deter-
minant factor of hepatitis B infection prognosis.*® The
level of Treg cells among hepatitis B patients is higher
than in healthy persons, and patients with higher levels of
Treg cells have more HBV gene copies than those with
fewer Treg cells.”'* Studies have demonstrated the nega-
tive role of Treg cells in immune response in hepatitis B
infection, including suppressing HBV-specific helper T
cells,>'! suppressing proliferation of viral antigen-specific
CD8" T cells.'""? However, the mechanisms underlying
the suppressive activity of Treg cells in HBV infection is
still unclear. The genesis, activation, migration, activity
modulation and fate decision of Treg cells after HBV
infection have not been fully studied. Also, it is not clear
whether the intrahepatic micro-environment influences
Treg cell function after they infiltrate into the infected
liver.

In this study, we found that intrahepatic Treg cells up-
regulated epidermal growth factor receptor (EGFR) on
their surface in a mouse HBV infection model. Intrahe-
patic EGFR" Treg cells possessed higher immunosuppres-
sive activity than EGFR™ Treg cells in HBV-infected
mice. The level of amphiregulin, an EGF-like cytokine,
was also significantly increased in the liver after HBV
infection. Importantly, amphiregulin promoted suppres-
sive activity of Treg cells to inhibit the anti-viral activity
of CD8" T cells. Taken together, our work disclosed an
important mechanism by which Treg cell activity is mod-
ulated in HBV infection.

Materials and methods

Animal model

All animal experiments were conducted in compliance
with institutional guidelines and Wuhan University
Guidelines for the Use of Animals. All animal procedures
were approved by the Wuhan University School of Medi-
cine Animal Care and Use Committee. C57BL/6 mice
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were purchased from Vital River Laboratories (Beijing,
China). Six- to eight-week-old male mice were used in all
experiments unless otherwise specified. All mice were
housed under controlled temperature and light conditions
following the Institutional Animal Care guidelines. The
adeno-associated virus (AAV)/HBV infection model was
established following the previously published protocol.'*
Briefly, control AAV and AAV/HBV were provided by
Beijing FivePlus Molecular Medicine Institute (Beijing,
China). Adult C57BL/6 mice were injected with recombi-
nant virus at 1 x 10! viral genome equivalents (diluted
to 200 ml with PBS) through tail vein injection.

Isolation of intrahepatic and splenic immune cells

Intrahepatic and splenic immune cells were prepared
according to previous publications with several modifica-
tions.!> 17 Briefly, mice were killed by inhalation of car-
bon dioxide, following which the abdomen of each
animal was immediately opened and the spleen was col-
lected and put in ice-cold PBS. Then 10 ml cold PBS (pH
7-4) was injected via the right ventricle of the heart to
perfuse the liver until this organ became blanched and
swollen. The gallbladder was removed and the liver was
removed. The spleen and liver were then minced into
small pieces with surgical scissors and pressed through a
40-pm cell strainer with a 3-ml syringe plunger. The
obtained preparation was suspended in RPMI-1640 med-
ium and centrifuged at 300 g for 10 min to pellet the
cells. The cell pellet was resuspended in a Tris—-NH,CI
solution to lyse red blood cells. Cells were washed with
PBS twice and were subject to further processing.

Flow cytometry analysis

The following anti-mouse antibodies were used for detec-
tion of immune cells: phycoerythrin-conjugated (PE)
anti-CD3 (17A2), PE anti-T-cell receptor-f (TCR-f;
H57-597), allophycocyanin-Cy7-conjugated (APC-Cy7)
anti-CD4 (GK1.5), PE-Cy7 anti-CD25 (PC61), Alexa
Fluor® 488 anti-Foxp3 (R16-715), PE-Cy7 anti-CD45
(30-F11), PE-Cy7 anti-CD8a (53-6-7), APC anti-IFN-y
(XMG1.2), and FITC anti-tumour necrosis factor (TNF-
o; MP6-XT22) were purchased from BD Pharmingen
(San Diego, CA). FITC anti-perforin (eBioOMAK-D) and
FITC anti-granzyme B (NGZB) were purchased from
eBioscience (San Diego, CA). Biotinylated epidermal
growth factor (EGF) complexed with avidin-Alexa Fluor
647 was purchased from Invitrogen (Carlsbad, CA). Cells
were incubated with the corresponding antibodies and
complexed EGF in PBS for 15 min on ice before analysis
on a BD FACSCalibur. For intracellular staining, cells
were fixed and permeabilized with BD Cytofix/Perm and
Perm/wash buffer according to the manufacturer’s manu-
als. Then cells were stained at room temperature for
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20 min with PE anti-IL-10 (JESS5-16E3; eBioscience) and
PE anti-transforming growth factor-f (TGF-f; TW7-
16B4; BD Pharmingen), respectively, before analysis on a
BD FACSCalibur. All flow cytometry data were further
analysed with a CeLLQUEST PrO soFTwARE (Becton Dickin-
son, San Jose, CA). Cell sorting was performed on a BD
FACSAria cell sorter based on cell surface marker stain-
ing.

