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Background: Chronic Hepatitis B (CHB) remains a major problem for global public health. Viral persis-
tence and immune defects are the two major reasons for CHB, and it was hypothesized that based on a
transient clearance of serum viral DNA and HBsAg “window stage”, active immunization against hepatitis
B virus (HBV) might initiate effective host immune responses versus HBV to achieve functional cure of
CHB.
Methods: Two experimental mouse models that mice hydrodynamic injected HBV DNA or infected with
recombinant AAV/HBV were used. The “sandwich” therapeutic effect by using a potent human anti-HBsAg
neutralizing monoclonal antibody (G12) in combination with antiviral drug tenofovir disoproxil fumarate
(TDF), followed by active immunization with HBsAg-HBsAb (mYIC) was evaluated.
Findings: A single G12 injection rapidly cleared serum HBsAg in HDI-HBV carrier mice, with a synergistic
effect in decreasing viral DNA load when TDF was given orally. When both serum viral DNA and HBsAg
load became low or undetectable, mYIC was administered. A more effective clearance of viral DNA and
HBsAg was observed and serum HBsAb was developed only in these “sandwich”-treated mice. Efficient
intrahepatic anti-HBV immune responses were also observed in these mice, including the formation of
aggregates of myeloid cells with CD8" T cells and increased TNF-«, granzyme B production.
Interpretation: The “sandwich” combination therapy not only efficiently decreased HBsAg and HBV DNA
levels but also induced effective cellular and humoral immunity, which may result in functional cure of
CHB.
© 2019 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Research in context section

Evidence before this study

lowed by interferon therapy. Therapeutic vaccination for CHB
showed substantial efficacy. A humanized HBsAb G12 could ef-
ficiently block HBV infection and decrease HBsAg level in mice
model.

Persistence of HBV cccDNA and various host immune de-
fects were shown as the two main obstacles for HBV clear-
ance. Blocking a single target will not be sufficient to achieve
functional cure of CHB. A very small percentage of CHB pa-
tients could attain “functional cure” by antiviral treatment fol-
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Added value of this study

This research showed that when both serum viral DNA and HB-
sAg load became low or undetectable by antiviral and HBsAb treat-
ment, therapeutic vaccine (mYIC) add on induced effective, host
humoral and intrahepatic cellular anti-HBV immune responses,
with more rapid and efficient clearance of HBV and HBsAg.
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Implications of all the available evidence

Based on optimized antiviral treatment with potent human HB-
sAb to rapidly decrease serum HBsAg, followed by boosting host
with active immunization provides a novel strategy for functional
cure of CHB.

1. Introduction

Over 257 million individuals are living with chronic HBV infec-
tion and are at high risk of death from life-threatening compli-
cations such as liver cirrhosis and hepatocellular carcinoma [1,2].
The currently-approved drugs for CHB, including the nucleos(t)ide
analogues (NAs) and pegylated interferon (PEG-IFN), rarely achieve
functional cure [3]. Dominant challenges in achieving CHB cure are
presented by the stable presence of covalently closed circular DNA
within host hepatocytes, and the immune tolerance primarily in-
duced by the high hepatitis B surface antigen (HBsAg) load [4,5].
Thus, functional cure of CHB, characterized by loss of HBsAg and
presence of HBsAb, is urgently needed.

While it is now generally accepted that blocking a single tar-
get will not be sufficient to reach functional cure, recent clinical
data have indicated the promising potential of combination ther-
apies for CHB treatment. For instance, PEG-IFN and the tenofovir
disoproxil fumarate (TDF) combination increased HBeAg serocon-
version and loss of HBsAg in some HBeAg"®, HBV DNA low CHB
patients [6]. In some patients who displayed a low-level of serum
HBsAg under long-term antiviral drug treatment, HBsAg loss was
observed after they received add-on PEG-IFN treatment [7]. At the
same time, several monoclonal antibodies targeting HBsAg have
been developed and are being evaluated at different pre-clinical
or clinical stages [8-10]. These antibodies are capable of reducing
serum HBsAg, and therefore may play a pivotal role in combination
therapies for CHB functional cure.

