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� HBV infection results in altered mCD100 expression and

serum sCD100 levels.

� sCD100 can increase anti-HBV CTL response and accelerate
HBV clearance.

� mCD100 shedding and sCD100 formation is mediated by
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� CHB patients show decreased serum MMP2 and sCD100
levels.

� MMP2/9 inhibition suppresses anti-HBV CTL response and
delays HBV clearance.
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Lay summary
Chronic hepatitis B virus (HBV) infection
is a major public health problem world-
wide. The clearance of HBV relies largely
on an effective T cell immune response,
which usually becomes dysregulated in
chronic HBV infection. Our study provides
a new mechanism to elucidate HBV per-
sistence and a new target for developing
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Background & Aims: CD100 is constitutively expressed on T
cells and can be cleaved from the cell surface by matrix metal-
loproteases (MMPs) to become soluble CD100 (sCD100). Both
membrane-bound CD100 (mCD100) and sCD100 have impor-
tant immune regulatory functions that promote immune cell
activation and responses. This study investigated the expression
and role of mCD100 and sCD100 in regulating antiviral immune
responses during HBV infection.
Methods:mCD100 expression on T cells, sCD100 levels in the
serum, and MMP expression in the liver and serum were
analysed in patients with chronic HBV (CHB) and in
HBV-replicating mice. The ability of sCD100 to mediate
antigen-presenting cell maturation, HBV-specific T cell activa-
tion, and HBV clearance were analysed in HBV-replicating mice
and patients with CHB.
Results: Patients with CHB had higher mCD100 expression on T
cells and lower serum sCD100 levels compared with healthy
controls. Therapeutic sCD100 treatment resulted in the activa-
tion of DCs and liver sinusoidal endothelial cells, enhanced
HBV-specific CD8 T cell responses, and accelerated HBV clear-
ance, whereas blockade of its receptor CD72 attenuated the
intrahepatic anti-HBV CD8 T cell response. Together with
MMP9, MMP2 mediated mCD100 shedding from the T cell sur-
face. Patients with CHB had significantly lower serum MMP2
levels, which positively correlated with serum sCD100 levels,
compared with healthy controls. Inhibition of MMP2/9 activity
resulted in an attenuated anti-HBV T cell response and delayed
HBV clearance in mice.
secreted or transmembrane proteins, was initially found to be
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Conclusions:MMP2/9-mediated sCD100 release has an impor-
tant role in regulating intrahepatic anti-HBV CD8 T cell
responses, thus mediating subsequent viral clearance during
HBV infection.
Lay summary: Chronic hepatitis B virus (HBV) infection is a
major public health problem worldwide. The clearance of HBV
relies largely on an effective T cell immune response, which
usually becomes dysregulated in chronic HBV infection. Our
study provides a new mechanism to elucidate HBV persistence
and a new target for developing immunotherapy strategies in
patients chronically infected with HBV.
� 2019 European Association for the Study of the Liver. Published by
Elsevier B.V. All rights reserved.

Introduction
Chronic HBV infection continues to be a major public health
burden worldwide. The persistence of HBV infection increases
the risk of end-stage liver diseases, such as liver cirrhosis and
hepatocellular carcinoma.1 Exposure to HBV in neonates usually
leads to viral persistence, whereas most infected adults sponta-
neously clear the virus.2 The clearance of HBV relies largely on a
potent and diverse T cell immune response, which usually
becomes dysregulated in chronic HBV infection.3–5 However,
the mechanism by which a favourable anti-HBV T cell response
is generated in an infected individual remains largely
unknown.6
essential for proper neuronal development.7 However, several
semaphorins are also expressed by immune cells, among which
semaphorin 4D (also called CD100) has attracted particular
attention because of its extensive functions in the immune sys-
tem.8 In lymphoid tissues, membrane CD100 (mCD100) is
expressed abundantly on the surface of resting T cells and
weakly on antigen-presenting cells (APCs), such as B cells and
dendritic cells (DCs).9 The expression of mCD100 on immune
cells increases upon cell activation, which subsequently induces
019 vol. 71 j 685–698
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shedding of the CD100 extracellular domain via proteolytic
cleavage by certain matrix metalloproteinases (MMPs). This
gives rise to a 120-kDa soluble form of CD100 (sCD100).10–12

CD100 functions as a ligand and binds to different receptors,
including CD72 on lymphoid tissues and plexin-B1/B2 on non-
lymphoid tissues.13–15 Through binding with CD72, which is
expressed on most professional APCs, CD100 exerts essential
functions in DC maturation, B cell proliferation, and antibody
production, and, subsequently, in T cell priming and activation
during the course of the T cell–APC interaction.8 DCs from
CD100-deficient mice display poor immunogenicity and are
defected in costimulatory molecule expression and IL-12 pro-
duction upon CD40 stimulation.16 Treatment with exogenous
sCD100 restored the normal functions of CD100-deficient DCs
and further enhanced the functionality of wild-type DCs.16

Although CD100-deficient T cells showed normal proliferative
responses to anti-CD3 or concanavalin A stimulation in vitro,

the in vivo generation of antigen-specific T cells was impaired
in CD100-deficient mice.17 This defective T cell priming was res-
cued by the administration of recombinant sCD100 protein.17 In
line with these findings, numerous studies have demonstrated
the involvement of CD100 in inflammation and infectious dis-
eases.10 For example, CD100-deficient mice were protected
from developing experimental autoimmune encephalomyelitis
(EAE)16 and glomerulonephritis,18 whereas serum sCD100 levels
positively correlated with autoantibody levels in mice that
developed systemic autoimmune disease.19 Levels of sCD100
were elevated in both serum and synovial fluid from patients
with rheumatoid arthritis (RA) and were positively correlated
with disease activity markers.20 Altered mCD100/sCD00 expres-
sion has also been reported in viral infections. Serum sCD100
levels were increased and positively correlated with alanine
aminotransferase (ALT) levels in patients with acute HCV infec-
tion.21 Similarly, during the acute phase of haemorrhagic fever
with renal syndrome (HFRS) caused by Hantan virus infection,
plasma sCD100 levels were elevated and positively correlated
with disease severity.22 In patients with HIV, decreased
mCD100 expression on CD4 and CD8 T cells in peripheral blood
has been observed, and the loss of mCD100 expression on T cells
was related to the immune activation status and viral loads.23