RNA isolation, reverse transcription and quantitative
PCR

Total RNA was isolated from cells using the RNeasy Mini
Kit (Qiagen, Hilden, Germany). One microgram of total
RNA from each sample was reverse-transcribed into
c¢DNA using SuperScript® III First-Strand Synthesis Sys-
tem (Invitrogen) according to the manufacturer’s instruc-
tions. Quantitative RT-PCR (qRT-PCR) was performed
using Fast SYBR® Green Master Mix (Invitrogen) on a
7300 Real-Time PCR System (Invitrogen). Data were
analysed with 7300 system software. Primer sequences for
each gene are as follows: f-actin (5'-AGAGGGAAATCGT
GCGTGAC-3' and 5-CAATAGTGATGACCTGGCCGT-
3'); IL-10 (5-GATGCCTTCAGCAGAGTGAA-3" and 5'-
GCAACCCAGGTAACCCTTAAA-3'); TGF-f3, (5'-TGACG
TCACTGGAGTTGTACGG-3 and 5'-GGTTCATGTCATG
GATGGTGC-3'); Perforin (5-CTGGCAGGGACGATGAC
CT-3' and 5-GGGAACCAGACTTGGGAGC-3'); Gran-
zyme B (5-ATCAAGGATCAGCAGCCTGA-3' and 5'-TG

ATGTCATTGGAGAATGTCT-3'); IFN-y (5-TGAACG
CTACACACTGCATCTTGG-3' and 5'-CGACTCCTTTTC
CGC TTC CTG AG-3'); TNF-o (5-GCCTCTTCTCATTC

CTGCTTG-3' and 5-CTGATGAGAGGGAGGCCATT-3').
HBV (5'-CACATCAGGATTCCTAGGACC-3' and 5'-GGT
GAGTGATTGGAGGTTG-3'). PCR conditions used for all
primer sets were as follows: 95° hot start for 10 min, fol-
lowed by 40 amplification cycles of 95° for 30 s (denatur-
ing), 59° for 40 s (annealing), and 72° for 40 s
(extension). Relative abundance of RNA was analysed
using the 274" method.

Enzyme linked immunosorbent assay

The liver was cut into small pieces and homogenized
manually in a homogenizer containing homogenization
buffer (PBS containing 0-05% sodium azide, 0-5% Triton
X-100, and a protease inhibitor cocktail, pH 7-2, 4°) and
then sonicated for 10 min. Homogenates were centrifuged
at 12 000 g for 10 min and the supernatant was collected
for ELISA. Blood serum was 1 : 5 diluted in PBS contain-
ing 1% BSA. For cell lysate preparation, 1 x 10° white
blood cells or hepatocytes were resuspended in 60 pl of
homogenization buffer and stayed on ice for 30 min. Cell
lysates were centrifuged at 12 000 g for 10 min and the
supernatant was collected for ELISA. Amphiregulin
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concentration was determined with a Mouse Amphiregu-
lin DuoSet (R&D Systems, Minneapolis, MN) according
to the manufacturer’s manual. The plate was read on a
TECAN Infinite 200 PRO microplate reader.