Recently, we hypothesized that based on a transient clearance
of serum viral DNA and HBsAg “window stage”, active immuniza-
tion against HBV might initiate effective host immune responses
versus HBV to achieve functional cure of CHB [11]. In this arti-
cle, HBV DNA hydrodynamic injected (HDI-HBV) mice, and adeno-
associated virus infection based (AAV/HBV) mice were used as
experimental models. Antiviral drug TDF was given orally to in-
hibit virus replication, followed by injection of an anti-HBs neu-
tralizing monoclonal antibody (G12), which showed synergistic ef-
fect in decreasing viral DNA and serum HBsAg load. At this win-
dow stage, HBsAg-anti-HBs complex (mYIC) was administered to
stimulate active immune responses, and therapeutic efficacies are
shown.

2. Materials and methods
2.1. Antibodies and reagents

The generation and GLP production of IgG1 monoclonal anti-
body G12 has been described previously [12]. Human HBIG (Bay-
Hep B) was manufactured by Bayer Co., Ltd. The unrelated control
antibody m336 was an anti-MERS-CoV human IgG1 monoclonal
antibody [13]. The antibody concentrations were determined by
absorbance at 280 nm using a NanoDrop 2000 spectrophotometer
(Thermo Fisher). The HBsAg and mouse HBsAb immune complex
(mYIC) was produced as reported previously [14].

2.2. Mouse models of persistent HBV infection and anti-HBV therapies
Five- to six-week-old male C57BL/6 mice were purchased from

Sino-British Sippr/BK Lab Animal Ltd Co., Shanghai, China. All mice
were kept under specific pathogen-free conditions in the Animal

Department of Shanghai Public Health Clinical Center (SPHCC). The
HDI-HBV mouse model was constructed as previously described by
hydrodynamic-injection a pUC18-BPS plasmid containing HBV se-
quence cloned from a CHB patient [15]. HBsAg-positive mice were
used ten weeks after the injection. The AAV/HBV mouse model
[16] was constructed by injection 10'" or 2 x 1010 AAV/HBV1.3
(Five-plus Molecular Medicine Institute, China) via tail vein and
used for evaluating combination therapy four weeks after the es-
tablishment. G12, and the m336 was injected via a tail vein at a
dose of 25mg/kg (0.5mg per mice), and HBIG was used at 40 IU
(200 IU/ml in 200 wl) per injection. TDF was intragastrically ad-
ministrated 30 mg/kg every other day.

2.3. Detection of HBV serological markers

At intervals, mice were bled via a retro-orbital sinus. HBsAg,
HBeAg and aminotransferase (ALT) levels were quantified using
a Roche Cobas 6000 by Shanghai Labway Clinical Laboratory Co.,
Ltd. The HBV DNA levels in sera were determined by the HBV
DNA Quantitative Fluorescent Diagnostic Kit (Shengxiang Co., Ltd,
China). To specifically detect the HBsAb generated by immunized
mice, samples were assayed by HBsAb detection kit (KBH, China).
The titer of HBsAb was calculated by a standard curve of se-
rial dilutions (108 ng/mL ~ 0.1ng/mL) of mouse monoclonal HB-
sADb (clone: B0, Luoyang Bai Aotong Experimental Materials Center,
China) or G12.

