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Tumor necrosis factor-alpha blockage therapy impairs
hepatitis B viral clearance and enhances T-cell exhaustion
in @ mouse model

I-Tsu Chyuan"®®, Hwei-Fang Tsai>>®, Horng-Tay Tzeng", Chi-Chang Sung*, Chien-Sheng Wu’,
Pei-Jer Chen® and Ping-Ning Hsu®’

Hepatitis B virus (HBV) reactivation and recurrence are common in patients undergoing immunosuppression therapy.
Tumor necrosis factor (TNF) blockage therapy is effective for the treatment of many autoimmune inflammatory diseases.
However, the role of TNF-a blockage therapy in the innate and adaptive immune responses against HBV is still not clear. A
detailed analysis of HBV infection under TNF-o blockage therapy is essential for the prophylaxis and therapy for HBV
reactivation and recurrence. In this study, HBV clearance and T-cell responses were analyzed in a HBV-transfected mouse
model under anti-TNF blockage therapy. Our results demonstrated that under TNF-a blockage therapy, HBV viral
clearance was impaired with persistent elevated HBV viral load in a dose- and temporal-dependent manner. The
impairment of HBV clearance under anti-TNF-a blockage therapy occurred at early time points after HBV infection. In
addition, TNF-a blockade maintained a higher serum HBV viral load and increased the number of intrahepatic
programmed cell death (PD)-1"8"CD127'" exhausted T cells. Furthermore, TNF-a blockade abolished Toll-like receptor
9 (TLR9) ligand-induced facilitation of HBV viral clearance. Taken together, TNF-o blockade impairs HBV clearance and
enhances viral load, and these effects depend on early administration after HBV infection. Our results here demonstrate
that early TNF-a blockade reduces viral clearance and persistently maintains elevated HBV viral load in a mouse model,
suggesting that HBV may reactivate during therapy with TNF-a-blocking agents.
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INTRODUCTION

Hepatitis B virus (HBV) infection causes acute and chronic
necroinflammatory hepatitis in humans. Approximately 5%-—
10% of HBV infections in adults become chronic." An efficient
clearance of HBV requires coordinated actions of both the
innate and adaptive immune responses.> Innate immunity
induces an antiviral effect on infected cells by producing type
I interferon and promotes the efficient maturation and local
recruitment of adaptive immunity through the production of
pro-inflammatory cytokines, especially tumor necrosis factor-
alpha (TNF-a) “4However, in chronic HBV infection, impaired

HBV-specific immune responses fail to eliminate infected
hepatocytes, resulting in the persistence of HBV. Although
the activation of the innate immune response has a key role
in initiating the adaptive immune response, experimental
results of HBV infection in both chimpanzees and woodchucks
demonstrated non- or limited activation of innate immunity in
acute HBV infection.”® A number of recent studies’'® have
investigated and suggested the involvement of innate cells, such
as nature killer and nature killer T cells, in chronic HBV infec-
tion and suggested that these cells could play a role in liver
damage during reactivation. Nevertheless, the role of innate
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immunity in viral clearance during HBV infection is still not
clear.

TNF-a is known for its pro-inflammatory property in anti-
tumor activity, immune modulation, and the integrated host
defense system against infectious diseases. In HBV infection,
TNF-a supports HBV-specific cytotoxic T lymphocytes to
abolish HBV replication in hepatocytes'' and delivers non-
cytopathic antiviral signals to hepatocytes to degrade the cyto-
plasmic transcript and the nucleocapsid particles of HBV.'? In
adoptively transferred HBV-specific cytotoxic T lymphocytes
in an HBV-transgenic mouse model, TNF-a can abolish HBV
gene expression and replication in the liver without killing the
hepatocytes.'® In an acutely HBV-infected chimpanzee model,
HBV DNA was shown to largely disappear from the liver and
the blood long before the peak of T-cell infiltration, showing a
non-cytopathic role for TNF-ot in HBV viral clearance.'* In
addition, studies from TNF-a knockout mice have also demon-
strated that lack of the effect of TNF-o. would impair the CD8 ™"
T-cell response to HBV, leading to ineffectiveness of viral clear-
ance.'™'® These observations indicate that TNF-o. is a crucial
innate cytokine for clearing HBV and eliminating HBV viral
load in the host immune response against HBV infection.