Enrichment of intrahepatic Treg cells

Intrahepatic CD4" CD25" T cells were enriched from iso-
lated intrahepatic immune cells using the EasySeptm
Mouse CD25 Regulatory T Cell Positive Selection Kit
(StemCell Technologies, Vancouver, BC, Canada) follow-
ing the manufacturer’s instructions. Foxp3 staining was
conducted to confirm that 80% enriched cells were
Foxp3* Treg cells. In some experiments, enriched cells
were further stained with avidin-Alexa Fluor 647-com-
plexed EGF on ice for 15 min before being sorted on a
BD FACSAria cell sorter.

In vitro cell culture

Treg-enriched cells isolated from AAV/HBV-infected
mouse livers were cultured at the cell density of
1 x 10°%ml in RPMI-1640 medium supplemented with
10% fetal bovine serum, 2 mm L-glutamine, 100 U/ml
penicillin and 100 pg/ml streptomycin. Recombinant mouse
amphiregulin (R&D Systems) was added into culture to
reach the final concentration of 100 ng/ml for 16 hr.

For detecting the effects of Treg cells on CD8" T cells,
1 x 10* intrahepatic Treg-enriched cells and 1 x 10* int-
rahepatic CD3" CD4™ T cells were co-cultured in 96-well
V-bottom microplates at 37° in supplemented RPMI-
1640 medium. After co-culture for 24 hr, cell clusters
were dissociated by vigorous pipetting in PBS buffer con-
taining 1 mm EDTA and cells were stained with PE-Cy7
anti-CD8a antibody for 15 min on ice. CD8" cells were
sorted by flow cytometry and subject to RNA extraction,
reverse transcription and qPCR. For cell proliferation
assay, 96-well round-bottom microplates were coated
with 5 pg/ml anti-CD3 antibody (17A2, eBioscience) at
4° overnight. Splenic CD8" T cells were labelled with
5 um CESE following the manufacturer’s instructions.
Treg-enriched cells (1 x 10°) and CFSE-labeled CD8" T
cells (1 x 10°) were co-cultured in each well of pre-
coated microplates for 72 hr in the presence of 2 pg/ml
anti-CD28 antibody (37.51, eBioscience) and 100 U/ml
recombinant mouse IL-2 (eBioscience). CFSE dilution
was determined by flow cytometry.

The primary mouse hepatocyte culture was conducted
following the previous method with a few modifica-
tions.'® Briefly, hepatocytes were isolated from livers of
AAV/HBV-infected C57BL/6 mice by collagenase IV per-
fusion. Hepatocytes then were plated on collagen-coated
48-well microplates and cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum,
1% penicillin—streptomycin, 1% HEPES, and 0-05 mwm
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2-mercaptoethanol. After 4-hr attachment, the medium
was replaced by fresh culture medium. Before co-culture
with CD8" T cells, the medium was removed. Two hun-
dred microlitres of CD8" T cell-Treg cell mixture (in
supplemented Dulbecco’s modified Eagle’s medium) was
added to each well for culture for 24 hr. The ratio
between Treg cells, CD8" T cells and hepatocytes was
1:1:1. Then the supernatant was collected and stored
on ice. The T-cell-hepatocyte mixture was digested by
TrypLE-Express (Invitrogen) at room temperature for
10 min and then the mixture was stained with PE anti-
TCR-f antibody on ice. T cells were removed by flow
cytometry cell sorting while hepatocytes were subject to
further experiments. Secreted HBV DNA in the superna-
tant and HBV DNA in the hepatocytes were extracted
using a QIAamp DNA minikit (Qiagen) and quantified
with real time-PCR as previously described.

Statistical analysis

Quantitative data were expressed as mean + SEM from
the indicated number of experiments. Student’s ¢-test or
one-way analysis of variance was used for comparison of
mean between the groups. P values < 0-05 were consid-
ered significant.

Result

Intrahepatic Treg cells are more immunosuppressive
than splenic Treg cells in AAV/HBV-infected mice