2.4. Immuno-histopathology of mouse liver

Mice were euthanized with CO, and their livers were per-
fused with PBS. The largest lobe was divided into two pieces for
10% neutral-buffered formalin fixation or Optimal Cutting Tem-
perature (O.C.T., Tissue-Tek) embedding, separately. Formalin-fixed,
paraffin-embedded (FFPE) sections at 6-um were used for HB-
sAg and HBcAg detection with rabbit polyclonal anti-HBsAg an-
tibody (#20-HR20, Fitzgerald), rabbit polyclonal anti-HBcAg anti-
body (#B0586, Dako) and HRP-labeled goat-anti-rabbit secondary
antibody (#PV-9001, Zhongshan Jingiao Biotechnology Co, Ltd,
China). Stained slides were scanned with a Pannotamic MIDI (3D
HISTECH) and HBcAg and HBsAg expression were calculated by
the Image ] (FIJI) according to the DAB-positive area in one 10-
fold-magnification-scope by CaseViewer (3D HISTECH). Frozen sec-
tions were overnight-stained with fluorescence-labeled antibodies
MHC II-PE (#12-5321-81, eBioscience), CD3-FITC (#100,204, Biole-
gend), or Granzyme B-FITC (#11-8898-82, Invitrogen), CD11b-PE
(#101,208, BioLegend) at 4 °C. For CD8 and MHC II co-staining, rat
anti-mouse-CD8 (#LS-C45251-250, Lifespan Biosciences) and Alexa
Fluor 488 labeled goat-anti-Rat (#A21208, Invitrogen) were applied
to stain CD8 followed by MHC II-PE staining. Sections were fur-
ther stained with Hoechst 33,342 (Invitrogen), mounted with flu-
orescence mounting medium (Dako) and visualized with confocal
microscopy (Leica TCS Sp5) under oil immersion and analyzed by
Leica Application Suite (LAS) AF.

2.5. Enzyme-linked immunospot assay (ELISPOT)

ELISPOT assay was done with bone marrow cells according to
the protocols described previously [17]. Briefly, 1.5 ug CHO cell-
expressed HBsAg (North China Pharmaceuticals Co., Ltd) in 100 uL
PBS was coated to the ethanol-treated PVDF membrane plate at
4 °C overnight. Bone marrow cells were seeded at 2 x 10 cells per
well in duplicate and incubated 37 °C for 16 h. The plate was de-
tected by adding biotinylated goat anti-mouse IgG (#Ab6788, Ab-
cam) and streptavidin-conjugated alkaline phosphatase (BD Bio-
science). Spots were visualized by BCIP/NBT substrate and counted
in an AT-Spot 1100 ELISpot analysis system.
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2.6. HBV specific T cells response detection

Cryopreserved splenocytes in liquid nitrogen were resuscitated
and cells from individual group were plated at 2 x 105/ml cells per
well in 24 wells plate and stimulated with or without 1 ug/ml
env190 peptide (VWLSVIWM) and at 37 °C for 10 h. Golgistrop (BD
Bioscience) was added in the last 4 h to block cytokine secre-
tion. FACS staining was performed with the following antibodies:
CD3 PE (#553,063, BD Bioscience), CD8 FITC (#553,031, BD Bio-
science), IFN-y PE-Cy7 (#557,649, BD Bioscience). The data were
acquired on Attune NXT Flow Cytometry (Invitrogen) and analyzed
by Flowjo software.

2.7. Isolation and identification of immune cells from mouse liver

The liver nonparenchymal cells were isolated as described
[18]. The harvested cells were stained with two separate panels
of antibodies, including CD3-PE (#553,063, BD Bioscience), CD8-
FITC (#553,031, BD Bioscience), CD69-PE-Cy7 (#25-0691-81, eBio-
science), CD45-APC-Cy7 (#103,116, Biolegend) and CD11b-PE-Cy7
(#101,215, BioLegend), TNF-«-Pacific Blue (#506,318, Biolegend),
Ly6G-Percp-Cy5.5 (#127,616, Biolegend).

2.8. Statistical analysis

Error bars in data represent mean + SEM. Data were ana-
lyzed using an unpaired two-tailed Mann-Whitney U test using
the GraphPad Prism 8 statistical software (GraphPad Software Inc.).
A value of p < 0.05 was considered statistically significant (*
p < 0.05; ** p < 0.01).

