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Editorial on the Research Topic

Targeting the Immune System to Treat Hepatitis B Virus Infection

The dysfunctional immune responses play an essential role in persistent hepatitis B virus (HBV)
infection as well as in liver inflammation. Modulation of the host immunity to strengthen specific
cellular immune responses might help control HBV infection. Various strategies to restore and
enhance innate and HBV-specific adaptive immune responses have been tested in preclinical studies
and clinical trials and some with significant antiviral effects. However, the molecular mechanisms
accounting for HBV persistence are still not fully elucidated despite of great progress in the research
field. The current Research Topic issue covers a wide range of subjects in the immunopathogenesis
and immune regulation in chronic HBV infection.

Interferons (IFNs) play diverse crucial roles in both innate and adaptive immune responses due
to its ability to exert direct antiviral and immune regulatory functions. IFN-a or pegylated IFN-a
has been widely used in the treatment of chronic hepatitis B (CHB) with the potential of functional
cure, especially in patients with low level of HBsAg and viral loads. Ye and Chen summarize the
status and unique advantages of IFN therapy against CHB, including the mechanisms of IFN-a
action and factors affecting IFN response, and the options for improvement of IFN-based therapy
and the rationale of combinations with other antiviral agents to achieve an HBV cure. Sajid et al.
showed in their study that the overexpression of an IFN-a inducible gene IFI6 could inhibit HBV
replication and gene expression in hepatoma cells and in the hydrodynamic injection (HDI) mouse
model. The study added a new piece to the molecular mechanism of IFN-mediated
antiviral functions.

Pathogen recognition receptors (PRRs) are key components in the host immunity through
recognizing various conserved molecular patterns of pathogens and activating innate and adaptive
immune responses. Immune modulation targeting innate immunity for the treatment of CHB has
attract attentions in recent years. Suresh et al. investigated the expression kinetics of receptors from
various PRR families (RLRs, NLRs, TLRs, CDSs, and inflammasomes) during acute, self-limited
woodchuck hepatitis virus (WHV) infection. The study demonstrated differential intrahepatic
org March 2022 | Volume 13 | Article 86861615
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expression of PRRs and immune cell markers during acute self-
limiting infection and the progression to persistent WHV
infection. Their results suggested that a weak innate immune
response, most likely by type-I IFN production via activated viral
DNA and selected RNA sensing receptor pathways, occurred in
woodchucks with the progression to chronic infection, while the
adaptive immune response was largely absent. In another paper,
Suresh et al. demonstrated that, liver-targeted delivery of poly
(dA:dT) induced the intrahepatic expression of ZBP1/DAI and
AIM2 receptors and their effector cytokines, IFN-b and
interleukins 1b and 18. The antiviral effect on WHV
replication and production following in vitro activation of
IFI16, ZBP1/DAI, and AIM2 receptor pathways was improved
by targeting more than one cytosolic DNA receptor. The liver-
targeted delivery of PRR agonists may improve the therapeutic
efficacy against HBV. Ayithan et al. reported the effect of TLR8
agonism on supporting cytokines and follicular helper T
(TFH) and B cells in their recent study. Their results
demonstrated that triggering TLR8 could induce IL-12
production in monocytes, which in turn leads to differentiation
of CD4+ T cells into IL-21 producing TFH in peripheral blood
samples from CHB patients. Accordingly, co-culture of these
differentiated TFH with autologous B cells resulted in B cell
differentiation into plasma cells and promoted IgG production.
Finally, improved HBsAg-specific TFH and B cell responses were
observed in a fraction of CHB patients treated with a selective
TLR8 agonist. The study suggested that TLR8 signaling has
potential to repair a critical defect in T-B interaction that is
necessary for robust B cell response.

Chronic HBV infection is characterized by quantitatively and
qualitatively weak HBV-specific CD8+ T cell responses. To
define the mechanisms of HBV-Specific CD8+ T cell
dysfunction, Baudi et al. summarized data about the HBV-
specific CD8+ T-cell tolerance in the liver, including
immunoregulatory mediators in liver tolerance, negative
signaling mechanisms, metabolic dysregulation in T cells, and
intrahepatic antigen recognition. The elucidation of the key
pathways and processes underline HBV-specific CD8+ T cell
dysfunction will facilitate the development of effective HBV
immunotherapies. Wang et al. reported in their recent work
that, CXCR3+CXCR6+ gdT cells produced high levels of IFN-g
during acute HBV infection. An adoptive transfer of CXCR3
+CXCR6+ gdT cells into acute HBV infected TCRd-/- mice led to
reduced HBsAg and HBeAg expression. Their work suggested
that liver resident CXCR3+CXCR6+ gdT cells play a protective
role during acute HBV infection. The role of CXCR3+CXCR6+
gdT cells in immunotherapy for chronic HBV infection needs
further study.

Identification of immunogenic targets against HBV-encoded
proteins will provide crucial advances in developing potential
antibody therapies. Gu et al. performed a screening on B-cell
linear epitopes with sera from patients in different phases of the
natural history of chronic HBV infection. Their study found that
dominant linear B-cell epitopes are expanded in CHB. The
proportion of dysfunctional atypical memory B cells was
decreased in patients who achieved HBsAg loss and associated
Frontiers in Immunology | www.frontiersin.org 26
with successful treatment withdrawal. In this study, 7 dominant
epitopes were recognized by antibodies from patients with
HBsAg loss. The baseline of antibodies to a specific HBsAg
epitope was found to be associated with a favorable treatment
response to telbivudine therapy. Future studies are needed to
confirm the diagnostic values of antibodies to linear epitopes of
HBV proteins.

A functional cure for chronic HBV infection could be achieved
by boosting HBV-specific immunity. HBV-specific chimeric
antigen receptor T (CAR-T)/T-cell receptor T (TCR-T) cells are
promising therapeutic approaches for treatment of CHB, but with
potential risks of inducing cytokine release syndrome or
hepatotoxicity. Klopp et al. generated an inducible caspase 9
(iC9) as a safety switch to control HBV-specific S-CART or
TCR-T. In vivo, induction of iC9 in S-CAR T cells resulted in a
strong and fast depletion of transferred T cells, leading to the loss
of antiviral efficacy and preventing liver toxicity and cytokine
release at the same time. Ferrando-Martinez et al. found that PD-
L1 blockade could enhance the HBV-specific CD8 T cell response
only in patients with lower frequencies of functionally exhausted
HBV-specific CD8 T cells as indicated by a phenotype of LAG3+
TIM3+PD-1+. Higher levels of functionally exhausted HBV-
specific CD8 T cells in CHB patients are associated with a lack
of response to the anti-PD-L1 antibodies. Thus, blocking the
PD-1:PD-L1 axis as a monotherapy may only have limited clinical
effectiveness. Combination strategies with antibodies to other
anti-inhibitory receptors like LAG-3, will likely be required to
elicit a functional cure for patients with high levels of functionally
exhausted HBV-specific CD8 T cells.

The NF-kB signaling pathway plays a key role in the
development and function of host immune system and in
inflammation and viral infection. Lu et al. summarized the
knowledge about the interplay between non-canonical NF-kB
signaling and HBV infection. They came to a conclusion that the
non-canonical NF-kB signaling pathway plays also an important
role in triggering inflammation in HBV-related diseases, while
the mechanism of the interplay between HBV and non-canonical
NF-kB signaling is largely unknown and needs further in-
depth investigation.

The cellular mechanisms underlying the non-responsiveness of
HBV vaccination are still poorly understood. Körber et al. reported
significantly higher frequencies of CD24highCD38high regulatory B
cells (Breg) in parallel with significantly lower IL-10 expression
levels of CD24+CD27+ and CD24highCD38high Breg in 2nd HBvac
non-responders compared to 2nd HBvac responders. Anti-HBs
seroconversion accompanied by a decrease of Breg numbers after
booster immunization with a third-generation HBV vaccine, which
indicates a positive effect of third-generation HBV vaccines on Breg-
mediated immunomodulation in HBV vaccine non-responders.

The level of serum HBcAb has been demonstrated as a new
marker of the responsiveness to antiviral treatment in CHB
patients. Lou et al. showed that lower pre-transplantation level
of HBcAb in patients undergoing liver transplantation is
associated with HBV re-infection, suggesting that the baseline
concentration of HBcAb may be a promising predictor for HBV
recurrence in liver transplantation.
March 2022 | Volume 13 | Article 868616
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HBV mouse models have been widely used in studies on
infection, immune responses, pathogenesis, and antiviral
therapies. Du et al. summarized the currently available mouse
models for HBV research. The HDI model is extensively used in
various studies investigating immune responses to HBV, viral
clearance, and evaluating novel antiviral agents. The AAV
transduction-mediated replicon delivery model can be used in
evaluating antiviral compounds, while controversial in the role in
investigating HBV immunology. HBV transgenic mouse models
are highly useful in elucidating the molecular virus-host
interactions and HBV-related immunology and pathogenesis.
Compared to other HBV mouse models, human liver chimeric
mouse models possess obvious advantages, however, is limited
due to the high cost and technical difficulties.

Taken together, the papers collected in this Research Topic
covered a wide range of subjects in HBV research including the
functional status of innate immunity, especially the PRRs, andHBV-
specific T-B cells, IFN-based therapies, HBV-specific CAR-T/TCR-
T, and target activationofPRRs, aswell as theanimalmodels forHBV
infection. This collection reflects the current activities in a very
important research field about the immunopathogenesis and
immunotherapy of chronic HBV infection.
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Hepatitis B virus is an enveloped DNA virus, that infects more than three hundred and sixty
million people worldwide and leads to severe chronic liver diseases. Interferon-alpha
inducible protein 6 (IFI6) is an IFN-stimulated gene (ISG) whose expression is highly
regulated by the stimulation of type I IFN-alpha that restricts various kinds of virus
infections by targeting different stages of the viral life cycle. This study aims to
investigate the antiviral activity of IFI6 against HBV replication and gene expression. The
IFI6 was highly induced by the stimulation of IFN-a in hepatoma cells. The overexpression
of IFI6 inhibited while knockdown of IFI6 elevated replication and gene expression of HBV
in HepG2 cells. Further study determined that IFI6 inhibited HBV replication by reducing
EnhII/Cp of the HBV without affecting liver enriched transcription factors that have
significant importance in regulating HBV enhancer activity. Furthermore, deletion
mutation of EnhII/Cp and CHIP analysis revealed 100 bps (1715-1815 nt) putative sites
involved in IFI6 mediated inhibition of HBV. Detailed analysis with EMSA demonstrated
that 1715-1770 nt of EnhII/Cp was specifically involved in binding with IFI6 and restricted
EnhII/Cp promoter activity. Moreover, IFI6 was localized mainly inside the nucleus to
involve in the anti-HBV activity of IFI6. In vivo analysis based on the hydrodynamic injection
of IFI6 expression plasmid along with HBV revealed significant inhibition of HBV DNA
replication and gene expression. Overall, our results suggested a novel mechanism of IFI6
mediated HBV regulation that could develop potential therapeutics for efficient HBV
infection treatment.

Keywords: HBV, interferon-stimulated genes, antiviral activity, CHIP, EMSA, IFI6
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INTRODUCTION

The infection of the Hepatitis B virus (HBV) has a significant
community health concern for the past few decades (1–3). About
three hundred and sixty million people are chronically infected
with severe liver diseases due to HBV (4, 5). Current treatment
for chronic HBV infection is restricted to pegylated type 1 IFN
and nucleotides/nucleosides analogs (6). However, current
treatment for chronic HBV could only suppress HBV
replication but unable to cure the disease due to the presence
of minichromosomal cccDNA (7).

HBV is a noncytopathic and hepatocytotropic enveloped DNA
virus that belongs to Hepadnaviridae family (8). The genome of
HBV contains a greatly condensed genetic structure comprised of
3.2-kb partially closed relaxed circular double-stranded DNA
(rcDNA). Upon hepatocytic infection through high-affinity
binding with sodium taurocholate cotransported polypeptide
(NTCP) receptor, rcDNA is converted into long-lived
minichromosomal cccDNA by different host cellular enzymes in
the nucleus and acts as a template for the transcription of HBV
RNAs that serves as the primary transcript for the regulation and
synthesis of all viral transcripts (Pregenomic, Precore, preS1, preS2,
and X RNA transcript) (9, 10). Seven different HBV proteins are
translated from these transcripts: HBeAg (hepatitis B e antigen),
HBc (core protein), HBV polymerase (pol), the small (S), medium
(M), large (L) envelope glycoprotein, and HBx protein (11, 12). The
transcriptional activity of HBV RNAs is regulated by four HBV
specific promoters (core, preS1, preS2, and X), two enhancer
elements (EnhI and EnhII), and a negative regulatory cis-acting
element (13). The cytokines and host nuclear factors are key
elements to regulate the transcriptional activities of HBV
promoters including STAT1 (signal transducer and activator of
transcription), RXR (retinoid X receptor), and HNF-4 (hepatocyte
nuclear factor 4) (14).

The type I IFN (IFN-a, b, and e) is considered as the potent
antiviral cytokine in vertebrates and has been widely used in the
treatment of chronic HBV. Upon viral infection, the type I IFN
induction carried out through binding of its type I IFN receptor
(IFNAR1 and IFNRA2), subsequently activation of the cascade
of JAK/STAT signaling pathway, leading to the induction of
about 300 IFN-stimulated genes in the host nucleus that acts as
an antiviral function, inhibits different stages of viral replication,
transcription and post-transcriptional events (15–17). Since
IFN-a therapy has some side effects or limitations ranging
from mild clinical symptoms to significant mortality and
morbidity (18), it is urgent to develop IFN- a related therapy
that has the anti-HBV effect without significant limitations and
clinical side effects.

IFN a inducible protein 6 (IFI6) is an IFN-stimulated gene,
belongs to the FAM14 family of the gene that maps to
chromosome 1P35 (19–21). In Silico analysis has identified
four FAM14 genes in humans (IFI6, IFI27, ISG12b, and
ISG12c) and three in mice (ISG12a, ISG12b1, and ISG12b2)
(20). However, the function of these genes has not been fully
characterized, and their physiological role is still elusive. Based
on a sequence homology induced by type I IFN, the FAM14
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family contains two prominent genes, IFI6 and IFI27, both are
considered to be a mitochondrial proteins with a different
function in apoptosis but the precise localization is still not
clear. Both IFI6 and IFI27 are small hydrophobic protein shared
36% overall amino acid sequence. The IFI6 stabilizes the
mitochondrial function that leads to discontinuation of
apoptosis whereas the expression of IFI27 destabilizes the
mitochondrial function and leads to apoptosis (22). The IFI6 is
a 13 kDa protein of 130 amino acids that plays a critical role in
immunomodulation and an antiapoptotic function by activation
of JAK/STAT signaling pathway that subsequently blocks the
mitochondrial release of cytochrome c and discontinues the
apoptosis (23).IFI6 is a pro-survival protein that antagonizes
the TRAIL (tumor necrosis factor related apoptosis inducing
ligand) induced apoptosis in human myeloma cell through
inhibiting the intrinsic apoptotic pathway (24). These studies
demonstrated that the FAM14 family has diverse biological
function, depending on the cell/tissue type they reside. The
type I IFN is highly induced the expression of IFI6. A study
based on the interaction of hepatoma cells with HBV suggested
that the downregulation of HBV in hepatoma cells with siRNA
changed the expression profile of some of the IFN-stimulated
genes (IFI6, MDA5, IFI27, STAT1, IFIT1, ISGF3G, IFITM1,
OAS1, and G1P2). These genes might be responsible for the
interaction of HBV with host cells (25). A previous study on IFI6
indicates the association of IFI6 polymorphism with the
chronicity of the chronic liver disease. These polymorphisms
in IFI6 lead to modulate the IFI6 expression level and delay the
release of cytochrome c that eventually block the apoptotic signal
through HBV specific CD8+ T cells. After escaping from
antigen-induced apoptosis, CD8+ T cells proliferate and
differentiate into activated CD8+ T cells to clear HBV infection
(26). However, only a few studies have been conducted to
demonstrate the antiviral activity of IFI6. Emerging evidence
on IFI6 strongly proposed its association with the immune
system but the functional and antiviral role of IFI6 is not fully
elucidated in HBV replication and gene expression.

In this study, we hypothesized the functional and antiviral
role of IFI6 against HBV replication and gene expression. The
overexpression and knockdown inhibit and enhances HBV
replication and transcription, respectively. The in vitro study of
IFI6 indicates a putative binding site of HBV that could restrict
HBV EnhII/Cp promoter activity while in vivo study
demonstrated a substantial reduction of HBV replication and
gene expression.
MATERIALS AND METHODS

Ethics Statement
All mice were kept in a pathogen-free animal facility at Wuhan
University. All experiments were performed per the instructions of
the of Health National Institutes Guide for the Care and Use of
Laboratory Animals. The protocol was approved by the Institutional
Animal Care and Use Committee of Wuhan University (Project
License WDSKY0201302 and WDSKY0201802).
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Plasmids Construction
The pHBV1.3 plasmid (HBV, genotype D, GenBank accession
number V01460.1) and the reporter plasmids were constructed
as previously described (27). Briefly, the EnhI/Xp-Luc (950-1375
nt), EnhII/Cp-Luc (1415-1815 nt), SP1-Luc (2707-2849 nt), and
SP2-Luc (2937-3182 nt) DNA fragments and their truncation
mutants were amplified by PCR and cloned into pGL3-Basic
(Promega, Madison, WI) at the HindIII and SacI restriction sites.
The HA-tagged IFI6 (N-terminally tagged) fragment was
amplified by PCR and introduced in the pCAGGS vector
(Invitrogen, Carlsbad, CA). The pLKO.1 vector was used for
insertion of Control short hairpin RNA (shRNAs) targeting GFP
(enhanced green fluorescence protein) and Two IFI6 short
hairpin RNAs. The shRNAs target sequence is shRNA (cont.)
5’- GCAGAAGAACGGCATCAAG-3’, shIFI6-1 5’- CCTCCCA
AGTAGGATTA-3’, and shIFI6-2 5’- TCCAGAACTTT
GTCTAT-3’.

Cell Culture and Transfection
HepG2, Huh7, and HEK293T cells were maintained in
DMEM (Dulbecco’s modified Eagle’s medium) supplemented
with 10% fetal bovine serum, 100 µg/ml streptomycin, and
100 U/ml penicillin. Transfection of HepG2 cells was carried
out with Lipofectamine 3000 (Invitrogen) according to the
manufacturer’s instructions.

Lentiviral Production
The production of lentivirus for short hairpin RNAs was
performed as described previously (28). Briefly, HEK293T cells
(in a 10-cm cell culture dish) were cotransfected with 2 mg
shRNA (cont.) shIFI6-1 and shIFI6-2 (cloned into pLKO.1
shRNAs vector), 1.5 mg pMD2.G, and 1.5 mg psPAX with
neofect transfection reagents (Neofect Biotech, Beijing, China)
according to manufacturer instructions. Supernatant from cells
was collected at 48 hours and 72 hours post-transfection, and the
lentivirus was centrifuged, filtered, and subsequently preserved at
-80°C. Lentiviruses were used to infect HepG2 cells twice to
increase transduction efficiency. The 2 mg/ml puromycin
(NIH3T3) was added to cultivate knockdown cell lines.

Enzyme-Linked Immunosorbent
Assay (ELISA)
Secreted proteins (HBsAg and HBeAg) from cell culture
supernatant and mice serum were detected by ELISA kit
(Kehua Bio-Engineering, Shanghai, China) according to
manufacturer instructions at indicated time points. The activity
of b-galactosidase was used to normalize the values in cell lysates
and measured by a Beta-Glo kit (Promega).

Western Blot
Cells were washed with cold PBS, lysed with lysis buffer
containing 25 mM tris-HCL (pH 7.5), 150 mM NaCl, 1 mM
EDTA, 1% Triton X-100, mixed with 5% SDS loading buffer, and
heated for 5 minutes. The samples were electrophoresed with
SDS PAGE and subsequently transferred to nitrocellulose
membrane (GE healthcare). The membrane was blocked with
Frontiers in Immunology | www.frontiersin.org 310
5% skim milk having Tween 20 (0.1%) and probed overnight
with antibodies IFI6 (Abclonal, Cat No, A6157), HA-tag (abcam,
Cat No. ab9110), beta-actin (abClonal, Cat No, AC028). The
signals were detected with an enhanced chemiluminescence
(ECL) substrate (Millipore, Billerica, MA).

Cell Cytotoxicity Assay
HepG2 cells were seeded in 96 well cell culture plates for 24
hours and co-transfected with the indicated amount of plasmids.
The shRNA mediated knockdown cells stably expressing shGFP,
shIFI6-1 and shIFI6-2 were seeded in 96 well cell culture plate for
24 hours and transfected with pHBV1.3 (80 ng) and pSV-
b-gal (20 ng). Cell toxicity was measured after 48 hours of
transfection with the CCK8 kit (Dojindo) according to the
manufacturer’s instructions.

Nuclear and Cytoplasmic
Protein Extraction
A nuclear and cytoplasmic protein extraction kit (Applygen) was
used for the extraction of nuclear and cytoplasmic IFI6 protein
according to the manufacturer’s instructions.

RNA Extraction From Cells and Liver
Tissue of Mice
Total RNA from cells and tissue from mice liver was extracted by
Trizol reagent according to the manufacturer’s instructions.
Reverse transcription (RT-PCR) of total RNA into cDNA was
performed with the PrimeScript RT reagent kit (Takara). The
qRT-PCR was performed to amplify cDNA using SYBR Green
Fast qPCR Master Mix (Cat No. 11201-11203: Yeasen, China).
To standardize the samples with human and mouse GAPDH, the
DDCt method was used, and the primer sequence is mentioned in
Supplementary Table 1.

HBV Transcripts Analysis With
Northern Blot
HBV transcripts were analyzed by northern blot as previously
described (27). Briefly, HBV RNA from transfected cells was
extracted and purified with Trizol Reagent (Invitrogen)
according to manufacturer instructions. The 4 µg from purified
RNA were resolved on a 1.5% MOPS agarose gel containing 2.2
M formaldehyde, transferred onto a nylon membrane (GE
Healthcare), immobilized with UV crosslinking, HBV
transcripts corresponding to nucleotides 1072-2171 of HBV
genome were detected with a DIG-labeled RNA probe. Dig
Northern Starter Kit (Roche Diagnostics) was used for the
preparation of probe and membrane detection. The quantity of
18S and 28S rRNAs were used as internal loading controls.

Analysis of Reporter Activity With
Dual-Luciferase Reporter Assay
Dual-Luciferase Assay was carried out to determine HBV
reporter activity in HepG2 cells as previously described (27).
Cells were seeded in 24 well cell culture plates, and after 24 hours
of seeding, cells were transfected with HBV reporters (200 ng)
along with an indicated quantity of control vector (pCAGGS) or
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IFI6 expression plasmid (250 ng). The pRL-TK (50 ng) plasmid
was added as a transfection efficiency control. After 48 hours of
transfection, the cells were washed and lysed with PLB (passive
lysis buffer) and subjected to luciferase activity assay using the
Dual-Glo system (Promega, Madison, WI).

Extracellular Encapsidated and Core
Associated HBV DNA Analysis
The extracellular encapsidated DNA from the supernatant and
mice sera were extracted and purified as previously described
(29). Briefly, 80 µl of supernatant and 10 µl of mice sera were
digested with 10 mM MgCl and DNase I to remove plasmid and
free DNA. The enzymes were inactivated with 10 mM EDTA for
15 min at 70°C, and the samples were transferred into a lysis
buffer containing 20 mM Tris-HCl, 50 mMNaCl, 20 mM EDTA,
and 0.5% sodium dodecyl sulfate (SDS) containing 27 µg
proteinase K, followed by overnight incubation at 65°C.
Extraction of HBV DNA was performed with traditional
phenol-chloroform extraction, followed by ethanol precipitation.

To extract core associated HBV DNA, the HepG2 cells were
transfected with pSV-b-gal, pHBV1.3, and control vector
(pCAGGS) or IFI6 in the indicated amount. After 96 hours of
transfection, cells were washed and lysed in NP-40 lysis buffer
containing 50 mM Tris-HCl (pH 7.4), 1 mM EDTA, and 1% NP-
40 at 4°C for 30 min and centrifuged. The b-galactosidase activity
assay was carried out as a transfection efficiency control in the
same lysate. After centrifugation, the supernatants were collected
and digested at 37°C for 1 hour with DNase I (Thermoscientific)
then the enzymes were inactivated with 10 mM EDTA for 15 min
at 70°C. The core-associated HBV DNA was purified with
proteinase K digestion followed by traditional phenol-
chloroform extraction and ethanol precipitation. The extracted
DNA was subjected to qPCR using the primer RCCCS (nt 256-
274) and RCCCAS (nt 421-404) (30). The primer sequence is
mentioned in the Supplementary Table 1.

ChIP Assay
ChIP assay was carried out as described previously (31) with a ChIP
Assay kit (Beyotime, catalog number P2078) according to the
manufacturer’s instructions. Briefly, HepG2 cells were seeded into
a 10 cm cell culture dish and transfected with pHBV1.3 (5 µg) with
IFI6 (5 µg) or control vector (pCAGGS, 5 µg). At 48 hours post-
transfection, cells were crossed linked with 1% formaldehyde at
37°C for 10minutes, neutralized with glycine (125mM) followed by
lysis with SDS lysis buffer containing 50 mM Tris-HCl, (pH 8.0),
150 mM NaCl, 10 mM EDTA, 1% SDS along with PIC (proteinase
inhibitor cocktail) on ice. The lysate was subjected to sonication on
ice with three pulses for 15s at 30% power to generate a genome size
of 200-1000 bp. Chromatin was precipitated with HA-IFI6 antibody
(abcam, Cat No, ab9110) at 4°C overnight along with Anti-RNA
Polymerase II and normal mouse IgG separately as a positive and
negative control, respectively. The precipitate was then washed, and
immunoprecipitated DNA fragments were extracted with phenol-
chloroform extraction. The DNA fragments were amplified with
PCR using EnhII/Cp 1715-1815 nt primers mentioned in
Supplementary Table 1.
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Recombinant IFI6 Protein Purification
Escherichia coli BL21 (Invitrogen) was used to express GST-IFI6
protein at 16°C. The protein expression was induced in 0.7 mM
IPTG (isopropyl-b D thiogalactopyranoside) and cells were
collected after 12 hours of induction. Lysis buffer containing 50
mM Tris-HCl (pH 7.6), 1 mM EDTA, 150 mM NaCl, 0.1 mg/ml
lysozyme, 1 mM DTT (dithiothreitol), and 0.05% NP-40 were
used to lyse the cells. The recombinant protein was purified with
GST-Fast Flow according to the manufacturer’s instructions. The
recombinant protein was quantified and stored in glycine
at -80˚C.

Electrophoretic Mobility Shift Assay
The GST-IFI6 protein was mixed in a binding buffer containing
400 mM Tris-HCl [pH 8.0], 50 mM DTT) and incubated for 30
minutes on ice as previously described (31). The CY5-labeled
probe of the HBV EnhII 1715-1770 nt and non-competitive
sequence (probe sequence is shown in Supplementary Table 2)
was added to the protein mix and incubated for 30 minutes at
room temperature. The samples were electrophoresed in 1%
agarose gel for 1 hour at 130V and exposed to the gel for analysis
with Typhoon FLA9500 (GE).

In Vivo Transfection
Hydrodynamic based tail vein injection in mice was used to
transfect plasmids. Briefly, pSV-b-Gal (5µg) and pHBV 1.3 (10
µg) along with control vector (20 µg) or IFI6 (20 µg) mixed in
saline solution and introduced into the tail vein of eight weeks
old C57BL/6 male mice (5 mice in each group) within 5-8
seconds in a volume of saline equivalent to 10% body weight
of the mouse. Five days post-injection, mice were slaughtered,
and serum was collected to analyze HBV DNA, HBsAg, and
HBeAg. For analysis of IFI6 and HA-tag protein, western blot
was performed with a small piece of mice liver, homogenized in
RIPA lysis buffer along with a phosphatase inhibitor cocktail
(PIC). The 10 µg of protein samples were resolved in SDS-PAGE
and analyzed with enhanced chemiluminescence (ECL) substrate
(Millipore, Billerica, MA). For HBV RNA analysis, a small slice
of mice liver was homogenized in Trizol reagent and extracted
and purified total RNA. Reverse transcription (RT-PCR) of total
RNA into cDNA was performed with the PrimeScript RT reagent
kit (Takara). SYBR Green Fast qPCR Master Mix (Cat No.
11201-11203: Yeasen, China) was used to amplify cDNA, and
qRT–PCR was performed. The primers for qRT–PCR, qPCR,
and mice GAPDH are mentioned in Supplementary Table 1.
Statistical Analysis
All experiments were performed at least three times and the results
were measured as a mean ± SD. An independent Student’s t-test
was used to measure the statistical differences between normally
distributed samples (Figures 1A, 3C, D, F, 4A–D, 6B–E) and
non-parametric Student’s t-test was used for non-normally
distributed samples (Figures 1B, 2C–F, 3E, 5B) by using
GraphPad Prism 6.01 (GraphPad Software Inc, USA). A p <
0.05 was considered statistically significant.
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RESULTS

Expression of IFI6 Is Induced by IFN-a
in Hepatocytes
IFN-a activates a cascade of the JAK/STAT pathway upon
binding to the IFN receptors and subsequently triggers
hundreds of IFN-stimulated genes (ISGs). IFI6 is one of the
IFN stimulated genes (32). We first determined the IFI6
expression level by inducing the cells with IFN-a and assessed
the mRNA level of IFI6 by qRT-PCR. The IFI6 expression was
upregulated in a dose-dependent manner in HepG2 and Huh7
cells by the induction of IFN-a (Figures 1A, B). Furthermore,
IFI6 protein was highly expressed in both types of cell lines by
IFN-a stimulation (Figures 1C, D). The expression level of IFI6
by stimulation of IFN-a indicates a unique role of IFI6 against
foreign invaders in terms of host defense strategy in hepatocytes.

IFI6 Overexpression Inhibits HBV
Replication and Gene Expression
As the function of IFI6 on HBV replication and gene expression
was not reported previously, we initially evaluated the role and
function of IFI6 in HBV replication and gene expression in the
HepG2 cell line. HA-tagged IFI6 or control vector (pCAGGS)
at different concentrations was transiently transfected along with
b-gal and pHBV1.3 in HepG2 cells. The mRNA and protein
levels of IFI6 were detected with qRT-PCR and western blot,
respectively. The IFI6 was highly expressed in a dose-dependent
manner in HepG2 cells (Figure 2A). As the transcription of HBV
RNA is controlled by core promoter and EnhII, we further
evaluated the level of HBV RNA transcripts (3.5 kb, 2.4 kb,
Frontiers in Immunology | www.frontiersin.org 512
and 2.1 kb) by northern blot. The results indicated that the
steady-state level of 3.5 kb pgRNA along with 2.4 kb, and 2.1 kb
RNA transcripts were decreased in a dose-dependent manner
(Figure 2B). Consistent with decreased HBV transcripts, the
qRT-PCR analysis indicated the reduction of 3.5 kb HBV RNA
level by overexpression of IFI6 (Figure 2C). As 3.5 kb HBV RNA
acts as a template for HBV DNA replication, we further
confirmed the HBV DNA replication inhibition in HepG2 cells
and measured the level of HBV intracellular core-associated and
extracellular encapsidated DNA level by q-PCR. The intracellular
core-associated and extracellular HBV DNA replication
significantly reduced upon overexpression of IFI6 (Figures 2D,E).
To determine the HBV secreted proteins (HBsAg and HBeAg) level
in supernatant of transfected cells, ELISA was performed, and the
level of HBsAg and HBeAg in cell supernatant was highly reduced,
indicating the inhibitory role of IFI6 (Figure 2F). Furthermore, we
determined the cytotoxicity of transfected HepG2 cells with CCk8
assay. These results demonstrated that transfection of HepG2 cells
with IFI6 plasmid has no cytotoxic effect in our experimental system
(Figure 2G). Taken together, we conclude that IFI6 overexpression
inhibits HBV replication and gene expression in HepG2 cells.