To compare the immunoregulatory activity of Treg cells in
the spleen and liver during HBV infection, we first mea-
sured the immunosuppressive cytokines produced by Treg
cells 2 weeks after infection. In the control AAV (cAAV)-
infected mice, splenic Treg cells expressed low levels of
IL-10 and TGF-f;, in accordance with previous studies
showing that inactivated Treg cells produce very little
immunosuppressive cytokines. AAV/HBV injection signifi-
cantly up-regulated mRNA levels of both cytokines in sple-
nic Treg cells, suggesting that Treg cells are activated after
HBV infection. Furthermore, compared with splenic Treg
cells, intrahepatic Treg cells expressed even higher IL-10
and TGEF-f;, suggesting that intrahepatic Treg cells
enhanced their immunosuppressive and/or anti-inflamma-
tory activities (Fig. 1a, d, e). The proportion of Foxp3*
Treg cells and the expression level of Foxp3 were not signif-
icantly altered in either the spleen or the liver (Fig. 1b, ¢).
To further determine the intrahepatic Treg cell function
after HBV infection, we conducted in vitro assay to mea-
sure the Treg cell-induced immunoregulation on CD8" T
cells, because cellular immunity is critical for resisting
viral challenge and CD8" T cells have been shown to be
crucial for controlling HBV replication. We tested the
suppression of CD8" T-cell proliferation by Treg cells.

© 2014 John Wiley & Sons Ltd, Immunology, 144, 506-517
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Normal splenic CD8" T cells readily proliferated after
agonistic antibody stimulation. Splenic and intrahepatic
Treg cells significantly inhibited CFSE dilution in CD8" T
cells, while intrahepatic Treg cells induced more potent
inhibition on CD8" T-cell division than splenic Treg cells
(Fig. 1f, g). Taken together, our data indicated that intra-
hepatic Treg cells are more immunosuppressive than sple-
nic Treg cells in HBV-infected mice.

Intrahepatic regulatory T cells up-regulated EGFR in
AAV/HBV-infected mice

A recent study has demonstrated that Foxp3™ Treg cells
express EGFR under inflammatory conditions. And the
engagement of EGFR and an EGF-like cytokine, amphi-
regulin, markedly enhanced Treg cell function."” To
explore the possibility that EGFR is also involved in Treg
cell function after HBV infection, we tested EGFR expres-
sion on splenic and intrahepatic Treg cells by incubating
these cells with fluorochrome-conjugated EGF. We found
that in cAAV-infected mice, the EGFR expression on sple-
nic and intrhepatic CD4"Foxp3" T cells was relatively
low, ranging from only 5 to 15% EGFR" Treg cells. In
AAV/HBV-infected mice, both splenic and intrahepatic
CD4" Foxp3" T cells increased their expression of EGFR,
and the up-regulation of EGFR expression was marked in
the liver, suggesting that the HBV-infected liver micro-
environment might have enhanced EGFR expression on
Treg cells (Fig. 2a, b). The expression of EGFR on intra-
hepatic Treg cells was regulated in a time-dependent
manner, with a peak at the second week post-inoculation,
and remaining at high levels for at least 2 weeks (Fig. 2c).
In addition, intrahepatic CD4" non-Treg cells and CD8"
T cells did not express EGFR after infection (Fig. 2d).

Intrahepatic EGFR" Treg cells are more
immunosuppressive than EGFR™ Treg cells

To explore the role of EGFR on intrahepatic Treg cells, we
separated intrahepatic Treg cells based on their EGFR
expression. The expression of IL-10 and TGF-f3; was deter-
mined by flow cytometry (Fig. 3a). Our data demonstrated
that EGFR" Treg cells produced more anti-inflammatory
cytokines than EGFR' ™ Treg cells (Fig. 3b, c), suggesting
that EGFR could be crucial for modulating Treg cell func-
tions. Moreover, EGFR* Treg cells more strongly inhibited
CD8" T-cell proliferation than EGFR'™ Treg cells
(Fig. 3d), further confirming the stronger immunosup-
pressive activity of intrahepatic EGFR" Treg cells.

The association of EGFR expression with Treg cell
immunoregulatory activity let us assume that EGFR*
Treg cells are also more active in restraining the
anti-viral response of CD8" T cells. Hence, we
co-cultured intrahepatic CD3" CD4~ T cells with intra-
hepatic CD4" CD25" EGFR" or CD4" CD25" EGFR"/~
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Treg-enriched cells isolated from AAV/HBV-infected
mice for 24 hr. Production of cytolytic mediators and
anti-viral cytokines in CD8" T cells were determined by
qRT-PCR and flow cytometry. We found that both
EGFR* and EGFR'/™ Treg cells strongly decreased tran-
scripts of IFN-y, TNF-o, perforin and granzyme B, in
comparison with CD8" T cells cultured alone. Further-
more, compared with EGFR'~ Treg cells, EGFR" Treg
cells more significantly inhibited production of IFN-y,
TNF-o, perforin and granzyme B, suggesting that
EGFR" Treg cells could more efficiently suppress CD8"
T-cell activity, which might subsequently
intracellular viral replication (Fig. 4a—e).