3. Results
3.1. G12 significantly decreased HBsAg level in HDI-HBV mouse model

At first, the HDI-HBV C57BL/6 mouse model was used to eval-
uate the reduction of HBsAg by G12[15]. After eight weeks of HDI,
the HBsAg positive mice were grouped according to their relative
HBsAg levels and treated with a single dose of G12. Either an ir-
relevant human monoclonal antibody (m336) or HBIG was used as
a control (Fig. 1a). A single dose of G12 reduced HBsAg to neg-
ligible levels in contrast to HBIG or m336 one day after the in-
jection (Fig. 1b). The extremely low levels of serum HBsAg were
maintained for more than 20 days, with a rebound after 24 days.
The difference in HBsAg levels among the three groups had dis-
appeared by 34 days. In contrast, a reduction in serum HBeAg by
G12 did not occur during this monitoring period (Fig. 1c) and ALT
fluctuation was not observed in these G12-treated mice (supple-
mentary Fig. 1). Additionally, G12-treated mice exhibited about one
logyo lower serum HBV DNA levels than those that received control
m336 or HBIG on day 20 post-infusion (Fig. 1d). HBIG did not show
an inhibitory effect in this mouse model, possibly due to a lack of
sufficient neutralization antibodies in the polyclonal immunoglob-
ulins. Taken together, these results confirmed that G12 was able to
potently decrease HBsAg levels in vivo.

3.2. Pharmacokinetic study of G12 in HDI-HBV mouse model

To explore the mechanism for the HBsAg rebound 24 days af-
ter G12 infusion, the pharmacokinetics in individual mice in the
treated group were assayed. On average, G12 showed significantly
longer half-life than the isotype control antibody m336 (supple-
mentary Fig. 2). Interestingly, the pharmacokinetics of G12 varied
markedly among the treated mice. G12 concentrations decreased
slowly in mice 4, 6, 7, faster in mice 2, 3 and the fastest in mice 1,
5 (Fig. 1e). Plasma HBsAb concentrations, calculated using a Roche

Combas 6000, showed identical declining trends (supplementary
Fig. 3). In addition, at day 24, the concentration of G12 decreased
to a very low level in mouse 1(Fig. 1e). Accordingly, the rebound
of HBsAg was only observed in mouse 1 at that time (Fig. 1f). At
day 29, mice 1 and 5 that had the lowest levels of G12 displayed
HBsAg rebound. Similarly, the four mice (mice 1, 2, 3, 5) that expe-
rienced HBsAg rebound at day 34 also had very low levels of G12
antibodies in serum. These results suggest that persistent HBsAg
suppression is correlated with high HBsAb levels in vivo.

Because of the fully-human origin of the G12 antibody, the
production of mouse anti-human antibody (MAHA) in G12-treated
mice was monitored (supplementary Fig. 4). As expected, the injec-
tion of human monoclonal antibody G12 induced different levels
of MAHA in different mice. Of note, mice 1 and 5, which displayed
the fastest G12 clearance, also had much higher levels of MAHA,
compared to other mice after 2 weeks of antibody infusion. These
findings suggest that the in vivo clearance of G12 was partially due
to MAHA, and that human antibody G12 may display longer half-
lives if tested in humans.

3.3. Additional G12 treatment resulted in HBsAg clearance in
HDI-HBV model

Since the efficacy of G12 largely depends on its concentration
in vivo, we injected two additional doses of G12 into the HDI-HBV
mice at 40 and 65 days after the initial antibody infusion (Fig. 2a).
As expected, the G12 injection quickly reduced HBsAg to unde-
tectable levels. However, the rebound time of HBsAg was short-
ened to ten days after the third G12 injection (data not shown),
probably owing to the faster G12 clearance by MAHA. Interestingly,
after prolonged follow-up, the mice that received three injections
of G12 showed gradual clearance of HBsAg. Five out of six mice
in the G12 group cleared HBsAg by four months after the first
injection (Fig. 2b). By eight months after the first injection, HB-
sAg was cleared in all of the G12-treated mice, while more than
half of the mice in the control and HBIG groups remained HB-
sAg positive (Fig. 2c). Three of six mice in the G12-treated group
produced HBsAb, while only one mouse produced HBsAb in the
HBIG group and no mouse produced HBsAb in the m336-treated
group (Fig. 2d). These data suggest that the long-lasting blockage
of HBsAg by G12 may have evoked the host’s anti-HBsAg humoral
response.

3.4. Combination therapy with G12 antibody, TDF and HBsAg-HBsAb
immune complex in AAV/HBV mouse model

Because combination therapy has shown a promising substan-
tial therapeutic efficacy in CHB patients, an AAV/HBV carrier mouse
model with long-term high expression of HBsAg was established.
First, the efficacy of G12 combined with a daily regimen of TDF
was examined in this model. Mice were either intragastrically ad-
ministered with 30mg/kg TDF (n=10) or DMSO solution (con-
trol group) for 10 days, and then injected with one dose of G12
(Fig. 3a). Both TDF and G12 monotherapy decreased serum HBV
DNA level by more than one logqg (p < 0.01) (Fig. 3b). G12 and TDF
synergistically reduced HBV DNA to an even lower level in compar-
ison with TDF or G12 single treatment (p < 0.01).