Knockdown of IFI6 Enhances HBV
Replication and Gene Expression
The above data indicate that overexpression of IFI6 inhibits the
replication of HBV and gene expression. To further evaluate the
antiviral activity of IFI6 against HBV, we investigated whether
downregulating the activity of IFI6 could enhance HBV gene
expression. We used short hairpin RNA targeting two different
regions of IFI6 and inserted it into the cell genome by lentivirus
A B

DC

FIGURE 1 | Expression level of IFI6 is significantly induced by IFN-a in Hepatocytes. HepG2 and Huh7 cells were seeded in 12 well cell culture plates. After 24
hours, cells were treated with human IFN-a (100 ng/ml). Samples were collected at 0, 4, 8, and 12 hours after IFN-a treatment and total RNA was purified and
subjected to qRT-PCR (A, B) and western blot for protein detection (C, D). The anti-IFI6 antibody was used to determine the protein level of IF6. Expression of
b-actin was used as a loading control. The data are averages of three independent experiments; the results were measured as a mean ± SD and statistically
analyzed. ***P < 0.001, ****P < 0.0001.
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infection. We generated three stable HepG2 cell lines expressing
control (shRNA) and two different target regions of IFI6 (named
shIFI6-1 and shIFI6-2). The downregulating efficiency of stable cell
lineswasmeasuredbyqRT-PCRandwestern blot, respectively. The
level of IFI6 mRNA and protein was significantly reduced as
compared with control (Figure 3A). To further confirm the
activity of stable IFI6 cell lines with HBV gene expression,
pHBV1.3 and b-gal were transiently transfected and measured
the level of HBV transcripts (3.5 kb, 2.4 kb, and 2.1 kb) by northern
blot. The steady-state level of HBVRNA transcripts (3.5 kb, 2.4 kb,
and 2.1 kb) was enhanced significantly by the downregulation of
IFI6 activity (Figure 3B). Accordingly, the qRT-PCR analysis
Frontiers in Immunology | www.frontiersin.org 613
indicated the elevated level of 3.5 kb HBV RNA by IFI6
knockdown (Figure 3C). Consistent with the increased HBV
RNA transcripts level, the level of HBV intracellular core
associated and extracellular DNA level was measured with q-
PCR, and the replication of HBV DNA was increased potently
(Figures 3D, E).Moreover, the level of secretedHBsAg andHBeAg
in the cell culture supernatant was significantly increased (Figure
3F). However, to determine the side effect of shRNA on HepG2
cells, cytotoxicity assaywas performedwithCCK8kit, indicatingno
side effect of shRNA on growth condition of stable knockdown cell
lines (Figure 3G). These results showed that the HBV gene
expression increased by downregulating the activity of IFI6.
A
B

D E F

G

C

FIGURE 2 | IFI6 overexpression inhibits HBV replication and gene expression. HepG2 cells were seeded in 12 well cell culture plates and transfected with indicated
amounts of the plasmid. Cells were harvested after 48 h posttransfection (A, B, C, F, G) or 96 hours post-transfection (D, E). (A) The expression of IFI6 mRNA and
protein was measured by qRT-PCR and western blot, respectively. The anti-IFI6 and anti-HA-tag antibodies were used to determine the protein level of IF6 and HA-tag,
respectively. The b-actin was used as a loading control. (B) HBV RNA transcripts (3.5 kb, 2.4 kb, and 2.1 kb) were determined with northern blot. The amount of 28S
and 18S rRNAs was used as a loading control. (C) The level of HBV 3.5 kb RNA was measured with qRT-PCR. The GAPDH level was used as an internal control. HBV
core associated (D) and extracellular DNA (E) was determined by qPCR. (F) The level of secreted HBsAg and HBeAg from transfected cell supernatant was measured
with ELISA. (G) The cytotoxicity of transfected HepG2 was determined with a CCK8 kit after 48 hours of transfection with the indicated amount of plasmids. The data are
averages of three independent experiments; the results were measured as a mean ± SD and were statistically measured. *** P < 0.001, **** P < 0.0001.
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IFI6 Downregulate HBV Gene
Expression by Suppressing ENHII/Cp
Promoter Activity
The HBV transcription is controlled by different promoters
EnhI, EnhII, Sp1, and Sp2. To further evaluate the molecular
mechanism of IFI6 mediated HBV suppression and measured
the HBV promoters activity, the EnhI, EnhII, Sp1, and Sp2 were
cloned into pGL3 basic vector to construct four reporter
plasmids. HepG2 cells along with IFI6 expression plasmid or
control plasmid was transiently transfected with four reporter
plasmids and measured the dual-luciferase activity. The
Frontiers in Immunology | www.frontiersin.org 714
EnhII/Cp was significantly suppressed by overexpression of
IFI6 (Figure 4A) while all other promoters were not affected
by IFI6 overexpression. To further clarify that whether inhibition
of EnhII/Cp is specifically due to overexpression of IFI6, we
replaced EnhII/Cp with pCMV (cytomegalovirus promoter) and
HepG2 cells along with IFI6 expression plasmid or control
plasmid were transiently transfected with pCMV construct and
measured the dual-luciferase activity. Interestingly, IFI6 does not
change the activity of the pCMV promoter, indicating
the specificity of IFI6 mediated inhibition of EnhII/Cp
(Figure 4B). Moreover, dose-dependent of IFI6 significantly
A B

D E F

G

C

FIGURE 3 | Knockdown of IFI6 enhances HBV replication and gene expression. Stable HepG2 cell lines expressing shRNA (control), shIFI6-1, and shIFI6-2 were
seeded in 12 well cell culture plate and transfected after 24 hours with pHBV1.3 (800 ng) and b-Gal (200 ng) and cells were harvested 48 hours posttransfection
(A, B, C, F, G) or 96 hours posttransfection (D, E). (A) The IFI6 mRNA and the protein expression level were measured by qRT-PCR and western blot, respectively.
The anti-IFI6 antibody was used to determine the protein level of IF6. The b-actin was used as a loading control. (B) HBV RNA transcripts were determined with
northern blot. The amount of 28S and 18S rRNAs was used as a loading control. (C) The level of HBV 3.5 kb RNA was measured with qRT-PCR. The GAPDH level
was used as an internal control. (D) HBV core associated DNA and extracellular DNA (E) was determined with qPCR. (F) The level of secreted HBsAg and HBeAg
from transfected cell supernatant was measured with ELISA. (G) The cytotoxicity of the stable knockdown cell line was determined with CCK8 kit after 48 hours of
transfection with pHBV (800 ng) and b-Gal (200 ng). The data are averages of three independent experiments; the results were measured as a mean ± SD and were
statistically measured. ** P < 0.01, *** P < 0.001, **** P < 0.0001.
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decreased the activity of EnhII/Cp promoter (Figure 4C). These
results indicated that IFI6 downregulates HBV at the
transcriptional level. Several previous studies revealed that liver
enriched transcription factors such as HNF1a, HNF4a, PGC-1a,
and C/EBPa are responsible for regulating the Enhancer activity
of HBV (33–36). As the IFI6 inhibits the activity of EnhII/Cp, we
further investigated the role of these liver enriched transcription
factors and analyzed their activity by qRT-PCR. The
overexpression of IFI6 did not alter the activity of these
transcription factors (Figure 4D) suggesting that IFI6 has a
direct influence on HBV EnhII/Cp activity. Taken together, our
results indicated that IFI6 directly suppresses EnhII/Cp activity
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IFI6 Suppresses HBV Replication
by Binding to 1715-1770 nt
of EnhII/Cp Promoter
As IFI6 directly suppresses the EnhII/Cp promoter activity, we
further evaluated the specific binding site of the EnhII/Cp
promoter. To investigate the specific binding site of EnhII/Cp
promoter, a series of EnhII/Cp deletion mutant was generated
and cloned into pGL3 basic vector to construct five reporters
(Figure 5A). HepG2 cells along with IFI6 expression plasmid or
control plasmid was transiently transfected with five reporters
and dual-luciferase activity was measured. The IFI6 reduced the
activity of EnhII/Cp 1715-1815 bp (100 bps) (Figure 5B). To
A

B

D

C

FIGURE 4 | IFI6 downregulate HBV gene expression by suppressing EnhII/Cp promoter activity. HepG2 cells, along with IFI6 expression plasmid or control plasmid
(250 ng) was transiently transfected with four reporter plasmids (200 ng) in 24 well cell culture plates and harvested the cells after 48 hours of transfection and
subjected to Dual-Luciferase assay. (A) The activity of four promoters was measured, and the pRL-TK (50 ng) was used as a transfection efficiency control. (B) The
activity of the pCMV promoter (200 ng) was measured with a Dual-Luciferase assay. (C) The activity of EnhII/Cp was measured in the indicated dose. (D) The level of
different liver enriched transcription factors was measured by qRT-PCR. The + in pHBV1.3 showing 0.4 µg concentration, the + in pSV-b-gal showing 0.2 µg
concentration, the + and ++ in pCAGGS and IFI6 indicate 0.2 and 0.4 µg concentration of pCAGGS and IFI6, respectively, and - in pCAGGS and IFI6 panel is
showing zero concentration of pCAGGS and IFI6. The data are averages of three independent experiments; the results were measured as a mean ± SD and were
statistically measured. *p < 0.05, **p < 0.01, ***P < 0.001, ns, non-significant.
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FIGURE 5 | IFI6 suppresses HBV replication by binding to 1715-1770 nt of EnhII/Cp promoter. (A) Schematic diagram of EnhII/Cp promoters and its truncated
mutants. (B) The mutants were subcloned into pGL3 basic plasmid and transfected in HepG2 cells. Cells were harvested after 48 h of transfection, and Dual-
luciferase activity was measured. (C) HepG2 cells were seeded in a 10 cm dish and transfected with pHBV1.3 (5 µg) with IFI6 (5 µg) or control plasmid (pCAGGS,
5 µg), after 48 hours of transfection, cells were harvested, immunoprecipitate was extracted with overnight incubation of Anti-Polymerase II, mouse IgG, and Anti-
HA-Tag antibody to analyze the binding ability of EnhII 1715-1815. The protein-bound EnhII 1715-1815 DNA was extracted, amplified with PCR, and detected with
agarose gel electrophoresis. (D) Expression and purification of recombinant GST-IFI6 protein were performed from E.coli. The western blot was performed to
measure the size of the GST-tagged IFI6 protein. The arrow indicated the expected band size of protein, and elution 3 was used for subsequent EMSA experiments.
(E) EMSA was performed to determine the specific binding of IFI6 with EnhII/Cp 1715-1770 region. Lane 1, GST IFI6 protein alone, Lane 2, Cy5 labeled probe
(1715-1770 nt) alone, Lane 3, Cy5 labeled probe (1715-1770 nt) incubated with non-specific competitor probe (Cy5 1415-1470), Lane 4-7, Cy5 labeled probe
(1715-1770 nt) incubated with different concentrations of GST IFI6 protein, Lane 8-10, a competition of Cy5 labeled probe (1715-1770 nt) with different
concentrations of an unlabeled cold probe (1715-1770 nt). (F) EMSA was used to determine the binding of IFI6 with EnhII/Cp 1760-1815 region. Lane 1, Cy5
labeled probe (1760-1815) alone, Lane 2, GST IFI6 protein alone, Lane 3, Cy5 labeled probe (1760-1815 nt) incubated with non-specific competitor probe (Cy5
1415-1470), Lane 4-7, Cy5 labeled probe (1760-1815 nt) incubated with different concentrations of GST IFI6 protein, Lane 8-10, a competition of Cy5 labeled probe
(1760-1815 nt) with different concentrations of an unlabeled cold probe (1760-1815 nt). (G) HepG2 cells were seeded in 12 well cell culture plates and transfected
after 24 hours with IFI6 (1 µg) alone or co-transfected with pHBV1.3 (0.5 µg). Cells were harvested after 48 h posttransfection. Nuclear and cytoplasmic protein was
extracted and subjected to western blot. The anti-IFI6 and (H) anti-HA-tag antibodies were used to determine the protein level of IF6 and HA-tag respectively from
nuclear and cytoplasmic extracted protein. The b-actin was used as a loading control. The data shown in the graph are averages of three independent experiments;
the results were measured as a mean ± SD and were statistically measured. * P < 0.05, ** P < 0.01, ns, non-significant.
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further identify the 100 bp binding site of EnhII/Cp, chromatin
immunoprecipitation assay (ChIP) was performed. ChIP assay
indicated that IFI6 specifically binds to 1715-1815 nt of EnhII/
Cp, however, no binding was observed between IFI6 and EnhII/
Cp D1715-1815 nt when 1715-1815 bp were deleted (Figure 5C).
To further identify the specific binding site of EnhII/Cp 1715-
1815 bp, we generated two 55 base pairs long overlapped Cy5
labeled probes (1715-1770 bp, 1760-1815 bp) to identify the
specific binding sites by Electrophoretic mobility shift assay.
Recombinant GST-IFI6 protein was expressed and purified from
E.coli (Figure 5D) and EMSA was performed to detect the
binding of IFI6 with EnhII/Cp 1715-1815 bp. The results
indicated that IFI6 could directly bind to the EnhII/Cp 1715-
1770 bp (Figure 5E) while no binding was observed between the
IFI6 protein and EnhII/Cp 1760-1815 bp (Figure 5F). Taken
together, our results revealed that EnhII/Cp 1715-1770 bp of
HBV is involved in IFI6 mediated HBV inhibition.

IFI6 Is Localized Mainly Inside the Nucleus
Previous studies demonstrated that IFI6 localized in
mitochondria or endoplasmic reticulum inside the cells (21).
As we indicated that IFI6 inhibits HBV replication and gene
replication inside the nucleus (Figures 5G, H). We asked to
evaluate the localization of IFI6. To this extent, HepG2 cells were
transfected with HAtagged IFI6 alone or with pHBV1.3. After 48
hours of transfection, the nuclear and cytoplasmic protein was
extracted and subjected to western blot. It is demonstrated that
IFI6 is highly expressed in the nucleus rather than the cytoplasm
(Figure 5G). Moreover, the IFI6 protein expresses more in the
presence of HBV inside the nucleus indicating the expression of
endogenous IFI6 as well. To further confirm this localization, a
western blot was performed using HAtag antibody. Figure 5H
shows the same localization found inside the nucleus rather than
in the cytoplasm. These results clearly support our hypothesis of
inhibition of HBV inside the nucleus.

IFI6 Inhibits Replication of HBV and Gene
Expression in Mice
As in vitro results indicate that the IFI6 inhibits replication of
HBV and gene expression, we further evaluated IFI6 mediated
HBV inhibition in a mouse model. The IFI6 overexpression
plasmid and pHBV1.3 together with its control vector were
hydrodynamically injected into the tail vein of mice. After five
days of injection, mice were slaughtered, liver and blood were
collected. The western blot was performed to determined IFI6
and HA-tag protein levels. The results indicated a high
expression of IFI6 protein level in mice liver (Figure 6A). To
further verify the in vivo HBV transcription, 3.5 kb HBV RNA
level was measured by qRT-PCR (Figure 6B), which indicated
the inhibition of 3.5 kb HBV RNA which is a template of HBV
transcription that subsequently leads to the inhibition of HBV
DNA level (Figure 6C). Consistent with in vitro results, the level
of HBV secreted HBsAg and HBeAg were significantly reduced
in the mouse model (Figures 6D, E). To further confirm the in
vivo inhibition of HBV, immunohistochemical staining was
performed to evaluate the HBcAg level. Figure 6F clearly
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showed the reduced level of HBcAg expression level in mice
liver. Taken together, our results revealed that IFI6 could inhibit
the replication of HBV and gene expression in vivo that is
consistent with in vitro results. Overall, our results
demonstrate that induction of IFI6 inhibits HBV replication
and gene expression inside the nucleus that specifically bind with
the EnhII/Cp 1715-1770 nt and directly suppress the replication
of HBV (Figure 7).
DISCUSSION

As HBV infection is a significant public health concern
worldwide and the mechanism of HBV pathogenesis is mostly
unclear. This study aims to assess the mechanism underlying the
regulation of anti-HBV activity of IF6. This study identified a
new horizon of a previously unidentified mechanism by which
IFI6 inhibits HBV replication through specifically bind with
EnhII/Cp region. The interaction between liver innate
immunity and HBV infection has an essential role in HBV
disease progression. During acute HBV infection, a
noncytolytic mechanism triggers host T-cell responses to
eliminate the virus from hepatocytes, which produces
infiltrating TNF-a and IFN-g that acts as proinflammatory
antiviral cytokines (37). However, the role of IFI6 in the
regulation of acute and chronic HBV infection has not been
reported previously. Here we first time provide the evidence that
IFI6 restricts HBV replication in in vitro and in vivo.

IFN is extensively prescribed to treat chronic HBV in clinical
settings for the last couple of decades. For chronic HBV
treatment, the only available immunotherapy to date is
primarily based on pegylated IFN-a . However, the
administration of pegylated IFN-a for HBV chronic treatment
has only 20-40% seroconversion of HBeAg (38). The intracellular
activity of IFN-a is primarily mediated by an array of
transcription of around 300 IFN-stimulated genes (ISGs) (39).
ISGs also show a tremendous antiviral effect by targeting
different steps of the viral life cycle. Many of these ISG’s
inhibit replication of the hepatitis C virus (40), while some of
the ISG’s such as USP 18 and ISG15 enhanced HCV replication
(41, 42). IFI6 is one of the IFN-stimulated genes and its antiviral
mechanism and function are not fully elucidated in HBV
replication. In this study, we hypothesized the functional and
antiviral mechanism of the IFI6 gene against HBV gene
expression and replication. In examining intrahepatic IFN-
stimulated genes and evaluating the functional role of IFI6 in
the context of HBV immune response, we determined the
expression level of IFI6 by inducing hepatoma cell lines with
IFN-a that significantly induces IFI6 expression (Figure 1). The
overexpression of IFI6 reduced the HBV RNA transcripts and
protein level, while the knocking down of IFI6 enhanced the
activity of HBV gene expression and replication (Figures 2
and 3). A previous study based on ISG20 inhibited HBV
replication in mouse hepatocytic cell lines and involved IFN-
mediated HBV inhibition (43). Consistent with this study, our
results of overexpression and knockdown of IFI6 significantly
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inhibit and elevated the replication of HBV and gene expression
in HepG2 cells, respectively.

The HBV transcription is controlled by two enhancers (EnhI/
Xp and EnhII/Cp) and four promoters’ elements. Previous
studies revealed that IFN-a influences different steps in the
HBV life cycle, including DNA replication, the formation of
the core particle, transcription and degradation, and the export
of viral RNAs (44–47). As the EnhII is positioned adjacent to the
core promoter and regulates the transcriptional activity of
precore/preS1 and preS2 promoters in an orientation
independent manner. Various other cellular and transcription
factors, including HNF4a, Prox1, FOXO1 bind with EnhII and
Frontiers in Immunology | www.frontiersin.org 1118
promote the HBV regulation. Previous reports postulated that
an ISG TRIM22 significantly suppresses HBV gene expression
by targeting EnhII/Cp promoter (48). In this study, we
demonstrated that IFI6 influenced the activity of EnhII/Cp
while there was no effect of IFI6 on other regulatory elements
of HBV (Sp1, Sp2, and EnhI) (Figure 4A).

HBV transcription inhibition is involved in numerous
molecules of cytokines. TNF-a and IFN-g induced IL-32 in
primary human hepatocytes and hepatoma cells that regulate
the transcription of HBV core promoter by downregulating
HNF1-a and HNF4-a. Similarly, IFN-g-mediated anti-HBV
activity is contributed by hepatocystin that downregulates viral
A B

D

E F

C

FIGURE 6 | IFI6 inhibits replication of HBV and gene expression in mice. The IFI6 (20 µg) or its control vector (pCAGGS, 20 µg) and pHBV1.3 (10 µg) plasmid were
hydrodynamically injected in eight weeks old male C57BL/6 mice. After 5 days post-injection, mice sera and liver were collected. (A) The protein was extracted from
mice liver and expression of IFI6 and HA-tag protein was determined with western blot using anti-IFI6 and anti-HA-tag antibody. The b-actin was used as a loading
control. (B) The level of 3.5 kb HBV RNA was measured by qRT-PCR. The level of mice GAPDH was used as an internal control. (C) The HBV DNA was extracted
from mice serum, and the level was determined by qPCR. The secreted HBsAg (D) and HBeAg (E) were determined with the ELISA. (F) The immunohistochemical
staining of HBcAg from mice liver. The data are averages of three independent experiments; the results were measured as a mean ± SD and were statistically
measured. ** P < 0.01, *** P < 0.001.
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enhancer activity by overexpression of HNF4-a (31–34, 47, 48).
According to this context, our results indicate that IFI6 inhibit
HBV replication by interacting with EnhII/Cp region without
dysregulation of various liver enriched transcription factors,
including HNF1a, HNF4a, PGC-1a, and C/EBPa (Figure 4C)
(34). We speculate that overexpression of IFI6 inhibits the EnhII
activity but does not affect the expression level of these
transcription factors. There may be some other transcription
factors that could bind to the EnhII region. However, we cannot
exclude the recruitments of these transcription factors in the
regulation of the EnhII with IFI6 overexpression. Their activity
may be changed after IFI6 binding with the EnhII. Further study
will be needed to clarify this mechanism.

The regulation of HBV is determined by cis-acting factors
within HBV mRNA and trans-acting factors in the host cell. We
further mapped the specific sequence binding site of HBV EnhII/
Cp and identified the EnhII/Cp 1715-1770 nt specific cis-acting
factors in IFI6 mediated HBV inhibition in EMSA assay with a
detailed mechanism (Figure 5E). As the overexpression and
knockdown clearly indicate the anti-HBV effect of IFI6 but the
level of HBsAg dramatically increased which is not under the
regulation of EnhII (49). This decrease might be due to
transcriptional inhibition or some other liver transcriptional
factors involved. Also, the function and role of HBV were
elucidated in vivo indicated that overexpression of IFI6
markedly inhibited the replication of HBV DNA and gene
expression in mouse sera and liver (Figure 6).
Frontiers in Immunology | www.frontiersin.org 1219
In conclusion, our study demonstrated the functional role
and antiviral effect of IFI6 on the replication of HBV DNA and
gene expression in vitro and in vivo. Furthermore, we showed
that IFI6 is mainly localized inside the nucleus. Collectively, our
findings also provide an understanding of the antiviral
mechanism of IFI6. However, the study is limited to IF6
mediated inhibition of HBV on RNA level and results are
generated from in vitro and in vivo experiments where no
stable cccDNA pool is detected. Further study is needed to
understand the detailed mechanism and to control HBV at the
cccDNA level.
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The antiviral property of small agonist compounds activating pattern recognition receptors
(PRRs), including toll-like and RIG-I receptors, have been preclinically evaluated and are
currently tested in clinical trials against chronic hepatitis B (CHB). The involvement of other
PRRs in modulating hepatitis B virus infection is less known. Thus, woodchucks with
resolving acute hepatitis B (AHB) after infection with woodchuck hepatitis virus (WHV)
were characterized as animals with normal or delayed resolution based on their kinetics of
viremia and antigenemia, and the presence and expression of various PRRs were
determined in both outcomes. While PRR expression was unchanged immediately after
infection, most receptors were strongly upregulated during resolution in liver but not in
blood. Besides well-known PRRs, including TLR7/8/9 and RIG-I, other less-characterized
receptors, such as IFI16, ZBP1/DAI, AIM2, and NLRP3, displayed comparable or even
higher expression. Compared to normal resolution, a 3–4-week lag in peak receptor
expression and WHV-specific B- and T-cell responses were noted during delayed
resolution. This suggested that PRR upregulation in woodchuck liver occurs when the
mounting WHV replication reaches a certain level, and that multiple receptors are involved
in the subsequent induction of antiviral immune responses. Liver enzyme elevations
occurred early during normal resolution, indicating a faster induction of cytolytic
mechanisms than in delayed resolution, and correlated with an increased expression of
NK-cell and CD8 markers and cytolytic effector molecules. The peak liver enzyme level,
however, was lower during delayed resolution, but hepatic inflammation was more
pronounced and associated with a higher expression of cytolytic markers. Further
comparison of PRR expression revealed that most receptors were significantly reduced
in woodchucks with established and progressing CHB, and several RNA sensors more so
than DNA sensors. This correlated with a lower expression of receptor adaptor and
effector molecules, suggesting that persistent, high-level WHV replication interferes with
PRR activation and is associated with a diminished antiviral immunity based on the
org July 2021 | Volume 12 | Article 713420122
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reduced expression of immune cell markers, and absent WHV-specific B- and T-cell
responses. Overall, the differential expression of PRRs during resolution and persistence
of WHV infection emphasizes their importance in the ultimate viral control during AHB that
is impaired during CHB.
Keywords: pattern recognition receptors, hepatitis B virus, acute hepatitis B, innate immune response, woodchuck,
chronic hepatitis B
INTRODUCTION

The host innate immunity recognizes viral infections and
activates appropriate defense mechanisms. An important part
of this response is mediated by germline-encoded receptors, also
called pathogen recognition receptors (PRRs) that bind
pathogen-associated molecular patterns (PAMPs), ranging
from viral nucleic acids to their encoded glycoproteins (1).
Subsequent activation of PRRs triggers their downstream
signaling pathways, involving adaptor molecules, transcription
factors, and type-I interferons (IFNs) or pro-inflammatory
cytokines, leading to cell intrinsic and antiviral immune
responses (2). The known PRR families include toll-like
receptors (TLRs), retinoic acid-inducible gene I (RIG-I) like
receptors (RLRs), nucleotide-binding oligomerization domain
(NOD) like receptors (NLRs), cytosolic DNA sensors (CDSs),
and inflammasomes. The subcellular localization of these PRRs
in immune and/or non-immune cells is either on plasma and
endosomal membranes or within the cytoplasm and nucleus.

Hepatitis B virus (HBV) is a serious global health issue, with
257 million chronic carriers who are at high risk of developing
chronic hepatitis B (CHB), liver cirrhosis, and hepatocellular
carcinoma (3, July 8). HBV infection in adults usually leads to
acute hepatitis B (AHB) and is often self-limited via the control by
a strong antiviral immune response, with only a 5% chance of
progressing to chronicity (4). However, HBV infection acquired
at birth by mother-to-child transfer results in CHB in 95% of
cases (5). CHB is associated with an inadequate antiviral immune
response, which is responsible for the progression of liver disease.
The surge in and the continuous presence of viral proteins during
HBV replication interferes with many functions of the innate and
adaptive immunity (6). These immunodeficiencies present in
CHB have shifted the focus of drug development to
immunomodulation as a therapeutic strategy for reviving the
impaired immune response in patients with chronic HBV
infection (7). The underlying reason is that current treatment
options for CHB, including nucleos(t)ide analogs and (pegylated)
IFN-a, rarely lead to immunological control of HBV infection
(i.e., functional cure) and are further associated with adverse
effects and viral relapse upon treatment discontinuation.

Small agonist molecules targeting selected PRRs have been
recently developed, with several compounds tested in preclinical
animal models of HBV and subsequently in patients with CHB
(8). These includes compounds activating TLR3, TLR7, TLR8,
TLR9, stimulator of interferon genes (STING), and RIG-I. In
woodchucks infected with the HBV-like woodchuck hepatitis
virus (WHV), several of these agonist molecules suppressed viral
org 223
replication and mediated sustained antiviral effects. These studies
have highlighted the important role of innate immune receptors
in facilitating a coordinated adaptive immune response and
hence are suitable targets for immune modulation.

Besides the above PRRs, the involvement of other viral nucleic
acid sensing receptors in HBV infection, and especially in AHB
resolution, remains unknown. Main reasons are that studying the
early phase of HBV infection in patients is challenging due to its
asymptomatic nature and that obtaining frequent liver biopsies
from patients is limited. The Eastern woodchuck (Marmota
monax) infected with WHV is a fully immunocompetent
animal model that has been extensively used for investigating
HBV-associated pathogenesis during the resolved versus chronic
outcome of infection. Similar to HBV infection in humans,
almost all adult woodchucks resolve WHV infection, whereas
neonatal woodchucks infected shortly after birth mainly progress
to CHB (9). Thus, woodchucks are an excellent animal model for
studying the early events of host immune response to the virus
following experimental WHV infection and for testing the safety
and antiviral efficacy of novel drugs for the treatment of CHB. In
our previous work on acute, self-limited WHV infection in adult
woodchucks, we found that the coordinated interplay of innate
and adaptive immune responses mediates resolution of AHB,
with an initial viral control by natural killer- (NK-) cell
associated IFN-g production (10). In the present study, we
investigated the kinetics of viral nucleic acid sensing PRRs in
the liver and periphery of adult woodchucks with resolving
WHV infection. Comparing the intrahepatic peak upregulation
of important receptors during AHB to their expression and
presence in the setting of established and progressing CHB
revealed an involvement of viral DNA sensors in the control of
WHV infection, and much more so than viral RNA sensors.
MATERIALS AND METHODS

Ethics Statement
The animal protocol entitled “Super-infection and virus spread
during chronic hepadnaviral infection” and all procedures
involving woodchucks were approved by the IACUC of
Northeastern Wildlife, Inc. (Harrison, ID) on January 3, 2012,
and adhered to the national guidelines of the NIH Guide for the
Care and Use of Laboratory Animals. Woodchuck were
anesthetized by intramuscular injection of ketamine (50 mg/
kg) and xylazine (5 mg/kg) for blood collection and percutaneous
liver biopsy. Prior to euthanasia, woodchucks were anesthetized
as described above and euthanized by an overdose of
July 2021 | Volume 12 | Article 713420
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pentobarbital (80-100 mg/kg) administered by intracardiac
injection, followed by bilateral intercostal thoracotomy.

Woodchucks and WHV Parameters
The ten adult woodchucks investigated were part of an animal
cohort that was experimentally infected with an equal number of
genome equivalents (GE) of WHV (11, 12). Animals were
selected based on the duration of AHB resolution that allowed
studying PRR expression in detail during the early stages ofWHV
infection. Woodchucks were further characterized as animals
with normal or delayed resolution based on the individual
kinetics of viremia and antigenemia in serum and liver.
Following WHV inoculation, all woodchucks were monitored
for approximately 14 to 18 weeks. Serum, blood, and liver samples
were collected prior to inoculation (pre-inoculation or Pre) and
again at the end of the study (EOS). In addition, serum was
collected weekly, blood was obtained weekly or biweekly, and
additional liver biopsies were taken at weeks +5/6, +9, and +12/
13. Serum viral load, intrahepatic WHV replication, and innate
and adaptive immune responses in some of these animals were
reported recently (10–12). For woodchucks with established
CHB, viremia and antigenemia in serum and liver, as well as
antibody and T-cell responses in the periphery, were determined
as described for animals resolving AHB. Liver tissues were further
examined for sinusoidal and portal hepatitis and a composite
score was obtained on a scale of 0-6, where 0 indicated absent, >0-
2 indicated mild, >2-4 indicated moderate, and >4 indicated
severe/marked inflammation.

Intrahepatic and Peripheral
PRR Expression
Total RNA from liver biopsy samples was isolated using the
RNeasy Mini kit (Qiagen, Redwood City, CA) by following the
manufacture’s protocol. Total RNA from whole blood collected
in PAXgene blood tubes (Qiagen) was isolated using the
PAXgene Blood miRNA kit (Qiagen) with on-column DNase I
digestion using RNase-free DNase according to the
manufacturer’s instructions. RNA concentrations were
measured using a Nano Drop 8000 spectrophotometer
(Thermo Scientific, Waltham, MA). Liver and blood derived
mRNA samples were then reverse transcribed using random
primers and the High Capacity cDNA Reverse Transcription kit
(Applied Biosystems, Foster City, CA). Changes in the transcript
level of various PRRs, adaptor molecules, transcription factors,
and effector molecules and cytokines (Supplementary Table S1)
in the liver and blood during the course of acute WHV infection
were determined using real-time PCR and woodchuck-specific
primers and probes (Supplementary Table S2), as described
previously (10). A fold-change of ≥2.1 from the pre-inoculation
baseline was considered a positive result for increased molecule
expression. Expression results for the above molecules in
woodchuck liver are provided in Supplementary Tables S3
and S4.

Immunohistochemistry
Liver tissues were stained with cross-reactive antibodies to selected
PRRs, including RIG-I (Origene Technologies, Rockville, MD),
Frontiers in Immunology | www.frontiersin.org 324
TLR7 (Abcam, Cambridge, MA), TLR8 (Bioss, Woburn, MA),
ZBP1 (Bioss), and NLRP3 (Bioss). Whole slide images were
obtained using an Aperio Scanner GT450 (Leica Biosystems,
Buffalo Grove, IL) and analyzed by QuPath, a quantitative
pathology and bioimaging software developed at the University
of Edinburg, UK (13). Five random areas of similar size were
selected in each of the images and a set of same parameters was
applied to each area for the detection of positively stained cells.
The output results included the total number of immune and non-
immune cells detected and the number of cells that stained
positively. The percentage of stained cells in each whole slide
image is presented as an average of the five areas. The number of
positively stained immune cells in the same five areas was
obtained by manual counting, a percentage was calculated based
on the total number of cells detected and then averaged.

PRR Presence in Woodchucks With AHB
and CHB and in WHV-Uninfected Controls
For comparing PRR expression during the acute and chronic
outcomes of WHV infection, the following sample sets were
used: (i) the pre-inoculation and peak expression levels of each
receptor in the liver of the ten woodchucks with resolving WHV
infection served as samples for the uninfected control or peak
AHB, respectively; and (ii) receptor expression in historical liver
tissues of ten age- and gender-matched, treatment-naïve,
established chronic WHV carrier woodchucks were used as
samples for progressing CHB. For each sample set, the PRR
expression was averaged, and the percentage of increase or
decrease in receptor transcript level during AHB and CHB was
calculated relative to the uninfected control. A similar
comparison was performed for innate and adaptive immune
cell markers in each sample set. Furthermore, for comparing
PRR presence at the protein level, liver tissues from each sample
set were stained for selected receptors using the above-described
cross-reactive antibodies.

Statistical Analysis
Statistical comparisons were performed using unpaired Student’s
t-test with equal variance for the intrahepatic expression of
PRRs, adaptor molecules, interferon-stimulated genes (ISGs),
and immune cell markers between woodchucks with AHB
and CHB.
RESULTS

Course of WHV Infection in Woodchucks
The ten adult woodchucks investigated in this study were part of
an animal cohort that was inoculated with WHV and then
followed for 14 to 18 weeks (11, 12). The course of acute
WHV infection in individual animals has been described
previously (10–12), including serum viremia, antigenemia,
antibody response, intrahepatic WHV replication and antigen
expression, and liver enzyme levels. Overall, the increases and
subsequent declines of the above infection parameters indicated
July 2021 | Volume 12 | Article 713420

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Suresh et al. PRR Kinetics in WHV-Resolving Woodchucks
AHB in all animals, which eventually resolved. Based on the
kinetics of viremia and antigenemia, these adult woodchucks
were separated into animals with normal or delayed resolution,
with five animals in each group. For comparison with
progressing chronic infection, serum, blood, and liver samples
obtained from five woodchucks with established CHB over a
period of 18 weeks were included. The average changes in WHV
relaxed circular (rc) DNA and surface antigen (WHsAg) loads,
anti-WHsAg antibody (anti-WHs) titer, sorbitol dehydrogenase
(SDH) liver enzyme level, and liver inflammation are provided in
Figure 1 for depicting differences in the course of AHB between
woodchucks with normal and delayed resolution, as well as
animals with CHB progression. For comparing the immune
responses associated with liver inflammation in the setting of
normal and delayed AHB resolution, the intrahepatic expression
kinetics of NK-cell and cytotoxic CD8+ T-cell (CTL) markers
and of cytolytic effector molecules are shown in Figure 2. These
included natural cytotoxicity triggering receptor 1 (NCR1/
NKp46), neural cell adhesion molecule (NCAM/CD56), IFN-g,
cluster of differentiation (CD) 8, perforin (PRF), granzyme B
(GZMB), and apoptosis-inducing FAS ligand (FASL) and
receptor (FASR). The changes in WHV rc-DNA levels are
further used in the following figures for correlating the
expression of PRRs and other immune response markers with
acute and chronic WHV infection.

During normal resolution (Figure 1), the peak in serum
WHV rc-DNA in woodchucks was observed at week 5.
Frontiers in Immunology | www.frontiersin.org 425
WHsAg and anti-WHs antibodies were detectable as early as
weeks 2 or 3, respectively. The SDH level increased at week 8 and
was maximal at week 12, which coincided with moderate liver
inflammation and the peak in WHcAg- and WHsAg-specific T-
cell responses. The peak expression of NK-cell and CTL markers
(fold-change: NKp46, 4.0; NCAM, 2.9; IFN-g, 34.1; CD8, 3.9)
and of cytolytic effector molecules (fold-change: PRF, 7.6; FASL,
2.6) was almost always observed at week 9 (Figure 2). The
average expression of GZMB and FASR revealed no increases
that were considered positive (i.e., ≥2.1-fold from the pre-
inoculation baseline). In animals with delayed resolution
(Figure 1), there was a 3–4-week lag in the peak serum
viremia and in the detection of antigenemia and antibodies
(WHV rc-DNA at week 9, WHsAg at week 5 and anti-WHs at
week 7). Similarly, the increase and peak in SDH level was
observed later at week 12, with concentrations lower than during
normal resolution. Liver inflammation, however, was often more
pronounced in individual animals, ranging from moderate to
severe hepatitis between week 12/13 and the EOS. This was
further associated with a higher expression of NK-cell and CTL
markers (fold-change: NKp46, 4.2; NCAM, 7.1; IFN-g, 45.1;
CD8, 6.2) and cytolytic effector molecules (fold-change: PRF,
8.0; GZMB, 2.4; FASL, 4.2) at week 12/13, except for NCAMwith
a maximum at week 9 (Figure 2). FASR expression again
remained close to the baseline. Furthermore, the peak in
WHV-specific T-cell responses was also noted later at week 18.
In contrast to woodchucks with AHB, animals with established
A B C

FIGURE 1 | Course of WHV infection in the periphery. Kinetics of serum viremia [WHV rc-DNA, as already reported (11, 12)] and antigenemia (WHsAg), antibody
response (anti-WHs antibodies), liver enzyme (SDH) activity, and liver inflammation (top panels) and of blood T-cell response (specific to WHcAg and WHsAg) with
WHV rc-DNA kinetics (bottom panels) in woodchucks during (A) AHB with normal resolution (n=5), (B) AHB with delayed resolution (n=5), and (C) CHB progression
(n=5). Changes in WHV rc-DNA, WHsAg, and anti-WHs antibodies are plotted on the left y-axes, while changes in SDH and WHcAg- and WHsAg-specific T-cell
responses are plotted on the right y-axes. Horizontal bars represent the standard error of the mean. The composite score for sinusoidal and portal hepatitis is
represented as a scale bar, indicating absent, mild, moderate, or severe/marked liver inflammation. GE, genomic equivalents; IU, international unit; FC, fold-change in
T-cell proliferation from unstimulated controls; Pre, pre-inoculation for AHB and start of study for CHB; EOS, end of study.
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and progressing CHB had nearly unchanged serum WHV rc-
DNA and WHsAg levels at high concentrations during the 18-
week period, with undetectable anti-WHs antibodies, rather
uniform SDH levels, mild liver inflammation, and absent
WHV-specific T-cell responses.