To further test our hypothesis, we isolated intrahepatic
CD8" T cells and hepatocytes 2 weeks after AAV/HBV
infection, and co-cultured them in the presence of EGFR*
or EGFR"/™ Treg cells for 24 hr. The ratio between Treg
cells, CD8" T cells and hepatocytes was 1 : 1 : 1. The HBV
DNA both in the supernatant and in hepatocytes was quan-
tified to monitor the viral replication. Our data indicated
that in the presence of EGFR" Treg cells, the cytoplasmic
viral DNA amount was significantly up-regulated in com-
parison with the EGFR''~ Treg cell-containing group, sug-
gesting that EGFR" Treg cells strongly inhibited CD8" T-
cell-mediated down-regulation of HBV replication. And
the increased viral replication was not the result of the
direct effect of Treg cells towards hepatocytes, because Treg
cells were not able to elicit a similar effect without CD8" T
cells (Fig. 4f). However, there was a decrease of supernatant

influence
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HBV DNA level in the presence of EGFR* or EGFR'/~
Treg cells (Fig. 4g). This decrease could be due to inhibited
cytolytic activity of CD8" T cells on hepatocytes.

Amphiregulin production is up-regulated in AAV/
HBV-infected liver

One of the EGFR ligands, amphiregulin, has been shown
to promote Treg cell function in inflammation sites. To
clarify whether amphiregulin is also responsible for the
enhanced immunoregulatory activity of intrahepatic Treg
cells, we detected its abundance in the liver and blood
using ELISA. In normal mice, the baseline expression of
amphiregulin in either blood or liver homogenate was
almost below the detection threshold of the ELISA Kkit,
but AAV/HBYV infection significantly increased amphireg-
ulin protein in the liver. In the blood, however, amphi-
regulin level was only moderately increased, not as
profoundly as in the liver (Fig. 5a). This result suggests
that the source of amphiregulin might be in the liver
rather than in the blood. The up-regulation of amphireg-
ulin was time dependent, reaching the peak at the second
week after infection and gradually returning to normal
level within 4 weeks (Fig. 5a). Interestingly, the up-regu-
lation of intrahepatic amphiregulin level coincided with
an increment of intrahepatic EGFR" Treg cells during
AAV/HBV infection. The qRT-PCR data revealed that
amphiregulin mRNA level was increased in both hepato-
cytes and intrahepatic white blood cells, but not in
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circulating white blood cells 2 weeks after infection
(Fig. 5b). Moreover, the increase of amphiregulin mRNA
in hepatocytes was more robust than in infiltrating white
blood cells, suggesting that hepatocytes would be the
main source of amphiregulin in infected livers. ELISA for
cell lysate confirmed higher amphiregulin expression in
intrahepatic white blood cells and hepatocytes (Fig. 5¢).

Amphiregulin promoted immunosuppressive activity
of EGFR" Treg cells

To ascertain the role of amphiregulin in modulating int-
rahepatic Treg cell function, we sorted intrahepatic
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and EGFR™ Treg cells, respectively. Alone, CD8"
T cells cultured alone; EGFR™ Treg, CcD8" T
cells co-cultured with EGFR™ Treg cells; EGFR"
Treg, CD8" T cells co-cultured with EGFR" Treg
cells. Each dot represents an individual mouse.
kP < 0-001.

CD4" CD25" Treg cells and cultured them with IL-2 in
the presence or absence of amphiregulin. Production of
IL-10 and TGF-f was detected with flow cytometry and
gqRT-PCR. Amphiregulin treatment significantly increased
both protein levels and mRNA levels of these two anti-
inflammatory cytokines (Fig. 6a—d), suggesting that
amphiregulin promoted Treg activity. Amphiregulin treat-
ment did not significantly alter Treg cell apoptosis,
because the proportion of Annexin-V™ cells was compara-
ble between treated and untreated groups (Fig. 6e).