Despite extensive studies on the physiological and patholog-
ical functions of CD100 in different human diseases, the poten-
tial role of CD100 in immunity and viral clearance during HBV
infection has not yet been reported. In this study, we used the
HBV hydrodynamic injection mouse model and patients with
chronic HBV infection to explore the role of CD100 in promoting
anti-HBV T cell responses and viral clearance. The mechanisms
of HBV infection-induced mCD100 shedding and sCD100 forma-
tion were also investigated.

Materials and methods
Preparation of mouse and human sCD100 recombinant
protein
CD100 protein sequences were obtained from the NCBI
database (murine CD100: NP_001268809.1; human CD100:
NP_006369.3) and reverse translated. Codon-optimized
sequences coding for the murine or human sCD100, comprising
the CD100 signal peptide and extracellular domain, were
synthesized by GeneArt (Thermo Fisher Scientific, Darmstadt,
Germany) and cloned into the plasmid pcDNA3.1. For DNA
immunization, plasmids were prepared by cesium chloride
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gradient ultracentrifugation. For protein purification, a
sequence coding for 6 histidines (6-His tag) was added to the
30 end of the sCD100 coding sequence by site-directed mutage-
nesis. Plasmids encoding the 6-His-tagged mouse or human
sCD100 were transfected into 293T cells and supernatants were
collected 3 days later. sCD100 protein was purified from super-
natants by nickel affinity chromatography using Profinity IMAC
resin (Bio-Rad Laboratories, Munich, Germany), followed by
ultrafiltration using Amicon Ultra-4 30K centrifugal filter
devices (Millipore, Merck, Darmstadt, Germany) for concentra-
tion and changed to physiological buffer. The purity of the pro-
tein was examined by SDS-PAGE and was over 90% (Fig. S1). The
absence of endotoxin contamination in plasmids and purified
proteins was verified by End-point Chromogenic TAL Endotoxin
Testing Assay (detection limit 0.1 EU/lg; Bioendo Technology,
Xiamen, China). No cellular cytotoxicity of the purified protein
was detected (data not shown).
Detection of serum sCD100, MMP2 and MMP9
Serum sCD100, MMP2 and MMP9 levels were measured by the
corresponding ELISA kits according to the manufacturer’s
instructions. Mouse sCD100 and human MMP2/MMP9 ELISA
kits were purchased from Elabscience (Wuhan, China). The
Human sCD100 ELISA kit was purchased from CUSABIO
(Wuhan, China).

CD72 blockade and MMP2/9 inhibition in mice
For CD72 blockade, mice were intravenously injected twice
with anti-CD72 antibody (80 lg per mouse, clone 10.1.D2,
Southern Biotech, USA) at the indicated time points. For
MMP2/9 inhibition, mice were intravenously injected with
CTT peptide (CTTHWGFTLC, 200 lg per mouse) at the indicated
time points.

Statistical analysis
Statistical analyses were performed using the SPSS statistical
software package (version 22.0, SPSS Inc., Chicago, IL, USA).
The Shapiro-Wilk method was used to test for normality. Para-
metric analysis methods were used when the data were nor-
mally distributed; otherwise, non-parametric tests were
employed. Unpaired t test, paired t test, one-way ANOVA, Pear-
son product-moment correlation coefficient, log-rank test, and
analysis of covariance (ANCOVA) were used where appropriate.
All reported p values were two-sided, and a p value less than
0.05 was considered statistically significant.

For further details regarding the materials and methods
used, please refer to the CTAT table and supplementary
information.

Results
Membrane CD100 expression is increased on T cells and
serum sCD100 level is decreased during chronic HBV
infection
To explore the possible influence of HBV infection on CD100
expression in patients, we first analysed mCD100 expression
on different cell populations of peripheral blood mononuclear
cells (PBMCs) from healthy controls (HC) and patients with
chronic hepatitis B (CHB) (Table S1) by flow cytometry. As
shown in Fig. S2A, CD4 and CD8 T cells and natural killer (NK)
cells were the main populations of CD100+ PBMCs in both HC
and patients with CHB. The CD100 expression on T cells and
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NK cells was abundant, whereas it was weak on B cells, DCs, and
monocytes (Fig. S2A). The percentages and absolute numbers of
CD100+ T cells (both CD4+ and CD8+) and NK cells were signif-
icantly higher in patients with CHB than in HC (Fig. 1A,B). By
contrast, decreased absolute numbers of CD100+ B cells were
observed in patients with CHB compared with HC, and no signif-
icant difference in mCD100 expression on DCs and monocytes
was observed between HC and patients with CHB (Fig. S2B). Fur-
thermore, the mean fluorescence intensities (MFIs) of CD100 on
both CD4 and CD8 T cells were significantly increased in
patients with CHB compared with HC (Fig. 1A). Next, we exam-
ined whether CD100 expression differed on T cells with distinct
differentiation status. As shown in Fig. 1C, naïve, central mem-
ory (TCM), effector memory (TEM), and terminally differenti-
ated effector memory (TEMRA) T cells were distinguished
using CCR7 and CD45RA. We showed that the percentages of
CD100+ TCM and TEM CD4 and CD8 T cells, as well as of TEMRA
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CD8 T cells were significantly higher in patients with CHB than
in HC. Naïve CD4 and CD8 T cells as well as TEMRA CD4 T cells
showed no significant differences in CD100 expression between
patients with CHB and HC (Fig. 1C). These results suggest that
memory but not naïve T cells are the main T cell subsets upreg-
ulating mCD100 expression during chronic HBV infection.