Intrahepatic PRR Presence During AHB
Resolution and CHB Progression
PRRs sensing viral nucleic acids and then triggering downstream
signaling pathways for the induction of an antiviral immune
response include diverse families of receptors, such as RLRs,
NLRs, TLRs, CDSs, and inflammasomes. For investigating the
presence and upregulation of these PRRs during resolution of
acute WHV infection or progression of chronic WHV infection,
their expression in woodchuck liver and blood was determined
prior to and following WHV inoculation (14). Complete liver
data sets are presented from all ten woodchucks with AHB, and
nearly complete blood data sets are available from three
woodchucks each with normal or delayed resolution.
Intrahepatic expression of PRRs in three animals with
progressing CHB was determined as well but remained close to
the baseline and did not show pronounced changes for most
receptors. Blood expression of PRRs in animals with CHB was
not determined.
Frontiers in Immunology | www.frontiersin.org 526
RLRs
This PRR family includes RIG-I, melanoma differentiation-
associated protein 5 (MDA5), and laboratory of genetics and
physiology 2 (LGP2), which are mainly expressed in the cytosol
of non-immune cells, including hepatocytes, but are sometimes
also expressed in immune cells, and that sense viral single-
stranded (ss) RNA (RIG-I and MDA5) or double-stranded (ds)
RNA (LGP2) (15). Upon binding of their PAMP, the caspase
recruitment domain (CARD) of RIG-I and MDA5 interacts with
the CARD domain of the adaptor molecule, mitochondrial
antiviral signaling protein (MAVS). This interaction then
activates the downstream signaling pathway involving nuclear
factor kappa-light-chain-enhancer of activated B-cells (NF-kB)
and IFN-regulating factor (IRF) 3 and 7 as transcription factors
to produce type-I IFNs, especially IFN-a (16, 17). LGP2 is a less-
characterized receptor and is mainly considered a negative
regulator of RIG-I and MDA5. In woodchuck liver (Figure 3),
the average RIG-I expression during normal and delayed
resolution revealed no increases over time. MDA5 and LGP2
expression also remained unchanged during normal resolution
but was increased and/or peaked between week 12/13 and the
EOS during delayed resolution (fold-change: MDA5, 2.4; LGP2,
3.4). LGP2 was the only receptor in animals with progressing
CHB with somewhat increased expression at the EOS (fold-
A B

FIGURE 2 | Intrahepatic immune cell marker and cytolytic effector molecule expression. Expression changes of NK-cell and CTL markers (top-panels) and of the
cytolytic effector molecules PRF, GZMB, FASL, and FASR (bottom panels) in liver with WHV rc-DNA kinetics of woodchucks during AHB with (A) normal resolution
(n=5) and (B) delayed resolution (n=5). The fold-changes in immune cell marker and cytolytic effector molecule transcript level is plotted on the right y-axis, while
serum WHV rc-DNA loads are plotted on the left y-axis. The horizontal, dotted line indicates the cutoff for positive expression (i.e., ≥2.1-fold increase from the
pre-inoculation baseline). Horizontal bars represent the standard error of the mean. Pre, pre-inoculation for AHB; EOS, end of study; FC, fold-change.
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change: LGP2, 2.6). In woodchuck blood (Supplementary
Figure 1), increased RLR expression was observed for LGP2 at
week 12 during delayed resolution (fold-change: 2.4), but not for
RIG-1 and MDA5.

NLRs
This PRR family is characterized by a tandem CARD domain at
the amino-terminal end, followed by the conserved NOD
domain and leucine-rich repeat (LRR) motifs at the carboxy-
terminal end that bind PAMPs (18, 19). Most NLRs are located
within the cytosol of immune and non-immune cells, except for
NOD-like receptor family CARD domain containing 5 (NLRC5)
that also translocates into the nucleus (18). Family members
include NOD2, NLRC5, and NOD-like pyrin domain-containing
3 (NLRP3), which is described later with the inflammasomes.
NOD2 senses ssRNA and induces type-I IFNs via the MAVS-
IRF3 signaling pathway (18). NLRC5 is a receptor inducible by
IFN-a and IFN-g (18). In woodchuck liver (Figure 4), an
increase in NOD2 expression was only observed during
delayed resolution, with a peak expression at week 12/13 (fold-
Frontiers in Immunology | www.frontiersin.org 627
change: 2.4). Maximum NLRC5 expression was noted at week 9
during normal resolution (fold-change: 7.8) and at week 12/13
during delayed resolution (fold-change: 14.0). In woodchuck
blood (Supplementary Figure 2), NOD2 expression was
unchanged in both resolution outcomes. NLRC5 expression
was maximal at the EOS during normal resolution (fold-
change: 2.2) and at weeks 4 and 12 during delayed resolution
(fold-change: 2.5-3.5).

TLRs
TLRs have been widely studied in regard to HBV, since their
function can be inhibited by viral proteins, but also activated by
small agonist molecules for bringing out antiviral effects (8, 20).
TLRs are usually expressed in immune cells on the surface or
within the endosome (21). TLR2 and TLR4 are expressed on the
cell surface and recognize viral proteins. TLR3 (senses ss/
dsRNA), TLR7/8 (sense ssRNA), and TLR9 (usually senses
unmethylated dsDNA containing cytosine and guanine
triphosphate deoxynucleotide (CpG) motifs) are located on
endosomal membranes and produce mainly IFN-a via the
A B C

FIGURE 3 | Intrahepatic RLR expression. Expression changes of RIG-I, MDA5, and LGP2 in liver with WHV rc-DNA kinetics of woodchucks during (A) AHB with
normal resolution (n=5), (B) AHB with delayed resolution (n=5), and (C) CHB progression (n=3). The fold-changes in receptor transcript level are plotted on the right
y-axis, while serum WHV rc-DNA loads are plotted on the left y-axis. The horizontal, dotted line indicates the cutoff for positive expression (i.e., ≥2.1-fold increase
from the pre-inoculation baseline). Horizontal bars represent the standard error of the mean. Pre, pre-inoculation for AHB and start of study for CHB; EOS, end of
study; FC, fold-change.
A B C

FIGURE 4 | Intrahepatic NLR expression. Expression changes of NOD2 and NLRC5 in liver with WHV rc-DNA kinetics of woodchucks during (A) AHB with normal
resolution (n=5), (B) AHB with delayed resolution (n=5), and (C) CHB progression (n=3). The fold-changes in receptor transcript level are plotted on the right y-axis,
while serum WHV rc-DNA loads are plotted on the left y-axis. The horizontal, dotted line indicates the cutoff for positive expression (i.e., ≥2.1-fold increase from the
pre-inoculation baseline). Horizontal bars represent the standard error of the mean. Pre, pre-inoculation for AHB and start of study for CHB; EOS, end of study; FC,
fold-change.
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myeloid differentiation primary-response protein 88 (MyD88)
adaptor molecule and the IRF3/5/7 downstream pathways (17,
21). In woodchuck liver (Figure 5), peak expression of TLR8 and
TLR9 was observed at week 9 during normal resolution (fold-
change: 3.4 or 9.6, respectively), and at week 12/13 for TLR2 and
TLR7 (fold-change:2.7 or 3.0, respectively). Expression of TLR3
and TLR4 remained close to the baseline. During delayed
resolution, peak expression of all TLRs, except TLR3, was
noted at week 12/13 (fold-change: TLR2, 6.5; TLR4, 3.6; TLR7,
6.2; TLR8, 4.0; and TLR9, 7.2). In woodchuck blood
(Supplementary Figure 3), expression increases were only
observed for TLR3 at the EOS during normal resolution (fold-
change: 3.0) and for TLR3 and TLR4 at week 4 and 12,
respectively, during delayed resolution (fold-change: TLR3, 2.1;
TLR4, 2.6).

CDSs
Molecules located within the cytosol of immune and non-immune
cells have been identified that sense dsDNA and induce type-I IFNs,
especially IFN-b (22). The downstream signaling pathway of these
PRRs apparently involves STING as the adaptor molecule and
TANK-binding kinase 1 (TBK1) and IRF3 for type-I IFN
production. Family members include ZBP1/DAI, IFI16, cyclic
GMP-AMP synthase (cGAS), DExH-box helicase 9 (DHX9), and
DEAH-box helicase 36 (DHX36). In woodchuck liver (Figure 6),
peak expression of IFI16 and ZBP1/DAI was noted at week 9 during
normal resolution (fold-change: 3.1 or 7.4, respectively) and at week
12/13 during delayed resolution (fold-change: 3.3 or 4.2,
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respectively). An increase in cGAS expression was only observed
during delayed resolution at week 12/13 (fold-change: 2.3). DHX9
and DHX36 expression was unchanged in the liver of all
woodchucks and in blood of most animals (data not shown). In
woodchuck blood (Supplementary Figure 4), the expression of
IFI16 and ZBP1/DAI was rather unchanged, except for an increase
at week 4 during normal resolution (fold-change: ZBP1/DAI, 3.3).
cGAS expression in blood was not determined due to insufficient
RNA amounts.

Inflammasomes
Cytosolic nucleic acids produced during viral replication or as
damage-associated molecular patterns are sensed by PRRs, which
triggers the formation of multiprotein complexes called
inflammasomes that are located in the cytoplasm and/or nucleus
of immune and non-immune cells (23). Inflammasomes present in
liver include Absent in Melanoma 2 (AIM2) and NLRP3. After
binding of their PAMP, both inflammasomes interact with
apoptosis-associated speck-like protein containing CARD (ASC)
as the adaptor molecule. This activates caspase-1 and results in the
production of the inflammatory cytokines IL-1b and IL-18 (23). In
woodchuck liver (Figure 7), peak expression of both
inflammasomes was observed at week 9 during normal resolution
and at week 12/13 during delayed resolution (fold-change: AIM2,
3.6 or 5.0; NLRP3, 3.3 or 12.0, respectively). In woodchuck blood
(Supplementary Figure 5), however, inflammasome expression
was not apparent, except for NLRP3 at the EOS during normal
resolution (fold-change: 2.3).
A B C

FIGURE 5 | Intrahepatic TLR expression. Expression changes of TLR2/4/9 (top panels) and TLR3/7/8 (bottom panels) in liver with WHV rc-DNA kinetics of
woodchucks during (A) AHB with normal resolution (n=5), (B) AHB with delayed resolution (n=5), and (C) CHB progression (n=3). The fold-changes in receptor
transcript level are plotted on the right y-axis, while serum WHV rc-DNA loads are plotted on the left y-axis. The horizontal, dotted line indicates the cutoff for positive
expression (i.e., ≥2.1-fold increase from the pre-inoculation baseline). Horizontal bars represent the standard error of the mean. Pre, pre-inoculation for AHB and start
of study for CHB; EOS, end of study; FC, fold-change.
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Adaptor Molecules and Transcription Factors
As described above, PRRs initiate downstream signaling via
receptor-specific adaptor molecules following PAMP binding,
including MyD88, MAVS, STING, TBK1, and ASC (24). This
leads to the activation of common transcription factors, such as
IRF3/5/7, or the formation of inflammasomes, which ultimately
mediates the production of type-I IFNs and pro-inflammatory
cytokines (1). In woodchuck liver (Figure 8), the expression of
MAVS and TBK1 did not increase during resolution. MyD88
and ASC expression remained close to the baseline during
normal resolution but showed peak expression at week 12/13
during delayed resolution (fold-change: MyD88, 2.3; ASC, 6.3).
The peak in STING expression was noted at weeks 9 or 12/13,
respectively, during normal and delayed resolution (fold-change:
3.0 or 4.5, respectively). Expression of IRF3 and IRF7 remained
unchanged during normal resolution but was maximal increased
at week 12/13 during delayed resolution (fold-change: IRF3, 2.8;
IRF7, 6.8). Similar to PRRs, changes in the expression of adaptor
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molecules and transcription factors were not noted in animals
with CHB progression. Expression of adaptor molecules and
transcription factors in blood was not tested due to insufficient
RNA amounts.

For verifying the upregulation of selected PRRs during AHB
at the protein level, liver tissues from one representative
woodchuck with normal (M7392) or delayed resolution
(M7249) were stained by immunohistochemistry (IHC) for
RIG-I, TLR7, TLR8, ZBP1/DAI, and NLRP3 using cross-
reactive antibodies (Supplementary Figures 6A–E and
Figure 9). PRR staining in the liver of both animals was then
compared to the respective intrahepatic receptor expression.
This revealed that the changes in the percentage of positively
stained cells for these receptors followed an almost similar
kinetic as observed at the transcript level, with peaks at week 9
during normal resolution (RIG-I, 21.8%; TLR7, 13.8%; TLR8,
34.2%; ZBP1/DAI, 24.0%; NLRP3, 26.7%) and at week 12/13
during delayed resolution (RIG-I, 29.0%; TLR7, 16.7%; TLR8,
A B C

FIGURE 6 | Intrahepatic CDS expression. Expression changes of ZBP1/DA1, IFI16, and cGAS in liver with WHV rc-DNA kinetics of woodchucks during (A) AHB
with normal resolution (n=5), (B) AHB with delayed resolution (n=5), and (C) CHB progression (n=3). The fold-changes in receptor transcript level are plotted on the
right y-axis, while serum WHV rc-DNA loads are plotted on the left y-axis. The horizontal, dotted line indicates the cutoff for positive expression (i.e., ≥2.1-fold
increase from the pre-inoculation baseline). Horizontal bars represent the standard error of the mean. Pre, pre-inoculation for AHB and start of study for CHB; EOS,
end of study; FC, fold-change.
A B C

FIGURE 7 | Intrahepatic inflammasome expression. Expression changes of AIM2 and NLRP3 in liver with WHV rc-DNA kinetics of woodchucks during (A) AHB with
normal resolution (n=5), (B) AHB with delayed resolution (n=5), and (C) CHB progression (n=3). The fold-changes in receptor transcript level are plotted on the right
y-axis, while serum WHV rc-DNA loads are plotted on the left y-axis. The horizontal, dotted line indicates the cutoff for positive expression (i.e., ≥2.1-fold increase
from the pre-inoculation baseline). Horizontal bars represent the standard error of the mean. Pre, pre-inoculation for AHB and start of study for CHB; EOS, end of
study; FC, fold-change.
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17.3%; ZBP1/DAI, 10.0%; NLRP3, 11.4%). Since PRR expression
was determined in whole liver biopsy samples, the transcription
analysis could not discriminate between cell subsets expressing
these receptors. However, based on the IHC results (Figure 9),
RIG-I, TLR7, TLR8, and NLRP3 were present in both immune
and non-immune cells, while ZBP1/DAI was only observed in
hepatocytes, but not in monocytes and macrophages. The
subcellular localization of RIG-I, ZBP1/DAI and NLRP3 was
cytoplasmic, while those of TLR7 and TLR8 was endosomal,
based on the more granular staining. The peak in the percentage
of infiltrating immune cells positively stained for RIG-I and
NLRP3 remained less than 1% of all cells during normal and
delayed resolution. Contrary, the peak percentage of immune
cells positive for TLR7 and TLR8 staining ranged between 6.1
and 8.1% and between 2.1 and 4.0% of all cells during normal or
delayed resolution, respectively.

Differential Intrahepatic Presence of PRRs
and Immune Cells Markers During AHB
Resolution and CHB Progression
Since the intrahepatic kinetics of PRRs and their adaptor
molecules during normal and delayed resolution were
comparable and mainly differed in regard to the timepoint of
peek expression, the upregulation of various PRRs in the liver of
adult woodchuck during the course of acute WHV infection
suggested their involvement in AHB resolution. In the setting of
human CHB, in vitro studies have shown that the high amounts of
HBV antigens interfere with the function of selected PRRs (25, 26).
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For determining in vivo differences in PRR expression that may
depend on the antigenemia level present during acute and chronic
WHV infection (i.e., relatively low versus highWHV surface and e
antigen loads), the peek expression of important receptors during
AHB resolution and CHB progression was compared to their
baseline expression in WHV-uninfected controls (i.e., in the liver
of the ten animals with AHB prior to WHV inoculation). This
comparison (Figure 10) revealed that the expression of certain
viral RNA sensors, including MDA5, TLR3, and TLR8, was
upregulated in woodchucks during AHB resolution, but
downregulated in animals with CHB progression (percentage-
change: AHB, +33.1 to +319.9%; CHB, -14.3 to -52.4%). Other
RNA sensing receptors, such as RIG-I, NOD2, and TLR7, were
upregulated in both settings, but to a much lesser extent during
CHB progression (percentage-change: AHB, +85.7 to +283.9%;
CHB, +17.0 to +66.7%). Similarly, the expression of viral DNA
sensors, including TLR9, ZBP1/DAI, IFI16, cGAS, AIM2, and
NLRP3, was upregulated during AHB resolution, and also during
CHB progression, although to a lesser degree (percentage-change:
AHB, +116.9 to +646.1%; CHB, +8.1 to +115.7%).

The comparison of IHC results for selected PPRs in liver
tissues from two woodchucks each with AHB resolution or CHB
progression with two uninfected controls (Supplementary
Figure 7) confirmed the receptor expression at the transcript
level. The percentage of stained immune and non-immune cells
during CHB progression was always lower than during the peak
of AHB resolution (RIG-I, AHB, 21.8 to 29.0%, CHB, 4.2 to 6.1%;
TLR7, AHB, 13.8 to 16.7%, CHB, 3.6 to 5.2%; TLR8, AHB, 17.3
A B C

FIGURE 8 | Intrahepatic adaptor molecule and transcription factor expression. Expression changes of adaptor molecules MyD88, MAVS, STING, ASC, and TBK1
(top panels) and transcription factors IRF3 and IRF7 (bottom panels) in liver with WHV rc-DNA kinetics of woodchucks during (A) AHB with normal resolution (n=5),
(B) AHB with delayed resolution (n=5), and (C) CHB progression (n=3). The fold-changes in adaptor molecule and transcription factor transcript level are plotted on
the right y-axis, while serum WHV rc-DNA loads are plotted on the left y-axis. The horizontal, dotted line indicates the cutoff for positive expression (i.e., ≥2.1-fold
increase from the pre-inoculation baseline). Horizontal bars represent the standard error of the mean. Pre, pre-inoculation for AHB and start of study for CHB; EOS,
end of study; FC, fold-change.
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FIGURE 9 | Intrahepatic presence of selected PRRs. Liver tissues from one representative woodchuck each during AHB with normal (M7392) or delayed resolution
(M7249) were stained for viral RNA (RIG-I, TLR7, and TLR8) and viral DNA sensing receptors (ZBP1/DAI and NLRP3) using cross-reactive antibodies. The kinetics in
the percentage of positively stained cells are presented (left panels). The percentage of stained immune and non-immune cells is plotted on the right y-axis, while the
percentage of stained immune cells is plotted on the left y-axis. Representative staining images for the cellular and sub-cellular localization of receptors are shown
(right panels). Pre, pre-inoculation; EOS, end of study; NIC, non-immune cells; IC, immune cells.
Frontiers in Immunology | www.frontiersin.org July 2021 | Volume 12 | Article 7134201031

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Suresh et al. PRR Kinetics in WHV-Resolving Woodchucks
FIGURE 10 | Comparison of intrahepatic expression of PRRs, adaptor molecules, ISGs, innate and adaptive immune cell markers, and cytokines during the
resolved and chronic outcomes of WHV infection. Liver expression of important viral RNA and DNA sensing receptors, adaptor molecules, ISGs, innate and adaptive
immune cell markers, and cytokines in ten woodchucks each with AHB resolution or CHB progression was compared to their expression in WHV-uninfected controls
(i.e., in the liver obtained from the ten woodchucks with normal or delayed AHB resolution prior to WHV inoculation). The marker expression was averaged for each
setting (i.e., peak AHB, CHB, and uninfected control). The percentage increase or decrease in expression relative to the uninfected control is presented. Horizontal
bars represent the standard error of the mean. P values representing statistical significance during AHB resolution compared to CHB progression are shown as * for
<0.05 and ** for <0.01. PC, percentage-change.
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to 34.2%, CHB, 3.2 to 3.6%; ZBP1, AHB, 10.0 to 24.0%, CHB, 1.1
to 2.2%; NLRP3, AHB, 11.4 to 26.7%, CHB, 2.4 to 2.6%).

Consistent with the above findings, the expression of MAVS
and MyD88 adaptor molecules (Figure 10), both of which are
involved in RNA receptor pathways, was downregulated during
CHB progression when compared to AHB resolution
(percentage-change: AHB, +20.0 to 51.5%; CHB, -10.0 to
-26.0%), while the expression of the STING adaptor molecule
that is utilized in DNA receptor pathways was upregulated
(percentage-change: AHB, +345.9%; CHB, +88.4%).
Upregulation was also noted for common ISGs, such as ISG15
and IFN-gamma-induced protein 10 (IP-10/CXCL10), but like
STING, their expression was lower than during AHB resolution
(percentage-change: AHB, +282.7 to +1,156.7%; CHB, +218.7
to +246.0%).

For determining if the upregulated expression of viral DNA
sensing receptors and of half of the viral RNA sensing receptors
tested is associated with an immune response during CHB
progression, selected immune cell markers and cytokines were
analyzed (Figure 10). Regarding innate immunity, the expression
of NK-cell markers, including NCR1/NKp46 and NCAM/CD56,
IFN-g, and tumor necrosis factor-alpha (TNF-a) was upregulated
during CHB progression, when compared to their expression in
the uninfected control, but always lower than during AHB
resolution (percentage-change: AHB, NKp46, +224.8%, NCAM,
+193.0%, IFN-g, +1,137.0%, TNF-a, +703.0%; CHB, NKp46,
+89.6%, NCAM, +31.8%, IFN-g, +106.5%, TNF-a, +246.12%).
Since the expression of themacrophage marker EGF-like module-
containing mucin-like hormone receptor like-1 (EMR1/F4/80)
was reduced during CHB progression when compared to AHB
resolution (percentage-change: AHB, +345.9%; CHB, +88.4%),
this may indicate that macrophages/Kupffer cells are a less likely
cell source for upregulated expression of viral RNA and DNA
sensors and TNF-a. Adaptive immune cell markers, including
CD3, CD4, and CD8 for T helper cells and CTLs, CD79B for B-
cells, and effector molecules produced mainly by CTLs, such as
PRF, GZMB, as well as FASR and FASL, displayed a reduced or
even downregulated expression during CHB progression, when
compared to AHB resolution and the uninfected control
(percentage-change: AHB, CD3, +286.2%, CD4, +735.0%, CD8,
+389.6%, CD79B, +125.9%, PRF, +556.4%, GZMB, +33.8%,
FASL, +132.0%, FASR, +63.8%; CHB, CD3, -75.8%, CD4,
+10.2%, CD8, -61.3%, CD79B, +62.7%, PRF, +10.7%, GZMB,
-48.0%, FASL, -7.5%, FASR, +2.7%). These results could indicate
an immune response during CHB progression, which is mainly
mediated by NK-cells via IFN-g for non-cytolytic viral control
and via TNF-a for apoptosis and necroptosis of most likely virus-
infected hepatocytes. Compared to the innate immunity, the
adaptive immune response apparently was less present during
CHB progression based on the reduced or downregulated
expression of T-cell subset markers and cytolytic effector
cytokines. This overall suggested an underlying weak innate
immune response in woodchucks with CHB progression, most
likely by type-I IFN production via activated viral DNA and
selected RNA sensing receptor pathways, while the adaptive
immune response was largely absent.
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DISCUSSION

PRRs recognize viral nucleic acids and initiate an antiviral
immune response via their downstream signaling pathways
(24). Activation of PRRs further shapes the adaptive immune
response against viral infections, including HBV (27–29). The
antiviral properties of selected PRRs after activation by agonist
molecules have been preclinically evaluated for possible
treatment of patients with CHB (8, 30, 31). GS-9620, the first-
in-class oral TLR7 agonist developed for the treatment of CHB
generated CTL and NK-cell responses following the induction of
IFN-a and ISGs in HBV-infected chimpanzees and in WHV-
infected woodchucks (32, 33). APR002, another TLR7 agonist,
produced elevated expression of ISGs and induced a functional
cure in a subset of woodchucks, when administered together with
Entecavir (ETV) (34). GS-9688, a TLR8 agonist, also mediated
sustained antiviral effects in a subset of woodchucks (35).
AIC649, an inactivated parapoxvirus ovis particle preparation
that activates antigen-presenting cells (APCs) mainly via TLR9,
suppressed viral replication in woodchucks as a single agent;
however, the combination of AIC649 and ETV produced
superior antiviral effects (31). Likewise, CpG 21798, a synthetic
oligodeoxynucleotide containing CpG motifs for the activation
of TLR9, modulated WHV replication and delayed viral relapse
after treatment discontinuation, but only when provided
together with ETV to woodchucks (36). Apart from TLR
stimulators, the RIG-I agonist, SB9200, mediated antiviral
immunity and direct antiviral activity in vivo (37, 38), and
activation of the immune response by this compound before
additional viral suppression with ETV resulted in pronounced
antiviral effects in woodchucks (39). Besides these receptors, the
activation of other PPRs during HBV infection and their
contribution to viral control is less known. In the present
study, the expression kinetics of receptors from various PRR
families were investigated during acute, self-limited WHV
infection in ten adult woodchucks.

For a better delineation of events during different stages of
WHV infection, these woodchucks were separated into five
animals each with normal and delayed WHV resolution, based
on the individual kinetics of viremia and antigenemia. Compared
to normal resolution, the detection of and the peeks in serum
viremia and antigenemia lagged by approximately 4 weeks in
animals with delayed resolution. Although a few PRRs appeared
sporadically upregulated in the blood of 1 to 2 woodchucks, the
average peripheral and intrahepatic expression of the 16 receptors
tested did not increase during the initial 5/6 or 9 weeks of WHV
infection in animals with normal or delayed resolution,
respectively. The unchanged PRR expression was present
despite the detection of WHV rc-DNA in serum during the
first week after inoculation and a subsequent peak in viremia 4 to
8 weeks later. This is comparable to the acute HBV infection in
three adult chimpanzees, during which a correlation between
increasing HBV rc-DNA loads and upregulated expression of
virus-induced host genes and immune response-related genes in
the liver was not observed during the initial 6 weeks post-
inoculation (40). The study on AHB resolution in chimpanzees,
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however, was unable to address the expression of various PRRs,
except for IFI16, as most receptors were identified more recently.
The peak expression of IFI16 in chimpanzee liver was observed at
weeks 13/14 post-inoculation during the ongoing HBV clearance
phase (40), which is similar to the peak expression of this and
most other PPRs in the liver of woodchucks, especially in animals
with delayed AHB resolution. Based on the intrahepatic PRR
presence at the transcript level in woodchucks, this pointed to a
stealth-like behavior of WHV, as described for HBV (8, 40–43).
These studies showed that HBV and WHV fail to induce an
innate immune response mediated by type-I IFNs and antiviral
ISGs immediately after infection, which was also observed
recently for five woodchucks of this study (10). Furthermore, in
chimpanzees with AHB resolution, the kinetics of HBV-specific
T-cell response and the expression of T-cell derived IFN-g
regulated genes demonstrated the importance of the adaptive
immune response in viral control (40), as also shown in the
current study and reported previously for woodchucks with AHB
resolution (10, 41, 44).

The stealth-like behavior of hepadnaviruses, however, is
currently being revisited due to recent in vitro findings, while
the underlying mechanism of initial viral escape from the innate
immune response still remains poorly understood. A few studies
reported that DNA receptor pathways in primary human
hepatocytes (PHHs) are sometimes less activatable by agonists
due to a lower receptor presence, when compared to human
blood-derived macrophages and woodchuck fibroblastoma cells
(45, 46). This is in contrast to studies in which naked HBV DNA,
covalently-closed circular DNA, and pre-genomic RNA were
sensed in PHHs and human hepatoma cells by sufficient levels of
cytoplasmic cGAS, nuclear IFI16, or nuclear and cytoplasmic
RIG-I, respectively, leading to a pathway activation of the
respective receptors (47–49). Furthermore, HBV virions are
sensed by PHHs via TLR2 and induce a receptor-mediated
expression of pro-inflammatory cytokines in these cells,
but without activating IFNs and ISGs (50). In support
of the latter studies, activation of an innate immune response
in liver as early as 6 hours after experimental WHV infection was
shown in adult woodchucks (44). Increased expression of IFN-g
and interleukin 12 was followed by an elevated transcription of
several APC and NK- and NKT-cell markers 48 to 72 hours later,
all of which was associated with a partial suppression of WHV
replication although the infection was able to expand further and
to reach a peak thereafter. Since this study did not test for
changes in PRR expression, it is unknown if receptors were
upregulated as well immediately after WHV infection.
Considering the results of the current study, it appears that
there is a lack phase of continued innate immune response
activation in woodchuck liver and that WHV replication needs
to reach a certain level in regard to viral DNA, RNA, and/or
antigen loads in hepatocytes before PPRs become strongly
upregulated and/or activated again. Interestingly, this marked
PPR upregulation occurred after the induction of an anti-WHs
antibody response that most likely modulated the levels of
intracellular WHsAg and of circulating subviral particles and
infectious virions, possibly indicating a role of WHV nucleic
Frontiers in Immunology | www.frontiersin.org 1334
acids in PRR activation. Thus, differing from several in vitro
findings, the average expression of all PRRs investigated in the
current study was unchanged during the initial 5/6 to 9 weeks of
WHV infection, but the expression of most receptors increased
thereafter, and became maximal elevated at weeks 9 and 12/13
during normal or delayed resolution, respectively. Of note is that
individual woodchucks with delayed resolution had a notable
increase in the percentage of TLR8+ cells already at week 9,
possibly indicating a difference at the transcript and protein level
of this particular receptor and/or between the two resolution
outcomes. At the transcript level, however, the kinetics of
intrahepatic PRR expression were comparable between normal
and delayed resolution, but receptor upregulation and peak
expression were deferred by 3 to 4 weeks during the latter
outcome. The peak expression of most PRRs was often higher
in woodchuck with delayed than with normal resolution, while
the presence of selected receptors sometimes differed at the
protein level, with lower numbers of TLR8+ and NLRP3+ cells
in the liver during delayed resolution. The underlying reason for
this observation is unknown but may depend on the timing of
the liver biopsies and/or different sensitivities of the PCR assay
and IHC. The staining results for selected PRRs overall
confirmed the differential kinetics of receptor expression
between the two resolution outcomes. Taken together, the PRR
results of the present study likely indicated an involvement and
coordinated activation of several viral RNA (i.e., TLR7/8 and
NLRC5) and DNA sensing receptors (i.e., TLR9, IFI16, ZBP1/
DAI, AIM2, and NLRP3) in the successful viral control during
WHV resolution. Other viral RNA and DNA sensors, such as
RIG-I, NOD2, TLR3, cGAS, DHX9 and DHX36 did not show
pronounced and/or prolonged expression increases during
resolution. Peak receptor and pathway upregulation in the liver
correlated with the induction and maximum of innate and
adaptive immune responses (10), including NK-cell and CTL
markers and cytolytic effector molecules, and with a decline in
WHV replication in both resolution outcomes (10–12). The
longer lasting viremic phase during delayed resolution
apparently required more induction of CTL response and
likely included additional NK-cell help for cytolytic and non-
cytolytic control of the infection, based on a lower level of SDH
secreted by killed WHV-infected hepatocytes and a more
pronounced liver inflammation. PRR expression in the blood
of three animals each with normal or delayed resolution, when
detectable, was usually lower and showed different kinetics than
in the liver, suggesting a preferential receptor presence and/or
upregulation in the liver, the organ of viral replication and
disease. However, since changes in PRR presence and
expression but not in function were tested, direct receptor
activation by WHV nucleic acids was undistinguishable from
indirect receptor upregulation by type-I IFNs produced by
already activated receptors, such as presumably TLR8 during
delayed resolution. This differentiation may be important, since
systemic IFN-a administration to woodchucks with CHB
induced several of the investigated PRRs in the liver (51).

The inefficiency of the antiviral immune response present
during chronic HBV infection in patients has been described
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extensively, especially for the adaptive arm (30, 52), but less is
known regarding the innate arm. In the present study, the
intrahepatic PRR expression in ten woodchucks each with
AHB resolution or CHB progression was compared to those of
WHV-uninfected controls. A similar comparison was performed
for two animals each at the protein level for selected receptors.
Both viral RNA and DNA sensors were clearly reduced during
CHB progression, when compared to their peak expression and
presence during AHB resolution. Furthermore, at the transcript
but not at the protein level, several DNA receptors showed
comparable or even higher upregulation than RNA receptors
in the CHB setting. However, compared to the uninfected
control, the expression of several RNA receptors, including
MDA5, TLR3, and TLR8 was downregulated during CHB
progression, while those of other RNA receptors, such as RIG-
I, NOD2, TLR7, and of all DNA receptors, was upregulated, but
to a lesser extent than during the peak of AHB resolution. This
difference was also noted for RIG-I, TLR7, ZBP1/DAI, and
NLRP3 at the protein level and to some degree for TLR8, with
a receptor presence that was comparable between uninfected
control and CHB progression. Upregulation of DNA receptors
(i.e., CDS) during AHB resolution and CHB progression
correlated with increased transcript levels of the adaptor
molecule STING, as well as antiviral ISGs (i.e., ISG15 and IP-
10/CXCL10). The observed ISG15 induction during CHB
progression when compared to the uninfected control differs
from the comparable levels in cultured liver biopsy samples from
control individuals with mainly alcohol-induced liver disease
and patients with CHB (43). Nevertheless, CDS and
inflammasome upregulation during CHB progression
correlated further with expression increases in IFN-g and TNF-
a most likely produced by NK-cells, as macrophage and T-cell
markers and cytolytic effector molecules were reduced or
downregulated when compared to the uninfected control or
peak AHB resolution, all of which is consistent with previous
reports on immune response in woodchucks with CHB (41, 53,
54). Overall, this indicated an underlying but weak innate
immune response and a deficient adaptive immune response
during CHB progression, both of which are apparently
insufficient for controlling WHV infection, when compared to
the strong immune response during AHB resolution observed in
the current study and described recently (10). The cause of this
impaired innate immune response is unknown but may involve a
lack of WHV RNA recognition by several PRRs and/or
subsequent activation of RNA receptor pathways, as suggested
by the downregulated transcript levels of their MyD88 and
MAVS adaptor molecules and the reduced expression of IRF3/
7 transcription factors. In cell cultures and the HBV humanized
mouse model (25, 55), it was shown that HBV infection and viral
proteins affect type-I IFN production by inhibiting adaptor
molecule and transcription factor functions of PRRs. Thus, it is
conceivable that the prolonged presence and/or the higher levels
of WHV surface and e antigens in woodchucks with CHB
progression than during AHB resolution interfere more with
the activation of RNA than DNA receptor pathways. This is
Frontiers in Immunology | www.frontiersin.org 1435
further supported by the antiviral effects mediated by RNA
receptor agonism in vitro (TLR3) and in vivo (TLR3/7/8/9 or
RIG-I), with the latter often resulting in reduced or undetectable
viremia and antigenemia levels, and antibody seroconversion in
at least subsets of animals (31, 33, 35, 39, 56). Future studies
should focus on understanding how HBV/WHV in the setting of
CHB progression avoids efficient detection by PRRs and the
induction of an innate immune response that is different to the
receptor pathway activation and strong immune response
induction during AHB resolution. The above studies could not
differentiate between the PRR location in WHV-infected or
uninfected hepatocytes. However, the IHC results for selected
PRRs in the current study identified their presence in only
hepatocytes (i.e., ZBP1/DAI) and in both hepatocytes and
infiltrating immune cells (i.e., RIG-I and NLRP3 and more so
TLR7 and TLR8). The subcellular localization of these receptors
was either cytoplasmic (RIG-I, ZBP1/DAI and NLRP3) or
endosomal (TLR7 and TLR8). This agrees with the described
localization of these receptors in other studies (15, 21–23). The
IHC results did not reveal a nuclear localization of RIG-I in
woodchuck hepatocytes, as described in a recent in vitro study in
which HBV pre-genomic RNA was sensed by a nucleus-specific
RIG-I in human hepatoma cells (in addition to its more potent
cytoplasmic counterpart) and resulted in the induction of type-
III IFNs (47).