To check the impact of amphiregulin on Treg cell-
induced inhibition of CD8" T cells, intrahepatic Treg cells
were co-cultured with intrahepatic CD3" CD4~ T cells

© 2014 John Wiley & Sons Ltd, Immunology, 144, 506-517
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Figure 4. Intrahepatic epidermal growth factor receptor positive
(EGFR") regulatory T (Treg) cells more potently inhibit CD8" T-
cell-mediated anti-viral effects. (a—d) Levels of mRNA of interferon-y
(IFN-7y), tumour necrosis factor-a (TNF-u), perforin and granzyme
B in intrahepatic CD8" T cells co-cultured with EGFR" or EGFR™
Treg cells. Alone, CD8" T cells cultured alone; EGFR™ Treg, CD8" T
cells co-cultured with EGFR™ Treg cells; EGFR" Treg, CD8" T cells
co-cultured with EGFR" Treg cells. Each dot represents Treg cells
from an individual mouse. (e) Representative FACS dot plots for the
expression of IFN-y, TNF-u, perforin and granzyme B in intrahepatic
CD8" T cells co-cultured with EGFR* or EGFR™ Treg cells. Alone,
CD8" T cells cultured alone; EGFR™ Treg, CD8" T cells co-cultured
with EGFR™ Treg cells; EGFR" Treg, CD8" T cells co-cultured with
EGFR* Number the frequency
(mean £+ SEM) of T cells expressing corresponding proteins. (f, g)
Levels of cytoplasmic and secreted hepatitis B virus DNA after co-
culture of hepatocytes, CD8" T cells and Treg cells. Each dot repre-
sents a single well of culture. This result is a combination of three
independent experiments. E~ Treg, EGFR™ Treg cells; E* Treg,
EGFR" Treg cells. *P < 0-05; **P < 0-01; ***P < 0-001.

Treg cells. in each plot is

isolated from AAV/HBV-infected mice in the presence or
absence of amphiregulin. After 24 hr of co-culture, CD8"
T cells were sorted as mentioned in the Materials and
methods. CD8" T cells were subject to qRT-PCR and
flow cytometry to determine the expression of IFN-y,
TNF-a, perforin and granzyme B. We found that when
co-cultured with amphiregulin and Treg cells, CD8" T
cells expressed significantly less IFN-y, TNF-a and perfo-
rin, but not granzyme B, in comparison with CD8" T
cells co-cultured without amphiregulin (Fig. 6f, g).
Hence, amphiregulin indeed enhanced Treg cell-induced
inhibition of CD8" T-cell anti-viral function.

Discussion

Hepatitis B virus is a small DNA virus with unusual fea-
tures similar to retroviruses." Successful HBV replication
in host cells is associated with insufficient immune
response to neutralize and eradicate the virus. Both
humoral and cellular immune responses are mounted
after infection. It has been shown that humoral responses
such as virus-specific neutralizing antibodies exist.® How-
ever, their function does not significantly contribute to
viral clearance during acute HBV infection. In contrast,
several studies have shown that CD4" T-cell-mediated
and CD8" T-cell-mediated immune responses decide the
outcome of HBV infection.**® Hence, spontaneous viral
clearance of HBV infection is characterized by vigorous
and sustained virus-specific CD4" and CD8" T-cell
responses during the acute phase of infection. However,
T-cell-mediated immunity is a double-edged sword,
because it is also critical for liver injury and the establish-
ment of liver diseases during viral infections. CD4" T
cells are important for helping B cells to develop into
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antibody-secreting plasma cells,”’ and they also possess
cytotoxic function.”> Moreover, CD4" T cells seem to be
responsible for the induction and maintenance of success-
ful CD8" T-cell responses.”>** CD8" T cells control HBV
replication in both cytotoxic and non-cytotoxic manners,
through releasing cytotoxic mediators and anti-viral cyto-
kines, respectively.”” A strong correlation between vigor-
ous, virus-specific CD8" T-cell responses and HBV
clearance has been demonstrated in several studies,®2®
suggesting that these cells are critical for HBV progres-
sion. Failure of the adaptive immune response in HBV
infection is believed to contribute to sustained viral repli-
cation. However, the main factors driving failure of T-cell
responses in hepatitis are not completely elucidated, but
studies suggest that T-cell dysfunction and viral escape
contribute to the failure.®