Persistent exposure to viral antigens leads to progressive func-
tional impairment of T cells, so called T-cell exhaustion.!” ™"
Recent studies in animal models of viral infection indicated that
the interaction between programmed cell death (PD)-1 on lym-
phocytes and its ligands plays a critical role in T-cell exhaustion
by inducing T-cell inactivation. Persistent viral antigen stimu-
lation correlates with the exhaustion of a previously stable
primed T-cell population.'” HBV-specific PD-1-positive
CD8-positive T cells of patients with chronic HBV infection also
displayed lower levels of the interleukin (IL)-7 receptor, CD127,
which was previously described in association with the
exhausted phenotype.”’ However, the effects of TNF-o blockage
therapy on T-cell exhaustion and the adaptive immune response
in HBV infection is still uncertain.

TNF-o blockage therapy is effective for the treatment of many
autoimmune inflammatory diseases such as rheumatoid arth-
ritis, ankylosing spondylitis, Crohn’s disease or psoriasis.”' >’
However, there are limited reports on its effect on HBV persist-
ence and reactivation in chronic HBV infection during anti-TNF
therapy.**** The role of anti-TNF therapy in chronic HBV infec-
tion is still not clear, and detailed analysis of HBV infection
under TNF-o blockage therapy is essential for the prophylaxis
and therapy for HBV reactivation and recurrence.

In this study, we investigated the dynamic change of HBV viral
load and the clearance of HBV under the influence of TNF-a
blockage therapy by using immunocompetent mice hydrodynami-
cally transfected with an HBV DNA-expressing plasmid.*>*” The
model was used to clarify the relationship between blockage of
TNF-o. and HBV viral load and to provide evidence that anti-
TNF treatment leads to delayed clearance of HBV. We demonstrate
here that early blockage of TNF-o reduces viral clearance and
enhances T-cell exhaustion in this mouse model, suggesting that
HBV may reactivate during therapy with TNF-o-blocking agents.
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MATERIALS AND METHODS

Animals

BALB/c and C57BL/6 mice (male, 67 weeks) were obtained from
the National Laboratory Animal Center, Taiwan. TNF-o knock-
out mice (C57BL/6 background; H-2" haplotype) were obtained
from Dr Chun-Jen Chen (National Taiwan University, Taiwan).
All the experimental mice were maintained in a specific pathogen-
free environment. All animal experiments were approved by the
Animal Ethical Committee of National Taiwan University.

Hydrodynamic injection

BALB/c or C57BL/6 mice were anesthetized with ketamine and
xylazine. Ten micrograms of HBV DNA-expressing plasmid,
PAAV/HBV1.2, in a volume equivalent to 8% of the mouse
body weight was injected via tail veins within 5 s of anesthetiza-
tion. The plasmid DNA was purified using the EndoFree Maxi
plasmid kit (Qiagen, Hilden, Germany).

Reagents

Soluble TNF-a receptor, etanercept (Enbrel), was purchased
from commercial sources (Pfizer, New York City, NY, USA).
Toll-like receptor-9 (TLR9) ligand (CpG oligodeoxynucleotide
1668: 5'-S-TCCATGACGTTCCTGATGCT-3") and control
non-TLRY ligand (non-CpG oligodeoxynucleotide 1720: 5'-
S-TCCATGAGCTTCCTGATGCT-3") were from Bioneer Inc.
(Alameda, CA, USA).

Detection of serum HBV antigen, HBV DNA and ALT
Serum titers of HBV surface antigen (HBsAg) in mice were abso-
lutely quantified using the ABBOTT PRISM HBsAg assay kit
(Abbott Laboratories, North Chicago, IL, USA) and semi-quan-
tified using the AXSYM system kit (Abbott Diagnostika,
Wiesbaden Delkenheim, Germany). The obtained signal-to-noise
(S/N) ratio for titer of HBsAg was compared with a standard
curve with known concentrations of HBsAg. HBsAg-positivity
was defined as an S/N ratio greater than 2. HBV DNA was mea-
sured by the extraction of total DNA of serum samples and then
detected by real-time PCR as previously described.”® Serum ala-
nine aminotransferase (ALT) was measured using ALT/GPT
reagent (Denka Seiken, Tokyo, Japan) on the automated clinical
chemistry analyzer TBA-200FR (Toshiba, Tokyo, Japan).