In previous clinical studies using HBsAg-HBIG immune complex
(YIC) as a therapeutic vaccine, decreases of HBV DNA and HBeAg
seroconversion were found in around 21% of CHB patients [19].
Based on the “sandwich” strategy, we examined the combined ef-
fect of TDF, G12 and a mouse-derived YIC (mYIC) in the AAV/ HBV-
carrier mice. Mice were grouped 4 weeks after AAV/HBV1.3 infec-
tion and then were given TDF intragastrically throughout the ex-
periment. After 5 days of TDF treatment, mice were sequentially
treated with G12 and mYIC or mYIC alone. The dynamics of HBsAg
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Fig. 1. G12 decreased HBsAg in HBV carrier mouse model. HDI-HBV-carrier mice were injected with 0.5mg m336 antibody, G12 or 40 IU HBIG (a). Mice were bled and
kinetics of HBsAg (b) and HBeAg (c) levels in the control m336 antibody (black), HBIG (red), or G12 (blue) groups are shown. The data represent mean + SEM, n=9 before
day 4 and n=7 after day 4 because two mice were sacrificed at day 3. (d) The HBV DNA level was quantified before or 20 days after the treatment. Significant differences
between groups are indicated on the top (* p < 0.05; two-tailed unpaired Mann-Whitney U test). (e) The G12 levels in individual mice at 24, 29 and 34 days after one single
injection are shown. (f) The HBsAg levels at 24, 29 and 34 days after the G12 infusion in each mouse are also presented.

and HBeAg levels were examined at days 5, 12 and 19 after injec-
tion (Fig. 3c). Rapid HBsAg loss by day five was observed for both
the G12 (TDF +G12) and “sandwich” groups (TDF +G12 +mYIC)
(supplementary Fig. 5a). Notably, the HBsAg level in the “sand-
wich” group remained lower in comparison with the earlier HB-
sAg rebound seen in the G12 group at day 12 (p < 0.05; Fig. 3d).
The mYIC group (TDF +mYIC) did not show a significant reduction
of HBsAg levels. However, due to the continuous HBsAg expression
by AAV in this animal model, HBsAg rebound was seen in all the
treated groups after 19 days.

Since no significant differences were found among the groups
of mice nineteen days after one treatment, we treated the mice
with two additional doses of combination therapy at days twenty
and thirty-four and sacrificed the mice three weeks after the third
injection (Fig. 4a). The dynamic HBsAg change during the three
treatment was analyzed. Though there was no significant reduc-
tion of serum HBsAg level among the groups two weeks after
the second injection, the third “sandwich” infusion resulted in de-
cline of HBsAg, and the HBsAg level significantly decreased in
comparison with TDF (p < 0.01), TDF +G12 (p=0.03) and TDF
+mYIC (p=0.056) three weeks after the treatment (Fig.4b). No-
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tably, after the three treatments, a significant reduction of HBeAg
levels was only observed in the sandwich group compared to
the control TDF group (p=0.01; Fig. 4c). Importantly, in addi-
tion to the reduced HBsAg in the circulation, intrahepatic HB-
sAg and HBcAg expression levels were also markedly reduced
in the sandwich group (p < 0.01; Fig. 4d-f). The ALT levels
were examined two weeks after the third injection, and no ob-
vious ALT elevation was observed in the sandwich treated group
in comparison with the other groups (supplementary Fig. 5b).
Hematoxylin-stained areas were calculated to ensure that similar
hepatocyte numbers were counted in each scope (supplementary
Fig. 6).