Within CD4" T cells, a subpopulation expressing Foxp3
has been identified as Treg cells, which restrain autoim-
munity and excess inflammation.”® Treg cells are armed

Cells were lysed as mentioned in the Materials
and Methods. The supernatants of cell lysate
were used for ELISA; n =6 mice per
group.*P < 0-05; **P < 0-01; ***P < 0-001.

with several weapons to fight against autoimmune dis-
eases and inflammatory disorders, including IL-10, TGEF-
B, recently identified IL-35, CD39, CD73, ete.? Regula-
tory CD4" T cells have been suggested to contribute to
the protection from overwhelming liver tissue damage,
but also to the failure of CD8" T cells in HBV infec-
tion.’"** Interleukin-10 and TGF-f have been shown to
generate a unique cytokine environment, mainly inducing
tolerance of liver-infiltrating lymphocytes. It has been
shown that patients with chronic HBV infection have ele-
vated frequencies of regulatory CD4" T cells in the blood
that inhibit the proliferation of HBV-specific CD8" T
cells.'"®**** Chronically HBV-infected patients with high
viral loads have higher frequencies of regulatory CD4" T
cells in the liver. A previous study has demonstrated that
in hepatitis C virus-infected patients, Treg cells are able
to suppress hepatitis C virus-specific CD8" T-cell prolifer-
ation and IFN-y secretion,"® which could also be the case
for HBV infection. Taken together, these studies suggest

Figure 6. Amphiregulin enhances the immunosuppressive activity of epidermal growth factor receptor positive (EGFR") regulatory T (Treg) cells
to inhibit CD8" T-cell-mediated anti-viral function. (a) Representative dot plots showing interleukin-10 (IL-10) and transforming growth factor-
B (TGF-f) staining in EGFR" Treg cells. FACS sorted intrahepatic CD4" CD25" Treg cells were culture in vitro in the presence or absence of
100 ng/ml Amphiregulin for 24 hr. Surface staining for CD3 and intracellular staining for IL-10 and TGF-f were then conducted. CD3" cells
were gated. Numbers in the dot plots are the percentage of IL-10-expressing or TGF-f-expressing cells. Ctrl, without amphiregulin; Amp, with
amphiregulin. (b, ¢) Statistical analysis for proportion of IL-10-expressing (b) and TGF-f-expressing (c) cells in cultured Treg cells. Each dot rep-
resents an individual mouse. (d) mRNA levels of IL-10 and TGF-f in cultured Treg cells; n = 6 per group. (e) Percentage of Annexin V* cells in
Treg cells after culture; n = 6 per group. Ctrl, Treg cells cultured without amphiregulin; Amphiregulin, Treg cells cultured with amphiregulin. (f)
mRNA levels of anti-viral components in CD8" T cells after co-culture with intrahepatic CD4" CD25" Treg cells. Ctrl, CD8" T cells culture with-
out Treg cells; Vehicle, CD8" T cells co-cultured with Treg cells but without amphiregulin; Amphiregulin, CD8" T cells co-cultured with Treg
cells with amphiregulin. (g) Representative FACS quadrant plots for the expression of interferon-y (IFN-y), tumour necrosis factor-o. (TNF-a),
perforin and granzyme B in CD8" T cells co-cultured with Treg cells. Number in each plot is the frequency (mean £ SEM) of T cells expressing
corresponding proteins; n = 5 per group. *P < 0-05; **P < 0-01; ***P < 0-001.
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that Treg cells play a role in the inhibition of HBV-spe-
cific T-cell function. However, the mechanisms by which
Treg cell function is regulated are still elusive.