In addition, core18-specific CD8+ T cells from HLA-A*02-
positive patients with CHB were enriched through the pMHC I
tetramer-based enrichment technique24 and analysed for their
mCD100 expression. No significant difference in mCD100
expression between total and HBV-specific CD8 T cells was
observed in patients with CHB (Fig. S3A). In contrast to the
increased mCD100 expression on T cells, the serum sCD100 con-
centration was significantly decreased in patients with CHB
compared with HC (Fig. 1D). The gender or status of HBeAg
presence of patients with CHB showed no significant impact
on the percentage of CD100+ T cells or serum sCD100 levels
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(Fig. S4A,B). No correlations between mCD100 or serum sCD100
levels with age, HBsAg levels, or ALT levels of patients with CHB
were observed (Fig. S4C–E). In addition, no significant differ-
ences in mCD100 expression on T cells or serum sCD100 levels
were observed among patients with different stages of chronic
HBV infection, including HBeAg-positive chronic infection,
-positive chronic hepatitis -negative chronic infection, and
-negative chronic hepatitis25 (Fig. S4F).

By using the HBV hydrodynamic injection (HDI) mouse
model, we next explored whether the expression of mCD100
on T cells and sCD100 levels in serum were differently regulated
during acute-resolving and chronic HBV replication. HDI of dif-
ferent HBV-expressing plasmids results in either acute-
resolving (pSM2 plasmid) or chronic (pAAV/HBV1.2 plasmid)
HBV replication in male C57BL/6 mice, which mimics different
outcomes of HBV exposure in humans.26–28 Compared with
naїve and pAAV/HBV1.2 plasmid-injected mice, pSM2-injected
mice showed a significant decrease in mCD100 expression on
both CD4 and CD8 T cells in PBMCs and a significant increase
in sCD100 levels in the serum at 14 days post HBV exposure
(Fig. 1E,F). To further characterize the major source of sCD100
formation during the course of HBV clearance, the mCD100
expression on different populations of lymphocytes in the
spleen and liver was analysed in pSM2 HDI mice by flow cytom-
etry at 14 days post infection (dpi). Compared with naїve con-
trol mice, HBV-resolving mice showed a significant decrease
in mCD100 expression levels on CD4 T cells, CD8 T cells, and
NK cells in the spleen, and only on T cells in the liver. No
decrease in mCD100 expression on B cells, DCs, or monocytes
was observed (Fig. S5A). In addition, although a comparable
proportion of NK cells and T cells lost their mCD100 expression
in the spleen, CD4 and CD8 T cells presented with significantly
higher absolute numbers of cells that lost mCD100 expression
compared with NK cells (Fig. S5B). These results suggest that
T cell shedding of CD100 is the major source of sCD100 during
the course of HBV clearance; however, NK cells shedding
CD100 might also contribute to sCD100 accumulation. The
mCD100 expression on CD8 T cells and the sCD100 levels were
also examined in PBMC and serum samples from patients with
acute hepatitis B (AHB) (Table S1). A tendency of decreased
mCD100 expression on HBV-specific, but not total CD8 T cells
of patients with AHB compared with that of patients with
CHB was observed (Fig. S3A). However, patients with AHB
showed a significant decrease in serum sCD100 levels compared
with patients with CHB (Fig. S3B). Given that all serum samples
used in this study were collected from patients with AHB after
the onset of hepatitis, we suggest that the serum sCD100 eleva-
tion occurred during an early stage of acute HBV infection,
before the onset of hepatitis.

sCD100 protein significantly increased the expression of the
costimulatory molecules CD80 and CD86 on lipopolysaccharide
(LPS)-stimulated splenic DCs (Fig. 2A). The production of the
inflammatory cytokine IL-12 by sCD100-treated splenic DCs
was also significantly higher than by untreated control DCs
(Fig. 2A). Liver sinusoidal endothelial cells (LSECs) and Kupffer
cells (KCs) are important liver-resident APCs with crucial roles
in maintaining hepatic immune tolerance by suppressing T cell
activation.29–31 Thus, we next investigated the influence of
sCD100 stimulation on LSEC- and KC-mediated T cell suppres-
sion. LSECs and KCs purified from naїve mice were pretreated
with recombinant sCD100 protein and then cocultured with
polyclonally T-cell receptor (TCR)-activated T cells (anti-CD3/-
CD28 stimulation). In contrast to untreated LSECs, sCD100-
pretreated LSECs showed no suppression of the interferon
(IFN)-c production of activated T cells (Fig. 2B). However,
sCD100 treatment had no impact on the function of KCs in reg-
ulating T cell responses (Fig. S6A). To further explore whether
in vivo sCD100 treatment also abrogates LSEC-mediated T cell
suppression, we performed HDI of the sCD100-expressing plas-
mid pcDNA3.1-sCD100 into naїve mice. Subsequently, elevation
of serum sCD100 concentrations was observed from 1 to 6 days
after pcDNA3.1-sCD100 HDI (Fig. S6B). Whereas LSECs sepa-
rated from control plasmid-injected mice strongly suppressed
the IFN-c production of activated T cells, no suppression of T cell
activation was observed for LSECs isolated from the pcDNA3.1-
sCD100-injected mice (Fig. 2C).