In summary, the present study investigated in great detail the
previously unknown kinetics of receptors from different PRR
families in liver and blood during AHB resolution in the
woodchuck model of HBV, including the less explored
receptors ZBP1/DAI, IFI16, AIM2, and NLRP3. Separation of
woodchucks with different kinetics of AHB resolution did not
show differences in PRR expression and presence during the
early weeks after infection but revealed a correlation between the
decline in viremia and antigenemia and the peak upregulation of
these receptors in hepatocytes and infiltrating immune cells. The
difference in PRR expression and presence during peak AHB
resolution and CHB progression, as well as the correlation with
immune response marker expression, indicated the involvement
of these receptors in the control of WHV infection during
resolution and the lack thereof during persistence. This
observation supports the concept of PRR agonism that is
currently explored for the induction of functional cure in
patients with CHB. However, mirroring the situation in AHB
resolution, parallel activation of multiple endosomal and
cytosolic PRRs in hepatocytes and immune cells during CHB
progression, and especially of viral RNA receptors, may be
beneficial or required for inducing HBV cure.
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Supplementary Figure 1 | Peripheral RLR expression. Expression changes of
RIG-I, MDA5, and LGP2 in blood with WHV rc-DNA kinetics of woodchucks during
AHB with (A) normal resolution (n=3) and (B) delayed resolution (n=3). The fold-
changes in receptor transcript level are plotted on the right y-axis, while serumWHV
rc-DNA loads are plotted on the left y-axis. The horizontal, dotted line indicates the
cutoff for positive expression (i.e., ≥2.1-fold increase from the pre-inoculation
baseline). Pre, pre-inoculation; EOS, end of study; FC, fold-change.

Supplementary Figure 2 | Peripheral NLR expression. Expression changes of
NOD2 and NLRC5 in blood with WHV rc-DNA kinetics of woodchucks during AHB
with (A) normal resolution (n=3) and (B) delayed resolution (n=3). The fold-changes
in receptor transcript level are plotted on the right y-axis, while serum WHV rc-DNA
loads are plotted on the left y-axis. The horizontal, dotted line indicates the cutoff for
positive expression (i.e., ≥2.1-fold increase from the pre-inoculation baseline). Pre,
pre-inoculation; EOS, end of study; FC, fold-change.

Supplementary Figure 3 | Peripheral TLR expression. Expression changes of
TLR 2/4/9 (top panels) and TLR 3/7/8 (bottom panels) in blood with WHV rc-DNA
kinetics of woodchucks during AHB with (A) normal resolution (n=3) and (B)
delayed resolution (n=3). The fold-changes in receptor transcript level are plotted on
the right y-axis, while serum WHV rc-DNA loads are plotted on the left y-axis. The
horizontal, dotted line indicates the cutoff for positive expression (i.e., ≥2.1-fold
increase from the pre-inoculation baseline). Pre, pre-inoculation; EOS, end of study;
FC, fold-change.

Supplementary Figure 4 | Peripheral CDS expression. Expression changes of
ZBP1/DAI and IFI16 in blood with WHV rc-DNA kinetics of woodchucks during AHB
with (A) normal resolution (n=3) and (B) delayed resolution (n=3). The fold-changes
in receptor transcript level are plotted on the right y-axis, while serum WHV rc-DNA
loads are plotted on the left y-axis. The horizontal, dotted line indicates the cutoff for
positive expression (i.e., ≥2.1-fold increase from the pre-inoculation baseline). Pre,
pre-inoculation; EOS, end of study; FC, fold-change.

Supplementary Figure 5 | Peripheral inflammasome expression. Expression
changes of AIM2 and NLRP3 in blood with WHV rc-DNA kinetics of woodchucks
during AHB with (A) normal resolution and (B) delayed resolution. The fold-changes
in receptor transcript level are plotted on the right y-axis, while serum WHV rc-DNA
loads are plotted on the left y-axis. The horizontal, dotted line indicates the cutoff for
positive expression (i.e., ≥2.1-fold increase from the pre-inoculation baseline). Pre,
pre-inoculation; EOS, end of study; FC, fold-change.

Supplementary Figure 6 | Liver tissues from one woodchuck each during AHB
with normal (M7392; top panels) or delayed resolution (M7249; bottom panels) was
collected at the indicated timepoints and stained for RIG-I, TLR7, TLR8, ZBP1/DAI,
and NLRP3 using cross-reactive antibodies. One representative image is shown for
each timepoint and the corresponding changes at the RNA (fold-change from
baseline) and protein level (percentage of positively stained immune and non-
immune cells) are provided below each image.

Supplementary Figure 7 | Comparison of intrahepatic presence of selected
PPRs during the resolved and chronic outcomes of WHV infection. Liver tissues
from two woodchucks each prior to WHV inoculation (uninfected control), during
peak AHB resolution, or during CHB progression were stained for RIG-I, TLR7,
TLR8, ZBP1/DAI, and NLRP3 using cross-reactive antibodies. One representative
image is shown for each setting and the percentage range of positively stained
immune and non-immune cells is provided below each image.
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Hepatitis B virus (HBV) remains a leading cause of liver-related morbidity and mortality
through chronic hepatitis that may progress to liver cirrhosis and cancer. The central role
played by HBV-specific CD8+ T cells in the clearance of acute HBV infection, and HBV-
related liver injury is now well established. Vigorous, multifunctional CD8+ T cell responses
are usually induced in most adult-onset HBV infections, while chronic hepatitis B (CHB) is
characterized by quantitatively and qualitatively weak HBV-specific CD8+ T cell
responses. The molecular basis of this dichotomy is poorly understood. Genomic
analysis of dysfunctional HBV-specific CD8+ T cells in CHB patients and various mouse
models suggest that multifaceted mechanisms including negative signaling and metabolic
abnormalities cooperatively establish CD8+ T cell dysfunction. Immunoregulatory cell
populations in the liver, including liver resident dendritic cells (DCs), hepatic stellate cells
(HSCs), myeloid-derived suppressor cells (MDSCs), may contribute to intrahepatic CD8+
T cell dysfunction through the production of soluble mediators, such as arginase,
indoleamine 2,3-dioxygenase (IDO) and suppressive cytokines and the expression of
co-inhibitory molecules. A series of recent studies with mouse models of HBV infection
suggest that genetic and epigenetic changes in dysfunctional CD8+ T cells are the
manifestation of prolonged antigenic stimulation, as well as the absence of co-stimulatory
or cytokine signaling. These new findings may provide potential new targets for
immunotherapy aiming at invigorating HBV-specific CD8+ T cells, which hopefully
cures CHB.

Keywords: T cell exhaustion, liver tolerance, co-inhibitory signaling, metabolic regulation, intrahepatic antigen
recognition, interferon signaling, hepatitis B virus
INTRODUCTION

Hepatitis B virus (HBV) chronically infects more than 250 million people worldwide, which is more
than seven times the number of the human immunodeficiency virus (HIV) (1). Chronic hepatitis B
(CHB) accounted for over 800,000 deaths in 2015, rivaling HIV (2). Of the estimated 250 million
chronic HBV (CHB) carriers worldwide, treatment is indicated in just a small fraction (10-30%) (1).
Moreover, although current HBV therapies like nucleos(t)ide analogs (NAs) can effectively suppress
viral replication, they are incapable of directly targeting the stable episomal HBV reservoir, the
covalently closed circular DNA (cccDNA) (2). CHB patients remain at risk of developing liver
org August 2021 | Volume 12 | Article 721975139
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cirrhosis and cancer despite available potentially life-long and
non-curative treatment (3, 4). This situation justifies an urgent
need for more effective HBV therapies.

The central role played by T cell responses in the control of
HBV infection is now well recognized (5–7). Immunocompetent
human adults readily clear acute HBV infection, up to 95% of the
time (8). T cell responses behind the transient, self-limited
infections are often described as strong and polyclonal (9–11).
In experimentally infected chimpanzees, depletion of CD8+ T
cells at the peak of viremia delays viral clearance until the T cells
return, providing the most definitive evidence that HBV
clearance is largely mediated by virus-specific CD8+ T cells.
Meanwhile, CD4+ T cells aid the activation and maintenance of
the CD8+ T cell responses in addition to triggering HBV-specific
humoral responses that prevent viral dissemination (12, 13). In
CHB patients, T cell responses are quantitively weak, and if
present, functionally impaired (9, 14). It has become evident that
multiple factors contribute to T cell dysfunction, but
immunological events in the liver appear particularly
important to establish T cell tolerance to HBV. The liver
environment has generally been considered tolerogenic,
plausibly to avoid detrimental immune reaction to gut-derived
microorganisms and xenobiotics (15, 16). The cellular and
molecular immunoregulatory mechanisms behind this long-
standing notion, and especially its implications on HBV
clinical outcomes, are beginning to be understood.

In this mini-review, we summarize the current understanding
of immunological factors deemed to contribute to T cell
dysfunction in the liver. A full appreciation of the mechanisms
behind intrahepatic T cell dysfunction is essential to develop a
‘cure’ for CHB and liver cancer by immune reinvigoration.
T CELL DYSFUNCTION DURING
HBV INFECTION

Several human and animal studies have sought to define the
frequency, phenotype, and function of HBV-specific CD8+ T
cells to compare and contrast these features between acute HBV
resolvers and CHB patients (11, 14, 17–20). There is consensus
that in CHB, effector CD8+ T cells show multiple levels of an
‘exhausted’ phenotype, i.e., markedly reduced capacity to
proliferate, produce IFNg, IL-2, TNFa, granzymes, or perforins
(9, 11, 18, 21). Characteristically low frequencies of HBV-specific
CD8+ T cells are often recorded in CHB patients than in acute
resolvers (14, 17, 18). Low CD8+ T cell numbers could be due to
either poor expansion or increased clonal deletion. Frequency
alone may not be of absolute importance over the function and
breadth of the T cell population (11, 14, 20). A higher frequency
of functional but partially exhausted CD8+ T cell with a CD127+
PD1+ phenotype was previously described in inactive CHB
carriers. A subset showing more profound exhaustion
displayed the CD127- PD1+ phenotype (20). Recently, acute
resolvers were shown to have a multi-specific T cell repertoire
covering HBV core, polymerase, and envelope epitopes in all the
study participants. By contrast, a fraction of the CHB patients in
Frontiers in Immunology | www.frontiersin.org 240
the same study had T cells against HBV core and polymerase,
with none against the HBV envelope (11). Similarly, HBV core
and polymerase but not envelope specific CD8+ T cells were
found in peripheral circulation in CHB patients in an
independent study (20). The absence of envelope-specific CD8+
T cells is thought to reflect clonal deletion, as envelope-specific
CD8+Tcells presumably becomehyper-responsive to the relatively
abundant hepatitis B surface antigen (HBsAg). However, caution
should be exercised in interpreting these findings since only a few
CD8+ T cell epitopes have been tested for each antigen. Besides the
quantities of the cognate antigen, differences in antigen processing
in the livermayalso affect thequalitativeandquantitative featuresof
HBV-specific CD8+ T cells.
MECHANISMS OF HBV-SPECIFIC
CD8+ T CELL DYSFUNCTION

Potential mechanisms of HBV-specific CD8+ T cell dysfunction
are summarized in Figure 1, and discussed below.

Immunoregulatory Mediators in Liver
Tolerance
Early studies on MHC mismatched liver transplants in animal
models established the liver as a tolerogenic organ (15).
Furthermore, studies in the 1970s already showed that soluble
human and rat liver extracts inhibit T cell activation and DNA
synthesis (22, 23). These extracts are now known to have been
arginase whose high expression levels in the liver and peripheral
blood have been associated with antigen nonspecific impairment
of T cells in both acute and chronic HBV patients (24, 25).
Hepatic necroinflammation may exacerbate the release of these
enzymes by hepatic cytolysis. Plausibly, the observed high
arginase levels during acute HBV infection serve as part of a
regulatory feedback loop to minimize liver damage (24). Similar
immunosuppressive enzymes that deplete metabolites required
for the proliferation and maintenance of functional T cells, such
as the tryptophan-depleting indoleamine-2-3deoxygenase (IDO)
have also since been identified (15, 25, 26). These enzymes are
secreted by various myeloid immune cells, including monocytic
and granulocytic myeloid-derived suppressor cells (MDSCs) that
have been found to be enriched in CHB patients (26–28).
Interestingly, a recent study by Yang et al. reported that
monocytic MDSCs (mMDSCs) were differentially upregulated
inHBeAg-positiveCHBpatients.HBeAgwas then shown to trigger
mMDSC expansion that led to the IDO-mediated suppression of
CD8+ T cell responses in vitro (28). Although the mechanism of
HBeAg-inducedmMDSCs expansion remains to be elucidated, this
report, supplementary to the previous reports on HBeAg
tolerogenicity (29, 30), suggests a novel targetable way by which
HBV exploits nonspecific immunosuppressive effects to maintain
liver persistence.

Other liver cell populations such as dendritic cells (DCs), liver
sinusoidal endothelial cells (LSECs) hepatic stellate cells (HSCs)
may also contribute towards T cell tolerance in the liver by
several mechanisms that include: (i) IFNg-dependent production
August 2021 | Volume 12 | Article 721975

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Baudi et al. Intrahepatic T Cell Tolerance
FIGURE 1 | Potential mechanisms of HBV-specific CD8+ T cell dysfunction. Top panel: Illustration of how persistent antigen recognition, predominantly by HBV
infected hepatocytes, results in dysfunctional HBV-specific CD8+ T cells that fail to clear infection. Bottom panel: Illustration of how systemic and hepatic antigen
recognition may cooperatively trigger robust HBV-specific CD8+ T cell responses that result in viral clearance.
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of the soluble factors like IDO, arginase (31) (ii) activation of T
regulatory cells (Tregs) via the expression of anti-inflammatory
cytokines such as interleukin-10 (IL10) and transforming growth
factor-beta (TGFb) (15, 16, 32), (iii) upregulation of co-
inhibitory receptor ligands, particularly PD-L1 that leads to T
cell exhaustion in a positive feedback cycle with IL10 and TGFb1
(32, 33) (iv) Expression of cell killing ligands like FasL and
TRAIL (34). Notably, liver DCs have been described as immature
and dysfunctional compared to peripheral DCs (35). However,
this remains controversial in CHB because some studies don’t
report any such difference (36).

Negative Signaling Mechanisms
Exhausted CD8+ T cells exhibit reduced effector function often
in association with upregulation of co-inhibitory receptors such
as PD-1, cytotoxic T-lymphocyte associated antigen 4 (CTLA-4),
T-cell immunoglobulin and mucin domain-containing protein
(Tim-3) (37–41). Of these, PD1-PD-L1 interactions have so far
received the greatest attention as a target for tumor immune
therapy. Ligation of PD-L1 to PD-1 receptors on T cells impairs
downstream TCR signaling to inhibit their immune activation
(33). A brief overview of how PD-1 expression is regulated in
general is given by Bally et al. (42). The role of PD-1-PD-L1 in
HBV-specific CD8+ T cell dysfunction (37, 38, 43–46) has been
intensively investigated. Sustained PD-1upregulation is
correlated with HBV-specific T cell dysfunction during CHB
(18, 43) and PD-L1 expression on peripheral blood was shown to
be upregulated in CHB patients (47). PD-L1 expression could
also be induced on hepatocytes by type I and type II interferons
(48). Anti-PD-L1 treatment on CHB patient-derived peripheral
and intrahepatic HBV-specific CD8+ T cells enhanced IFNg
expression in vitro (38, 44), suggesting the immune restoration
potential of PD-1 blockade. However, promising results of the in
vitro studies do not necessarily assure therapeutic value in vivo.
In HBV transgenic mice, antibody blockade, as well as genetic
removal of PD-1 signaling, increased the frequency of HBV-
specific CD8+ T cells, but the majority of HBV-specific CD8+ T
cells remained dysfunctional (37). Importantly, a recent clinical
study by Gane et al. showed that treatment of HBeAg negative
CHB patients with a single dose of the PD-1 antibody Nivolumab
resulted in modest HBsAg reduction within 24 weeks without
any adverse events (46), and only one out of 10 patients exhibited
HBsAg seroconversion and strong induction of HBV-specific
CD8+ T cell responses. While the results were encouraging, the
therapeutic impact of PD-1 signaling blockade was rather
marginal. The data raises the possibility that other yet
unknown co-regulatory molecules are present to suppress
HBV-specific CD8+ T cell responses. Simultaneous blockade of
multiple inhibitory receptors seems to improve therapeutic
potential. In vivo co-blockade of PD-1/LAG-3 and PD-1/Tim-
3 during LCMV infection synergistically enhanced CD8+ T cell
responses (49, 50). Dual PD-1/CTLA-4 pathway blockade
showed similar synergism in partially reversing HBV-specific
CD8+ T cell exhaustion in vitro (51) There is a paucity of data on
the impact of multiple target blockade in CHB, and the nature
and extent of negative regulatory molecules’ co-regulation and
expression may differ between patients. Personalized T cell
Frontiers in Immunology | www.frontiersin.org 442
characterization may be required for optimized treatment to
reverse T cell exhaustion.

Metabolic Dysregulation in T Cells
Metabolic reprogramming after priming is important for T cell
differentiation because energy demand largely differs between
naïve, effector, and memory T cells (52–54), and mitochondrial
plasticity is directly linked to T cell metabolism (55). Metabolic
abnormalities, such as reduced glycolysis and oxidative
phosphorylation, were observed in exhausted virus-specific
CD8+ T cells during the early phase of chronic lymphocytic
choriomeningitis virus (LCMV) infection (56). PD-1 high HBV-
specific CD8+ T cells in CHB patients were also shown to highly
express the glucose transporter, Glut1, and dependent on glucose
supplies (57). These changes were accompanied by increased
mitochondrial size and lower mitochondrial potential. Recently,
Fisicaro et al. reported extensive mitochondrial dysfunction,
such as mitochondrial membrane potential depolarization and
reactive oxygen species (ROS) elevation in association with
upregulation of co-inhibitory receptor genes in the CD8+ T
cells from CHB patients (58). More importantly, mitochondrial
antioxidant treatment using mitoquinone and a piperidine-
nitroxide could modestly enhance IFNg production by HBV-
core specific CD8+ T cells from these patients (58), indicating a
potential role for ROS in CD8+ T cell exhaustion. Coordinated
protein catabolism by the ubiquitin-proteasome and autophagy-
lysosome systems is also essential for CD8+ T cell survival,
proliferation, and memory formation (59–61). In addition,
autophagy was recently shown to enable HBV-specific effector
memory CD8+ T cells to reside in the liver and resist
mitochondrial depolarization (62). Importantly, genes
associated with ubiquitin-proteasome and autophagy-lysosome
systems were also markedly downregulated in exhausted HBV-
specific CD8+ T cells in CHB patients (59, 63). In vitro treatment
of exhausted HBV-specific CD8+ T cells with polyphenols, such
as resveratrol and oleuropein, improved autophagic influx and
antiviral CD8+ T cell function (64). More recently, p53, a known
negative regulator of glycolysis and an enhancer of oxidative
phosphorylation (OXPHOS), was shown to be upregulated in
exhausted HCV-specific CD8+ T cells from chronic HCV
patients (65). Its relevance to chronic HBV infection remains
to be determined because p53 was thought to be upregulated by
type I interferon (IFN-I) response, which is largely absent during
HBV infections. Overall, these results characterize CD8+ T cell
exhaustion as a state of metabolic insufficiencies with suppressed
mitochondrial respiration, glycolysis, protein degradation. These
abnormalities are reminiscent of functional defects previously
associated with CD8+ T cell senescence, although exhaustion
and senescence are distinctly different in terms of generation,
development, and metabolic and molecular regulation (63, 66).

Intrahepatic Antigen Recognition
The tolerogenic environment in the liver likely contributes to
imprinting the genetic and epigenetic signatures in the
dysfunctional HBV-specific CD8+ T cells during CHB. It is
important to keep it in mind, however, that efficient HBV-
specific CD8+ T cell responses are induced in the majority of
August 2021 | Volume 12 | Article 721975
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adult-onset HBV infections, resulting in viral clearance. Factors
that determine the dichotomy presumably include traditional
factors such as T cell receptor (TCR) signaling (signal 1), co-
stimulatory signaling (signal 2), and cytokine signaling (signal 3).

A strong antigenic stimulus is necessary for effective CD8+ T
cell responses (67). We have shown recently that the magnitude
of HBV-specific CD8+ T cell responses was directly correlated
with the level of early antigen expression in an animal model of
transient HBV infection, i.e., hydrodynamic transfection of HBV
plasmid (67). Suppression of HBV by siRNA also inhibited the
expansion of HBV-specific CD8+ T cells (67), indicating the
importance of strong antigen recognition for the induction of
HBV-specific CD8+ T cell responses. Paradoxically, the same
antigenic stimulus becomes extremely detrimental for T cell
responses if it is prolonged (68–70). Indeed, HBV-specific
effector memory CD8+ T cells that were generated by DNA-
prime, vaccinia-boost immunization produced a large amount of
IFNg upon antigen recognition in the liver, but they lost the IFNg
producing ability almost completely within three days during
which they continuously recognized antigen and express PD-1
(71). Slow blood flow in the liver sinusoid, as well as tightly
packed microanatomy of the hepatic parenchyma, facilitate
prolonged interaction between HBV infected hepatocytes and
HBV-specific CD8+ T cells (72). Intravital imaging analysis
revealed that HBV-specific CD8+ T cells were able to
recognize HBV expressing hepatocytes while they were still in
the sinusoid (73). Prolonged antigen recognition appears to
inhibit TCR signaling partially through PD-1 signaling (74).

Antigen presentation by hepatocytes alone is probably
insufficient for priming of functional HBV-specific CD8+ T cell
responses. We have previously shown that HBV-specific naïve
CD8+ T cells are primed by HBV-expressing hepatocytes (75).
Although hepatocyte-primed naïve and memory HBV-specific
CD8+ T can expand rapidly, they produce very little to no IFNg
and Granzyme B (75–77). The lack of functional differentiation
presumably reflects the absence of co-stimulatory signaling (i.e.,
signal 2) as hepatocytes do not express ligands for co-stimulatory
molecules. Indeed, activation of dendritic cells appears to
facilitate functional differentiation of intrahepatically primed
CD8+ T cells (75, 76). In addition, expression of a co-
stimulatory molecule OX40 expression by CD4 T cells and its
ligand OX40L by hepatic innate immune cells were shown to be
pivotal in determining HBV immunity in an HBsAg transgenic
mouse model (78).

Recently, we and others characterized genetic signatures of
intrahepatic T cell priming. Similar to HBV-specific CD8+ T
cells in CHB patients, the intrahepatically primed, dysfunctional
CD8+ T cells showed upregulation of inhibitory molecules PD-1,
Lag 3, and Tim-3, together with enrichment in binding sites for
the transcription factors AP-1, NFAT, NR4A, OCT, TCF, and
EGR (79). Interestingly, NR4A has been implicated in T cell
exhaustion that limits CAR-T cell-based immunotherapy in solid
tumors and LCMV infection (80, 81). In stark contrast to
exhausted CD8+ T cells during LCMV infection, genes related
to IFN-I signaling activation were downregulated in
intrahepatically primed T cells. Importantly, strong stimulation
Frontiers in Immunology | www.frontiersin.org 543
of IFN-I signaling in the liver enhanced T cell responses (82),
suggesting that IFN-Is indeed provide the third signal (signal 3)
that complements the TCR signal (signal 1) and co-stimulatory
signal (signal 2). It should be noted, however, that the same IFN-
I signaling could suppress HBV-specific CD8+ T cell responses
by reducing antigen expression levels during the early phase of T
cell priming (67), a phenomenon recently highlighted in the
development of RNA vaccines (83).
PERSPECTIVES

Recent advances in unbiased deep sequencing and other genetic
analysis methods have accelerated the delineation of CD8+ T cell
dysfunction in the liver, providing numerous targets to test for
novel immunotherapies against CHB. It would be now important
to determine whether the functionalities of highly exhausted T
cells are reversible. Even more crucial is to establish an ideal
animal model for evaluating the therapeutic value of each target.
Several mouse models have been used to study HBV-specific
CD8+ T cell responses during transient and persistent antigen
expression. The advantages and disadvantages of each mouse
model have been described elsewhere (84, 85). While these
models provided useful information on T cell responses, none
of them mimics a bona fide HBV infection. It is therefore
essentially impossible to assess the extent to which chronically
infected individuals can tolerate the restoration of HBV-specific
CD8+ T cell responses, as the expansion of functional CD8+ T
cells likely cause hepatitis. In this regard, antigen suppression
should be incorporated in the immune restoration approach to
mitigate the risk of uncontrolled T cell expansion.
CONCLUSION

Given the stability of cccDNA, invigoration ofHBV-specificCD8+T
cells remains one of the most viable approaches to cure CHB.
Therefore, delineation of the key pathways and processes that
underline HBV-specific CD8+ T cell dysfunction T cell is an
important research goal to develop effective HBV immunotherapies.
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Identifying signaling pathways that induce B cell response can aid functional cure
strategies for chronic hepatitis B infection (CHB). TLR8 activation with ssRNA was
shown to enhance follicular helper T cell (TFH) function leading to improved B cell
responses in vitro. We investigated whether this mechanism can rescue an exhausted
immune response in CHB infection. Effect of TLR8 agonism on supporting cytokines and
TFH and B cells were evaluated using ex vivo and in vitro assays. The ability of an oral TLR8
agonist to promote TFH and B cell response was tested in samples from phase 1b clinical
trial. TLR8 agonism induced TFH polarizing cytokine IL-12 in monocytes. Treatment of
peripheral blood mononuclear cells (PBMCs) from CHB patients with TLR8 agonists
induced cytokine IL-21 by TFH cells with enhanced IL-21+BCL-6+ and ICOS+BCL-6+ co-
expression. Mechanistically, incubation of isolated naïve CD4+ T cells with TLR8 triggered
monocytes resulted in their differentiation into IL-21+ICOS+BCL-6+ TFH in an IL-12
dependent manner. Furthermore, co-culture of these IL-21 producing TFH with
autologous naïve B cells led to enhanced memory (CD19+CD27+) and plasma B cell
generation (CD19+CD27++CD38+) and IgG production. Importantly, in TFH from CHB
patients treated with an oral TLR8 agonist, HBsAg-specific BCL-6, ICOS, IL-21 and
CD40L expression and rescue of defective activation induced marker (AIM) response
along with partial restoration of HBsAg-specific B cell ELISPOT response was evident.
TLR8 agonism can thus enhance HBV-specific B cell responses in CHB patients by
improving monocyte-mediated TFH function and may play a role in achieving HBV
functional cure.

Keywords: toll-like receptor 8, chronic hepatitis B, selgantolimod (SLGN), follicular helper T cell, B cell, HBsAg-
specific B cell response, inflammatory cytokine, activation induced marker (AIM)
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GRAPHICAL ABSTRACT |

Ayithan et al. TLR8 Signaling Promotes Anti-HBsAg Response
INTRODUCTION

Hepatitis B virus (HBV) infection remains a major global health
burden with over 257 million people worldwide chronically
Abbreviations: CHB, chronic hepatitis B; HBV, hepatitis B virus; TFH, follicular
helper T cells; cTFH, circulating follicular helper T cells; PBMCs, peripheral blood
mononuclear cells; APCs, antigen-presenting cells; TLR8, toll-like receptor 8; HC,
healthy control; GC, germinal center; HBsAg, hepatitis B surface antigen;
ssRNA40, single stranded RNA40; mg, milligram; Kg, kilogram; PBS,
phosphate-buffered saline, FBS, fetal bovine serum; AIM assay, activation
induced marker assay; SEB, staphylococcal enterotoxin B; ELISPOT, enzyme-
linked immune absorbent spot; ASC, antigen-specific antibody secreting cell; IL,
interleukin; LPS, lipopolysaccharide; IMQ, imiquimod; TNF-a, tumor-necrosis
factor alpha; MB, memory B; PB, plasma B; PCs, plasma cells; PBs, plasmablasts;
NBs, naïve B; RMBs, resting memory B; AMBs, activated memory B; ATMBs,
atypical memory B; PMA, phorbol-12-myristat-13-acetate; Ion, ionomycin; LEP,
large envelop protein; Stim- stimulation; FACS, fluorescence-activated cell sorting;
ICS, intracellular staining; UT, untreated; BL, baseline; IgG, immunoglobulin G;
ELISA, enzyme-linked immunosorbent assay; HBV Pep; hepatitis B virus peptide;
ANOVA, analysis of variance.
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infected. A major barrier to HBV cure with standard nucleos/tide
analog (NUC) therapy is the persistent dysfunction of the antiviral
(HBV) immune response despite therapy induced viral suppression
(1, 2). As such identifying immunomodulatory strategies that aid
HBs antigen loss/seroconversion, which defines functional cure of
infection, is of high significance in HBV cure research (3).

In the past years, HBs antigen (HBsAg)-specific B cells have
received attention and several laboratories including ours identified
dysfunction in antigen-specific B cell response (4–6). These B cells
have upregulated inhibitory receptor expression and impaired
HBsAg-specific IgG production ex vivo. Dysfunctional B cell
response can be attributed to intrinsic B cell defects along with
insufficient help fromCD4+T cells. T follicular helper (TFH) cells are
the CD4+ T cells that provide signals for antigen specific B cell
maturation into a plasma cell, making them essential for the
generation of most isotype switched and affinity matured
antibodies. Coordinated TFH and B cell response determines
acquisition and maintenance of antibody response to prophylactic
August 2021 | Volume 12 | Article 735913
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HBsAg based vaccine (7). This response is defective during CHB
infection, where an accumulation of activated and phenotypically
abnormal TFH dysregulates cytokine profiles (8, 9). Dysfunctional
antigen-specific TFH response was shown to promote persistence of
HBV in amousemodel (9). In samples fromCHBpatients, impaired
TFH responsewas shown to be due to IL-21 suppressionmediated by
CTLA-expressingTregs, which could be restored by inhibitingTregs
with an antibody against CTLA-4 (9). We showed that abnormal
TFH persist even in long-term NUC treated CHB patients, possibly
explaining the low incidence of anti-HBs seroconversion in these
patients (6). Thus, we believe this impaired TFH response is a critical
defect associated with hepatitis B virus persistence and resolving the
dysfunction will be of significance in resolution of CHB.

Among the immunomodulatory strategies, toll-like receptors
are a promising way to correct immune deficiencies. Human
liver derived monocytes respond strongly to TLR8 agonism,
producing IL-12 and IL-18 (10). IL-12 induced by TLR8
signaling has a potential impact on anti-viral CD8 T cell
response (11). Importantly, IL-12 was shown to aid TFH

differentiation that led to plasma cell generation in individuals
vaccinated with a live attenuated vaccine (12). We investigated
whether similar mechanism can restore dysfunctional TFH

response and aid exhausted HBsAg-specific B cell response (4–
6) present in chronic HBV infection. Here we demonstrate that
TLR8 signaling induces differentiation of TFH cells into efficient
B cell helpers with potential to promote plasma cell generation
and an HBsAg-specific B cell response.
MATERIALS AND METHODS

Patients and Samples
For investigating in vitro effects of TLR8 stimulation, peripheral
blood samples were available from CHB patients or HBV
vaccinated healthy volunteers enrolled in HOPE cohort at
University of Maryland, Baltimore. The study protocol was
approved by the institutional ethical committee, and all
subjects gave written, informed consent. Demographic and
clinical details of patients are provided in Table 1.
Frontiers in Immunology | www.frontiersin.org 349
For investigating in vivo effects of TLR8 agonism, peripheral
blood samples from previously completed phase 1b clinical trial
(ACTRN identifier: 12617000235303) of a selective-TLR8
agonist (Selgantolimod (SLGN), GS-9688) in CHB patients
(N=14) and in healthy subjects (13, 14) were available courtesy
of Gilead Sciences. Paired samples from baseline (BL) and TLR8
single oral dose treatment (8 hours-post SLGN, 1.5 or 3 mg)
time-points were used here.

TLR Agonists Stimulation of PBMCs
The following TLR ligands (InvivoGen, each 1 µg/mL) were
added into wells of 24-well plate containing 1-2 x 106 PBMCs:
Poly(I:C) HMW (TLR3), LPS-EK Ultrapure (lipopolysaccharide,
TLR4), Imiquimod (IMQ) (R837, TLR7), Resiquimod (R848,
TLR7/8), TL8-506 (TLR8), ssRNA40/LyoVec (TLR8) and CpG-
ODN (TLR9). The concentration of 1 µg/mL is within the range
of manufacturer recommendation and induced maximum
cytokine response (not shown) (10, 12). Golgi plug (1 µl/mL,
BD Biosciences) was added to block the cytokines release and cell
culture continued for 18h. For some experiments, PBMCs were
stimulated with agonists alone or in combination with
recombinant human HBsAg subtype adw (10 µg/mL, Fitzgerld)
(15) and PepMix HBV (LEP) Ultra (2 µg/mL, JPT) and cultured
for 5 days at 37°C incubator. In experiments for transcription
factor induction, cells were re-stimulated with Phorbol-12-
myristat-13-acetate (PMA, 50ng/mL) and Ionomycin (Ion, 1
µg/mL) on day 4.

Flow Cytometry (FACS) and Intracellular
Cytokine Staining (ICS)
PBMCs were stained and analyzed by flow cytometry using
standard methods (panels listed in Supplementary Table 1).
Cells were acquired on a Cytek Aurora multi-color FACS
machine and data analysis done by Flow Jo software (Tree
Star, San Carlos, California, USA).

Activation Induced Markers (AIM) Assay
For examination of contribution of TLR8 signaling in HBV
antigen-specific germinal center like (GC) TFH induction, a
cytokine-independent approach was followed (16, 17). It is
known that formulation of antigen can influence the type and
extent of activation markers induced in CD4+ T cells (18). To
capture multiple activation markers induced in TFH with TLR8
signaling, here we used combination of HBsAg intact protein and
peptide, as is described for other antigens (16, 17). Approximately
1-2 x 106 PBMCs were aliquoted into 24-well plate and stimulated
with HBV envelope peptide (2 µg/mL, JPT) and recombinant
human HBsAg subtype adw (10 µg/mL, Fitzgerald). Intact protein
antigens or antigenic peptides are used for stimulating antigen
specific CD4 T cell response. Staphylococcal enterotoxin B (SEB 1
µg/mL, Toxins Technology) served as positive control and AIM-V
medium alone served as untreated negative control (UT). CXCR5-
BV605 and CXCR3-PeCy7 antibodies (Biolegend, 1 ml each) were
added directly into the cell culture well and also included in the
staining panel. After 18h stimulation, PBMCs cultures were
washed twice with 1X PBS and followed the FACS staining
protocol as stated in the above method using AIM assay panel
TABLE 1 | Demographic and clinical characteristics of chronic hepatitis B patients.