3.5. Humoral and cellular immune response in AAV/HBV mice
receiving the “sandwich” therapy

Significantly higher HBsAb levels were observed by ELISA in
the “sandwich” treated mice compared to the G12-treated group
(p=0.03; Fig. 5a). Though there’s no significance when compared
with the mYIC-treated groups (p=0.15), three of five mice showed
significant elevated HBsAD in the “sandwich” treated mice. The in-
duction of HBsAb was closely related to the reduction of HBsAg in
the “sandwich”-treated mice (supplementary Fig. 7).

To confirm the production of the HBsAb in “sandwich”-treated
mice, HBsAb-specific secreting plasma cells were examined in the
bone marrow cells from different groups of mice by ELISPOT assay.
Although only a few small dots were observed in the mYIC-treated
(TDF + mYIC), the G12-treated (TDF + G12) or the TDF-only mice,
higher numbers and bigger dots were observed in the “sandwich”
(TDF + G12 + mYIC) treated mice (Fig. 5b and ¢, p < 0.01). Lym-
phocytes from spleen- and liver-draining lymph nodes were also
analyzed for the presence of HBsAb-secreting plasma cells; the
numbers of antibody-secreting cells from the “sandwich” group
were increased, though the dots were not as big as those from
the bone marrow (data not shown). In addition, HBsAg specific
T cell response was also examined and the HBsAg-specific IFN-
Y-secreting CD8* T cells in mouse spleens were significantly in-
creased after the third “sandwich” regimen in comparison with the
G12-treated (TDF + G12) or the TDF-only mice (Fig. 5d and 5e,
p=0.016 and p < 0.01, respectively), though no significant differ-
ence was found as compared with the mYIC-treated (TDF+mYIC)
mice (p=0.15). These results showed that the “sandwich” treat-
ment evoked a more effective HBsAg specific T cells and B cell re-
sponse compared to the other treatments.

3.6. Immune responses in livers of AAV/HBV mice receiving sandwich
therapy

Liver histology revealed only a few immune cell infiltration
spots in the portal area of livers of mice receiving only G12, mYIC
or TDF. In contrast, liver sections from “sandwich”-treated mice
showed accumulated islands of infiltrating immune cell in the liver
lobule area and a slight increase of immune cells in the liver si-
nusoids (Fig. 6a). These accumulated immune cells were typically
comprised of dozens of MHC II* myeloid cells aggregated with
CD3* T cells and CD8* T cell, whereas only a few MHC II bright
and CD3* or CD8* T cells were found in the sections from mice
treated with TDF-only (Fig. 6b and c). Also, compared with the
controls, lymphocytes with increased granzyme B expression in cy-
tosol were also found to be accumulated with CD11b* myeloid
cells that mainly account for the MHC II* cells in the “sandwich”-
treated mice’ liver, while only few CD11b* and Granzyme B cells
were found in the TDF-only mice’ livers (Fig. 6d). Liver non-
parenchymal cells were also isolated and analyzed by flow cy-
tometry; significantly increased CD11b* myeloid cells were found
among CD45* cells which excluded Ly6G* neutrophils, (Fig. 6e

and f), indicating the recruitment of antigen-presenting cells in
loci. Furthermore, TNF-« production by recruited CD11b* cells
were also significantly upregulated in the “sandwich”-treated mice
(Fig. 6e and f). In addition, the CD8" T cells showed decreased
CD69 expression in the “sandwich”-treated mice suggesting a high
proliferation of these CD8* T cells in vivo (Fig. 6g and h) [20].
Notwithstanding these immune responses in livers, no obvious el-
evation of ALT was observed in any groups of mice (data not
shown).

4. Discussion

The pathogenesis of CHB is a consequence of persistent HBV
replication, expression of various viral antigens and complex de-
fects in acquired and innate host immune responses [21,22]. HB-
sAg, which can be present with as high as 10" particles/mL in HBV
carriers or patients, has been shown to inhibit host immune re-
sponses by multiple mechanisms including mediating T cell clonal
depletion, exhaustion of HBV-specific T [23-25]. Thus, clearance of
HBsAg is considered a crucial step for restoration of host immunity
and achieving functional cure of CHB. Therefore, both rapid and
efficient decrease in the load of HBsAg and induction of effective
host immunity are the two arms in seeking functional cure. How-
ever, among all these strategies, there has not been studies on us-
ing active immunization based on transient clearance of HBV and
HBsAg “window stage”.