Immunohistochemistry

Liver tissues were collected from the euthanized mice at the
indicated time points. Intrahepatic HBsAg or HBV core anti-
gen was visualized by immunohistochemical staining of tissues
embedded in paraffin by rabbit anti-HBc or anti-HBs antibod-
ies (DAKO, Carpinteria, CA, USA; Biomeda, Foster City, CA,
USA) and Envisio System, HRP (diaminobenzidine) (DAKO).

Isolation of intrahepatic leukocytes (IHLs)

Mice were anesthetized with tribromoethanol (Avertin) 0.2 ml/
10 g. The chest and abdomen were opened. The inferior vena
cava below the liver was cannulated with a scalp vein needle and
then gripped by microclips. The inferior vena cava above the
liver was clamped by microclips. The liver was perfused with



10 ml phosphate-buffered saline (PBS) at the rate of 5 ml/min.
After the excision of whole liver, the liver was minced by a
plunger passing through 70 pm nylon mesh to obtain a liver
cell suspension. The liver cell suspension was collected and
washed with HBSS to a final volume of 50 ml. Hepatocytes
and large cell clumps were removed by 50¢ centrifugation at
4 °C twice, and then the pellet was discarded. The supernatant
containing IHLs was pelleted by 300g centrifugation at 4 °C
for 10 min. The cell pellet was resuspended in 40% HBSS and
layered gently on top of a 70% Percoll solution (GE Healthcare,
Piscataway, NJ, USA). Next, the cells were centrifuged at 1200g
for 20 minutes at 25 °C. Viable IHLs were recoverable at the
40%/70% Percoll interphase. IHLs were collected, washed with
15 ml HBSS, and centrifuged at 300g for 10 min at 4 °C. The cell
pellet was collected for downstream applications.

Flow cytometry

Multiparameter flow cytometry was performed according to a
standard protocol. Surface staining was performed using the fol-
lowing anti-mouse monoclonal antibodies: allophycocyanin-
conjugated anti-CD3, phycoerythrin-cy5.5-conjugated anti-CD8
(BD Biosciences, Palo Alto, CA, USA); fluorescein isothiocyanate-
conjugated anti-CD127 (eBioscience, San Diego, CA, USA) and
phycoerythrin-conjugated anti-PD-1 (eBioscience). Cells were
labeled in fluorescence-activated cell sorter buffer (PBS/2% fetal
calf serum/0.1% sodium azide). Flow cytometry was performed
using a FACSCalibur machine, and data were analyzed with
CellQuest software (Becton Dickinson, Mountain View, CA,
USA). The gating strategy and isotype control for flow cytometry
analysis are presented in Supplementary Figure 1.

Statistical analysis

Student’s t-test was used to compare two experimental groups.
A Spearman correlation test was applied to test the correlations
between PD-1 expression of CD8 ™" T cells and HBV viral load.
All the P values referred to two-tail tests, and a P value of less
than 0.05 was defined as statistically significant. The analyses
were conducted using SPSS (Statistical Package for the Social
Sciences) software, version 16.0 (SPSS, Chicago, IL, USA).

RESULTS

TNF-a blockade impaired HBV clearance and enhanced T-

cell exhaustion in a dose-dependent manner

In our previous study, we have demonstrated that there was
enhanced HBV persistence and delayed HBV clearance in TNF-
o knockout mice, suggesting that TNF-a. is crucial in the clear-
ance of HBV in a mouse animal model.'® HBV clearance was
determined by the mouse genetic background: this approach
induced HBV persistence in C57BL/6 mice, but not in BALB/c
mice.”®?” We further investigated the role of TNF-a blockade
during HBV infection when TNF-o was neutralized with the
soluble TNF receptor, etanercept, in this mouse model. The
results demonstrated that TNF blockade significantly impaired
HBYV clearance in both mouse strains (Supplementary Figure 2).
Furthermore, TNF-a blockade induced the elevation of serum
HBYV viral load and maintained HBV viral antigen expression in

Tumor necrosis factor blockage impairs hepatitis B viral clearance
IT Chyuan et al

the liver (Supplementary Figure 3). All these results were con-
sistent with those of our previous study.'® To further address the
extent of TNF-a blockage therapy on HBV clearance and viral
load, we investigated the dynamic change of the HBV viral load
and T cell exhaustion phenotype under different dosages of
etanercept in mice hydrodynamically injected with replication-
competent HBV DNA. The results shown in Figure la demon-
strated that TNF-o blockage therapy potently impairs HBV
clearance and results in persistently maintained serum HBsAg
and HBV DNA in a dose-dependent manner. In contrast, HBV
was completely cleared in the eighth week in those mice without
anti-TNF treatment.