Endothelial cells express and release CD100.32 Therefore, we
next examined whether sCD100 treatment affects CD100
expression on LSECs. Our data showed that LSECs expressed
low levels of CD100 on their surface; however, neither in vitro
nor in vivo sCD100 treatment led to a significant change in
mCD100 expression on stimulated LSECs compared with
unstimulated controls (Fig. S6C). To further examine the influ-
ence of sCD100 treatment on inducing effector T cell responses,
total splenocytes (SPLs) from naїve C57BL/6 mice were stimu-
lated with anti-CD3/anti-CD28 in the presence or absence of
sCD100 protein. sCD100 treatment significantly increased the
IFN-c concentration in the supernatant in a dose-dependent
manner and augmented the intracellular IFN-c production of
both CD4 and CD8 T cells (Figs. 2D and S6D). The IL-2 produc-
tion of CD4 and CD8 T cells and the concentration of tumour
necrosis factor (TNF)-a in the supernatant were also signifi-
cantly increased in sCD100-treated splenocytes compared with
untreated control cells (Fig. S6E). Next, the splenocytes and
liver-infiltrating lymphocytes (LILs) were separated from
sCD100 plasmid or control plasmid HDI mice and stimulated
with anti-CD3/-CD28. The IFN-c concentrations in the super-
natant of both splenocytes and LILs were significantly higher

Research Article Viral Hepatitis
Taken together, our data indicate that HBV infection results
in altered mCD100 expression on T cells and sCD100 levels in
serum in both HBV-replicating mice and patients with CHB.

sCD100 induces DC and liver sinusoidal endothelial cells
activation and enhances effector T cell responses
CD100 has an important role in the interaction between APCs
and T cells and is essential for the induction of antigen-
specific T cell responses. In vitro treatment with sCD100 results
in enhanced activation of bone marrow-derived DCs.16 There-
fore, we explored how sCD100 treatment influences the
activation of APCs and effector T cell responses in the spleen
and liver. As expected, in vitro treatment with recombinant
688 Journal of Hepatology 2
in the cultures with cells from sCD100 HDI mice than in those
from control mice (Fig. S6F). Both CD4 and CD8 T cells from
the spleen and liver of sCD100-treated mice showed signifi-
cantly higher intracellular IFN-c production in response to poly-
clonal TCR activation compared with control mice (Fig. S6F). We
also explored the effect of sCD100 stimulation on augmenting
antigen-specific CD8 T cell responses by using Friend virus
(FV) TCR transgene CD8 T cells specific for the immunodomi-
nant DbGagL epitope (FV-TCR tg mice). Total splenocytes were
separated from FV-TCR tg mice and stimulated with the DbGag
epitope peptide in the presence or absence of sCD100 protein.
sCD100 treatment resulted in significantly increased IFN-c pro-
duction by the FV-specific splenocytes (Fig. S6G), demonstrating
019 vol. 71 j 685–698
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the ability of sCD100 to enhance antigen-specific CD8 T cell
responses. Taken together, our data suggest that sCD100
induces the maturation and activation of APCs in the spleen
and liver, such as splenic DCs and LSECs, thus promoting the
induction of effector CD8 T cell responses.

sCD100 treatment accelerates HBV clearance and enhances
intrahepatic anti-HBV CD8 T cell responses
Our previous data indicated that chronic HBV infection is asso-
ciated with an insufficient serum sCD100 level; therefore, we
investigated the influence of sCD100 treatment on HBV clear-
ance in the pAAV/HBV1.2 HDI mouse model, which mimics per-

or left untreated for 24 h. (C) C57BL/6 mice were hydrodynamically injected
were purified after 48 h. LSECs were then cocultured with anti-CD3/anti-CD28
cells was measured after 48 h by intracellular cytokine staining (left) and E
stimulated SPLs were used as a PC. (D) SPLs were separated from C57BL/6 mice
protein (1 lg/ml). IFN-c production by T cells was measured after 48 h by intra
3 independent experiments. Error bars, mean ± SEM; *p <0.05, **p <0.01, ***p <
dendritic cell; IFN, interferon; LPS, lipopolysaccharide; LSEC, liver sinusoidal e
sistent HBV infection in humans. C57BL/6 mice were

Journal of Hepatology 2
hydrodynamically injected with pAAV/HBV1.2 in combination
with either the sCD100-expressing plasmid or the pcDNA3.1
control plasmid, and monitored for HBV viraemia. The clearance
of serum HBsAg and HBeAg was significantly accelerated in
mice injected with the sCD100-expressing plasmid compared
with those injected with the control plasmid (Fig. S7A). Eighty
percent of sCD100 HDI mice became serum HBsAg negative at
56 dpi and HBeAg negative at 49 dpi, whereas the control mice
remained 75% positive for HBsAg and 100% positive for HBeAg
at the corresponding time points (Fig. S7B). To further validate
our findings, we also treated HBV-persistent mice with purified
sCD100 protein, as shown schematically in Fig. 3A. Given that