Clinical Characteristics Chronic Hepatitis B (CHB) Patients

Subjects n=29
HBV DNA (copies/mL) UND (11), <20 (9), >7906 (9)
Hgb (gm/dL) 14.4
Platelet (109/L) 212
Creatinine (mg/dL) 0.8
ALT (U/L) 30
AST (U/L) 26
Albumin (g/dL) 4.6 (14), ND (15)
HBsAg IU UND (2), 11974 (18), ND (9)
HBeAg positive (8), negative (20)
HBsAg positive (27), negative (2)
HBeAb positive (20), negative (8), ND (1)
Anti-HBs negative (27), ND (2)
Values are presented as median. ALT, Alanine aminotransferase; AST, Aspartate
aminotransferase; UND, Undetected; ND, Not Detected.
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flow antibodies provided in Supplementary Table 1. Cells were
washed, fixed with 1% paraformaldehyde and acquired on the
same day.

Follicular Helper T Cells (TFH)
Differentiation
To examine TLR8-mediated differentiation of TFH cells, CD14+

monocytes and naïve CD4+ T cells were isolated from autologous
human PBMCs of CHB patients (n=4) by negative selection
(Miltenyi Biotec). The following co-culture experiments were
adopted from previously published methods (12). First, purified
CD14+ monocytes (1 x 106 cells/mL) were left untreated or
treated with TLR8-specific agonists ssRNA40/Lyovec (1 µg/mL,
InvivoGen) or TL8-506 (1 µg/mL, InvivoGen) for 1.5 h. Isolated
autologous naïve CD4+ T cells were directly added into the
culture at a ratio of 2:1 (monocyte:CD4+) along with SEB (1 µg/
mL, Toxins Technology). After 6 days, cells were either processed
for TFH cell sorting for further downstream study or re-
stimulated overnight (O/N) with PMA (phorbol-12-myristat-
13-acetate, 50 ng/mL, Sigma) and ionomycin (Ion 1 µg/mL,
Sigma) as positive control to effectively activate TFH cells. After
3-4h, Golgi plug (1 µl/mL, Invitrogen) was added and culture
continued for additional 18h to investigate TFH cell proliferation
and differentiation related markers by flow cytometry. The
culture supernatants were recovered and tested for IL-12p40,
IL-18 and IL-21 cytokine quantifications by Luminex
multiplex immunoassay.

TFH Cells Sorting and Naïve B Cells
Co-Culture
For TFH sorting, cells recovered after 6 days of monocyte-naïve
CD4 co-culture (n=4) were stained with anti-human PD-1-
BV421, ICOS-BV510, CXCR5-BV605, CXCR3-PeCy7 and
CD4-APC antibodies. TFH cell sorting was carried out on BD
FACS Aria III.

For naïve B-TFH co-culture, naïve B cells were isolated
(Miltenyi Biotec) from autologous PBMCs of CHB patients
(n=4) and co-cultured with sorted TFH cells (from above) at
2:1 (B:TFH) in the presence of SEB (1 µg/mL) for 7 days after
which TFH-mediated differentiation of B cells into various
subsets was analyzed by flow cytometry.

Neutralization (Ab Blocking) and
Recombinant Protein Addition
Purified CD14+ monocytes (1 x 106 cells/mL) (N=4) were pre-
treated with LEAF purified mouse IgG1, k isotype control,
Ultra-LEAF purified anti-human IL-12p40 or Ultra-LEAF
purified anti-human IL-18 neutralizing antibodies (each 10
µg/mL, Biolegend) for 2h at 37°C humidified incubator (19),
followed by stimulation with TL8-506 or ssRNA40/Lyovec for
1.5h. For recombinant protein stimulation assay, isolated
autologous naïve CD4+ T cells were treated with recombinant
human IL-12 or recombinant human IL-18 (each 20 ng/mL,
Bio legend) fo l lowed by co-cul ture exper iments as
described above.
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B Cell ELISPOT Assay
PBMC from CHB patients obtained at baseline (BL, pre-TLR8)
and TLR8 (8h post-Selgantolimod) single oral dose were tested.
To examine HBsAg-specific antibody secreting B cells, cells were
stimulated with polyclonal stimuli R848 (1 µg/mL, Mabtech) and
recombinant human IL-2 (10 ng/mL, Mabtech) and cultured for
5 days to effectively induce memory B cell proliferation. B cell
ELISPOT assay was conducted as previously described (6).

Luminex Multiplex Immunoassay
Quantification of IL-12p40, IL-18 and IL-21 in cell culture
supernatants collected from co-culture experiments was
analyzed by Luminex multiplex immunoassay (Luminex LX200
multianalyte system, Bio-Rad Corporation) according to
manufacturer protocol.

Enzyme-Linked Immunosorbent
Assay (ELISA)
Quantification of human class-switched immunoglobulin (IgG) was
made in cell culture supernatants collected from naïve B-TFH cell
co-cultures using high sensitivity ELISA kit according to
manufacturer’s protocol (XpressBio, Express Biotech International).

Statistical Analyses
Statistical analyses were performed using one-way analysis of
variance (ANOVA) or Kruskal-Wallis with Dunn’s multiple
comparisons test. Paired samples between BL (pre) and TLR8
(8h-post) were analyzed by two-tailed paired, or the Wilcoxon
signed-rank Student’s t test or non-parametric Mann-Whitney U
test for comparisons between treatments. A p value of <0.05 was
considered significant. Levels of significance are indicated by *: *p ≤
0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001 and ns
(no significance).
RESULTS

In Vitro TLR8 Stimulation Induces
Proinflammatory Cytokines in Monocytes
From CHB Patients
TLR8 signaling induces IL-12 in monocytes, which supports
TFH differentiation in healthy individuals (12). We tested
whether this pathway induces TFH polarizing cytokines in
samples from CHB patients. PBMCs isolated from CHB
patients were stimulated with various TLR agonists for 18-
24h or with medium alone (UT) as negative control. The
ligation of TLR8 in monocytes by synthetic agonists, single
stranded RNA40 (ssRNA40/LyoVec), TL8-506 and TLR7/8
ligand R848 induced proinflammatory cytokines IL-6, IL-
12p40, IL-18, TNF-a in CD14+HLA-DR+ activated
monocytes (Figures 1A–D) as analyzed by intracellular
cytokine staining using flow cytometry. TLR8 agonist
ssRNA40 significantly enhanced the production of cytokines
IL-12p40 and IL-18 when compared with other TLR agonists.
LPS stimulation induced cytokines IL-6, IL-1b and IL-23p19.
Relative frequencies of CD14+HLA-DR+ monocytes producing
August 2021 | Volume 12 | Article 735913
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these proinflammatory cytokines in response to various TLRs
engagement are shown (Figures 1E–J). The frequencies of
CD14+HLA-DR+ monocytes or the expression levels of the
TLR8 receptor in CD14+HLA-DR+ monocytes did not change
with any of the TLR agonist treatments (Supplementary
Frontiers in Immunology | www.frontiersin.org 551
Figures 1A–C). TGF-b1 was induced only by TL8-506 and
no significant induction of IL-27p28 was observed
(Supplementary Figures 1D, E). These data demonstrate that
cytokines IL-12 and IL-18 are induced in monocytes from CHB
patients when stimulated with TLR8 agonists.
A

B

D

E F G

IH J

C

FIGURE 1 | In vitro TLR8 stimulation augments proinflammatory cytokines in monocytes. PBMCs from CHB patients (n=6) stimulated with various TLR agonists as
indicated to evaluate TFH polarizing pro-inflammatory cytokine induction in monocytes. Representative pseudo color flow plots show intracellular expression of TFH
skewing pro-inflammatory cytokines (A) IL-6, (B) IL-12p40, (C) IL-18 and (D) TNFa, gated on CD14+HLA-DR+ monocytes. Numbers inside the box indicate
percentages of CD14+HLA-DR+ monocytes secreting pro-inflammatory cytokine events compared between untreated (UT) negative control and different TLR
agonists treated PBMCs. Frequencies shown in (E) IL-6, (F) IL-12p40, (G) IL-18, (H) TNFa, (I) IL-1b and (J) IL-23p19 as percentage of cytokine positive
CD14+HLA-DR+ cells. Error bar on the graph represents the standard error of mean calculated from 6 individual donors. Differences between stimulations calculated
by one-way analysis of variance (ANOVA) or Kruskal-Wallis test for multiple comparisons. P values ≤0.05*, 0.01**, 0.001*** indicate statistical significance levels. ns,
no significance; IMQ, imiquimod; LPS, lipopolysaccharide.
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TLR8 Agonism Induces TFH
Cells Differentiation
Having shown potent induction of TFH polarizing cytokine IL-
12p40 (12) in monocytes from CHB samples, we next examined
the impact of TLR8 agonism on TFH phenotypes. Circulating
CD4+CXCR5+ cells in peripheral blood share characteristics and
functional phenotypes with GC-like TFH cells (20). The
expression of signature cytokine IL-21, BCL-6 (a master
regulator of TFH cells programing and differentiation) and
CD40 ligand (CD40L) in TFH cells provide signals to B cells
that are required for Ig class-switching recombination and high
affinity antibody productions (21). The expression of inducible
co-stimulatory molecule (ICOS) indicates TFH development,
migration and their active state (22). We asked whether TLR8-
induced cytokines modulate these immunophenotypic profiles of
circulating TFH cells (cTFH). CHB patient samples were
stimulated with TLR8-specific agonists ssRNA40 or TL8-506 in
the presence or absence of mitogenic stimulation using PMA/Ion
(required for induction of BCL-6 and ICOS). The sequential
gating strategy for TFH cell panel is presented in Supplementary
Figure 2A. Flow plots (Figure 2A) show that the frequency of IL-
21 producing cTFH cells (IL-21+CXCR5+) gated on CD4+ T cells
was significantly increased in conditions with ssRNA40 or TL8-
506. The data represented for ssRNA40 stim or TL8-506 stim are
response found in TLR8 agoniost+PMA/Ion re-stimulated
response subtracted with PMA/Ion alone response
(Figures 2A–F). The co-expression of GC-like TFH markers
IL-21+BCL-6+ and ICOS+BCL-6+ were significantly increased
in ssRNA40 stim or TL8-506 stim conditions (Figures 2B–F).
Since proinflammatory cytokines IL-12p40 and IL-18 were
induced in monocytes in response to TLR8 agonism
(Figure 1), we measured levels of these cytokines in the PBMC
culture supernatants. As expected, cultures incubated with
TLR8-specific agonists ssRNA40 or TL8-506 markedly induced
the secretion of both these cytokines (Figures 2G, H).

Next, we asked whether TLR8-specific signaling modulates
subsets of circulating TFH cells in CHB patients. When compared
with untreated negative control, PBMCs in conditions with
ssRNA40 or TL8-506 had significantly increased frequencies of
cTFH subsets cTFH1 (CXCR3+CCR6-) and TFH1/17
(CXCR3+CCR6+) (Supplementary Figures 2B, D, G), while
no differences were observed for global cTFH (CXCR5+CD4+

gated on CD3+ T lymphocytes) cells, subsets cTFH2 (CXCR3-

CCR6-) and cTFH17 (CXCR3-CCR6+) (Supplementary
Figures 2C, E, F). It has been previously reported that cTFH1
and cTFH1/17 are the source for IL-21 and IFNg, whereas cTFH2
and cTFH17 are source for anti-inflammatory cytokines IL-4, IL-
10 and IL-17A. These results collectively suggest that TLR8-
specific signaling induces IL-21 producing TFH subsets in the
setting of CHB.

Selgantolimod Treatment Enhanced TFH
Differentiation and Rescued Defective
Antigen-Specific Activation of TFH Cells
After in vitro demonstration of TFH differentiation with TLR8
agonism, we tested samples from CHB patients given a single oral
Frontiers in Immunology | www.frontiersin.org 652
dose of Selgantolimod. Surprisingly, in post-Selgantolimod treated
samples that had been obtained only 8 hours after dosing, a
significant induction of GC-like signature TFH factors IL-21+BCL-
6+, ICOS+BCL-6+ and ICOS+CD40L+ cells were observed
(Supplementary Figures 3A–H).

Next, we employed a cytokine-independent method for
detection of HBsAg-specific TFH cell activation by measuring
the upregulation of activation induced markers (AIM) CD69,
CD25, OX40, PD-L1 and CD40L (16, 17). Both frequencies of
CD3+CD4+CXCR5+CXCR3-PD-1+ TFH and their activation,
indicated by surface expression of OX40+CD25+, PD-
L1+CD25+ and CD69+CD40L+, was increased in vaccinated
individuals upon in vitro stimulation with HBV antigens or
SEB compared to the negative control (Figures 3A–F,
Supplementary Figure 4). Expectedly, baseline samples from
CHB patients displayed low HBV specific activation of TFH

indicating defective response. Importantly, a significant
increase in AIM response was evident in 8 hour samples,
which was comparable to HBV vaccinated samples
(Figures 3A–F). Additionally, the frequencies of PD-
1+CXCR3- cTFH cells, but not total CXCR5+ cTFH cells, were
significantly higher in samples collected at post-TLR8 time-point
(Supplementary Figures 4B, C). These data demonstrate that
TLR8-specific signaling can normalize defective antigen specific
TFH response.

TLR8 Signaling Increased Memory B,
Plasma B, and Modulated
B Cell Subsets
To determine whether the activation of TLR8 pathway and
resulting TFH differentiation impacts B cell populations in CHB
infection, frequencies of various B cell subsets were examined after
incubation of PBMC with ssRNA40, TL8-506 or R848 in presence
or absence of HBV antigens for 5 days. Frequencies of CD19+ B
cells did not change with these treatments (Supplementary
Figures 5A–C). Activation of TLR8 pathway with ssRNA40 or of
TLR7/8 with R848 significantly expanded the frequencies of
memory B cells (CD19+CD27+), plasma B cells (CD19+CD27+
+CD38+), plasmablasts (CD19+CD27++CD38+CD138-) and plasma
cells (CD19-CD138+) (Figures 4A–E and Supplementary
Figures 5D, E). While TL8-506 treatment did not result in
significant changes in frequencies of these populations,
it increased naïve B (CD19+CD27-CD21+) and long-lived
plasma (CD19-CD138+) cells (Figure 4F and Supplementary
Figure 5D). Addition of HBV antigens in addition to TLR8
agonism didn’t alter naïve B (CD19+CD27-CD21+), resting
memory B (CD19+CD27+CD21+) or activated memory B cells
CD19+CD27+CD21-) (Figures 4A–I and Supplementary
Figures 5D, E).

Previously we reported that atypical memory B cells that
expressed high levels of FcRL family receptors were expanded in
CHB patients and this sub-population lacks HBsAg-specific B
cell response (6). Here we observed that TLR8 stimulation
expanded memory B cells with an atypical phenotypic
signature (CD19+CD21-CD27-) (Figure 4C, I). We believe that
this subset lacking CD21 and CD27 that is expanded in response
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FIGURE 2 | TLR8 agonism induces TFH differentiation. PBMCs from CHB patients (n=6) were left untreated (UT) or treated with TLR8 agonists ssRNA40 or
TL8-506 for 5 days. ssRNA40 stim and TL8-506 stim indicates subtraction of overnight PMA/Ion stimulations from the respective values of TLR8 + PMA/Ion
re-stimulations. Illustrative flow plots show (A) intracellular expression of TFH signature cytokine IL-21 gated on cTFH (CD4+CXCR5+CD3+ T lymphocytes) cells,
co-expression of GC-like TFH development factors (B) IL-21+BCL-6+ and (C) ICOS+BCL-6+ gated on PD-1+CXCR3- TFH cells upon treatment with TLR8-
specific ligands. Frequencies are shown for (D) IL-21+CXCR5+, (E) IL-21+BCL-6+ and (F) ICOS+BCL-6+ cells. Pro-inflammatory cytokines secreted in the
supernatants collected from indicated conditions of PBMC cultures quantified by Luminex multiplex immunoassay. Bar graphs depict mean levels of cytokines
(G) IL-12p40 (pg/mL) and (H) IL-18 (pg/mL) upregulated by TLR8-specific agonists. Dotted line indicates comparison between TLR8 stimulations. The
differences between stimulations were evaluated by one-way ANOVA or Kruskal-Wallis test for multiple comparisons. P values ≤0.05*, 0.01** indicate statistical
significance levels. N.D., not detected; cTFH, circulating follicular helper T cells; GC-like TFH, germinal center-like TFH; PMA, phorbol-12-myristat-13-acetate;
Ion, ionomycin; Stim, stimulation.
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FIGURE 3 | Selgantolimod treatment rescued defective antigen-specific activation of TFH cells. PBMCs isolated from HBV vaccinated healthy controls (HC, n=10)
and paired samples from CHB patients at baseline (BL) or 8h post-TLR8 agonist (single oral dose of 1.5-3 mg/Kg, Selgantolimod) administration (CHB_TLR8) (n=10-
14) were stimulated with combination of HBsAg and HBV peptides pool for 18-24h. Staphylococcal enterotoxin B (SEB, T cell antigen receptor stimulus) and AIM-V
medium alone (UT) served as positive and negative controls, respectively. Flow cytometry analysis was performed using AIM assay panel antibodies
(Supplementary Table 1). Flow plots represent co-expression of HBV-specific activation induced TFH markers (AIM). Representative pseudo color plots show
comparative co-expression of (A) OX40+CD25+, (B) PD-L1+CD25+ and (C) CD69+CD40L+ cells gated on GC-like TFH (PD-1+ CXCR3- cTFH) cells in HC and CHB
(BL and TLR8) samples. Numbers shown inside the flow box indicate percentage of events. Relative frequencies of GC-like TFH markers shown in graph as
percentage of cells expressing (D) OX40+CD25+, (E) PD-L1+CD25+ and (F) CD69+CD40L+. Each symbol in the graph shows individual donors and the dotted line
distinguishes the data between stimulations. A two-tailed unpaired or paired, non-parametric or the Wilcoxon signed-rank Student’s t test were conducted to
evaluate the differences between HC, BL and 8h post-TLR8 treated samples. P values of ≤0.05*, 0.01**, 0.001*** indicate statistical significance. HC, vaccinated
healthy control; CHB, chronic hepatitis B; HBV Pep, HBsAg/HBV peptides pool; ns, no significance.
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to TLR7/8 stimulation does not represent an elevation of
dysfunctional cells. R848 is typically used to increase memory
B cells for measuring B cell responses with ELISPOTs for chronic
HBV infection (9, 23). It is also known that during malaria, B
cells with similar ‘atypical’ phenotype are in fact functional and
produce neutralizing antibodies (24).
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TLR8 Signaling Promotes IL-12-Dependent
GC-Like TFH Cell Differentiation and
Improved IL-21 Production
In order to discern the mechanism behind TLR8-mediated
differentiation and proliferation of TFH cells, we performed co-
culture experiments of isolated monocytes and CD4+ T cells. CD14+
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FIGURE 4 | Activation of TLR8 pathway increased memory B, plasma B, and modulated B cell subsets. PBMCs collected from CHB infected patients (n=10-14), were
left untreated (UT) or treated with specific TLR8 ligands TL8-506, ssRNA40 or TLR7/8 ligand R848 along with or without HBsAg and HBV Pep and cultured for 5 days.
Flow cytometry evaluation of B cell subsets at the end of culture for (A) MB (CD27+), (B) plasma B (CD27++CD38+) and (C) B cell subsets defined by CD27 and CD21
expressions, gated on CD19+ B lymphocytes. Dot plots show the frequencies of (D) MB (CD19+CD27+), (E) plasma B (CD19+CD27++CD38+), (F) NBs (CD19+CD27-

CD21+), (G) RMBs (CD19+CD27+CD21+), (H) AMBs (CD19+CD27+CD21-) and (I) ATMBs (CD19+CD27-CD21-). Numbers inside the quadrants represent percentage of
subsets. Dotted lines distinguish TLR8 without or with HBV Pep treatment conditions. Statistical significance determined by two-tailed, non-parametric or the Wilcoxon
signed-rank Student’s t test for comparison between stimulations. P values ≤0.05*, 0.01**, 0.001***, 0.0001**** indicate statistical significance. ns, no significance; MB,
memory B; PB, plasma B; NBs, naïve B; RMBs, resting memory B; AMBs, activated memory B; ATMBs, atypical memory B cells.
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monocytes were treated with ssRNA40 or TL8-506, in presence of
isotype control IgG or anti-human IL-12 or anti-human IL-18
neutralizing (blocking) antibodies followed by co-culture with
autologous naïve CD4+ T cells for 6 days. Monocytes stimulated
with TLR8-specific agonists induced TFH cell markers on CD4+ T
cells (CD4+CXCR5+IL-21+, IL-21+ICOS+ and ICOS+PD-1+) in
samples from healthy individuals and CHB patients. Untreated
monocytes co-cultured with autologous naïve CD4+ T cells failed to
induce IL-21 and other differentiation factors (Figures 5A–C and
Supplementary Figures 6A–C).

In humans, TLR8 pathway-specific secretion of proinflammatory
cytokine IL-12 sends the signal responsible for IL-21 production and
drives the TFH cell differentiation (12, 25). In CHB patients, TFH cell
frequencies are high due to hyperactivation and these cells lack IL-21
cytokine production. We therefore explored whether TLR8-specific
cytokine induction will promote circulating TFH cell differentiation
and recover defective IL-21 production in PBMCs of CHB patients.
IL-12p40 and IL-18 secretion in monocytes and IL-21 production
from newly generated TFH cells were quantitatively analyzed in
supernatants of co-culture experiments and naïve CD4+ T cell
culture by Luminex multiplex immunoassay. As expected, IL-12
neutralization (ssRNA40+a-IL-12 and more clearly TL8-506+a-IL-
12) in CD14+ monocytes-naïve CD4+ T cells co-culture significantly
decreased IL-21 production as well as the co-expression of GC-like
TFH markers IL-21+ICOS+ and ICOS+PD-1+, on cTFH cells
(CD3+CD4+CXCR5+); IL-18 neutralization (ssRNA40+a-IL-18 or
TL8-506+a-IL-18) did not have similar effect (Figures 5A–C and
Supplementary Figures 6A–C). Correspondingly, the secretion of
cytokine IL-21 was significantly reduced in co-cultures pre-treated
with IL-12 neutralizing antibody (ssRNA40+a-IL-12 and more
notably with TL8-506+a-IL-12). IL-18 blocking again did not have
an effect on IL-21 production in either ssRNA40+a-IL-18 or TL8-
506+a-IL-18 antibody treatment conditions (Figures 5D–F). IL-18
production remained intact with a-IL-12 treatments. To further
justify that TLR8-specific IL-12 cytokine-dependent signal is
responsible for TFH cell differentiation and IL-21 cytokine
production, we tested naïve CD4+ T cells isolated from PBMCs of
HC and CHB patients that were left untreated or directly incubated
with recombinant human IL-12 or IL-18 and cultured for 5 days in
the absence of CD14+ monocytes. The frequency of IL-21 producing
TFH cells was significantly increased when incubated with rhIL-12,
but not with rhIL-18 (Figures 5A–F and Supplementary
Figure 6F). It is important to note here that effect of TLR8 was
not specific to CXCR5+ TFH and the agonist activated CD4+ T cells
including CXCR5- cells in an IL-12 dependent manner
(Supplementary Figures 6D, E). Taken together, these data
demonstrate that TLR8-specific IL-12-induction in monocytes
plays a critical role in the TFH cells differentiation, which can
restore the deficient IL-21 production in CHB.

TFH Cells Differentiated by TLR8 Agonists
Support The Generation of Memory B and
Plasma B Cells
To evaluate the utility of newly generated TFH cells as true
helpers of B cells, we sorted CD4+CXCR5+CXCR3-PD-
1+ICOS+ TFH generated with UT, ssRNA40 or TL8-506 pre-
Frontiers in Immunology | www.frontiersin.org 1056
exposed CD14+ monocytes and assessed their ability to promote
plasma B cell differentiation after co-culture with autologous
naïve B cells for 7 days. TFH generated from TLR8 primed
monocytes enhanced the differentiation of global memory B
(CD27+), plasma B (CD27++CD38+), long-lived antibody-
producing plasma cells (CD27++CD38-CD138+) and
plasmablasts (PBs) (CD27++CD38+CD138-), whereas TFH

derived from UT or naïve CD4+ T cells co-cultured with B
cells failed to induce memory, plasma B and long-live plasma cell
differentiation (Figures 6A–J).

Additionally, significantly higher frequencies of IgG+

(CD19+CD27+) memory B cells and robust IgG production in
TL8-506 primed TFH-naïve B co-culture condition compared to
naïve B without or with naïve CD4+ T or UT_TFH co-
culture conditions was present (Figures 6I, J). Flow plot in
Figure 6D shows ssRNA40 and TL8-506-primed TFH-naïve
B co-culture conditions resulted in a reduction in naïve
B (CD19+CD21+CD27-) and increase in resting memory B
(CD19+CD21+CD27+), activated memory B (CD19+CD21-

CD27+) and atypical memory B (CD19+CD21-CD27-) cell
populations, relative to non-TLR8 conditions. Thus TFH

differentiated with TLR8-treatment support the generation of
memory B cells and their subsets in CHB samples.

Selgantolimod Treatment Enhanced
B Cell Responses
To assess whether this mechanism of enhancing TFH response
impacts B cell response in vivo, we next examined the effect of
Selgantolimod oral treatment in paired samples from before and
8 hours after treatment. For this experiment, in addition to phase
1b clinical samples, clinical samples from phase 1a trial in CHB
negative healthy subjects with known positive HBV vaccination
status were tested for HBsAg-specific IgG and total IgG with
ELISPOT assays. We defined responders as those who exhibited
an increase of ≥1.5-fold SFU/ml after Selgantolimod
administration. Using this as criteria, there were 4/11
responders for HBs specific and 6/13 responders for total IgG
response among phase 1a samples (Figures 7A–C). In samples
from CHB patients (phase 1b), HBs specific IgG spots increased
in 6/17 subjects and total IgG in 5/18 subjects (Figures 7D–F).
Most subjects that showed improvement in spots had lower
baseline IgG response, though there was no clear cutoff for
determining responders. These outcomes suggest that TLR8
treatment has potential to augment memory B cell response in
a subset of CHB subjects. It will be important to identify
characteristics of responders or non-responders; however, here
we did not see positive correlation between TFH response and
ELISPOT response in the small number of responders.
DISCUSSION

In this investigation we demonstrated that triggering of TLR8
induces IL-12 production from monocytes, which in turn leads
to differentiation of CD4+ T cells into IL-21 producing TFH in
peripheral blood samples from CHB patients. Accordingly, co-
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culture of these differentiated TFH with autologous B cells
resulted in B cell differentiation into plasma cells and
promoted IgG production. Finally, in a fraction of CHB
patients treated with a selective TLR8 agonist, improved
HBsAg-specific TFH and B cell responses were observed.
Frontiers in Immunology | www.frontiersin.org 1157
Therefore, our study established that TLR8 signaling has
potential to restore a critical defect in T-B interaction that is
necessary for robust B cell response.

Humoral immunity requires interaction between B cells and
specialized populations of CD4+ T cells, the CD4+CXCR5+
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FIGURE 5 | TLR8 signaling promotes IL-12-dependent GC-like TFH cell differentiation and improved IL-21 production. Autologous naïve CD4+ T cells were isolated
from PBMCs of HC (n=2) and CHB patients (n=2) and co-cultured with CD14+ enriched monocytes (as APCs, 2:1 ratio) previously stimulated with medium (UT,
negative control), TLR8-specific ligands ssRNA40 or TL8-506 along with isotype control IgG, anti-IL-12 or anti-IL-18 neutralizing (blocking) Ab and cultured for 6
days in the presence of SEB followed by re-stimulation with PMA/Ion to activate TFH cells. Flow cytometry was carried out and the frequencies of cells co-expressing
TFH markers are shown for (A) IL-21+CXCR5+, (B) IL-21+ICOS+ and (C) ICOS+PD-1+. Cytokine levels were quantified in the supernatants collected from monocyte-
naïve CD4+ T co-cultures as well as naïve CD4+ T cell culture by Luminex multiplex immunoassay. Bar graph depicts the levels of (D) IL-21 (pg/mL), (E) IL-12p40
(pg/mL) and (F) IL-18 (pg/mL) secretion in response to TLR8-specific agonists and blocked by anti-IL-12, anti-IL-18 neutralizing Abs or upon incubation with human
recombinant proteins IL-12 or IL-18. Statistical significance calculated by one-way ANOVA or Kruskal-Wallis test for comparison between stimulation conditions. P
values ≤0.05*, 0.01** considered significant, ns, no significance; APCs, antigen-presenting cells; SEB, staphylococcal enterotoxin B; rhIL-12/IL-18, recombinant
human protein IL-12/IL-18; Cont. IgG, isotype control IgG; N.D., not detected.
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follicular helper (TFH) cells, the latter help generate memory B
cells and long-lived plasma cells (26); both these immune cell
types are dysfunctional in CHB patients. Since HBcAg-specific
antibodies are generated during infection, this defect is selective
to HBsAg-specific cells, potentially due to high levels of
Frontiers in Immunology | www.frontiersin.org 1258
circulating HBsAg present in patients (27). Indeed, HBs
specific but not HBc specific B cells show characteristics of
impaired cells characterized by atypical memory phenotype
and poor differentiation into antibody secreting cells (5, 6, 28,
29). At the same time, TFH have dysregulated response to HBsAg
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FIGURE 6 | TFH cells differentiated by TLR8 pathway support the generation of memory B and plasma B cells. GC-like TFH cells (PD-1+CXCR3- cTFH) differentiated
with TLR8 agonists were sorted and co-cultured with autologous naïve B cells from healthy donors (n=2) and CHB patients (n=2) at TFH:naïve B ratio of 1:2 in the
presence of staphylococcal enterotoxin and generated B cell subsets and IgG examined. Flow cytometry analysis carried out using B cell panel antibodies show
pseudo color flow plot of (A) Memory B (CD27+), (B) Plasma B (CD27++CD38+), (C) PCs (CD27++CD38-CD138+), PBs (CD27++CD38+CD138-) and (D) B cell
subsets NBs (CD27-CD21+), RMBs (CD27+CD21+), AMBs (CD27+CD21-), ATMBs (CD27-CD21-), gated on CD19+ B lymphocytes. Numbers inside the quadrant
represents the percentage of events. The frequencies of different B cell subsets are presented in the bar graphs (E–H), as indicated. (I) frequencies of IgG+ cells,
gated on CD19+CD27+ memory B cells. (J) IgG levels (ng/mL) secreted by memory B cells in the supernatants recovered from naïve B-TFH co-culture experiments
detected by high sensitivity ELISA assay. Statistical analyses done by one-way ANOVA or Kruskal-Wallis test for comparison between cell culture conditions.
P values ≤0.05*, 0.01** represent statistical significance. NBs, naïve B; NT, Naïve CD4+ T; PCs, plasma cells; PBs, plasmablasts; RMBs, resting memory B; AMBs,
activated memory B; ATMBs, atypical memory B cells; ns, no significance.
August 2021 | Volume 12 | Article 735913

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Ayithan et al. TLR8 Signaling Promotes Anti-HBsAg Response
that associates with HBV persistence (30). Our results also
demonstrate that HBsAg-specific TFH response is defective in
CHB patients relative to HBV vaccinated controls. We show here
that IL-12 induction by monocytes in response to TLR8 signaling
was able to rescue these defective TFH. Specifically, signaling
through TLR8 resulted in differentiation of TFH into phenotypes
consistent with bona fide helpers of B cells i.e., PD-1+BCL-
6+ICOS+IL-21+, in samples from CHB patients. In vitro use of
Frontiers in Immunology | www.frontiersin.org 1359
Selgantolimod resulted in a similar increase in frequency of
circulating PD-1+ TFH in another study (31). We have only
studied peripheral TFH here due to limitations in access to
lymphoid cells from patients. As such this may not entirely
reflect the impact on antibody generation process, which occurs
in secondary lymphoid organs, specifically in structures called
germinal centers. However, specific subsets of circulating TFH are
identified which share similar phenotypes, transcriptional and
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FIGURE 7 | Selgantolimod treatment enhanced B cell responses. PBMCs from BL or Selgantolimod (TLR8) administered HC (phase 1a A–C) and CHB (phase 1b,
D–F) samples were stimulated as detailed in methods to effectively induce memory B cells proliferation. (A, D) Representative ELISPOT results show IgG spots in
responders and non-responders, (B, E) HBsAg-specific IgG and (C, F) total IgG secreting B cells from phase 1a and phase 1b samples. Statistical significance
calculated by two-tailed paired Student’s t test or the Wilcoxon signed-rank. Color-coded symbols in responders group indicate same clinical sample tested for HBs-
IgG and total IgG. Responder defined as subject with >=1.5-fold improvement in SFU in TLR8 compared with BL time-point. P value of ≤0.05*, 0.01** indicate
statistical significance. ns, no significance. BL- baseline; TLR8- toll-like receptor 8; IgG, immunoglobulin; n, number of paired samples.
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functional characteristics with germinal center TFH cells (20);
this peripheral population allows an easily accessible means to
examine phenotypic and functional state of these cells during
diseases and to investigate effects of interventions on them (21).
Canonical TFH differentiation starts with dendritic cell priming
of naïve CD4+ T cell whereupon receiving cytokine signals,
expression of CXCR5 on CD4+ T cell allows early TFH to
migrate to T-B cell border and undergo further differentiation.
Among DC derived cytokines, IL-12 and TGF-b1 are most
efficient at inducing human naïve CD4+ T cells to express TFH

molecules CXCR5, ICOS, IL-21 and BCL-6 (32–36). Recently, it
was discovered that TLR8 signaling results in differentiation of
functional TFH; the intact ssRNA in attenuated vaccines triggers
TLR8 on monocytes, inducing IL-12 production, which in turn
differentiates naïve CD4+ T cells into functional TFH. These TFH

cells support plasma cell generation and IgG production from B
cells (12).

CHB infection is associated with significant immune
dysregulation, whether TLR8 agonism will lead to TFH
differentiation and subsequent B cell help was therefore not a
given. Reports have shown both functional (10) and defective
TLR8 response (37) in CHB. However, in vitro testing of
Selgantolimod showed comparable levels of cytokines in PBMC
from healthy and CHB subjects (31). In clinical trial of this agonist
in healthy subjects, we previously showed IL-12p40, IL-12p70, IL-
1RA and IL-18 induction in serum (14), here we show TFH

polarizing cytokines, IL-12 is induced with the agonist in
monocytes from CHB patients which led to naïve CD4+ T cells
to differentiated into CXCR5+BCL-6+ICOS+IL-21+ TFH. A
significant finding here is demonstration of HBsAg-specific TFH

response (ICOS+BCL-6+ TFH and upregulation of AIM markers)
in CHB patients treated with a single dose of Selgantolimod. IL-
12p40 and IL-12-p70 are induced within 4 hours after oral
administration of this agonist (14); we hypothesize that IL-12p70
provided requisite signal to naïve CD4+ T cells in treated patients,
which was manifested by the expression of TFH-specific growth
factors when PBMC were tested in our in vitro culture assays.
Mechanistically, TLR8 agonism induced TFH with phenotypes
bona fide helpers which aided plasma cell generation and IgG
response. In our study this was reflected in results from naïve B-
TFH co-culture and B cell ELISPOT assays, which demonstrated
enhanced total IgG and HBsAg-specific B cell responses after
TLR8 agonist treatment. It may seem surprising that an
improvement in B cell response was present in an acute
treatment setting (8 hours) with a single dose of Selgantolimod.
However, it is important to note that these B cell responses were
not measured ex vivo, rather the ELISPOT assaymeasures memory
B cell responses generated after short-term cultures of 5 days. We
believe that Selgantolimod treatment generated favorable
conditions, such as effective TFH response and cytokine IL-21,
which aided these improved B cell responses in vitro.