Recent studies on HBV infection indicate that the inter-
action between the PD-1 receptor on lymphocytes and its
ligands plays a critical role in T-cell exhaustion by inducing
T-cell inactivation.'”™"® These exhausted T cells also display
lower levels of IL-7 receptor, CD127.*>*° In mice receiving
higher dosages of anti-TNF, there was a significant increase
in PD-1 expression and a significant decrease in CD127 expres-
sion in liver-infiltrating CD8™ T cells (Figure 1b). The results
shown in Supplementary Figure 4 further demonstrated that
there was a significant negative correlation between HBV viral
load and T-cell exhaustion in mice receiving TNF-o blockage
treatment, indicating that TNF blockade enhances T-cell
exhaustion in HBV infection (Supplementary Figure 4).To
summarize, our results demonstrate that TNF blockade
impairs HBV clearance, with increased liver-infiltrating PD-
1Me"CD127'°"-exhausted CD8™ T cells in a dose- dependent
manner in vivo.

Blockage of TNF-a persistently maintained HBV viral load

and enhanced T-cell exhaustion

We further investigated the effects of different intervals of anti-
TNF delivery on HBV viral clearance. The results shown in
Figure 2 demonstrated that early sufficient blockage of TNF-
o significantly impaired subsequent HBV clearance and main-
tained HBV viral load. Such effects were persistently main-
tained over a duration of 4 weeks or longer after a single
injection, indicating that initial efficient blockage of TNF-a. is
crucial for HBV clearance. In addition, the effects of TNF
blockade on the T-cell exhaustion phenotype is affected more
by the intervals of anti-TNF delivery (Figure 2b). Overall, these
results support the conclusion that early sufficient blockage of
TNF-o. maintains persistently elevated HBV viral load and
enhanced T-cell exhaustion.

The effect of anti-TNF on HBV clearance is determined at an
early time point after HBV infection