ith 20 lg sCD100-expressing plasmid or the control plasmid (Control). LSECs
1 lg/ml)-stimulated SPLs at a ratio of 1:2 (LSECs:SPLs). IFN-c production by T
ISA (right). Unstimulated SPLs were used as a NC and anti-CD3/anti-CD28-
nd stimulated with anti-CD3/anti-CD28 in the absence or presence of sCD100
llular cytokine staining (left) and ELISA (right). Data are representative of 2 to
.001, ****p <0.0001, n.s., not significant (p >0.05); (A–D) one-way ANOVA. DC,
dothelial cell; NC, negative control; PC, positive control; SPL, splenocyte.
the time required for inducing immune tolerance toward HBV
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antigens is 7 days after pAAV/HBV1.2 HDI,33 we started to treat
the mice with purified sCD100 protein from 7 dpi to examine its
ability to break HBV immune tolerance. Two intravenous injec-
tions of sCD100 resulted in a substantial reduction in HBsAg,
HBeAg, and viral DNA levels in the serum (Fig. 3B). All
sCD100-treated mice became serum HBsAg and HBeAg negative
at 25 dpi (Fig. 3C). The treated mice also cleared HBcAg from the
liver at 29 dpi, whereas untreated mice harboured high levels of
HBcAg in the liver (Fig. 3D). Next, we examined the impact of
sCD100 protein treatment on the splenic and intrahepatic
anti-HBV cytotoxic T cell (CTL) response. Significantly higher
percentages of CD8 T cells from the spleens and livers of
sCD100-treated mice were capable of producing IFN-c, IL-2,
and TNF-a in response to HBV epitope peptide (Env190) and
core peptide (Cor93) stimulation compared with cells from
control mice (Fig. 3E). An improved functionality of CD8 T cells
following sCD100 treatment was also seen after polyclonal
anti-CD3/anti-CD28 stimulation (Fig. 3E). To further confirm
that the sCD100-mediated HBV clearance in HBV-persistent
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mice was CD8 T cell dependent, CD8 T cells were depleted in
sCD100-treated mice by intraperitoneal injection of purified
anti-CD8 mAbs from 6 to 20 dpi. Significant decreases in CD8
T cells in terms of both frequency and number in the spleen
and liver were observed in the CD8 T cell-depleted mice com-
pared with the only sCD100-treated mice at 22 dpi (Fig. S7C).
The serum HBsAg and HBV DNA levels of CD8 T cell-depleted
mice were significantly higher than those of only sCD100-
treated mice from 14 to 21 dpi, indicating that CD8 T cell
depletion abolished the antiviral effect of sCD100 treatment in
HBV-persistent mice (Fig. S7D). These results demonstrate that
the sCD100 treatment-mediated HBV clearance in mice is CD8 T
cell dependent.

Next, we investigated the potency of sCD100 in enhancing
HBV-specific CD8 T cell responses in patients with chronic
HBV infection or HC. The PBMCs from 16 patients with HLA-
A*0201-positive CHB were stimulated with an HLA-A*0201
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recombinant human sCD100. sCD100 treatment resulted in sig-
nificantly increased frequencies of IFN-c-producing HBV-
specific CD8 T cells in patients with CHB (Fig. 3F). It also
resulted in significantly increased frequencies of IFN-c-
producing cytomegalovirus (CMV)-specific CD8 T cells in PBMCs
from 6 HLA-A*0201-positive HC (Fig. S7E). In addition, we
observed that sCD100 treatment enhanced T cell INF-c produc-
tion in a dose-dependent manner in patients with HBV and
weak CMV-specific CD8 T cell responses, but not in patients
with existing strong CMV-specific CD8 T cell responses
(Fig. S7F).

Taken together, these results demonstrate that sCD100 treat-
ment enhances intrahepatic anti-HBV CD8 T cell responses
in vivo, thus accelerating HBV clearance in the liver.
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CD72 blockade attenuates anti-HBV CD8 T cell responses in
the spleen and liver
In lymphoid tissue, CD100 exerts its functions mainly through
interaction with the receptor CD72.15 CD72 is expressed by
APCs, such as B cells, macrophages, and DCs, and the interaction
between CD72 on APCs with CD100 is crucial for the priming
and activation of T cells.8 Therefore, we next examined the role
of the CD72–CD100 interaction in anti-HBV CD8 T cell responses
by performing a CD72 antibody blockade in the pSM2 HDI
mouse model, as schematically shown in Fig. 4A. In this model
of resolved HBV infection, the serum sCD100 levels are high
and the anti-HBV immune responses are sufficiently activated.
The CD8 T cells in the spleens and livers of HBV HDI mice
showed a less-activated phenotype with lower CD43 and higher
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CD62L expression after CD72 blockade compared with control
mice (Fig. 4B). The frequencies of intrahepatic HBsAg- and
HBcAg-specific CD8 T cells were significantly lower in the
CD72 blockade group than in control mice (Fig. 4C). Moreover,
CD72 blockade resulted in significant decreases in the percent-
ages of IFN-c-, IL-2-, and TNF-a-producing CD8 T cells in the
spleen in response to anti-CD3, HBsAg, or HBcAg epitope pep-
tide restimulation compared with control mice (Figs. 4D and
S8A–C). Significant decreases in IFN-c production by HBcAg-
specific CD8 T cells and IL-2 production by HBcAg- and
HBsAg-specific CD8 T cells in the liver were also observed fol-
lowing CD72 blockade (Fig. 4D). Moreover, CD72 blockade
resulted in a significant delay in serum HBsAg clearance and
anti-HBsAb development in mice with acute HBV replication
(Fig. 4E). Next, we further characterized the possible role of
the other 2 receptors of CD100, plexin-B1/B2, in modulating
the effector CD8 T cell response. Splenocytes were separated
from naïve C57BL/6 mice and stimulated with anti-CD3/anti-
CD28 in the absence or presence of recombinant sCD100 pro-
tein. Blocking antibodies against plexin-B1, plexin-B2, or CD72
were added to the cell culture as indicated. IFN-c production
by T cells was measured after 48 h by ELISA. In TCR-activated
T cells without sCD100 treatment, CD72 blockade showed no
significant effect on the regulation of IFN-c production. How-
ever, whereas sCD100 treatment significantly increased IFN-c
production by T cells, the effect was totally abolished by CD72
blockade (Fig. 4F). Interestingly, both plexin-B1 and -B2 block-
ade also reduced IFN-c production by TCR-activated T cells to
low levels irrespective of the status of additional sCD100 pres-
ence (Fig. 4F). These results suggest that plexin-B1 and -B2 per-
form a more fundamental role in the induction of effector T cell
response, given that blockade of the function of these receptors
fully abolished IFN-c production by TCR-activated T cells. By
contrast, the effect of enhancing T cell activation by sCD100 is
mainly mediated through interacting with receptor CD72. These
data indicate that the interaction between CD100 and its recep-
tor CD72 participates in the induction of anti-HBV CD8 T cell
responses in the spleen and liver during the course of acute
HBV clearance.