Combination therapies have previously been pursued in CHB
patients and animals. In patients, only combinations of IFN and
NAs have been assessed in several clinical trials. However, this
strategy was only shown to increase HBsAg loss and seroconver-
sion rate in a very small proportion of CHB patients whose serum
HBsAg levels under 1500 mIU/mL [26,27]. A well-designed exper-
imental study in mice found that multiple mouse HBsAb infu-
sions followed with a combination of an HBsAg vaccine and a
TLR9 agonist induced HBsAb and HBV-specific CTL responses in the
AAV/HBV mice model [18]. However, the mouse antibody was in-
fused with 3-day interval for more than 10 weeks, which needs to
be modified to make it a feasible treatment for patients.

In this study, we aimed to generate a strategy that is applica-
ble in future clinical settings and therefore used a potent fully hu-
man HBsAb G12 which had at least 1000-fold more potency than
HBIG for neutralizing HBV infectivity in vitro [12]. We showed that
G12 together with TDF antiviral treatment had some synergetic ef-
fect, showing its potential for use in patients already under antivi-
ral treatment. Because three dose G12 infusions resulted in HBsAg
clearance in HDI-HBV model, our findings suggested that exten-
sive HBsAD treatment to decrease HBsAg at an extremely low level
could restore the host immune response to clear the antigen.

Based on these findings, active immunization with HBsAg-
HBsAb immune complex was used to stimulate more effective host
response. HBsAg-HBsAb immune complex therapeutic vaccine has
been established in our laboratory [28] and in phase IIB clinical
trials, six injections per month followed for six months have been
shown to result in HBeAg seroconversion rates of around 20% [29].
In addition, this vaccine was shown to decrease the percentage
of regulatory T cells and to increase T helper cells and cytotoxic
CD8* T cells [19]. Here, adding a mouse version of this therapeutic
vaccine to the “sandwich” strategy efficiently induced both HBsAg-
specific humoral and cellular immune responses. The existence of
HBsAb-secreting plasma cells found in the bone marrow was con-
sistent with the high level of HBsAb production and supported the
conclusion that the “sandwich” strategy indeed triggered effective
humoral immune responses. Most importantly, histological studies
showed that the “sandwich” therapy evoked efficient immune re-
sponses in the liver with immune cells infiltrating in the carrier
mice’s livers. The presence of MHC II* myeloid cells and T cells
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Fig. 5. The “sandwich” therapy significantly induced humoral immune response to HBsAg. (a) The production of mouse HBsAb in the “sandwich”-treated group (n=5) was
quantified by ELISA with a standard curve of mouse monoclonal HBsAb. 2 x 106 bone marrow cells were collected at the endpoint and tested by B cell-ELISPOT in duplicate
(b) and the dots in each well were quantified (c). The splenocytes from each group were stimulated with env190 and the IFN-Y production in CD3*CD8*T cells were
examined (d) and compared (e). * p < 0.05, ** p < 0.01 by two-tailed Mann-Whitney U test (a, c, e).

forming aggregates in the lobule area, together with upregulated
granzyme B and TNF-« production in the infiltrated CD11b* cells
was highly accordant with the significantly downregulated expres-
sion of HBsAg and HBcAg in the liver. Evidently, effective immune
responses were elicited in the target liver.

A concern with “sandwich” treatment is that the infused HBsAb
binds to HBsAg to form immune complexes in vivo, which might
lead to immune pathology such as nephritis or cardiovascular in-
flammation. In our study, G12 single treatment did not result in
either acute (five days) or long-term (three months) hepatic dam-

age, or renal and heart inflammation post-infusion (supplementary
Fig. 8). In addition, no adverse complications have been reported
in CHB patients receiving high-dose HBIG treatment [30]. Although
there were immune cells infiltrating in mouse livers in this study,
we did not find obvious ALT elevation in the single G12 or “sand-
wich” treated mice. All these previous studies and our present data
indicated the safety of the antibody-based therapeutic treatment
strategy for CHB patients. However, protocol optimization for im-
proved efficacy and careful evaluation of the safety of the “sand-
wich” strategy in future clinical trials are merited.
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