Because an initial single dose of anti-TNF is sufficient to per-
sistently impair HBV clearance, we then investigated the crit-
ical timing of anti-TNF delivery on HBV clearance. We
administered a single dose of etanercept at different time points
after hydrodynamically injecting BALB/c mice with HBV DNA.
The results shown in Figure 3 revealed that only at an early time
point after anti-TNF delivery did the anti-TNF lead to im-
paired HBV clearance with elevated viral load and enhanced
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Figure 1 TNF-a blockade impairs HBV clearance in a dose-dependent manner. BALB/c mice were intraperitoneally administered recombinant
soluble TNF-a receptor, etanercept, in different dosages on the day of hydrodynamic injection of pAAV/HBV1.2 plasmid. Etanercept was adminis-
tered twice a week over the whole period. (a) Differences in titers of serum HBsAg (left) and serum HBV viral loads (right) in HBsAg-positive mice
with different dosages of etanercept were quantified. * P<0.05; **P<0.01, Student’s t-test, compared with the PBS group. (b) After injection,
intrahepatic lymphocytes from mice receiving etanercept were isolated at the indicated time points, and the PD-1 and CD127 expression of liver-
infiltrating CD8™ lymphocytes was analyzed by flow cytometry. *P<0.05; **P<0.01, Student’s t-test. The data are representative of at least three
independent experiments in each group. HBsAg, HBV surface antigen; HBV, hepatitis B virus; PBS, phosphate-buffered saline; PD-1, pro-
grammed cell death-1; TNF, tumor necrosis factor.
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Figure 2 Effects of anti-TNF interval dosing on HBV clearance, viral load and T-cell exhaustion phenotype. BALB/c mice were intraperitoneally
treated with etanercept in different intervals on the day of pAAV/HBV1.2 hydrodynamic injection; 250 pg of etanercept was administered over the
whole period. (a) Differences in titers of serum HBsAg (left) and serum HBV viral loads (right) of mice receiving etanercept were quantified.
*P<0.05, **P<0.01, Student’s t-test, compared with the PBS group. (b) After injection, intrahepatic lymphocytes from mice receiving etanercept
at different time intervals were isolated at the indicated time point, and the PD-1 and CD127 expression of liver-infiltrating CD8™ lymphocytes was
analyzed by flow cytometry *P<<0.05, **P<0.01, Student’s t-test. The data are representative of at least three independent experiments in each
group. HBV, hepatitis B virus; PBS, phosphate-buffered saline; PD-1, programmed cell death-1; TNF, tumor necrosis factor.
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Figure 3 Early time point of anti-TNF-o delivery is critical for HBV clearance. BALB/c mice were intraperitoneally administered a single injection of
etanercept (250 pg) at different time points after pAAV/HBV1.2 hydrodynamic injection. (a) Differences in titers of serum HBsAg (left) and serum
HBV viral loads (right) of HBsAg-positive mice with a single injection of etanercept at different time points were quantified. * P<0.05; **P<0.01,
Student’s t-test, compared with PBS group. (b) Intrahepatic lymphocytes from mice receiving a single etanercept injection at different time points
were isolated, and the PD-1 and CD127 expression of liver-infiltrating CD8™ lymphocytes was analyzed by flow cytometry. * P<0.05: ** P<0.01,
Student’s t-test. The data are representative of at least three independent experiments in each group. HBsAg, HBV surface antigen; HBV, hepatitis
B virus; PBS, phosphate-buffered saline; PD-1, programmed cell death-1; TNF, tumor necrosis factor.
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T-cell exhaustion. In contrast, when the anti-TNF was delivered
at a later time point (at day 13), the effects were significantly
reduced. Taken together, these results indicate that anti-TNF
affects the clearance of HBV at the early phase of induction of
the immune response to HBV.

TNF blockade suppresses TLR9 ligand-induced facilitation
of HBV viral clearance

TNF-a is the key mediator that drives local intrahepatic pro-
liferation of T cells iMATEs: ‘intrahepatic myeloid-cell aggre-
gates for T-cell population expansion’), and TLRY ligands
induce the formation of iMATEs to facilitate viral clearance
via TNF.?! To further address how TNF blockade would impair
TLR9 ligand-induced facilitation of HBV clearance, we admi-
nistered TLRY ligand after anti-TNF delivery in BALB/c mice
receiving HBV DNA hydrodynamically. The results shown in
Figure 4 demonstrated that TLR9 ligand enhances HBV clear-
ance, but the administration of a TNF-a inhibitor, etanercept,
significantly impaired the ability to clear virus, resulting in a
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higher HBV viral load and delayed clearance. These results
indicate that TNF blockage abolishes TLR9 ligand-induced
facilitation of HBV viral clearance. In addition to suppressing
the effects of TLRY ligand on viral clearance, TNF-a blockade
also reduced the effects of TLRY ligand-induced elevation of
serum ALT from hepatocytes (Figure 4b). Altogether, these
results indicate that TNF blockade abolishes TLRY ligand-
induced facilitation of HBV viral clearance.

DISCUSSION

In this study, we used a mouse model of HBV infection to dem-
onstrate that early blockage of TNF-o led to persistent impaired
HBV clearance with enhanced T-cell exhaustion and maintained
high HBV viral load. Previous studies have shown that the innate
cytokine TNF-a plays a fundamental role in sustaining viral clear-
ance '*** and inhibiting the transcriptional activity of the HBV
core promoter in vitro.”” In the process of HBV viral clearance,
TNF-a inhibits HBV replication by activating NF-«B signaling,>*
TNF-o. has been described as potentially having a potentially
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Figure 4 TNF blockage suppresses TLR9 ligand-induced facilitation of HBV viral clearance. BALB/c mice were either intraperitoneally adminis-
tered etanercept or were untreated on the day before pAAV/HBV1.2 hydrodynamic injection. Etanercept treatment was administered twice a week
over the whole period. At 3 days after hydrodynamic injection, the mice were treated with TLR9 ligand or non-TLR9-binding control oligonucleotide.
(a) Differences in titers of serum HBsAg (left) and serum HBV viral loads (right) of mice that did or did not receive etanercept were quantified.
$P<0.05, Student's t-test, compared with the TLR9 ligand group. *P<0.05; **P<0.01, Student's t-test, compared with the non-TLR9-binding
control group. (b) Kinetics of serum ALT in mice challenged with TLR9 ligand or non-TLR9-binding control in the presence or absence of etanercept
were quantified. #P<0.05, Student’s t-test, compared with the TLR9 ligand group. *P<0.05, Student’s t-test, compared with the non-TLR9-
binding control group. HBsAg, HBV surface antigen; HBV, hepatitis B virus; TLR, Toll-like receptor.
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modulating effect on HBV gene expression®>*® and as being a