MMP2 and MMP9 induce mCD100 cleavage on T cells and
sCD100 formation during HBV infection
Increased mCD100 expression on T cells and decreased serum
sCD100 levels suggested insufficient mCD100 cleavage from T
cell membranes in patients with chronic HBV infection. The pro-
cesses of mCD100 cleavage and sCD100 formation are believed
to be mediated by MMPs.11 Thus far, different MMPs, including
MMP14, ADAM17, ADAMTS4, and MMP9 (also known as gelati-

(Fig. 5B), but no MMP2 upregulation was observed in the livers
of HBV-persistent mice (Fig. 5B). By contrast, mice with acute-
resolving HBV replication or persistent HBV showed only lim-
ited MMP14, ADAM17 and MMP9 upregulation in the liver,
mostly at early time points after HBV plasmid challenge,
whereas no upregulation of ADAMTS4 was observed (Fig. 5B).
Next, we examined the expression of MMP2 in different liver
cell populations and found that hepatocytes and LSECs
expressed higher levels of MMP2 mRNA compared with KCs or
the rest of the liver cells in naїve mice (Fig. 5C). LSECs of mice
with acute-resolving HBV replication showed profound upregu-
lation of MMP2 expression compared with their naïve, HDI con-
trol, or HBV-persistent counterparts, whereas hepatocytes only
showed a slight increase in MMP2 expression (Fig. 5C). To fur-
ther explore whether HBV infection influences MMP2 and
MMP9 expression in humans, we next determined serum
MMP2 and MMP9 levels in HC and patients with CHB. Serum
MMP2 but not MMP9 concentration was significantly lower in
patients with CHB than in HC (Fig. 5D). Consistent with this
result, a positive correlation between serum sCD100 and
MMP2 but not MMP9 levels was observed in patients with
CHB (Fig. 5E).

Next, we further investigated the roles of MMP2 and MMP9
in mediating mCD100 cleavage on T cells and sCD100 formation
during HBV infection. T cells of PBMCs from patients with CHB
spontaneously lost mCD100 expression during the course of
in vitro cultivation (Fig. 6A). This process was significantly
inhibited when SB-3CT, a specific MMP2 and MMP9
inhibitor,37,38 was added to the cell culture (Fig. 6A). Adding a
combination of recombinant MMP2 and MMP9 to the cell cul-
ture of PBMCs from patients with CHB resulted in a significant
decrease in mCD100 expression on both CD4 and CD8 T cells
(Fig. 6B) and simultaneously increased the sCD100 concentra-
tion in the supernatant (Fig. 6C). Interestingly, the effect was
not observed when MMP2 and MMP9 were used separately
(Fig. 6B,C).

Taken together, these data suggest that both MMP2 and
MMP9 are required for mCD100 cleavage on T cells and subse-
quent sCD100 formation during HBV infection; however, MMP2
expression appears to be selectively suppressed in chronic HBV
infection

Specific MMP2 and MMP9 inhibition in vivo delays HBV
clearance and suppresses intrahepatic anti-HBV CD8 T cell
responses
Next, we explored the functions of MMP2 and MMP9 in
mediating HBV clearance and anti-HBV CD8 T cell responses
in vivo. Mice were hydrodynamically injected with pSM2 to

Research Article Viral Hepatitis
nase B), have been reported to mediate mCD100 shedding from
different types of cell in several diseases.20,34–36 Therefore, we
first examined the intrahepatic mRNA expression of MMP14,
ADAM17, ADAMTS4, MMP9, and MMP2 (the other member of
gelatinase, gelatinase A) in the naїve mouse. The mouse liver
showed medium levels of MMP14 and ADAMTS4, but very low
levels of ADAM17 and MMP9 expression. Interestingly, the
expression of MMP2 was significantly higher than that of
MMP14, ADAM17, ADAMTS4, and MMP9 in the liver (Fig. 5A).
Next, we explored how HBV replication influences the intrahep-
atic expression of these MMPs in the HBV HDI mouse model. A
sustained and robust upregulation of intrahepatic MMP2 mRNA

was observed during HBV clearance in mice with
acute-resolving HBV replication compared with control mice

692 Journal of Hepatology 2
establish acute-resolving HBV replication and treated with
cyclic CTTHWGFTLC-peptide (CTT) to specifically inhibit the
activities of MMP2 and MMP9 (Fig. 7A).39 The CTT-treated
HBV-replicating mice showed significantly lower serum
sCD100 concentrations than their control peptide-treated
counterparts (Fig. 7B). The CTT-treated mice also showed sig-
nificantly higher serum HBeAg levels at 14 dpi and HBV DNA
levels at 21 dpi compared with the control peptide-treated
mice, whereas no difference in HBsAg was observed
(Fig. 7C). At 21 dpi, CTT-treated mice remained 20% positive
for serum HBsAg and 40% positive for HBeAg, whereas all of
their control counterparts cleared the virus (Fig. 7D). We also
found that significantly lower percentages of CD8 T cells from