These finding have significance for use of TLR8 agonism for
hepatotropic HBV; liver derived cells respond to TLR8 agonism
by inducing IL-12 and IL-18 (10). In a woodchuck model of
chronic HBV, this same TLR8 agonist resulted in sustained
antiviral response and loss of HBs antigen (38). This model
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uses a surrogate virus and the translatability of these findings to
CHB in humans is uncertain, however, the same agonist resulted
in similar induction of cytokines IL-12p40, IL-12p70, IL-1b, IL-
6, IL-18 and TNF-a in vivo in humans (14, 13, 38) and in
cultures (here). In a separate study, IL-12, IL-1b and IFN-b
induced by ssRNA were shown critical for TFH differentiation,
this effect was mediated by TLR signaling adaptor TRIF (39).

There are certain limitations of our study. For more precise
evaluation of antigen specific TFH and B cells, use of class II
tetramers and HBsAg specific B cell probes, respectively, is
needed. It is out of the scope for this investigation due to
limited availability of frozen PBMC from these previously
completed clinical trials for further experiments. It is also
important to show whether an increase in the IgG secreting B
cells (ASCs) observed in ELISPOT from some patients correlates
with enhanced monocytic IL-12 production or with expression
of GC-like TFH growth factors (IL-21+BCL-6+, IL-21+CD40L+

and ICOS+BCL-6+) or B cell phenotypes. However, due to small
sample size it was not possible to perform such correlation
analyses in ‘responders’ and ‘non-responders’ to TLR8
agonism. A focus on peripheral examination of T-B responses
with lack of any investigation into tissue or lymph node
responses is another limitation here. TFH-B cell responses will
be studied in the ongoing Phase 2 clinical trial, which could
establish the true nature of TFH-B cell interactions in restoring
clinically relevant anti-HBs response in CHB patients.

Our data has significance for our understanding of impaired
HBV-specific protective immunity in CHB patients. Strategies to
achieve a functional cure are focused on restoring HBs-antibody
responses in CHB patients. HBs antigen-based vaccine
candidates have shown mixed results when tested in clinical
trials in chronically infected patients (40). Our data support
further testing of TLR8 agonism in HBV functional cure
approaches that include a combination of antiviral and
immune modulatory agents.
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Chronic hepatitis B virus (HBV) infection remains a major health burden worldwide for
which there is still no effective curative treatment. Interferon (IFN) consists of a group of
cytokines with antiviral activity and immunoregulatory and antitumor effects, that play
crucial roles in both innate and adaptive immune responses. IFN-a and its pegylated form
have been used for over thirty years to treat chronic hepatitis B (CHB) with advantages of
finite treatment duration and sustained virologic response, however, the efficacy is limited
and side effects are common. Here, we summarize the status and unique advantages of
IFN therapy against CHB, review the mechanisms of IFN-a action and factors affecting IFN
response, and discuss the possible improvement of IFN-based therapy and the rationale
of combinations with other antiviral agents in seeking an HBV cure.

Keywords: IFN, HBV, chronic hepatitis B, cccDNA, innate immunity, antiviral therapy, immunotherapy, biomarker
INTRODUCTION

Hepatitis B virus (HBV) leads to acute and chronic liver diseases that cause over 780000 deaths
yearly worldwide and, currently, there are still more than 250 million chronically infected
individuals (1). Chronic hepatitis B (CHB) can progress to cirrhosis in up to 40% of untreated
patients, and there is an associated risk of decompensated cirrhosis and hepatocellular carcinoma
(HCC) (2). There are two main antiviral therapies: nucleos(t)ide analogs (NAs) and pegylated
interferon (IFN) a (PEG-IFN-a). NAs effectively control HBV replication but functional cure is
rare. PEG-IFN has a limited treatment course and the responders to IFN therapy may maintain a
virologic response after drug withdrawal, but its efficacy is still not satisfactory.

IFNs, a group of cytokines firstly described in 1957, are crucial modulators of the immune
response against various viruses as well as carcinoma. IFNs are grouped into three types: I (a, b, ϵ, k,
w), II (g), and III (l), based on the types of IFN receptors through which they signal. In humans,
IFN-a can be further categorized into 13 different IFN-a subtypes, which all signal through a shared
type I IFN heterodimeric receptor complex comprising two IFN-a receptor subunits (IFNAR1 and
IFNAR2), and these IFNAR receptor subunits are present on nearly all nucleated cells (3). The IFN-
IFNAR complex then activates the JAK-STAT pathway, resulting in the expression of dozens of
interferon-simulating genes (ISGs), that function as downstream effectors to control viral
replication and regulate immune responses. Here, we summarize the status of IFN-a-based
therapy in CHB patients, review the mechanisms of IFN action and factors affecting
responsiveness, and discuss the possible improvements in IFN therapy leading toward an HBV cure.
org September 2021 | Volume 12 | Article 733364163
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ADVANTAGES AND MECHANISMS OF
IFN-a TREATMENT AGAINST CHB

For CHB patients, standard PEG-IFN monotherapy is
administered once weekly as a subcutaneous injection for 48
weeks, with advantages of finite treatment duration and
sustained virologic response. PEG-IFN resulted in a sustained
loss of hepatitis B e antigen (HBeAg) and nondetectable hepatitis
in 30% of patients (4). In HBeAg-negative CHB, combination
NAs plus PEG-IFN for 48 weeks is safe and could result in
greater treatment efficacy than NAs monotherapy (5–7). For
patients who achieve virologic suppression with NAs, such as
entecavir (ETV), switching to a finite course of PEG-IFN
significantly increases rates of HBsAg seroclearance to 20% of
those with baseline HBsAg < 1500 IU/ml (8). In contrast, HBsAg
seroclearance during NAs monotherapy is low (0-3% after
1 year) (9). Once the HBV genome was inactivated (“inactivate
carriers”), HBsAg seroclearance occurred in 40% of those
receiving PEG-IFN therapy (10, 11). In addition, treatment by
PEG-IFN has been suggested to be associated with a lower
incidence of HCC than NAs treatment in chronic HBV
infection (12).

IFN-a treatment can induce an antiviral state in hepatocytes
by regulating gene expression and protein translation, which
exert non-cytolytic antiviral effects in several stages of the HBV
life cycle.

First, HBV replicates its DNA genome through reverse
transcription of its viral pregenomic RNA (pgRNA), and
pgRNA is exported into the cytoplasm. In this process, the
expression of APOBEC3 cytidine deaminases can be strongly
enhanced by IFN-a simulation to induce extensive G-to-A
hypermutations and block HBV DNA replication (13, 14).
MX2, which is induced by IFN-a reduces HBV RNA levels by
downregulating synthesis of viral RNA (15). IFN-a can also
induce TRIM22, which binds to the HBV core promoter region
to inhibit its transcription (16). In addition, IFN-a simulates
ISG20, which binds to the HBV RNA terminal redundant region
to degrade pgRNA (17, 18). IFN-a can also induce MyD88 to
accelerate the degradation of pgRNA and promote the
expression of MxA to impede HBV RNA nuclear export (19).
Of note, HBV infection itself does not induce a significant ISG-
mediated response in the liver. Liver biopsy samples from
patients with HBV infection do not have higher levels of ISG
expressions than those from patients without HBV infection
(20). Moreover, recent in vitro studies suggested that HBV does
not affect the pattern of ISG expressions induced by polyinosinic:
polycytidylic acid (poly I:C) and Sendai virus (21). From this
perspective, exogenous IFN-a may play unique roles in
activating endogenous antiviral immune responses against HBV.

Second, once HBV delivers its 3.2kb rcDNA genome into the
nuclei of hepatocyte, rcDNA can be repaired into the fully
double-stranded covalently closed circular DNA (cccDNA)
(22), which serves as the template for transcription of all viral
mRNA. The HBV cccDNA is organized as a minichromosome in
the nuclei of infected hepatocytes with various host and viral
proteins, such as histone proteins and HBx (23, 24), and the
Frontiers in Immunology | www.frontiersin.org 264
intrahepatic cccDNA pool is not homogenous but exists as a
heterogeneous population of viral minichromosomes (25).
Accumulating evidence suggests that cccDNA transcriptional
activity is regulated by epigenetic mechanisms (26, 27). HBx
binds to the cccDNA and modifies the epigenetic landscape of
cccDNA. The cccDNA without HBx expression transcribes
significantly less pgRNA (28). Administration of IFN-a
resulted in cccDNA-bound histone hypoacetylation as well as
active recruitment to the cccDNA of transcriptional
corepressors, which included reduction of acetylated histone
H3 lysine 9 (H3K9) and 27 (H3K27) and increase in HDAC1
and Sirt1 in cccDNA minichromosomes. IFN-a treatment also
reduced the binding of the STAT1 and STAT2 transcription
factors to active cccDNA (29, 30). These modifications are
associated with reduced transcription of pgRNA and
subgenomic RNAs from the cccDNA minichromosome. In
addition to regulating cccDNA transcription, recent studies
suggested that IFN may induce degradation of cccDNA by
inducing APOBEC3A and ISG20 (31, 32). However, it remains
unclear how efficient such a mechanism is in the liver and
whether cccDNAs in distinct epigenetic states are similar or
differ in their sensitivity to IFN and IFN-induced antiviral
factors. It is more certain that IFN-a affects cccDNA
epigenetic modifications and represses cccDNA transcription,
which in turn reduces the replenishment of the cccDNA pool.
From this perspective, IFN-a can indirectly lead to subsequent
reduction of the cccDNA pool (33). In addition, IFN-a treatment
reduces the expression levels of HBx, which has been
demonstrated to promote the degradation of the SMC5/6
complex to enhance HBV replication (34, 35), and thus can
restore SMC5/6 expression, resulting in sustained cccDNA
silence in HBV-infected human liver chimeric mice (36).

HBV-related protein translation and HBV virion secretion
are two other processes that can be inhibited by certain ISGs. In
the Huh-7 cell-based HBV transfection model (the double-
stranded RNA (dsRNA)-dependent protein kinase) was
induced by IFN-a treatment and then, reduced the replication-
competent viral capsids, whereas the HBV transcripts, including
pgRNA, were not affected (37). In addition, the IFN-inducible
factor BST-2/tetherin was able to restrict HBV virion secretion.
Knockdown of tetherin attenuated the IFN-a-mediated
reduction of HBV virion release (38).

Beyond the scope of a single cell, cell-to-cell transmission of
viral resistance is also a mechanism for amplifying IFN-a-
induced antiviral response. IFN-a can induce the transfer of
resistance to HBV from nonpermissive liver nonparenchymal
cells (LNPCs) to hepatocytes via exosomes (39–41). Exosomes
from IFN-a-treated LNPCs are rich in molecules with antiviral
activity. Further studies suggest that macrophage exosomes
depend on T cell immunoglobulin and mucin receptor 1
(TIM-1), a hepatitis A virus receptor, to enter hepatocytes for
delivering IFN induced anti-HBV activity. Hepatocytes could
utilize two primary virus infection endocytic routes (clathrin-
mediated endocytosis (CME) and micropinocytosis) and
lysobisphosphatidic acid (LBPA) to permit exosome entry and
uncoating (42).
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In addition to the direct anti-HBV effects, IFNs shape the
landscape of the immune system to coordinate various immune
cells. IFNs activated macrophages, natural killer cells, dendritic
cells (DCs), and T cells. All these activated immune cells secrete a
variety of cytokines, such as IL-1b, IL-6, TNF-a, and IFN-g.
Among them, IL-6, IL-12, and IL-15 by DCs were partially
induced by IFN-a/b and then modulated B and T cell
differentiation (Th1 polarization) and activation (43). IFN-I
signaling in plasmacytoid dendritic cells (pDCs) led to altered
CD69 and sphingosine-1-phosphate 4 (S1P4) receptor
expression, which, in turn, affected pDCs retention in lymph
nodes (44). IFN-a/b also enhance the antigen presenting
capacity of the APC by increasing MHC class II, CD86, and
CD40 expression. Moreover, IFN-a/b help neutrophil survival
and strengthen phagocytosis of macrophage and neutrophil.
HBV-specific CD8+ T cell are then propagated into the liver,
and destructed the infected hepatocytes by perforin-granzymes
or surface death receptors such as FAS/FASL, or both (45). This
is called “cytopathic mechanism”.

Notably, HBV infection in immunocompetent adults is
usually self-limited and transient. Over 90% of adults achieve
viral control with strong, polyclonal, and multi-specific adaptive
immune responses, such as specific CD8+ and CD4+ T cells,
against HBV components (46). During acute HBV infection,
most hepatocytes were reported to be infected by HBV.
Assuming most infected hepatocytes are destroyed through the
cytopathic mechanism, patients will have severe liver trauma,
which is rarely seen in the clinic. Thus, “non-cytopathic
mechanism” has been proposed to explain this (47). It is
believed that non-cytopathic mechanisms allow infected
hepatocytes to purge HBV replicative intermediates from the
cytoplasm and cccDNA from the nucleus without being killed.
Some clues support this notion. First, HBsAg-specific class I-
restricted cytotoxic T lymphocytes (CTLs) profoundly suppress
hepatocellular HBV gene expression in HBV transgenic mice by
a noncytolytic process. This regulatory effect of the CTLs is
initially mediated by IFN-a/b, IFN-g, and TNF-a, which greatly
exceeds their cytopathic effects in magnitude and duration (47,
48). Second, in acutely infected chimpanzees, HBV DNA was
shown to largely disappear from the liver and the blood long
before the peak of T cell infiltration (49). When knocking out one
of these key components (T cell, NK cell, Fas, IFN-g, IFN-a/b,
and TNF-a) in the mouse model, hydrodynamically injected
HBV-expressing plasmid persisted for at least 60 days, indicating
that each of these effectors contributes to eliminate HBV
components (50). In addition, proinflammatory cytokines such
as IL-6, IL-1b, IL-4, and TGF-b, which could be induced by IFN
show antiviral effects in different stages of HBV replication (51).
Nonetheless, the non-cytopathic mechanism has not been
adequately revealed because of the complexity of the liver
immune microenvironment and the lack of an appropriate
animal model.

In IFN-mediated control and clearance of HBV infection, it is
still uncertain to what extent the direct anti-HBV effects and
indirect immunomodulatory effects contribute to the IFN-a-
mediated antiviral action. In the HBV-infected humanized uPA/
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SCID mice model, PEG-IFN-a treatment can induce sustained
responsiveness in HBV-infected hepatocytes and trigger
substantial HBV antigen decline without the involvement of
immune cell response (52). Notably, a poor restoration of
immune cell functions was observed in the early phases of IFN
treatment (53), but changes in the inflammatory environment in
the liver take a long time to develop and cytotoxic CD8+ T cells
can be more readily expanded in the blood of treatment
responders than nonresponders, indicating the importance of
immune cells in HBV control and supporting a role of IFN-based
therapy in restoration of the immune system.

One study indicated that the absolute number of CD8+ T cells
were strikingly reduced, including CMV-specific CD8 T cells,
while CD56bright NK cells were potently expanded in a cohort of
HBeAg negative patients receiving PEG-IFN-a therapy.
Depleting CD8+ T cells may limit the efficacy of PEG-IFN-a,
on the other hand, CD56bright NK cells could enhance anti-HBV
efficacy (54). More understanding of the mechanisms of IFN-a
action will assist in the improvement of antiviral efficacy.
FACTORS THAT INFLUENCE
IFN RESPONSE

HBV has been called a ‘stealth’ virus since it does not induce a
significant IFN response in the liver. Besides, sustained off-
treatment response to exogenous IFN-a therapy can be
achieved only in a minority of CHB patients. Both host and
viral factors influence the IFN response during HBV infection
and IFN-a therapy (Table 1), some of which could be used as
predictors to improve the cost-effectiveness of IFN-a therapy.
VIRAL FACTORS

Low HBV viral and antigen load is important predictor favoring
IFN therapy. The viral load could influence both innate and
adaptive immune response pathways, which impairs the
response to IFN. In untreated CHB patients, intrahepatic gene
expression profiling showed a strong downregulation of the
antiviral effector, interferon stimulated genes, and pathogen
recognition receptor pathway compared with non-infected
controls (92). Although it remains controversial whether the
host could detect the virion and express innate and IFN genes
during HBV infection (20, 21, 93–97), HBV has developed
strategies to counteract the innate and IFN system. HBV
particles readily inhibit host innate immune responses upon
virion/cell interaction (98, 99). HBV polymerase (Pol) and HBx
could block multiple critical innate immune response pathways
in hepatocytes, including RIG-I, STING, TRIM22, and IRF (64,
65, 100). HBsAg could inhibit the induction of IFN-a and
proinflammatory cytokines such as IL-12, and HBeAg could
target and suppress activation of the TLR and related signaling
pathway (61, 62, 72). In addition, prolonged exposure of T cells
to high quantities of HBV-related antigen, especially HBsAg, is
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the most likely reason for defective T-cell function in CHB
patients (101). The decline of viral load is beneficial for the
antigen removal, which allows T cells to rest from antigenic
stimulation and might be necessary for reconstitution of
functional T-cell responses (102, 103). Moreover, higher HBV
replication levels lead to a lower sensitivity of HBV to IFN-a in
PHH culture models (55), corresponding to the clinical
observation that higher viral load is associated with poor
response to IFN-a. In this regard, IFN-based therapy may
contribute to the restoration of the immune system by directly
suppressing antigen production in infected hepatocytes, in
addition to its immunomodulatory effect. On the other hand,
the magnitude of HBV-specific CD8+ T cell response is
primarily regulated by the initial antigen expression level, and
a recent study using the HBV hydrodynamic transduction model
suggests that IFN-I signaling may negatively regulated HBV-
specific CD8+ T cell responses by reducing early HBV antigen
expression (104). Notably, although HBV per se does not activate
IFN-I signaling during natural HBV infection, recent studies in
chimpanzees and humanized mouse models indicate that IFN-I
signaling induced by HCV infection could contribute to HBV
control (105, 106).

HBV genotype has been shown to influence the therapeutic
response to IFN-a therapy. In HBeAg-positive patients, the SVR
was significantly better in genotypes A and B patients than for
genotypes C and D that were treated with standard IFN-a (7). In
HBeAg-positive Asian populations, HBV genotype B patients are
more responsive to IFN-based therapy, whether PEG-IFN-a or
standard IFN-a therapy, whereas genotype C patients have a
higher likelihood of response to PEG-IFN-a compared to
standard IFN-a (107). In HBeAg-negative patients, PEG-IFN-a
was less effective in genotypes D and E with an SVR of around
20%. It should be noted that the prevalence of HBV genotypes
varies geographically. Although genotypes A to J have been
found (108), genotypes A, B, and C are most prevalent in
North America (109). Genotypes B and C are the dominant
types in East Asia (110). The above clinical statistical conclusions
may be influenced by other factors, such as race, lifestyle, and,
Frontiers in Immunology | www.frontiersin.org 466
even, infected period. For instance, genotype A2 was mostly
adult acquired whereas genotypes B and C were transmitted at
birth or in very early childhood in a large proportion of Asian
patients. The differential IFN response observed among these
patients might be in part a reflection of transmission-related
immune tolerance or host genetic polymorphisms, rather than
the viral genotypes. Nonetheless, HBV genotyping is useful in
patients being considered for IFN-a therapy (111). Since HBV
population in the host usually consists of remarkable genetic
heterogeneity and persists in the form of quasispecies, a number
of studies have indicated that HBV mutations at baseline might
affect IFN response (112, 113).
HOST FACTORS

A series of host factors have been identified as independent
predictors of response to IFN therapy including younger age,
female gender in HBeAg-negative CHB patients, and high serum
alanine transaminase (ALT) levels (≥2-5 upper limit of normal)
in both HBeAg-negative and positive patients (56, 76). Although
high serum ALT levels may indicate active immune status and
eradication of HBV, the mechanism behind its association with
response to IFN is worth exploring.

Host genetics is an important aspect affecting the responsiveness
to treatments. Interleukin (IL)28Bpolymorphismswere reported to
be associated with IFN-a treatment response in CHB patients. The
relationship between IL28B polymorphisms and response to PEG-
IFN-a therapy has also been investigated. Among HBeAg-positive
patients, three different single nucleotide polymorphisms (SNP) in
IL28B were investigated separately: rs8099917, rs12980275, and
rs8099917 (94–96). The polymorphisms in rs8099917 showed no
difference in response to PEG-IFN-a, while rs12980275 and
rs8099917 polymorphisms showed a difference in HBeAg
seroconversion rate. Among HBeAg-negative patients, one study
enrolled 101patients treatedwith PEG-IFN-a therapy for amedian
of 23 months (79). Most patients were middle-aged men with
HBV genotype D, average serum HBV DNA 6.0 log cp/mL, ALT
TABLE 1 | Viral and host factors that affect IFN response during HBV infection and IFN therapy.

Viral and host factors Role in modulating IFN response Ref

Viral Factors Viral load Lower viral load and antigen levels associate with higher responsiveness to IFN-a therapy (55, 56)
Genotype and mutants Gt A and B associates with better response to IFN treatment than gt D and C, respectively (57–60)

Precore and core promoter mutants limits the probability of response to IFN in HBeAg-positive CHB
Viral Counteractions HBsAg Inhibits with TLRs signaling and IFN-a induction in pDCs, and interfers with immune cell functions. (61–63)

Pol Inhibits RIG-I/TLR3/STING-IRF-IFN-I and IFN-I-JAK/STAT signaling in hepatocytes (64–66)
HBx Inhibits RIG-I/MAVS signaling (67–69)
HBc Inhibits IFN-inducible MxA and IFITM1 (70, 71)
HBeAg Inhibits TLR2 and TIR intracellular form and IFN signaling (72–74)
HBSP Inhibits IFN-I signaling (75)

Host Factors ALT Higher baseline ALT levels are predictive of better IFN responsiveness (56, 76)
Age and gender Younger age and female are predictive of better IFN responsiveness (77, 78)
Genetic polymorphisms SNPs of IL28B(IFN-l3), STAT4 and UBE2L3 could be associated with IFN response (79–87)
Liver stage and intrinsic sensitivity
to IFN

Staging of liver fibrosis, presence of liver steatosis may affect the IFN response (55, 78)

Anti-IFN antibodies May associate with non-response to IFN-a therapy (88–91)
September 2021 | Volume 12 | Artic
HBSP, hepatitis B spliced protein; IFITM1, interferon induced transmembrane protein 1; MxA, myxovirus resistance protein; RIG-I, retinoic acid-inducible gene I; TIR, Toll/IL-1 receptor;
STING, stimulator of interferon genes; IRF, interferon regulatory factor; MAVS, mitochondrial antiviral-signaling protein.
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136 IU/L, and 42% with cirrhosis. The proportion of patients with
CC, CT, and TT genotypes for IL28B rs12979860 were 47%, 42%,
and 11%, respectively. The rate of serumHBsAg clearance was 29%
inCC compared to 13% in non-CC. The C allele of rs12979860 was
associated with a higher rate of response in HBeAg-negative
patients with genotype D of HBV treated with PEG-IFN-a.
However, the power of IL28B polymorphisms to predict the
outcomes of IFN therapy remains limited because of various
SNPs, patients’ conditions, and duration of treatment.

Given that STAT4 is an important part of the JAK-STAT
pathway, SNPs in STAT4 could also be candidates that
predict the outcome of IFN-a therapy. Multiple genomic
loci, rs7574865, rs4274624, rs11889341, rs10168266, and
rs8179673, were shown to be associated with the risk of HBV
infections or predictors of PEG-IFN-a therapy (80). For
instance, in HBeAg-positive patients, the rs7574865 GG
genotype was significantly associated with a reduced sustained
virologic response (SVR, defined as HBeAg seroconversion and
HBV DNA level < 1000 cp/ml) compared with the GT/TT
genotype in patients receiving PEG-IFN-a (18.0% versus
41.2%, P = 9.74×10-5) or IFN-a (21.1% versus 37.2%, P = 0.01)
therapy (81). However, meta-analysis cannot validate the
correlation between STAT4 rs7574865 and HBV susceptibility
or natural clearance (82, 83). To sum up, transferring these
genomic approaches to clinical practice to improve pretreatment
patient selection is still challenging.

The occurrence of endogenous anti-IFN antibodies is another
factor that may be associated with non-response to IFN-a
therapy. During IFN therapy, IFN neutralizing antibodies
appeared in the serum of 7%~39% CHB patients (88–90).
Anti-IFN antibodies lowered the levels of serum IFN
bioactivity and may reduce downstream IFN signaling
pathways. For patients relapsing during or after IFN treatment,
the appearance of anti-IFN antibodies is likely to occur prior to
or at the same time as serum HBV DNA loss (88). However, a
study retrospectively suggested that the presence of anti-IFN
antibodies was not associated with non-response to PEG-IFN-a
therapy in CHB patients (91). In this regard, more studies are
required to identify the role of anti-IFN antibodies in the process
of HBV chronic infection. In addition, since IFN-a can be
divided into different subtypes, it would be interesting to know
whether the anti-IFN-a antibodies have subtype bias.

Several cell culture systems have been used to study HBV and
IFN interaction. For liver cell culture models, there are mainly
four types of systems: hepatoma cell lines (such as HepG2 and
Huh7) and related strains (such as HepG2-NTCP and
HepAD38), bi-potent liver progenitor cell line (HepaRG),
primary human hepatocytes (PHH) (114), and induced human
hepatocyte-like cells (such as HepLPCs and iHeps) (115–117).
Notably, the responses of IFN differ a lot among these models.
Among them, PHH is still regarded as the gold standard for
hepatic in vitro culture models and is more sensitive to IFN-a
than most hepatoma cell lines such as HepG2 or HepG2-NTCP.
The expression of ISGs after IFN-a stimulation is partially
incompetent in hepatoma cell lines. ISGs including GBP5,
GBP1, WARS, and CXCL10, which have been reported to be
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associated with the IFN-a response in patients (118, 119), are
either absent or weakly expressed in HepG2-NTCP cells treated
by IFN-a (55).
STRATEGIES TO IMPROVE THE
EFFICACY OF IFN-BASED THERAPY

Given the unique advantages of but relatively low response rates
to IFN therapy, there is an urgent need to improve its
efficacy (Figure 1).

Massive and persistent transcription of cccDNA contribute to
the inhibition of both innate and adaptive immune responses of
IFN. This may explain why the decrease in HBV viremia is not
seen earlier than 3-4 weeks into IFN therapy and takes several
months to reach its maximum (120). Thus, reduction of the viral
load before IFN therapy, including HBV DNA and antigen,
could be beneficial. Earlier studies showed that concomitant
administration of PEG-IFN and NAs resulted in higher rates
of on-treatment virologic response but had no advantage on
post-therapy response compared with PEG-IFN monotherapy
(57). Nonetheless, the addition of PEG-IFN to ongoing NAs
therapy or switching from NAs therapy to PEG-IFN
monotherapy in virally suppressed patients has shown better
outcomes. A prospective study in CHB patients with HBV DNA
fully suppressed by long-term NAs treatment showed that the
addition of PEG-IFN for a maximum of 96 weeks led to HBsAg
loss and cessation of NAs treatment in 6 of 10 patients, with no
relapse for 12-18 months of follow up (121). A matched-pair
study in HBeAg-positive patients who did not achieve HBeAg
seroconversion after NA monotherapy showed that PEG-IFN
combined with NA for another 48 weeks achieved more HBeAg
seroconversion than continuing NA monotherapy (44% versus
6%) (122). In a randomized open-label trial, switching to a finite
course of PEG-IFN significantly increased rates of HBeAg
seroconversion and HBsAg loss among patients who achieved
virologic suppression with NA therapy (8). Such a treatment
concept can provide limited but reliable optimization in current
IFN therapy.

Criteria identifying CHB patients who are suitable for IFN
therapy is another critical aspect of optimization. Simple and
clear guidance is needed to select specific groups of patients. At
present, the natural history of CHB has been schematically
divided into several phases, mainly focusing on the presence of
HBeAg, HBsAg, HBV DNA levels, ALT values, and eventually
the presence or absence of liver inflammation. Among them,
baseline high ALT and low HBV DNA are the IFN pretreatment
predictors of IFN response. Other than these classical
biomarkers, novel host factors may potentially help to predict
IFN treatment efficacy. For example, baseline quantitative anti-
HBc titer has been shown to be a predictor of Peg-IFN efficacy in
HBeAg-positive CHB patients (123). In another study, a
simplified scoring model composed of miR-210, miR-22, and
ALT was used to predict the virologic response of IFN therapy in
CHB (124). Environmental factors and individual differences
could cause a severe bias towards the accuracy of prediction.
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FIGURE 1 | Predictors and strategies for improvement of the efficacy of IFN-based therapy for chronic hepatitis B.
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Moreover, some commonly used biomarkers, such as HBV DNA
and ALT, are time-dependent and the immune states of CHB
patients can hardly be reflected in a single test. For those falling
into an indeterminate gray area, an explicit decision is difficult.
In recent years, several studies indicate that some novel viral
parameters have a statistical relationship with the response of
IFN therapy, including serum HBV RNA (125, 126), hepatitis B
core-related antigen (HBcrAg) (127), and spliced HBV variants
(75), which are worthy of further studies in larger cohorts.

Optimization of IFN itself may, as well, be beneficial for
improving therapeutic effects (128, 129). PEG-IFN-a2 is one of
the most successful modified protein drugs to date. Grafting
IFN-a with PEG attenuates renal filtration, and thus, decreases
the rate of IFN clearance from serum. Compared with IFN-a2,
PEG-IFN-a2 not only reduces the number of injections but also
slightly improves the patient compliance and response rates
(130). It is worth noting that poly amino acids are a group of
unstructured repetitive segments of hydrophilic amino acids
whose biophysical properties are similar to PEG including PAS
polypeptides and elastin-like polypeptide. They have been widely
considered as potential alternatives to PEG for IFN modification
because of their excellent biodegradability and relatively simple
preparation procedures compared with pegylation (131, 132).
Apart from half-life extension, another modification aspect is the
reduction of severe side-effects of IFN-a by targeting hepatocytes
precisely because IFN-a acts on almost all human nucleated cells
evoking a complex reaction pattern when administered
systemically. Novel delivery methods that can improve
targeting are of particular interest. One strategy is utilizing the
metabolic characteristics of the liver by linking moieties with
liver tropism to IFN-a. For instance, high-density lipoproteins
(HDLs) are generated in the liver and remove cholesterol from
Frontiers in Immunology | www.frontiersin.org 668
peripheral tissues for delivery to hepatocytes. Anchoring IFN-a
to ApoA-I, the main protein component of HDLs, promoted
targeting to the liver, and therefore, showed increased
immunostimulatory properties and lower hematological
toxicity (133). In addition, orally administrable low molecular
weight agent which can mimic IFN activity has been shown to
suppress HBV replication and reduce cccDNA levels (134).

Increasing binding affinity between IFN-a and IFNAR has
proved to be an alternative direction to improve the IFN-a
biological efficacy. The key point is that a change in the affinity
for IFNAR translates differently among pleiotropic activities
induced by IFN-a, including antiproliferative, antiviral, and
immunomodulatory activities, which means higher therapeutic
effects and lower side effects compared with wild type IFN-a
(135). Patten and colleagues constructed the IFN-B9X series
consisting of 15 mutants by gene shuffling and point mutation
(136). All 15 mutants displayed increased antiviral potency
without obvious change in antiproliferative activity compared
with IFN-a2. A four-residue motif (FLFY) that overlapped with
the IFNAR1 binding site greatly improved the binding affinity
between IFN-B9X and IFNAR1 contributed significantly to this
phenotype (136). The pegylated form of IFN-B9X, which is
called IFN-R7025, has exhibited ~50-fold higher anti-HCV
activity compared to PEG-IFN-a2a, but only 2- to 10-fold
greater antiproliferative activity in vitro (137). However,
increasing binding affinity by gene shuffling or point mutation
may generate new potential T cell epitopes, which can eventually
hinder clinical transformation once it happens (138). IFN-b has
the highest binding affinities for both IFNAR1 and IFNAR2.
However, IFN-b is more toxic in patients, probably because of its
high antiproliferative activity (139), and thus might have a low
risk/benefit ratio. Among 13 human IFN-a subtypes, IFN-a2 is
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most widely applied in clinical investigation and treatment.
However, there are studies revealing that other IFN-a subtypes
with higher binding affinity towards IFNAR1 may exert better
therapeutic effects in treating certain types of virus compared
with IFN-a2 (140). IFN-a subtype 14, one of the naturally
engineered variants, has been identified as the most potent
subtype against HBV. By comparing the regions between IFN-
a2 and IFN-a14 that account for the binding of IFN to IFNAR1,
a variant comprised of mutations D83E, T87I, Y90F, and R121K
(IFN-a2-EIFK), was constructed, which exhibited potent activity
in reducing HBs and HBeAg like IFN-a14. Moreover, a
concerted IFN-a and -g response in liver, which could be
efficiently elicited by IFN-a14, is associated with potent HBV
suppression (141).

In addition to type I IFN, type III IFNs, consisting of four
IFN-l subtypes (IFN-l1, IFN-l2, IFN-l3, and IFN-l4), has
been considered as an alternative in treatment of CHB (142).
IFN-III signals through a heterodimeric receptor composed of
IFN-l receptor-1 (IFNLR1) and interleukin-10 receptor subunit
beta (IL10RB) (143). IFNLR1 is expressed primarily on epithelial
cells, such as hepatocytes, and on select immune cells, including
pDCs and some B-lymphocytes, which may indicate better cell-
type specific activity (144, 145). One of the most impactful
findings about IFN-l is the strong association of IFN-l
polymorphisms with chronic HCV clearance during the acute
stage of infection and of achieving HCV cure with IFN-I-based
therapy in chronic infection (146). Unfortunately, the similar
association cannot be identified in HBV patients with high
confidence and good reproducibility among various studies
(147, 148). Although IFN-l can activate IFN signaling
pathways and lower HBV viral load, pegylated IFN-l1 was less
efficient than PEG-IFN-a2 24 weeks post-treatment because
fewer patients achieved HBeAg seroconversion (149).
PERSPECTIVE

All CHB patients are at risk of progression to cirrhosis and HCC.
Because of HBV cccDNA persistence and HBV DNA integration
into the host genome, it has not yet been possible to eradicate
HBV completely with available antiviral agents. Serum HBV
Frontiers in Immunology | www.frontiersin.org 769
DNA and HBsAg loss and sustained intrahepatic cccDNA
silencing could significantly reduce the risk of the above
hepatic diseases, which can be achieved in a few CHB patients
receiving IFN therapy. Given that chronic HBV infection leads to
immune injury and tolerance, IFN therapy, as an immune-based
approach, has unique mechanistic advantages, compared with
NAs, in antiviral immune modulation and may disrupt immune
tolerant states. Despite a variety of direct-acting antiviral agents
(DAA) targeting various steps of the HBV life cycle are
underway, such as HBV entry inhibitor, viral gene expression
inhibitor, capsid assembly modifiers, it seems that none of them
alone will effectively cure CHB patients in the foreseeable future
(150–152). A combination of IFN with these new DAAs may
have synergistic effects in CHB. Thus, as discussed above, IFN
therapy needs more novel and reliable biomarkers to improve
clinical management, and novel combination strategies, and
optimization of IFN itself, such as new IFN subtypes and
delivery methods, are anticipated to substantially increase the
efficacy of treatment for chronic hepatitis B.
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1 Institute of Virology, Helmholtz Zentrum München, Munich, Germany, 2 German Center for Infection Research (DZIF), Munich,
Germany, 3 Institute for Biomedical Aging Research, Universität Innsbruck, Innsbruck, Austria, 4 Occupational Health Unit,
School of Medicine, Technical University of Munich (TUM), Munich, Germany, 5 Institute of Molecular Immunology and
Experimental Oncology, School of Medicine, Technical University of Munich (TUM), Munich, Germany, 6 Institute of Virology,
School of Medicine, Technical University of Munich (TUM), Munich, Germany

Background: The cellular mechanisms involved in the lack of protective antibody
response after hepatitis B vaccination are still rather unclear. Regulatory B cells (Breg)
known as modulators of B-and T-cell responses may contribute to poor vaccine
responsiveness. The current study aimed to investigate the role of regulatory B cells
(Breg) in hepatitis B vaccine non-responsiveness after immunization with second- or third-
generation hepatitis B vaccines.