key immune effector in HBV clearance in a study of a panel of
immune effector-deficient mouse strains.'®*” As an innate cyto-
kine, TNF-a¢ causes iMATE formation, which facilitates the
expansion of the cytotoxic T-lymphocyte population against
HBV.”' Clinically, blockage of TNF-o with anti-TNF has been
widely used in many immune-mediated diseases, including
rheumatoid arthritis, ankylosing spondylitis, inflammatory
bowel disease, psoriasis and psoriatic arthritis.*"***® Several
studies reported that elevated HBV viral load subsequently
leads to active hepatitis.”**> A recent study analyzing patients
with inflammatory arthritis also revealed an increased risk of
HBYV reactivation associated with anti-TNF therapy in patients
with chronic HBV infection.*! However, due to limited well-
controlled studies, the association between TNF-a blockage and
HBYV reactivation remains uncertain. In this study, we further
addressed the dynamic change of HBV viral load in blockage of
TNEF-o. Our results support the notion that TNF plays a critical
role in HBV clearance and that blockage of TNF-a reduces HBV
clearance and maintains HBV viral load in this mouse model.
Previous studies have shown that the anti-inflammatory
effect of TNF blockage is dose-dependent.*>** Consistent with
these previous results, our results showed that the HBV viral
load was increased with higher doses of anti-TNF. Moreover,
early sufficient blockage of TNF-a significantly impaired sub-
sequent HBV clearance, resulting in an elevated HBV viral load,
and such effects were prolonged in duration. In addition, a
single dose of anti-TNF at an early time point instead of at a
late time point led to delayed HBV clearance and persistent
elevated viral load, indicating that TNF-a deficiency impairs
an early phase of the immune response to HBV. These results
also suggest that TNF-o. may serve as a critical innate cytokine
to activate the adaptive immune response to HBV and that
TNF-a blockage affects the early phase of induction of the
innate immune response to HBV. In addition to direct anti-
viral effects on HBV,'>'> TNF-a. is a key mediator that drives
the formation of iMATEs to facilitate viral clearance.’’ In this
study, we further demonstrated that TNF-o blockade abolishes
the effects of TLR9 ligand-induced facilitation of HBV viral
clearance. Taken together, these results indicate that anti-
TNF-a therapy impairs HBV clearance, maintains HBV viral
load, and enhances T-cell dysfunction in this mouse model.
The induction of TNF-o can trigger both the innate and
adaptive immune responses and regulate the balance of viral
replication and clearance in the liver. The clearance of HBV
particles in the liver is mainly mediated by HBV-specific
CD8" T cells triggered by TNF-o..'*** Persistent HBV infection
impairs HBV-specific CD8" T-cell function and results in the
exhausted-phenotype CD8™ cells that fail to clear virus.*>*® In
our study, our results demonstrate that blockage of TNF-o leads
to increasing liver-infiltrating PD-1"¢"CD127""-exhausted
phenotype CD8" T cells in mice with HBV persistence. These
results indicate that in HBV persistence, blockage of TNF-o, will
further impair the adaptive immune response and that TNF-a is
crucial for maintaining an effective anti-HBV immune response.

Cellular & Molecular Immunology

In conclusion, blockage of TNF-a significantly reduces HBV
clearance, maintains higher serum HBV viral load and impairs
intrahepatic T-cell function in a mouse model, indicating that
TNF-a is crucial in the immune response against HBV. Our
results provide evidence that TNF-a blockage therapy reduces
HBYV viral clearance, enhances viral persistence and maintains
HBV viral load, suggesting that HBV may reactivate during
therapy with TNF-blocking agents.
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