the livers of CTT-treated mice were capable of producing IL-2

019 vol. 71 j 685–698



and TNF-a in response to anti-CD3, HBsAg, or HBcAg epitope
peptide restimulation than those from mice receiving the
control peptide (Figs. 7E and S8D,E). No significant effect on
cytokine production by CD8 T cells from the spleen was
mediated by CTT treatment. In addition, no difference in
IFN-c production by CD8 T cells from the liver or spleen
was observed between the two groups (data not shown).
Taken together, our data indicate that inhibition of MMP2
and MMP9 activities during the course of HBV clearance
results in decreased serum sCD100 levels, which delays HBV
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clearance, possibly by impairing intrahepatic anti-HBV T cell
responses.
Journal of Hepatology 2
Discussion
Many molecules have been reported to be involved in the com-
plex immune response against HBV. In this study, our findings
revealed that HBV infection affected mCD100 expression on T
cells and serum sCD100 levels. sCD100 stimulation induced
DC and LSEC activation and enhanced effector T cell responses.
Moreover, upregulation of sCD100 expression accelerated HBV
clearance and increased intrahepatic anti-HBV CTL response,
probably through the interaction between CD100 and CD72.
mCD100 shedding on T cells and sCD100 formation were
mediated by MMP2 and MMP9, whereas HBV infection affected
liver and serum MMP2 expression. Specific MMP2 and MMP9
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acute-resolving HBV infection, the liver produces increased
amounts of MMP2, which, together with MMP9, mediate
mCD100 shedding from the surface of T cells and NK cells in
secondary lymphoid organs and increase serum sCD100 levels.
By interacting with CD72, sCD100 induces the activation of APCs
in the spleen and liver, thus promoting the intrahepatic anti-
HBV CD8 T cell response. By contrast, during chronic HBV infec-
tion, decreased MMP2 expression results in insufficient sCD100
formation, which could lead to a compromised anti-HBV CD8 T
cell response and viral persistence (Fig. S9). However, the role of
mCD100/sCD100 in acute-resolving HBV infection versus clear-
ance of already-established chronic HBV infection might differ.
Given the limited access to samples from patients with acute
HBV infection, our hypothesis of the function of CD100 in acute
HBV infection was made mainly based on observations in the
HBV HDI mouse model. Studies should be conducted in the
future in natural hepatitis virus infection animal models, such
as acute/chronic woodchuck hepatitis virus-infected wood-
chucks, to thoroughly examine the kinetics and functions of
mCD100/sCD100.

Communication between immune cells is crucial for the
proper coordination of immune responses. The interplay
between cells of different organs is, to a great extent, achieved
by the interaction of soluble mediators with their respective
receptors or ligands.10 It remains largely unclear how local cells
in the liver and immune cells in the secondary lymphoid organs
communicate with each other during HBV infection. Previous
studies demonstrated the essential role of CD100 in the interac-
tion of T cells and APCs during immune responses.17 Impor-
tantly, after shedding from the cell surface upon cell
activation, the extracellular domain of CD100 remains biologi-
cally active to induce the maturation and activation of profes-
sional APCs, such as DCs and B cells.16,40,41 In line with these
findings, we demonstrated, for the first time, that sCD100 also
induces the activation of LSCEs, one of the most important pop-
ulations of liver-resident APCs.42 These properties make sCD100
a possible key factor that mediates the communication of
immune cells between the liver and the lymphoid organs during
a liver infection. These data are supported by the observation
that serum sCD100 levels were increased and positively corre-
lated with ALT levels in patients with acute HCV infection.21,43
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inhibition decreased sCD100 levels, delayed HBV clearance, and
suppressed intrahepatic anti-HBV CD8 T cell responses. Based
on these novel findings, we propose a model whereby, during
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Fig. 6. MMP2 and MMP9 mediate CD100 shedding from the surface of T
cells in patients with CHB. (A) Peripheral blood mononuclear cells (PBMCs)
of patients with CHB (n = 6) were cultured in the absence or presence of the
specific MMP2/9 inhibitor SB-3CT (0.1 lM) for 48 h. CD100 expression on CD4
and CD8 T cells was determined by flow cytometry. (B) PBMCs of patients
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and/or MMP9 (1 lg/ml) for 48 h. CD100 expression on CD4 and CD8 T cells
was determined by flow cytometry. (C) sCD100 levels in the supernatants
were measured by ELISA. Error bars, mean ± SEM; *p <0.05, **p <0.01,
***p <0.001, n.s., not significant (p >0.05); (A–C) one-way ANOVA. CHB,
chronic hepatitis B infection; MMP, matrix metalloprotease; PBMC, peripheral
blood mononuclear cell.
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An increasing number of studies have reported elevated
sCD100 levels during infectious and inflammatory dis-
eases.16,19–22,44,45 In some of these diseases, such as RA and
HFRS, significantly reduced CD100 expression on the surface
of PBMCs or T cells has been observed, suggesting that elevated
sCD100 levels are a result of enhanced shedding of CD100 from
the surface of these cells. In the current study, elevated serum
sCD100 levels and decreased surface CD100 expression on T
cells were observed during the course of acute-resolving but
not persistent HBV replication, suggesting that enhanced mem-
brane CD100 shedding is an important immunological event
related to HBV clearance. mCD100 shedding and subsequent
sCD100 formation are considered consequences of the cellular
activation of immune cells.19,40,46,47 The loss of CD100 expres-
sion is correlated with the immune activation status of CD8 T
cells in patients with HIV.23 Thus, it is likely that the elevated
sCD100 levels reflect the activation status of the adaptive
immune system. Along this line, we observed significantly
decreased sCD100 levels and increased mCD100 expression on
T cells in patients with chronic HBV, suggesting a lower activa-
tion status of T cells in these patients. This result is supported by
019 vol. 71 j 685–698



sion. The protein levels and enzymatic activities of MMP2 and

(HAND) than in patients with HIV-1 without HAND.48 The poly-
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the observation that T cells from these patients produced signif-
icantly less IFN-c in response to TCR stimulation compared with
HC (data not shown).