In this study we characterized the up-regulated expres-
sion of EGFR on intrahepatic Treg cells in HBV infection
in a mouse model. It has been known that EGFR exists
on the cell surface and transduces intrinsic intracellular
signal pathways to induce DNA synthesis and cell prolif-
eration upon ligand engagement.”> The relationship
between EGFR and cancer has been elucidated in previ-
ous research.”®> However, its role in regulating T-cell
functions has not been addressed. Actually, little informa-
tion about the expression of EGFR on T cells has been
generated until recently, suggesting that under most con-
ditions EGFR might not be expressed on T cells. The only
literature addressing this issue is published recently, stat-
ing that EGFR is expressed on Treg cells under inflamma-
tory conditions.'” Because HBV infection elicits robust
inflammation in the liver, we hypothesized that Treg cells
infiltrating the infected liver might also express EGFR to
adaptive themselves to the hepatitis. Indeed, we found a
higher expression level of EGFR on intrahepatic Treg
cells. The expression level of EGFR on intrahepatic cells is
higher than on splenic Treg cells, suggesting that although
Treg activation in the spleen might induce EGFR expres-
sion, the most potent factor driving EGFR expression is
in the infected liver. However, the identity of the factor
is still unknown. Early studies have propose several
candidate factors that increase EGFR expression in differ-
ent cell types, including androgen,”®* TNF-0,*° sphingo-
sine 1-phosphate*’ and TGEF-f.** Further studies are
needed to identify the soluble and/or cellular components
that induce EGFR expression in Treg cells.

Interestingly, the higher EGFR level is associated with
enhanced immunosuppressive activity of intrahepatic
Treg cells. This relationship posed the possibility that
EGFR with its ligand could modulate Treg cell function
in HBV-infected livers, so as to influence the anti-HBV
immune reaction. EGFR can be bound with ligands such
as EGF, TGF-« and amphiregulin. Inspired by the previ-
ous study, we found that amphiregulin is at least partially
responsible for the promoted Treg cell function in the
liver. Amphiregulin, also known as AREG, belongs to the
EGF family. Synthesized as a transmembrane protein,
amphiregulin’s extracellular domain is proteolytically pro-
cessed to release the mature protein. It has been regarded
as an autocrine growth factor and a mitogen for astro-
cytes, Schwann cells, fibroblasts and epithelial cells.*’
Amphiregulin also inhibits the growth of certain carci-
noma cell lines.*’ Recent study indicates that amphiregu-
lin also plays a role in regulating Treg cell function.'
Our data demonstrated elevated expression of amphiregu-
lin in AAV/HBV-infected mouse livers. Furthermore,
exogenous amphiregulin enhanced immunosuppressive
activity of Treg cells in vitro. Our discovery poses the
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possibility of neutralizing amphiregulin in the liver as a
therapeutic approach for HBV infection, if future studies
can confirm the presence and similar activity of amphi-
regulin in the livers of HBV-infected patients. However,
we cannot exclude the possibility that other EGFR ligands
including EGF and TGF-o could also potentially affect
Treg cell function. Level of EGF could be increased dur-
ing HBV infection,** and TGF-o expression in HBV-
infected livers has been confirmed previously.*>*® To our
knowledge, there is no literature showing the effects of EGF
and TGF-o. on Treg cells. In one of our pilot studies EGF
was incapable of promoting Treg cell function in vitro.
Further studies are required to test the effects of EGF and
TGF-o on Treg cells, especially EGFR" Treg cells.

However, the source of amphiregulin after HBV infec-
tion is still unknown. We found that the level of amphi-
regulin in the liver was higher than in the blood,
suggesting that HBV-infected liver could be its source.
The cellular source of amphiregulin is still elusive. He-
patocytes could be a candidate, because amphiregulin
gene expression is not detected in healthy liver but is up-
regulated in hepatocytes during chronic human and rat
liver injury.*” Amphiregulin expression is induced in iso-
lated hepatocytes by IL-1f and prostaglandin E,, but not
by hepatocyte growth factor, IL-6 or TNF-a.*’ Other
potential cellular sources of amphiregulin include mast
cells," dendritic cells,*® monocytes*’ and neutrophils.” It
is possible that HBV-infected hepatocytes up-regulate
amphiregulin expression as an injury-induced response,
followed by infiltrated immune cells releasing amphiregu-
lin to modulate the inflammatory response in the liver.
Ongoing research in our laboratory is focusing on this
issue and the amphiregulin-producing cells will be
disclosed.

Taken together, our current study is the first to link
the amphiregulin—EGFR interaction to the Treg cell func-
tion in HBV-infected livers. Our research might provide
novel clues for how the anti-viral immune response is
regulated in the liver, and also might inspire new thera-
peutic strategies for HBV infection.
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