Method:We performed comparative phenotypic and frequency analysis of Breg subsets
(CD24+CD27+ and CD24highCD38high Breg) in second-generation hepatitis B vaccine
non-responders (2nd HBvac NR, n = 11) and responders (2nd HBvac R, n = 8) before (d0),
on day 7 (d7), and 28 (d28) after booster vaccination. Cryopreserved peripheral blood
mononuclear cells were stimulated ex vivo with a combination of CpG, PMA, and
Ionomycin (CpG+P/I) and analyzed for numbers and IL-10 expression levels of Breg by
flow cytometry-based analyses.

Results: Flow cytometry-based analyses revealed elevated frequencies of CD24+CD27+

Breg at all time points and significantly higher frequencies of CD24highCD38high Breg on d0
(p = 0.004) and 28 (p = 0.012) in 2nd HBvac NR compared to 2nd HBvac R. In parallel, we
observed significantly lower levels of CpG+P/I-induced IL-10 expression levels of
CD24+CD27+ and CD24highCD38high Breg (d0: p < 0.0001; d7: p = 0.0004; d28: p =
0.0003 and d0: p = 0.016; d7: p = 0.016, respectively) in 2nd HBvac NR compared to 2nd

HBvac R before and after booster immunization. Frequencies of CD24+CD27+ and
CD24highCD38high Breg significantly decreased after third-generation hepatitis B
booster vaccination (d7: p = 0.014; d28: p = 0.032 and d7: p = 0.045, respectively),
whereas IL-10 expression levels of both Breg subsets remained stable.
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Conclusion: Here we report significantly higher frequencies of CD24highCD38high Breg in
parallel with significantly lower IL-10 expression levels of CD24+CD27+ and
CD24highCD38high Breg in 2nd HBvac NR compared to 2nd HBvac R. Anti-HBs
seroconversion accompanied by a decrease of Breg numbers after booster
immunization with a third-generation hepatitis B vaccine could indicate a positive effect
of third-generation hepatitis B vaccines on Breg-mediated immunomodulation in hepatitis
B vaccine non-responders.
Keywords: regulatory B cells, IL-10 expression, vaccine non-responsiveness, hepatitis B vaccination, B10+ cells
1 INTRODUCTION

According to the WHO 260 million people are chronically
infected with HBV and 887,000 people are dying each year due
to hepatitis B virus (HBV) infection (1). Second-generation
hepatitis B vaccines composed of the small HBV envelope
protein (hepatitis B surface antigen; HBsAg) are currently used
for universal vaccination and reduce the overall incidence of both
hepatitis B and the associated long-term consequences such as
chronic hepatitis B and liver cirrhosis (2, 3).

Vaccination with recombinant HBsAg triggers the
production of anti-HBs with an anti-HBs titer of > 10 IU/L
being a very reliable surrogate marker for vaccine-induced
protective immunity (4). Approximately 5-10% of vaccinees
are defined as “non-responders”, i.e. they do not develop a
protective anti-HBs titer after completing a full primary series
of the hepatitis B vaccine (5–8). Third-generation hepatitis B
vaccines containing additional HBV envelope proteins (pre-S1
and pre-S2) are known to be more immunogenic and superior in
inducing protective antibody titers also in non-responders to the
conventional vaccines (9). Despite the success of universal
immunization programs leading to high regional vaccination
coverage rates in most Western countries, non-responsiveness to
hepatitis B vaccination is a major problem, especially for health
care workers for whom successful hepatitis B vaccination is
mandatory (10, 11). Genetically determined resistance,
advanced age, gender, obesity, smoking, chronic/systemic
disease, and immunosuppressive therapies are known factors
contributing to non-response to immunization (6, 12–18).
nalysis of variance; anti-HBs, antibody
en presenting cells; BMI, body mass
of differentiation; CpG, Cytosine and
pG+PMA and Ionomycin; DMSO,
SC, forward scatter; HBsAg, hepatitis
S, intracellular cytokine staining; IFN,
fluorescence intensity; MHC, major
heral blood mononuclear cells; PBS,
12-myristat-13-acetat; RPMI, Roswell
erature; TBE, tick-borne encephalitis;
Th cells, T helper cells; TNF, tumor
HO, World Health Organization; 2nd
vaccine non-responder; 2nd HBvac R,
nder; 3rd HBvac HR, third-generation
Bvac LR, third-generation hepatitis B
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Several aspects like failure of antigen presentation or
costimulatory signals, defects in the generation of HBsAg-
specific CD4 T helper (Th) cells and insufficient production of
Th1 and Th2 cytokines upon hepatitis B vaccination have been
discussed, but the exact underlying immunological and
molecular mechanisms contributing to hepatitis B vaccine
non-responsiveness remain largely unclear (10, 19–24). Further
studies investigating immune cells and immunological
mechanisms involved in non-responsiveness to vaccines are
urgently needed and will help to improve immunogenicity of
existing or the development of new vaccines to overcome non-
responsiveness to hepatitis B vaccines.

In the last years, studies revealed that regulatory B cells (Breg)
have an immunosuppressive capacity and help to maintain
immunological homeostasis (25, 26). Breg suppress
immunopathology by skewing T-cell differentiation, induction
and maintenance of regulatory T cells, as well as suppression of
pro-inflammatory cells, mainly mediated through regulatory
cytokines IL-10, TGF-ß, and IL-35 (25–29). There is an
ongoing debate on the phenotypic characterization of different
Breg subsets, specific Breg markers, and the question whether all
B cells can acquire suppressive function in response to
environmental triggers, or whether Breg represent a distinct
lineage (28, 30–32). CD24+/highCD27+ and CD24highCD38high

Breg have been described as distinct Breg subpopulations
and investigated in different disease entities like autoimmune
diseases (e.g. multiple sclerosis, rheumatoid arthritis, systemic
lupus erythematosus, etc.) and cancer (25, 30, 33–35). For
both, CD24+/highCD27+ and CD24highCD38high Breg it is
known that they can suppress effector CD4 T cells and
dendritic cells, and CD24highCD38high Breg can additionally
induce regulatory T cells (Treg) and suppress virus-specific
CD8 T cells (30, 33, 36).

Rosser et al. (37) postulated three potential mechanism
for Breg-mediated suppression of antibody responses, which
could also play a role in the case of hepatitis B vaccine non-
responsiveness: (i) Breg may alter the cytokine microenvironment
in which plasma cell maturation takes place; (ii) Breg could
suppress CD4 Th cells, which leads to a diminished maturation
of B cells into antibody producing plasma cells; (iii) Breg could
induce Treg which may contribute to an indirect suppression of
antibody production (25, 37).

In the last years, some studies investigated the role of Breg in
hepatitis B vaccine non-responsiveness, but findings were
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contradictory and in-depth analyses remain elusive (12, 38, 39).
Bolther et al. concluded that levels of regulatory B cells do not
predict serological responses to hepatitis B vaccination (38). In
contrast, Garner-Spitzer et al. reported clearly elevated frequencies
of CD24highCD38high Breg in hepatitis B vaccine non-responders
which might contribute to the increased baseline levels of IL-10 in
these individuals and also lead to an induction of regulatory T
cells (39).

The current study aimed to investigate different Breg
subpopulations in hepatitis B vaccine responders and non-
responders before and after booster vaccination with a second-
versus a third-generation hepatitis B vaccine.
2 MATERIALS AND METHODS

2.1 Study Cohorts
Two groups of hepatitis B vaccinated individuals were enrolled in
this study. The first group comprised eleven non-responders to
second-generation hepatitis B vaccine (2nd HBvac NR) (9
women, 2 men; average age of 25.7 years) (Table 1). All 2nd

HBvac NR subjects received a full primary series of hepatitis B
vaccine and were repeatedly vaccinated with Engerix® or
Twinrix® in the past, without developing protective anti-HBs
levels (> 10 IU/L). The second group consists of eight responders
to second-generation hepatitis B vaccine (2nd HBvac R) (6
women, 2 men; average age: 30.0 years), who received a full
series of Twinrix® vaccination more than ten years in the past
(Table 1). On day 0, group 1 (2nd HBvac NR) received a booster
vaccination with the third-generation recombinant hepatitis B
vaccine Sci-B-Vac™ (VBI Vaccines Inc., Rehovot, Israel),
whereas group 2 (2nd HBvac R) was revaccinated with the
second-generation recombinant hepatitis B vaccine Twinrix®

(Glaxo Smith Kline, Brentford, UK). Peripheral blood was
taken by venipuncture at baseline (day 0), and on day 7, and
28 after vaccination with the approval of the local ethic
committees (School of Medicine, Technical University of
Munich and Innsbruck Medical University). Data on age,
weight, and height (BMI (body mass index) measurement),
smoking status, alcohol consumption, medical co-morbidities,
and medication were collected at baseline (Table 1). Informed
Frontiers in Immunology | www.frontiersin.org 376
consent was obtained from all participating individuals prior to
their inclusion.

2.2 Determination of Serum Anti-HBs
Levels
Serum levels of HBsAg-specific antibodies (anti-HBs) were
quantified using the Architect® chemiluminescence
microparticle immunoassay (Abbott Diagnostics, Wiesbaden,
Germany). The detection limit was 10 IU/mL.

2.3 Isolation and Cryoconservation of
PBMC
Within 4 h after collection of heparinized whole blood human
peripheral blood mononuclear cells (PBMC) were separated by
Ficoll density gradient (human Pancoll, PAN-BIOTECH,
Aidenbach, Germany) as described previously (40). PBMC
were frozen in aliquots of 5 x 106 PBMC per vial in 1.8 mL
cryotubes (Thermo Scientific, Roskilde, Denmark) in a
concentration of 1 x 107 PBMC per 1 mL freezing medium
(fetal calf serum (FCS) (Life Technologies, Darmstadt, Germany)
supplemented with 10% DMSO (Sigma-Aldrich, Steinheim,
Germany) in a freezing container (Mr. Frosty, Thermo
Scientific, Roskilde, Denmark) and put on -80°C. After 48 h
PBMC were stored in the vapor phase of a liquid nitrogen tank
until further use.

2.4 Thawing and Resting of PBMC
PBMC were thawed at 37°C using CTL Anti-Aggregate Wash™

20x Solution (Cellular Technology Limited (CTL) Europe, Bonn,
Germany) diluted in RPMI-1640 medium (Life Technologies,
Darmstadt, Germany) (1:20). Cells were counted with an
automated cell counter (Vi-cell XR, Beckman Coulter, Krefeld,
Germany) in CTL-Test™Medium (Cellular Technology Limited
(CTL) Europe, Bonn, Germany). The median cell recovery after
thawing was 4.4 x 106 PBMC per vial with a median viability of
92%. For a standard resting procedure PBMC were incubated for
18 h at 37°C in a humidified atmosphere at 5% CO2 in a
concentration of 2 x 106 PBMC/mL CTL-Test™ medium
supplemented with 10% FCS and 1% penicillin–streptomycin
(PenStrep, Life Technologies, Invitrogen, Darmstadt, Germany)
(abbr.: RPMI-10) RPMI-10. The median cell recovery after
resting was 4.2 x 106 PBMC per vial with a median viability
of 94%.

2.5 Flow Cytometry-Based Analysis of Cell
Frequencies and Cytokine Production
2.5.1 Ex Vivo Stimulation of PBMC
2 x 106 overnight rested PBMC were seeded in polypropylene U-
bottom 96-well microtiter plates (Fisher Scientific, Hampton,
USA) with CTL-Test™Medium and either stimulated with CpG
oligodeoxynucleotides (10 µg/mL) (InvivoGen, Toulouse,
France), PMA (Phorbol-12-myristat-13-acetat) (30 ng/mL)
(Sigma-Aldrich, St. Louis, USA), and Ionomycin (1 µg/mL)
(Sigma-Aldrich, St. Louis, USA) (referred to as “CpG+P/I”) or
left unstimulated as a medium control to define background
activity. After 1 h of incubation at 37°C in 5% CO2, 10 µg/mL of
TABLE 1 | Characteristics of study cohorts.

Cohorts (Number
of participants)

Hepatitis B vaccine
non-responders (n = 11)

Hepatitis B vaccine
responders (n = 8)

Gender
Female n = 9 n = 6
Male n = 2 n = 2
Mean age at 1. Visit
(years)

25.7 (20.0 – 38.0) 30.0 (23.0 – 38.0)

Mean BMI (range) 24.7 (18.7 – 37.9) 24.6 (19.8 – 32.7)
Smoking (%) 18.2 not known
History of co-
morbidities (%)

27.3 not known

Allergies (%) 54.5 not known
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secretion blocker Brefeldin A (Sigma-Aldrich, St. Louis, USA) in
a total volume of 50 µL CTL-Test™ medium was added to each
well. Stimulation was stopped after 4 h by transferring the plates
to 4°C overnight.

2.5.2 Surface Marker and Intracellular Cytokine
Staining
After a centrifugation step (560g, 5 min, 4°C), PBMC were
resuspended in 100 µL of eBioscience™ Flow Cytometry
Staining Buffer (Life Technologies, Invitrogen, Darmstadt,
Germany) and a Fc block (Human TruStain FcX™, BioLegend,
San Diego, USA, 1:20) was added followed by incubation for
10 min at RT. Next, PBMC were stained with 100 µL of UV Live/
Dead working solution (1:100 LIVE/DEAD™ Fixable Blue Dead
Cell Stain Kit (Life Technologies, Invitrogen, Darmstadt,
Germany) for 30 min on ice in the dark followed by two
washing steps with 200 µL eBioscience™ Flow Cytometry
Staining Buffer (Life Technologies, Invitrogen, Darmstadt,
Germany). For a combined intracellular and surface staining,
PBMC were fixed for 20 min on ice in the dark using 100 µL/
well eBioscience™ Intracellular Fixation buffer (Life Technologies,
Invitrogen, Darmstadt, Germany) and afterwards centrifuged
(710g, 5 min, 4°C) and washed in permeabilization buffer
eBioscience (10X) (Life Technologies, Invitrogen, Darmstadt,
Germany) for three times. PBMC were stained with the
antibodies listed in Additional file 1: Table S1 in a total volume
of 100 µL antibody staining solution (1:2) (Permeabilization Buffer
and Brilliant Stain Buffer (BD Biosciences, Franklin Lakes, USA)
for 30 min on ice in the dark. Cells were washed twice with 200 µL/
well Permeabilization Buffer and finally re-suspended in 300 µL
Staining Buffer and Permeabilization Buffer (1:2) for acquisition.
For compensation, UltraComp eBeads™ Compensation Beads
(Life Technologies, Invitrogen, Darmstadt, Germany) and
ArC™ Amine Reactive Compensation Bead Kit (Life
Technologies, Invitrogen, Darmstadt, Germany) were stained
with antibodies and live/dead discriminating dyes without
fixation steps and finally re-suspended in 300 µL Staining and
Permeabilization buffer (1:2) for acquisition. Cells were stored cold
and in the dark until acquisition.

2.5.3 Data Acquisition
Acquisition of samples was performed within 4 h after staining
using a BD LSR Fortessa flow cytometer (Becton Dickinson,
Franklin Lakes, USA) equipped with a 96-well plate reader and
FACSDiva Software V.6.0 (Becton Dickinson, Heidelberg,
Germany). On a weekly basis, the flow cytometer ’s
performance was checked and settings were configured with
Cytometer, Setup & Tracking beads (Becton Dickinson, Franklin
Lakes, USA). Photomultiplier voltages were adjusted with the
help of unstained cells for all parameters.

2.5.4 Gating Strategy
Flow cytometry-based analysis was performed on at least 1.0 x
105 living lymphocytes using the software FlowJo version 10
(FlowJo LLC, BD, Ashland, USA). Gating strategy for analysis of
ex vivo re-stimulated PBMC is shown in the supplementary
information (Additional file 2: Figure S1). Each gate was set in
Frontiers in Immunology | www.frontiersin.org 477
the negative control sample and then adjusted to the antigen
stimulated samples. In detail, we firstly set a broad forward-side
scatter gate to prevent excluding cells of interest, followed by an
exclusion of dead cells. Using a FSC-W against FSC-A plot, we
excluded doublets. Next, we gated on CD3-CD14- cells and
CD19+ B cells. Within the CD19+ cells, we gated on
CD24+CD27+ and CD24highCD38high Breg, respectively. FMO
controls were used to gate on CD24+, CD27+, and CD38+ cells,
respectively. For functional analysis, we gated on IL-10, IL-35,
and TGF-ß expression in the CD19+ B cell, CD24+CD27+, and
CD24highCD38high Breg population. Two independent audits
were performed to control the gating.

2.5.5 Data Interpretation
We detected significantly higher levels of IL-10, IL-35, and TGF-ß
expression of CD24+CD27+ and/or CD24highCD38high Breg upon
CpG+P/I re-stimulation compared to unstimulated PBMC in both
cohorts. In line with this, we used CpG+P/I induced frequencies
for further analysis without further background subtraction.
Detected frequencies of cytokine expressing Breg which derived
from rare events (< 20 events) were excluded from further analysis
to avoid misleading interpretations. The median fluorescence
intensity (MFI) of CD24+CD27+IL-10+, CD24+CD27+IL-35+,
CD24+CD27+TGF-ß+ and CD24highCD38highIL-10+ Breg of
second-generation hepatitis B vaccine non-responders and
responders before (day 0) and 7, and 28 days after vaccination
with a third-generation hepatitis B vaccine are shown in
Additional file 3: Figure S2.

2.6 Statistical Analysis
All results were included in the analysis, as no attempt was made
to exclude outliers. All tests were two-sided and conducted on
exploratory 5% significance levels. Effect measures are presented
with 95% confidence intervals. Nonparametric statistical tests
were applied in all cases. Unpaired Mann-Whitney U test was
used to define significance of values between the 2nd HBvac NR
and 2nd HBvac R group. One-Way ANOVA (Friedman test) was
applied for analyses within the two groups for the different time
points. In case of resulting p-values < 0.05, paired Wilcoxon
signed rank tests were performed to assess significance of change
in values within the 2nd HBvac NR and 2nd HBvac R group,
respectively. The software Graph Pad Prism 9.1.0 (GraphPad
Software, La Jolla, California, USA) was used for statistical
analyses. Interpretation of Spearman`s correlation coefficient
was performed according to Cohen (41).
3 RESULTS

3.1 Vaccination With Third-Generation
Hepatitis B Vaccine Sci-B-Vac Overcomes
Non-Responsiveness to Second-
Generation Hepatitis B Vaccination
First, we examined anti-HBs (antibody to hepatitis B surface
antigen) levels of second-generation hepatitis B vaccine non-
responders (n = 11) (referred to as “2nd HBvac NR”) before (day
September 2021 | Volume 12 | Article 713351
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0) and after vaccination (day 28 and 56) with the third-
generation hepatitis B vaccine Sci-B-Vac. Sci-B-Vac vaccination
led to anti-HBs seroconversion (anti-HBs levels >Partner Site
Munich 10 IU/L) in 10/11 (90.9%) 2nd HBvac NR. In detail, we
detected median anti-HBs levels of 3.97 IU/L (0Partner Site Munich
- 8.46 IU/L) on day 0 and 72.44 IU/L (0 - >1000 IU/L) on day 28
after Sci-B-Vac vaccination (p = 0.002) (Figure 1). Three of six
Sci-B-Vac vaccination non-(anti-HBs levels < 10) or low (anti-HBs
levels < 100) -responder subjects (42) received a second Sci-B-Vac
vaccination on day 30, resulting in anti-HBs levels of 0, 33.0, and
634.2 IU/L at day 56, respectively (Figure 1).

Comparison of the characteristics of Sci-B-Vac vaccine low-
(“3rd HBvac LR”; anti-HBs < 100 IU/L; n = 5) and high- (“3rd

HBvac HR”; anti-HBs > 100 IU/L; n = 5) responders revealed no
differences in age (mean: 25.6 (range 21-31) and 23.4 (range 21-
30) years, respectively) (p = 0.524), gender (4 female, 1 male in
each cohort), smoking habits (one smoker in the 3rd HBvac HR
group), and in history of comorbidities (one person with
comorbidities per group) and medication (none in each group).

The only one remaining non-responder from study group 1
(2nd and 3rd HBvac NR) had risk factors (smoking, obesity,
hypertension) known to impair vaccine efficacy.

3.2 Vaccine Non-Responders Showed
Higher Numbers of CD24highCD38high Breg
And Lower Breg-Derived IL-10 Expression
Compared to Vaccine Responders
High levels of immunomodulatory lymphocytes and related
cytokines such as regulatory B cells (Breg) and IL-10 have been
associated with serological non-response to hepatitis B
vaccination. To investigate this, we analyzed frequencies of two
populations of Breg (CD24+CD27+ and CD24highCD38high Breg)
and respective IL-10 levels in a cohort of 2nd HBvac NR (n = 11)
Frontiers in Immunology | www.frontiersin.org 578
at baseline visit and on day 7 and 28 post Sci-B-Vac booster
vaccination. For comparative analysis, we additionally
determined frequencies of Breg and IL-10 expression levels on
day 0, 7, and 28 also in a cohort of second-generation hepatitis B
vaccine responders (referred to as “2nd HBvac R”; n = 8)
receiving a second-generation hepatitis B booster vaccination.

Frequencies of CD24+CD27+ Breg tend to be higher in 2nd

HBvac NR compared to 2nd HBvac R at all three time points (d0:
p = 0.062; d7: p = 0.059; d28: p = 0.109) (Figure 2A). In parallel,
we ob s e r v ed s i gn ifi can t l y h i ghe r f r equenc i e s o f
CD24highCD38high Breg in the 2nd HBvac NR compared to the
2nd HBvac R group on day 0 (p = 0.004) and day 28 (p = 0.012),
but not on day 7 (p = 0.051) (Figure 2B and Table 2).

Comparison of CpG- and PMA/Ionomycin (CpG+P/I)-
induced IL-10 expression levels of Breg between both cohorts
showed significantly lower frequencies of CD24+CD27+IL-10+

Breg in the 2nd HBvac NR group at all time points (d0: p <
0.0001; d7: p = 0.0004; d28: p = 0.0003) (Figure 2C). Frequencies
of CD24highCD38highIL-10+ Breg were also significantly lower in
2nd HBvac NR compared to 2nd HBvac R on day 0 and 7, but not
on day 28 (d0: p = 0.016; d7: p = 0.016; d28: p = 0.111)
(Figure 2D and Table 2).

Besides IL-10, other cytokines like IL-35 and TGF-ß could
mediate immunosuppressive function of Breg. CD24+CD27+IL-
35+ Breg were detectable in nine 2nd HBvac NR and three 2nd

HBvac R (Figure 3A). Median frequencies of CD24+CD27+IL-
35+ Breg were comparable between both groups and time
points, but reactivity rates in the 2nd HBvac R group were
too low for statistical analysis (Figure 3A and Table 1).
CD24highCD38highIL-35+ Breg were largely undetectable in
both groups (1/11 2nd HBvac NR and 0/8 2nd HBvac R; data
not shown). Regarding TGF-ß expression, we detected
CD24+CD27+TGF-ß+ Breg in ten 2nd HBvac NR but only one
2nd HBvac R (Figure 3B and Table 2). CD24highCD38highTGF-
ß+ Breg were detectable in six 2nd HBvac NR subjects with
comparable frequencies at all time points, but in none of the 2nd

HBvac R subjects (Table 2).
Correlation analysis revealed no correlation of pre-

vaccination levels of CD24+CD27+IL-10+ Breg and anti-HBs
levels on day 28 (rs = 0.083), but a moderate correlation of
pre-vaccination levels of CD24highCD38highIL-10+ Breg and anti-
HBs levels on day 28 (rs = 0.300) (Additional file 4: Figures
S3A, B).

3.3 Significant Lower Frequencies of B10+

Cells in Vaccine Non-Responders
Compared to Responders
We further analyzed CpG+P/I-induced IL-10 expression levels of
CD19+ B cells (B10+ cells), since IL-10 plays an active role in B-
cell differentiation into antibody secreting plasmablasts and B10+

cells. We determined significantly lower frequencies of B10+ cells
in 2nd HBvac NR compared to 2nd HBvac R at baseline (day 0)
(p < 0.0001), and also on day 7 (p = 0.0005), and day 28 (p =
0.0001) post vaccinations (Figure 4). In detail, we detected
median frequencies of B10+ cells of 0.70% (0.28 – 1.51%) and
2.24% (1.29 – 4.40%) on day 0, 0.66% (0.23 – 2.01%), and 2.13%
(1.53 – 3.67%) on day 7, and 0.77% (0.24 – 1.75%) and 2.18%
FIGURE 1 | Anti-HBs levels of second-generation hepatitis B vaccine non-
responders before and after vaccination with third-generation hepatitis B

vaccine Sci-B-Vac™. Depicted are anti-HBs levels (IU/L) of second-
generation hepatitis B vaccine non-responders (2nd HBvac NR, n = 11) before

(day 0), after primary (day 28), and second (day 56, n = 3) Sci-B-Vac™

vaccination. The dashed line indicates the threshold for protective anti-HBs
levels (> 10 IU/L). The interconnected lines link the respective data points of
each subject at each time point. Statistics are based on paired Wilcoxon
signed rank tests. **p < 0.01.
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TABLE 2 | Frequencies and cytokine expression levels of CD24+CD27+ and CD24highCD38high Breg and B10+ cells.

Cell population Time point 2nd HBvac NR; Median (min-max) (%) 2nd HBvac R; Median (min-max) (%) p-value

CD24+CD27+ Breg d0 10.70 (3.33 – 24.3) 3.07 (1.44 – 15.50) 0.062
d7 10.30 (2.62– 19.40) 3.75 (1.52 – 16.80) 0.059
d28 8.62 (2.47 – 17.90) 4.56 (1.75 – 13.30) 0.109

CD24highCD38high Breg d0 5.67 (3.84 – 14.10) 3.04 (1.63 – 4.63) 0.004
d7 5.42 (2.54 – 12.20) 3.22 (1.88 – 6.48) 0.051
d28 5.20 (2.59 – 12.50) 2.84 (1.23 – 4.75) 0.012

CD24+CD27+IL-10+ Breg d0 1.63 (1.08 – 3.63) 7.92 (5.14 – 15.90) <0.0001
d7 1.84 (1.04 – 5.31) 11.0 (2.95 – 15.0) 0.0004
d28 2.19 (1.20 – 6.08) 9.61 (5.10 – 19.40) 0.0003

CD24highCD38highIL-10+ Breg d0 0.89 (0.39 – 1.75) 3.85 (2.73 – 5.75) 0.016
d7 1.59 (0.36 – 1.79) 2.48 (2.11 – 3.97) 0.016
d28 1.39 (0.58 – 1.93) 2.68 (1.03 – 4.80) 0.111

CD24+CD27+IL-35+ Breg d0 1.68 (0.48 – 2.14) 1.19 (0.76 – 2.54) ND
d7 1.39 (0.73 – 3.06) 1.05 (0.71 – 2.73) ND
d28 1.23 (0.52 – 3.94) 1.76 (0.70 – 2.34) ND

CD24+CD27+TGF-ß+ Breg d0 1.49 (0.78 – 3.20) 0.31 ND
d7 1.34 (0.89 – 2.09) 0.66 ND
d28 1.31 (0.79 – 3.21) 0.38 ND

CD24highCD38highTGF-ß+ Breg d0 1.44 (0.77 – 1.85) U ND
d7 1.07 (0.72 – 2.20) U ND
d28 1.18 (0.60 - 2.44) U ND

B10+ cells d0 0.70 (0.28 – 1.51) 2.24 (1.29 – 4.40) <0.0001
d7 0.66 (0.23 – 2.01) 2.13 (1.53 – 3.67) 0.0005
d28 0.77 (0.24 – 1.75) 2.18 (1.21 – 3.92) 0.0001
Frontiers in Immunology | www.frontier
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FIGURE 2 | Frequencies of CD24+CD27+ (A), CD24highCD38high (B), CD24+CD27+IL-10+ (C), and CD24highCD38highIL-10+ Breg (D) of second-generation hepatitis
B vaccine non-responders and responders. Depicted are (CpG+P/I)-induced frequencies of CD24+CD27+ (A), CD24highCD38high (B), CD24+CD27+IL-10+ (C), and
CD24highCD38highIL-10+ Breg (D) of second-generation hepatitis B vaccine non-responders (NR, red circles, n = 11) and second-generation hepatitis B vaccine
responders (R, blue circles, n = 8) before (day 0) and 7, and 28 days after vaccination with a third- (NR group) or second- (R group) generation hepatitis B vaccine,
respectively. The boxes show the median and the 25th and 75th percentile. Whiskers indicate the highest and lowest values. Statistical analyses are based either on
unpaired Mann-Whitney U tests for the analysis of the NR vs. the R group or on Friedman tests with post Wilcoxon signed rank testing for analysis of the impact of
third- and second-generation hepatitis B vaccines within the NR or R group. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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(1.21 – 3.92%) on day 28 in 2nd HBvac NR compared to 2nd

HBvac R, respectively (Figure 4 and Table 2).

3.4 Frequencies of CD24+CD27+ and
CD24highCD38high Breg Decreased Upon
Booster Vaccination With Third-
Generation Vaccine but Remained Stable
Upon Second-Generation Vaccine Booster
Immunization
Next, we assessed the impact of booster vaccination with second-
(2nd HBvac R group) and third- (2nd HBvac NR group)
Frontiers in Immunology | www.frontiersin.org 780
generation hepatitis B vaccines on Breg and B10+ cell
frequencies as well as Breg-derived IL-10 expression

Upon booster vaccination with the third-generation vaccine
(2nd HBvac NR group), we observed significantly higher
frequencies of CD24+CD27+ Breg prior (d0) compared to day 7
(p = 0.014) and day 28 (p = 0.032) post vaccination, but no
difference between day 7 and 28 (p = 0.123) (Figure 2A).
Frequencies of CD24highCD38high Breg were also significantly
higher prior vaccination (d0) compared to day 7 post
vaccination (p = 0.045), but comparable between the other time
points (d0 vs. d28: p = 0.175; d7 vs. d28: p = 0.520) (Figure 2B).

After booster vaccination with a second-generation vaccine (2nd

HBvac R group), frequencies of CD24+CD27+ and
CD24highCD38high Breg were comparable across time points (p =
0.531 and p = 0.236, respectively) (Figures 2A, B).

Analysis of CD24+CD27+IL-10+ and CD24highCD38highIL-10+

Breg numbers revealed no significant differences between the
different booster vaccines and time points (2nd HBvac NR: p =
0.643 and p = 0.124, respectively; 2nd HBvac R: p = 0.423 and p =
0.125, respectively) (Figures 2C, D).

We also observed no significant differences in frequencies of
B10+ cells between the different booster vaccines and time points
(2nd HBvac NR: p = 0.256 and 2nd HBvac R: p =
0.967) (Figure 4).

3.5 Third-Generation Hepatitis B Vaccine
Low- and High-Responders Showed
Different Frequencies of CD24+CD27+ And
CD24highCD38high Breg Before and One
Week After Booster Vaccination
Finally, we analyzed differences in frequencies of Breg and B10+

cells between third-generation hepatitis B vaccine low- (3rd

HBvac LR) and high-responders (3rd HBvac HR) (n = 5,
respectively). Frequencies of CD24+CD27+ Breg were
significantly higher in the 3rd HBvac LR compared to the 3rd

HBvac HR group on day 0 and day 7, but not on day 28 (d0: p =
0.032; d7: p = 0.024, and d28: p = 0.548, respectively) (Figure 5A
A B

FIGURE 3 | Comparison of frequencies of CD24+CD27+IL-35+ (A) and CD24+CD27+TGF-ß+ (B) Breg of second-generation hepatitis B vaccine non-responders and
responders. Depicted are (CpG+P/I)-induced frequencies of CD24+CD27+IL-35+ (A) and CD24+CD27+TGF-ß+ (B) Breg of second-generation hepatitis B vaccine
non-responders (NR, red circles) and second-generation hepatitis B vaccine responders (R, blue circles) before (day 0) and 7, and 28 days after vaccination with a
third- (NR group) or second- (R group) generation hepatitis B vaccine, respectively. The boxes show the median and the 25th and 75th percentile. Whiskers indicate
the highest and lowest values. Statistical analyses were done with unpaired Mann-Whitney U tests.
FIGURE 4 | Comparison of frequencies of CD19+IL-10+ B (B10+) cells of
second-generation hepatitis B vaccine non-responders and responders.
Depicted are frequencies of B10+ cells of second-generation hepatitis B
vaccine non-responders (NR, red circles) and second-generation hepatitis B
vaccine responders (R, blue circles) before (day 0) and 7, and 28 days after
vaccination with a third- (NR group) or second- (R group) generation hepatitis
B vaccine, respectively. The boxes show the median and the 25th and 75th

percentile. Whiskers indicate the highest and lowest values. Statistical
analyses are based either on unpaired Mann-Whitney U tests for the analysis
of the NR vs. the R group or on Friedman tests with post Wilcoxon signed
rank testing for analysis of the impact of third- and second-generation
hepatitis B vaccines within the NR or R group. ***p < 0.001; ****p < 0.0001.
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and Table 3). In contrast, we observed a tendency of lower
frequencies of CD24highCD38high Breg in the 3rd HBvac LR
compared to the HR group at all three time points (p = 0.095,
respectively) (Figure 5B and Table 3).

Regarding IL-10 expression levels, we observed a tendency of
higher frequencies of B10+ cells (d0: p = 0.310; d7: p = 0.056; d28
p = 0.595) and CD24+CD27+IL-10+ Breg (d0: p = 0.548, d7: p =
0.056, d28: p = 0.999) in the 3rd HBvac LR compared to the HR
group at all three time points, respectively (Figures 5C, E and
Table 3). Since CD24highCD38highIL-10+ Breg were only
detectable in three 3rd HBvac LR and two HR at all three time
Frontiers in Immunology | www.frontiersin.org 881
points, we could not conduct reliable statistical analyses between
the two groups (Figure 5D and Table 3). One of the eleven 2nd

HBvac NR failed to produce protective anti-HBs levels even after
vaccination with a third-generation hepatitis B vaccine. This 3rd

HBvac NR showed low frequencies of CD24+CD27+ and
CD24+CD27+IL-10+ Breg (d0: 3.58%; d7: 3.44%; d28: 3.02%
and d0: 1.49%; d7: 1.12%; d28: 1.65%, respectively). The
frequencies of CD24highCD38high Breg of the 3rd HBvac NR
subject were in the median range of all 2nd HBvac NR subjects
(d0: 5.67%; d7: 5.42%; d28: 5.20%). Noteworthy, the 3rd HBvac
NR subject showed the highest frequencies of CD19+ B cells
A B

C

E

D

FIGURE 5 | Frequencies of CD24+CD27+ (A), CD24highCD38high (B), CD24+CD27+IL-10+ (C), CD24highCD38highIL-10+ Breg (D), and CD19+IL-10+ B (B10+) cells
(E) of third-generation hepatitis B vaccine low- and high-responders. Depicted are (CpG+P/I)-induced frequencies of CD24+CD27+ (A), CD24highCD38high (B),
CD24+CD27+IL-10+ (C), CD24highCD38highIL-10+ Breg (D) and CD19+IL-10+ B (B10+) cells (E) of third-generation hepatitis B vaccine low- (LR) and high-responders
(HR) (red circles, n = 5, respectively) before (day 0) and 7, and 28 days after vaccination with a third-generation hepatitis B vaccine. The boxes show the median and
the 25th and 75th percentile. Whiskers indicate the highest and lowest values. Statistical analyses are based on unpaired Mann-Whitney U tests. *p < 0.05.
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within the 2nd HBvac NR group, but the lowest frequencies of
B10+ cells of all 2nd HBvac NR and 2nd HBvac R subjects (d0:
0.28%; d7: 0.23%; d28: 0.24%).
4 DISCUSSION

Although several potential immunological mechanisms
associated with hepatitis B vaccine non-responsiveness, like
failure of antigen presentation or costimulatory signals, impact
of certain HLA class II alleles, or lack of specific CD4 Th cells
have been investigated, the decisive underlying immunological
mechanisms remain unclear (10, 19, 20, 39, 43). In the current
study, we asked whether non-responsiveness to hepatitis B
vaccine is associated with a dysregulation of certain Breg
subpopulations and analyzed their frequency and function in
relation to second- versus third-generation hepatitis B vaccine
induced immunity

Breg known to mediate immunosuppressive functions and the
effect of different hepatitis B vaccine formulations on their
frequency and function have not yet been investigated in parallel
as possible factors involved in vaccine non-responsiveness. We
performed comparative phenotypic and frequency analysis of
CD24+CD27+ and CD24highCD38high Breg in 2nd in HBvac NR
and R before and after booster vaccination to investigate whether
non-responsiveness to hepatitis B vaccination is associated with
alterations of Breg frequencies and their cytokine expression levels.