The mechanism by which peripheral sCD100 levels are regu-
lated during infectious and inflammatory diseases remains lar-
gely unknown. MMP14, ADAM17, and ADAMTS4, which
trigger CD100 cleavage from cell membranes, are involved in
tumour-induced angiogenesis, platelet activation, and RA pro-
gression, respectively.20,34,35 MMP9 was recently identified as
a new proteolytic enzyme for CD100 cleavage from T cells in
oral keratinocytes.36 Interestingly, whereas ADAMTS4 can
induce CD100 shedding from the membrane of THP-1 cells,20

MMP9 failed to do so, suggesting that proteolytic mediators of
CD100 shedding vary between cell types.36 However, in our cur-
rent study, MMP9 alone showed only limited effects on mediat-
ing CD100 cleavage from T cells in patients with CHB, whereas
both MMP2 and MMP9 were required for this process. Further-
more, the levels of MMP2 but not MMP9 consistently correlated
with sCD100 levels in patients with CHB. Therefore, we specu-
late that proteolytic mediators of CD100 shedding among differ-
ent diseases also vary.
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MMP9 were increased in patients with HIV-1 compared with
HIV-1-negative controls.48 The enzymatic activity of MMP-2,
but not MMP-9, was further increased in plasma samples of
patients with HIV-1-associated neurocognitive disorders
morphisms of MMP2 and MMP9 were associated with progres-
sion and assessment of prognosis for HIV-associated non-
Hodgkin lymphoma, periodontitis, and the development of
HAND and its severity.49 The intrahepatic expression level of
MMP2 and MMP9 was also significantly higher in patients with
HCV than in uninfected controls, and the overexpression of
MMP2 and MMP9 was associated with progressive hepatic
fibrosis, suggesting their pathogenic role in fibrogenesis.50

MMP9, but not MMP2, was found to be associated with intra-
hepatic HCV mRNA levels,51 and upregulation of MMP9 expres-
sion was observed during the transition from mild to moderate

51,52
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suggest that the increased MMP9 expression contributes to liver
fibrosis resolution.53 For example, MMP9 expression was
increased in carbon tetrachloride (CCL4)-induced liver fibrosis
mice, whereas adoptive transfer of microencapsulated human
mesenchymal stem cells decreased liver fibrosis in mice and
led to further significant increases in MMP9 expression.54

MMP9 is synthesized and released by human and rat KCs during
liver fibrogenesis.55 Adoptive transfer of KCs from wild-type
mice to thioacetamide-induced liver fibrosis mice promoted
liver fibrosis resolution, whereas the transfer of KCs from
MMP9�/� mice failed to improve fibrosis regression.56 Similar
results have been observed when DCs were used as donor cells
for the treatment of liver fibrosis in a CCL4-induced fibrosis
mouse model.57

Over the past year, a growing number of non-matrix sub-
strates for MMPs have been identified, many of which are
related to the modulation of inflammatory processes.58,59 By
regulating the availability and activity of inflammatory media-
tors, such as cytokines and chemokines, MMPs have important
roles in the pathogenesis of inflammatory diseases.60 It has also
been shown that inhibition of MMP activity reduced the intra-
hepatic recruitment of non-specific inflammatory cells and
ameliorated the severity of liver disease in HBV-transgenic mice
adoptively transferred with HBV-specific CTL.61 In this model,
the recruitment of non-specific inflammatory cells into the liver
is believed to be associated with the upregulation of MMP8 and
MMP9 expression in neutrophils after CTL transfer.61 Interest-
ingly, we also observed a slight increase in liver MMP9 expres-
sion at 21 days post HBV challenge in mice, which is the time
point of the peak infiltration of HBV-specific CTLs (data not
shown). Importantly, we demonstrated the sustained and pro-
found upregulation of liver MMP2 expression during the course
of HBV clearance, and inhibition of MMP2 and MMP9 activity
reduced intrahepatic HBV-specific CTL responses. Taken
together, these findings suggest that, in addition to participating
in the immunopathology of HBV infection, MMPs also have a
pivotal role in mediating intrahepatic anti-HBV CTL responses
by inducing CD100 cleavage. Although we showed that HBeAg
triggers MMP2 expression in LSECs, it remains unclear how
chronic HBV infection results in decreased MMP2 levels in
patients. Further studies are required to explore the mechanism
of MMP regulation during HBV infection.

Previous studies have shown that CD100 also exerts crucial
functions in regulating B cell15,40,62 and platelet activation.35,63

CD100 stimulation enhanced CD40-dependent B cell aggrega-
tion, proliferation, and differentiation.15,40,62 CD100 expression
on platelets increases upon platelet activation and promotes
platelet aggregate formation, which is followed by CD100 shed-
ding.35 Activated platelets are essential for the intrahepatic
accumulation of HBV-specific CTLs.64 The circulating HBV-
specific CTLs arrest within liver sinusoids by docking onto plate-
let aggregates previously adhered to sinusoidal hyaluronan.65

Therefore, whether increased sCD100 levels have a role in regu-
lating the humoral immune response and intrahepatic CTL
adhesion during the course of HBV clearance requires further
investigation.

The immunostimulatory properties of CD100, together with
its association with disease severity, make it a potential thera-
peutic target or prognostic biomarker in certain autoimmune
diseases and cancers.10 In vivo CD100 blockade reduces disease
severity in the experimental EAE animal model.66 Recently, a

phase I clinical trial demonstrated that the anti-CD100 antibody

696 Journal of Hepatology 2
VX15/2503 was safe and well tolerated at various doses in
patients with multiple sclerosis (MS).67 However, in EAE and
MS, enhanced production of sCD100 was observed, whereas
we found insufficient sCD100 production in chronic HBV infec-
tion. Importantly, increasing the sCD100 concentration
enhanced anti-HBV immune responses and accelerated HBV
clearance. Therefore, our study raises the questions of whether
sCD100 represents a useful biomarker for evaluating the
immune activation status in patients with CHB and whether it
could serve as a potential therapeutic target for the treatment
of chronic HBV infection, both of which should be addressed
in future studies.
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