One of our main findings was the detection of higher
frequencies of CD24+CD27+ and CD24highCD38high Breg
accompanied by lower levels of IL-10 expression in 2nd HBvac
NR compared to R. So far, very few studies investigated the
association of Breg frequencies and IL-10 expression levels with
non-responsiveness to hepatitis B vaccination (12, 38, 39). In
contrast to our results, Bolther et al. observed no significant
differences in frequencies of CD24highCD38high Breg between 2nd

HBvac non-/low-responder and high-responder (38). But since
the authors combined non- and low-responder in one group, the
finding of comparable frequencies of CD24highCD38high Breg in
Frontiers in Immunology | www.frontiersin.org 982
non-/low versus high-responder group could be biased by the
very low number of non-responder subject included (38).
Correlation analysis revealed no significant correlation of anti-
HBs levels and frequencies of IL-10+CD24highCD38high Breg,
which is in line with our results (38).

In a study cohort of hepatitis B and tick-borne encephalitis
(TBE) vaccine non-responders Garner-Spitzer et al. investigated,
whether non-responsiveness is an antigen and/or vaccine-
specific phenomenon. In line with our observations, Garner-
Spitzer et al. reported clearly elevated frequencies of
CD24highCD38high Breg in HBvac NR pre- and post-booster
TBE vaccination compared to TBE non- or high-responders
(39). Since HBvac NR developed sufficient anti-TBE titers
(neutralization test (NT) titers ≥ 1:10) and Breg frequencies
did not decline post TBE booster vaccination, they concluded
that the underlying immunological mechanisms of non-
responsiveness rather depend on the applied vaccine antigen
and host-related genetic predispositions (39).

Interestingly, TBE non- and high responders had comparable
median frequencies of CD24highCD38high Breg pre-booster
which only increased in the non-responder group after TBE
booster vaccination. In our study, we observed a decline of both,
CD24+CD27+ and CD24highCD38high Breg frequencies, post
third-generation booster vaccination in 2nd HBvac NR, which
could indicate a positive effect of third-generation hepatitis B
vaccines on Breg-mediated immunomodulation in HBvac NR.
Interestingly we did not observe decreased numbers of
CD24+CD27+ and CD24highCD38high Breg post-boost with the
second-generation hepatitis B vaccine.

Breg modulate immune responses predominantly, although
not exclusively, via IL-10, therefore IL-10 expression is often
used as a marker for Breg function (25). IL-10, a pleiotropic
cytokine, is known to act as an immunoregulatory molecule
which inhibits the production of inflammatory cytokines by T
cells and monocytes and suppresses antigen-presentation e.g. by
downregulation of MHC II expression (12, 44), but it is also
known to promote B-cell differentiation into antibody secreting
plasmablasts (12, 44–46). Several subsets of B cells produce
TABLE 3 | Frequencies and cytokine expression levels of CD24+CD27+ and CD24highCD38high Breg and B10+ cells of 3rd HBvac LR and 3rd HBvac HR.

Cell population Time point 3rd HBvac LR; Median (min-max) (%) 3rd HBvac HR; Median (min-max) (%) p-value

CD24+CD27+ Breg d0 14.0 (10.60 – 24.30) 7.86 (3.33 – 11.60) 0.032
d7 11.50 (10.30 – 19.40) 8.22 (2.62 – 10.70) 0.024
d28 10.60 (6.72 – 17.90) 7.92 (2.47 – 12.80) 0.548

CD24highCD38high Breg d0 4.20 (2.90 – 5.42) 6.50 (3.81 – 10.90) 0.095
d7 3.51 (2.57 – 5.09) 7.56 (2.61 – 10.30) 0.095
d28 3.60 (2.46 – 3.93) 7.98 (2.66 – 12.0) 0.095

CD24+CD27+IL-10+ Breg d0 3.09 (1.08 – 3.63) 1.63 (1.27 – 2.73) 0.548
d7 3.02 (1.66 – 5.31) 1.63 (1.04 – 2.93) 0.056
d28 2.42 (1.51 – 6.08) 2.19 (1.20 – 4.22) 0.999

CD24highCD38highIL-10+ Breg d0 0.89 (0.73 – 1.29) 1.07 (0.39 – 1.75) ND
d7 1.59 (1.05 – 1.79) 1.07 (0.36 – 1.77) ND
d28 1.39 (0.99 – 1.42) 1.26 (0.58 – 1.93) ND

B10+ cells d0 1.15 (0.41 – 1.51) 0.65 (0.48 – 0.83) 0.310
d7 1.20 (0.61 – 2.01) 0.63 (0.36 – 0.91) 0.056
d28 1.04 (0.60 – 1.75) 0.77 (0.65 – 1.12) 0.595
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IL-10, including B10+ cells, CD24+CD27+ and CD24highCD38high

Breg (30, 34). Within our study cohorts, we observed
significantly lower IL-10 expression levels of CD24+CD27+ and
CD24highCD38high Breg and CD19+ B10+ cells in HBvac NR
compared to HBvac R pre-booster.

Heine et al. reported that genes associated with the
differentiation into antibody-secreting cells are upregulated in
IL-10-secreting B cells and concluded that autocrine and
paracrine IL-10 signaling contributes to differentiation of B
cells into antibody secreting cells (45). Therefore, low IL-10
expression levels may additionally favor non-responsiveness to
hepatitis B vaccination.

The fact, that we observed significantly lower IL-10
expression levels of CD24+CD27+ and CD24highCD38high Breg
and B10+ cells in 2nd HBvac NR support the hypothesis that IL-
10 may contribute to B-cell differentiation into anti-HBs
secreting plasma cells (12). Of note, also the HBvac NR who
was the only individual without protective anti-HBs titer even
after booster with third-generation hepatitis B vaccine had very
low frequencies of IL-10 expressing CD24+CD27+ and
CD24highCD38high Breg and B10+ cells. However, we could not
observe a significant increase in IL-10 expression levels of
CD24+CD27+ and CD24highCD38high Breg in 2nd HBvac NR
who seroconverted after third-generation booster vaccination.

Although the immunoregulatory role of Breg is
predominantly driven by IL-10, other cytokines, like IL-35 and
TGF-ß are known to impact responsiveness to hepatitis B
vaccination (10, 26–29). Breg-derived TGF-b can lead to an
expansion of Treg linked with impaired antibody production (26,
35). In line with reports of Jarrosson et al. (10), we observed
robust frequencies of IL-35 and TGF-ß expressing CD24+CD27+

Breg in the 2nd HBvac NR whereas in 2nd HBvac R group, these
Breg were mostly undetectable.

Another important result of our study was the high
seroconversion rate of HBvac NR after booster vaccination
with a third-generation hepatitis B vaccine which was also
observed in previous studies, using Sci-B-Vac™ (9, 47–49).
Commonly used hepatitis B vaccines belong to the second-
generation vaccines and are composed of the yeast-derived
recombinant non-glycosylated small (S) HBV envelope protein
(HBsAg) (3), whereas third-generation hepatitis B vaccines like
Sci-B-Vac™, consist of glycosylated and non-glycosylated pre-
S1, pre-S2, and S proteins produced in mammalian cells (48).
Differences in glycosylation patterns and physical properties of
these vaccine antigens might result in higher immunogenicity
and successful induction of protective anti-HBs titers (9, 47, 49–
51). The exact underlying immunological mechanisms of higher
anti-HBs seroconversion rates in formerly non-responders are
still unclear, but it is assumed that the additional pre-S1 and pre-
S2 domains increase immunogenicity and may evade genetic
non-responsiveness to the S antigen (52, 53).

As postulated by Garner-Spitzer et al., non-responder status
does probably not reflect a basic defect in antibody production,
as HBV-NR respond well to TBE and influenza vaccine. Our data
support this hypothesis since ten of eleven 2nd HBvac NR showed
a seroconversion after vaccination with Sci-B-Vac™. There are
Frontiers in Immunology | www.frontiersin.org 1083
reports suggesting that a real hepatitis B non-responder status is
quite rare and that most non-responders are indeed low-
responders where higher vaccine doses, intradermal vaccine
application or repeated vaccinations could overcome the NR
status (54, 55). At least for our study cohort this does not apply,
as most study participants already received several booster
vaccinations with second-generation vaccines without showing
seroconversion. The fact, that vaccination with a third-
generation hepatitis B vaccine lead to anti-HBs seroconversion
in more than 90% of our study participants also argues against an
overall defect in the priming and generation of vaccine-induced
memory B cells. Valats et al. reported that 2nd HBvac NR showed
substantial numbers of HBsAg-specific memory B cells able to
differentiate into anti-HBs secreting plasma cells upon in vitro
re-stimulation (54). Since production of anti-HBs is known to be
Th cell-dependent (19, 56–59) also a dysfunction in T-cell help
mediating hepatitis B vaccine non-responsiveness was discussed
(60, 61). But this is contradicted by the fact that several studies
reported vaccine-induced, HBs-Ag-specific T cells being
detectable in second-generation hepatitis B vaccine non-
responders (10, 62). We have not investigated Th cell function
or immunoregulatory T-cell subsets in our study cohorts as our
main focus was the possible involvement of Breg on vaccine non-
responsiveness. It remains to be investigated whether and how
Breg-mediated effects described here interact with other
immunoregulatory mechanisms (e.g. a vaccine-induced,
dysfunctional T-cell response) which might synergistically
favor hepatitis B vaccine non-responsiveness.

In summary, we report significantly higher frequencies of
CD24highCD38high Breg in parallel with significantly lower IL-10
expression levels of CD24+CD27+ and CD24highCD38high Breg in
2nd HBvac NR compared to 2nd HBvac R. Anti-HBs
seroconversion accompanied by a decrease of Breg numbers
after booster immunization with a third-generation hepatitis B
vaccine could indicate a positive effect of third-generation
hepatitis B vaccines on Breg-mediated immunomodulation in
hepatitis B vaccine non-responders. Further studies investigating
Breg-mediated mechanisms involved in non-responsiveness to
vaccines also during primary series of hepatitis B vaccination
may help to further improve immunogenicity of existing or the
development of new vaccines to overcome non-responsiveness to
hepatitis B vaccines.
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Background: A functional cure for chronic HBV could be achieved by boosting HBV-
specific immunity. In vitro studies show that immunotherapy could be an effective strategy.
However, these studies include strategies to enrich HBV-specific CD8 T cells, which could
alter the expression of the anti-PD-1/anti-PD-L1 antibody targets. Our aim was to
determine the efficacy of PD-L1 blockade ex vivo.

Methods: HBV-specific CD8 T cells were characterized ex vivo by flow cytometry for the
simultaneous analysis of six immune populations and 14 activating and inhibitory
receptors. Ex vivo functionality was quantified by ELISpot and by combining peptide
pool stimulation, dextramers and intracellular flow cytometry staining.

Results: The functionality of HBV-specific CD8 T cells is associated with a higher
frequency of cells with low exhaustion phenotype (LAG3-TIM3-PD-1+), independently of
the clinical parameters. The accumulation of HBV-specific CD8 T cells with a functionally
exhausted phenotype (LAG3+TIM3+PD-1+) is associated with lack of ex vivo functionality.
PD-L1 blockade enhanced the HBV-specific CD8 T cell response only in patients with
lower exhaustion levels, while response to PD-L1 blockade was abrogated in patients with
higher frequencies of exhausted HBV-specific CD8 T cells.

Conclusion: Higher levels of functionally exhausted HBV-specific CD8 T cells are
associated with a lack of response that cannot be restored by blocking the PD-1:PD-
L1 axis. This suggests that the clinical effectiveness of blocking the PD-1:PD-L1 axis as a
monotherapy may be restricted. Combination strategies, potentially including the
combination of anti-LAG-3 with other anti-iR antibodies, will likely be required to elicit
a functional cure for patients with high levels of functionally exhausted HBV-specific
CD8 T cells.
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INTRODUCTION

Public health awareness for chronic hepatitis B (HBV) infection
have progressively increased in the last decade. Despite a
preventive vaccine being available, coverage is still under
40% and prevention strategies are insufficiently implemented
(1). More than 257 million people, a striking 3.5% of
the worldwide population, are living with chronic HBV
infection. Persistent viral replication and continuous liver
necroinflammation eventually leads to cirrhosis, end-stage liver
disease, hepatic decompensation and hepatocellular carcinoma
(HCC) (2, 3) which, annually, results in more than 850,000
deaths (1). Current antiviral therapies (PEGylated-IFNa and
nucleos(t)ide reverse transcriptase inhibitors –NRTI), while they
provide long-term benefits by suppressing HBV viremia and
reducing hepatic necroinflammation, they do not eliminate the
cumulative risk of developing HCC (4–6). Therefore, while
mortality caused by other widespread chronic infectious
diseases – like tuberculosis or HIV – has declined over time,
HBV-related mortality has increased by 22% in the last decade,
highlighting the need to find new therapeutic strategies able to
elicit a functional cure for chronic HBV infection.

A functional cure, defined as persistently undetectable levels
of HBsAg in the absence of antiviral therapy (AVT) (7), implies
the complete suppression of intrahepatic HBV replication even
at the subclinical level. This level of viral control is observed
during self-resolving acute HBV infection, suggesting that
enhancement of HBV-specific immune responses through
immunotherapy strategies could be a successful approach. Self-
resolving HBV infection relies on an effective CD4 T cell, CD8 T
cell and B cell response that will result in non-cytolytic HBV
clearance. The critical antiviral role of cytotoxic CD8 T cells
during this process has been demonstrated in the chimpanzee
model (8) and it’s associated with vigorous, broad and polyclonal
T cell responses (8–10). In vitro studies have shown that HBV-
specific T cell-related production of IFNg and TNF can
effectively suppress viral replication (11). Critically, the
immune system of liver transplant immune recipients is able to
clear HBV infection (12, 13), proving that chronic HBV can be
cured by a strong, broad and effective immune response.

In chronically infected patients a sufficient boost of HBV-
specific immunity through immunotherapy can be challenging,
due to both extremely low levels of HBV-specific T cells and
weak T cell responses that are associated with immune
exhaustion, immune dysregulation and inhibitory pathways of
immune suppression [reviewed in (14)]. However, even with
high exhaustion and low functionality there is an ongoing
immune control during chronic HBV infection. This is
highlighted by the fact that liver T cell infiltrates correlate with
better viral control and less liver inflammation (15) and viral
replication increases with immunosuppressive treatment (16).
Thus, immunotherapies to boost both immune responses for
chronic HBV infection hold promise and are being actively
researched. It is worth noting that even if immunotherapy is
now used in routine clinical practice and has even become the
standard of care for some cancer indications [reviewed in (17)],
the use of checkpoint inhibitors in the context of chronic viral
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infections is still controversial and in pre-clinical development
stages [reviewed in (18)]. For HBV infection, most clinical data is
in the context of HBV-induced HCC cancer treatment (19).
Strong pre-clinical data clearly outlining whether the benefit of
checkpoint blockade in chronic HBV-infected patients would
outweigh the risk associated with this type of therapy is needed to
encourage clinical trials aiming to a functional cure.

While immunotherapy strategies are intended to boost
intrahepatic immunity, PBMCs are the most widely used proxy
to study in vitro HBV-specific reactivity and efficacy of
immunotherapies. In this approach, the scarcity of HBV-
specific T cells within the PBMC compartment adds an
additional challenge. To overcome this limitation, in our
previous work (20) we developed a 5-day expansion protocol
to increase sensitivity and we showed that PD-L1 blockade
enhanced HBV-specific T cell reactivity. This approach, using
expansion protocols to enrich on HBV-specific CD8 T cells prior
to characterize their functionality, has been reported elsewhere
(21, 22). Notwithstanding the relevance of this proof-of-concept,
in vitro expansion and manipulation of the target cells can
modify the expression of PD-1, PD-L1 and/or other activating
(aR) or inhibitory (iR) receptors, affecting the in vivo
translatability of the results. Thus, the aim of this study was to
determine the efficacy of PD-L1 blockade ex vivo to increase the
functionality of HBV-specific CD8 T cell responses.
RESULTS

HBV-Specific CD8 T Cell Response Types
Evolve With Clinical Progression
To overcome the scarcity of HBV-specific CD8 T cells, in
previous studies we (20), and others (21, 22), have used
strategies focused on the expansion of HBV-specific T cells
prior to PD-L1 blockade assessment. However, to avoid the
modification of the expression patterns of the different
inhibitory (iR) and activating (aR) receptors associated with
expansion protocols, for this study we have optimized an ex
vivo ELISpot strategy (Figure 1A). HBV-specific reactivity was
analyzed using two different HBV peptide pools (HBVsp; Core
and Pool). Reactivity to prevalent herpes infections (HERsp;
CMV and EBV) was included for every sample as an example of
chronic viral infections with effective immune control. Negative
(Actin) and positive (CEFX) peptide pool controls were included
for each sample. Ex vivo HBV-specific reactivity was detected in
36% and 33.7% of patients for Core and Pool, respectively
(Figure 1B), with a combined HBV-specific response of 51.7%
[HBVsp (+); 46/89; Core and/or Pool]. HERPES-specific
reactivity [HERsp (+); 56/89; CMV and/or EBV] was detected
at a slightly higher frequency (62.9%) but consistent with the
prevalence of these infections on the general population in North
America (23, 24). In addition, HBV-reactive samples showed a
significantly lower magnitude of the response than HERPES-
reactive samples (Figure 1C).

We then sought to analyze whether HBV-specific reactivity
was associated with clinical parameters. Patients were
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FIGURE 1 | Ex vivo HBV-specific response evolves with clinical progression. (A) Schematic representation of the ex vivo ELISpot workflow with
representative example of the response levels. (B) Number of samples with ex vivo ELISpot reactivity. HBV number of cases shows CORE and/or POOL
while HER (HERPES) number of cases shows EBV and/or CMV. (C) Magnitude of the Ag-specific response, as measured as spot-forming units (SFUs) per
million PBMCs, among the different stimulations. ***p < 0.0001; Kruskal-Wallis one-way analysis of variance. (D) Number of samples with ex vivo HBV-
specific (core and/or pool) reactivity among the different clinical groups. (E) Evolution of the individual HBV-specific stimulations (CORE and POOL) with
clinical progression. Lines show the variability of HBV DNA and ALT levels within each group. (F) Frequency of T cells (left panel) and CD14+ monocytes
(right panel) among the different clinical groups. *p < 0.05; **p < 0.01; Mann Whitney U test. IT, Immune Tolerant; IA+, HBeAg+ Immune Active; IC, Immune
Control; IA-, HBeAg- Immune Active; AVT, Anti-Viral Therapy.
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categorized in 5 different groups according to HBeAg serology
and ALT levels (25). According to this clinical definition
Immune Tolerant (IT) is defined as HBeAg positive and ALT
≤ 1.3X upper limit normal (ULN); HBeAg+ Immune Active
Hepatitis (IA+) as HBeAg positive and ALT > 1.3X ULN;
Immune control (IC) as HBeAg negative and ALT ≤ 1.3X ULN
and HBeAg- Immune Active hepatitis (IA-) as HBeAg negative
and ALT > 1.3X ULN. All patients under antiviral therapy where
included in the AVT group. Ex vivo HBV-specific reactivity was
distributed among all clinical groups (Figure 1D) and
independently of HBeAg, HBsAg, ALT or HBV DNA levels
(Supplementary Figure 1). Interestingly, the proportion of the
two different HBV stimuli changed with clinical evolution
(Figure 1E). Our results show that during the IT phase, where
the adaptive immune response is not strong, reactivity towards
the more conserved proteins of the core and capsid were more
frequently detected. HBV reactivity for patients with HBeAg+
hepatitis (IA+), a clinical status normally associated with a strong
adaptive immune response that will lead to the negativization of
the HBeAg, favored a broader and more polyclonal T cell
response. This broad response is associated with the partial
control of the HBV viral replication during the IC phase while
the failure to maintain a diverse T cell response could be
responsible of the viral escape observed during HBeAg-
hepatitis (IA-). Patients under AVT, despite being a more
heterogeneous group, consistently had a more constrained
frequency similar to the reactivity observed during the IA-
phase. In line with these results, peripheral CD8 T cells were
increased in IA+ samples but significantly decreased in IC phase
while inflammation [as measured as frequency of CD14+
monocytes (26)] consistently declines (Figure 1F). However,
after viral escape, IA- samples fail to increase CD8 T cells or
inflammation again. Altogether, these results strongly suggest
that exhaustion of the HBV-specific CD8 T cell population
plays an active role on the clinical progression of chronic
HBV infection.

General T Cell Exhaustion Is Not Detected
in Chronic HBV Infection
To determine whether exhaustion had a main role in viral escape
from CD8 T cell control, we quantified the expression of six
different populations and 14 different iR and aR (full list of
markers is shown in Supplementary Table 2). Representative
examples of the gating strategy are shown in Figure 2A and
Supplementary Figure 2A. Our data showed that neither the
frequency of the different immune populations (CD11c DC,
CD14 Monocytes, CD56 NK, CD20 B cells, CD4 T cells and
CD8 T cells) nor iR and aR expression levels on bulk CD8 T cells
was different between samples with or without ex vivo HBV-
specific or HERPES-specific reactivity (data not shown). We
then analyze expression patterns of six iR/aR strongly related
with chronic HBV infection and PD-1/PD-L1 blockade
immunotherapy (Figure 2A). Results showed that expression
patterns of these selected markers were similar among samples
with or without ex vivo HBV-specific or HERPES-specific
reactivity (Figure 2B) and did not change with clinical
Frontiers in Immunology | www.frontiersin.org 490
progression (Supplementary Figure 2B). To confirm that
exhaustion of bulk CD8 T cells was not associated with
reactivity we quantified the frequency of CD8 T cells expressing
a Low exhaustion (LAG3-TIM3-PD-1+), Intermediate exhaustion
(LAG3-TIM3+PD-1+) or High exhaustion (LAG3+TIM3+PD-1+)
phenotype, but no differences were observed between reactive or
not reactive samples (Figure 2C). However, while the level of Low
exhaustion remained unchanged among the different clinical
groups (Figure 2D, left panel) we observed a significant decrease
of CD8 T cells with Intermediate exhaustion phenotype
(Figure 2D, middle panel) and a concomitant increase of Highly
exhausted CD8 T cells (Figure 2D, right panel) associated with
clinical progression. Any other immune population analyzed did
not show changes associated with reactivity or clinical progression
(data not shown), except for a significant increase of FAS-
expressing CD11c DC during IA- phase (Supplementary
Figure 2C). Increased sensitivity to cell death of antigen
presenting cells like DC has been associated with failure to
control chronic viral infections (27) and in this study was
significantly associated with a lower frequency of peripheral CD8
T cells (Supplementary Figure 2D). This data suggests that even if
exhaustion is related to longer times of infection and clinical
progression and could be associated with the loss of HBV-
specific reactivity leading to viral escape, antigen-specific CD8
T cells must be gathering most defects.

HBV-Specific CD8 T Cells Express a
Higher Frequency of Exhaustion Markers
Dextramer positivity was tested for any sample with the alleles
HLA-A*0201; B*3501 and B*5101 (n = 48). MHC I Dextramers®

(Immundex) specific for HBV capsid, three different epitopes of
HBV Protein S, CMV and EBV were used to detect Ag specific T
cells. A gating example for Ag-specific CD8 T cells is shown in
Supplementary Figure 3A. Fourteen individual patients had
detectable HBV-specific CD8 T cells using this method. The
positive samples were distributed equally among clinical groups
(Supplementary Figure 3B) and independent of HBsAg levels
(Supplementary Figure 3C). HBV DNA levels were slightly
increased in the samples with detectable HBV-specific CD8 T
cells (Supplementary Figure 3C). We then quantified the
expression of iR and aR in dextramer-positive Ag-specific CD8
T cells (Figure 3A and Supplementary Figure 3A). Expression
patterns of 6 different receptors (Figure 3B, 6+ markers
PD-1+41BB+TIGIT+PD-L1+TIM3+LAG3+) showed that Ag-
specific CD8 T cells, either HERPES-specific or HBV-specific,
are significantly more exhausted than paired bulk CD8 T cells. In
addition, HERPES-specific CD8 T cells, which are successfully
controlling viral replication, are significantly less exhausted than
the HBV-specific CD8 T cells (Figure 3B). While HERPES-
specific CD8 T cells express mostly one or two of these iR at the
same time (Figure 3B, 2+/1+ makers), most HBV-specific CD8
T cells simultaneously co-express 3 to 6 iR. In addition, the
frequency of some receptors (Supplementary Figure 3D;
CD127, 2B4, TIGIT, PD-L1 and PD-L2) is significantly
different between bulk CD8 and Ag-specific CD8 T cells but
similar between HERPES- and HBV-specific CD8 T cells.
September 2021 | Volume 12 | Article 648420
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However, HBV-specific CD8 T cells showed significantly higher
expression of markers like 4-1BB, ICOS or PD-1hi (Figure 3C).

When we focused on PD-1, TIM3 and LAG3 expression,
hallmarks of functional exhaustion, the data showed a significant
increase of Low exhaustion and Intermediate exhaustion
HERPES-specific CD8 T cells (1+ markers; LAG3-TIM3-PD-1
Frontiers in Immunology | www.frontiersin.org 591
+ and 2+ markers; LAG3-TIM3+PD-1+), phenotypes consistent
with an activated and functional response associated to viral
control (Figures 3D–F). HBV-specific CD8 T cells, on the other
hand, showed a significant increase of Intermediate exhaustion
and High exhaustion (2+ markers; LAG3-TIM3+PD-1+ and 3+
markers; LAG3+TIM3+PD-1+), a phenotype consistent with
A

B

C

D

FIGURE 2 | Ex-vivo Ag-specific reactivity does not associate with bulk CD8 T cell exhaustion levels. (A) Representative flow plots showing expression levels, on bulk
CD8 T cells, of inhibitory (iR) and activating (aR) receptors included in the SPICE analysis. (B) SPICE analysis showing the distribution of marker co-expression (6+
markers for CD28+PD-1+TIGIT+PD-L1+TIM3+LAG3+) among patients with either HBV-specific reactivity (core and/or pool, left panel) or HERPES-specific reactivity
(CMV and/or EBV, right panel). Frequency of CD8 T cells with phenotype consistent with low exhaustion (LAG3-TIM3-PD-1+, left panel), intermediate exhaustion
(LAG3-TIM3+PD-1+, middle panel) or high exhaustion (LAG3+TIM3+PD-1+, right panel) (C) among patients with either HBV-specific reactivity (core and/or pool) or
HERPES-specific reactivity (CMV and/or EBV) and (D) among the different clinical groups. IT, Immune Tolerant; IA+, HBeAg+ Immune Active; IC, Immune Control;
IA-, HBeAg- Immune Active; AVT, Anti-Viral Therapy. *p < 0.05; ***p < 0.001.
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FIGURE 3 | HBV-specific CD8 T cells express high frequency of exhaustion markers. (A) Representative flow plots showing expression levels, on HBV-specific CD8
T cells, of inhibitory (iR) and activating (aR) receptors included in the SPICE analysis. Dextramer-positive HBV-specific CD8 T cells (maroon) are overlaid on bulk CD8
T cells (light blue). (B) SPICE analysis showing the distribution of inhibitory receptors (6+ markers for 41BB+PD-1+TIGIT+PD-L1+TIM3+LAG3+) in bulk CD8 T cells
(left pie), HERPES-specific CD8 T cells (CMV and/or EBV, middle pie) and HBV-specific CD8 T cells (core and/or pool, right pie). ***p < 0.0001; Permutation test.
(C) Frequency of 41BB (left panel), ICOS (middle panel) and PD-1hi (right panel) expression in bulk, HBV-specific (core and/or pool) and HERPES-specific (CMV and/
or EBV) CD8 T cells. *p < 0.05; **p < 0.001; ***p < 0.0001; Wilcoxon signed rank test (bulk vs. Ag-specific) and Mann-Whitney U (HBV-specific vs. HERPES-
specific). Frequency of bulk, HBV-specific (core and/or pool) and HERPES-specific (CMV and/or EBV) CD8 T cells with phenotype consistent with low exhaustion
(LAG3-TIM3-PD-1+, 1+ markers), intermediate exhaustion (LAG3-TIM3+PD-1+, 2+ markers) or high exhaustion (LAG3+TIM3+PD-1+, 3+ markers) shown as
(D) SPICE analysis; ***p < 0.0001; Permutation test, (E) SPICE CoolPlot and (F) pooled data; **p < 0.001; ***p < 0.0001; Wilcoxon signed rank test (bulk vs. Ag-
specific) and Mann-Whitney U (HBV-specific vs. HERPES-specific). (G) Frequency of HBV-specific CD8 T cells with a high exhaustion phenotype (LAG3+TIM3+PD-1+)
among patients with [HBVsp(+)] or without [HBVsp(-)] ex vivo HBV-specific reactivity (core and/or pool). *p < 0.05; Mann Whitney U test.
Frontiers in Immunology | www.frontiersin.org September 2021 | Volume 12 | Article 648420692
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functional exhaustion and lack of viral control (Figures 3D–F).
Despite the low number of samples, High exhaustion tends to
increase with clinical progression (Supplementary Figure 3E).
In line with these results, patients with ex vivo HBV reactivity
[HBVsp(+)] have significantly lower amounts of highly
exhausted HBV-specific CD8 T cells (Figure 3G).
Frontiers in Immunology | www.frontiersin.org 793
We then sought to determine whether non-reactive,
exhausted HBV-specific CD8 T cells retained the ability to
proliferate. Samples with different levels of ex vivo HBV
reactivity were incubated, in the presence of IL-2, with
different HBV peptide pools and controls and proliferation
levels were quantified on day 10 (Figure 4A). Samples with ex
A

B

C

FIGURE 4 | T cell expansion unveils Ag-specific T cells in ex vivo not-reactive samples. (A) Representative flow plots showing the gating strategy for the cell trace
dilution assay. (B) Frequency of CD8 proliferating cells among reactive and non-reactive samples for both HBV-specific (core and/or pool) and HERPES-specific
(CMV and/or EBV) assays. (C) Baseline frequency of CD28+PD-1+ CD8 T cells and the mean fluorescence intensity (MFI) of the PD-1 marker on CD8 T cells among
samples with low or high proliferation levels. *p < 0.05; **p < 0.001; Mann Whitney U.
September 2021 | Volume 12 | Article 648420
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vivo reactivity [ELISpot(+)] showed consistent proliferation for
both HBV- and HERPES-specific stimulations (Figure 4B).
Samples that did not show any ex vivo reactivity for the
ELISpot assay were only partially recovered by proliferation
(Figure 4B). Despite the lower limit of detection of the
proliferation assay, some samples did not show any
proliferative capability. High proliferation levels for HBV-
specific T cell reactivity was associated with a higher baseline
frequency of CD28+PD-1+ co-expression and higher expression
of PD-1 per cell on bulk CD8 T cells (Figure 4C and
Supplementary Figure 4A), suggesting that low exhaustion is
a requisite for HBV-specific T cell proliferation, while this
difference was not observed for HERPES-associated proliferation.
Altogether, these results show that functional exhaustion of
HBV-specific CD8 T cells plays a role in the clinical progression
of chronic HBV infection and could be a barrier to successful
immunotherapy strategies.

Lack of Response to PD-L1 Blockade Is
Associated With Higher Frequency of
Functionally Exhausted HBV-Specific
T Cells
Ex vivo HBV-specific reactivity was assessed in the presence of
MEDI2790, a PD-L1 inhibitor. Response to PD-L1 blockade was
defined as increase of at least 10 SFUs in the ex vivo ELISpot
when compared to the untreated control. We observed a 50%
response to MEDI2790 [R(+)](Figure 5A). Response to PD-L1
blockade was independent of HBeAg, HBsAg, ALT or HBV
DNA levels (Supplementary Figures 5A, B). Distribution
patterns of the 6 iR (Supplementary Figure 5C, 6+ markers
PD-1+41BB+TIGIT+PD-L1+TIM3+LAG3+) was also similar
between responders and not responders. However, non-
responders had a significantly higher frequency of functionally
exhausted HBV-specific CD8 T cel ls (3+ markers ,
LAG3+TIM3+PD-1+), independently of the expression levels
of PD-L1 (Figures 5A–C) while response to MEDI2790 was
associated with a higher frequency of the phenotype TIM-3+PD-
1+PD-L1+ in absence of LAG3 expression (Figures 5A, C).
These results strongly suggest that LAG3 expression signifies a
functionally exhausted status that cannot be recovered by PD-L1
blockade strategies.

Response to PD-L1 Blockade Increases
HBV-Specific T Cell Functionality
Finally, we tried to determine the mechanisms underlying the
increase of ex vivo HBV reactivity after PD-L1 blockade.
However, proliferation levels were not increased in the presence
of MEDI2790 (Figure 6A), MitoTempo, a mitochondrial-targeted
antioxidant agent that has shown to restore T cell activation (28)IL-
12, a third signal cytokine that regulates T cell responses and could
rescue anti-viral activity of exhausted cells (29, 30), or the
combination of all three agents (Supplementary Figure 6A).
Then, we sought to determine whether PD-L1 blockade would
affect cytokine production. HBV-specific CD8 T cells are present in
such a low frequency that conventional approaches combining
peptide pool stimulation and intracellular staining of bulk CD8
Frontiers in Immunology | www.frontiersin.org 894
T cells often fail because the signal is under the threshold of
detection. To overcome this limitation, we used an innovative
approach to force the upregulation of the TCR to the cell surface
that allowed us to combine dextramer staining, peptide pool
stimulation and intracellular staining of HBV-specific CD8 T
cells, greatly increasing the sensitivity of the flow cytometry-
based approach. As shown in Figure 6B, overnight stimulation
of PBMCs with the irrelevant peptide Actin and dasatinib
treatment prior to the dextramer and intracellular staining did
not detect cytokine production among HBV-specific CD8 T cells.
However, when a relevant peptide (HBV Pool) was used for the
stimulation (Figure 6B, right panel) we were able to detect a robust
cytokine production by HBV-specific CD8 T cells. PD-L1 blockade
significantly increased IFNg production and cytotoxicity
(IFNg+GrzB+) for both HBV-specific and HERPES-specific CD8
T cells (Figure 6C, left and middle panels). IL-10 production was
increased only for HBV-specific T cells (Figure 6C, right panel)
while TNF, IL-2 and IFNg+CD107a+ remained unchanged
(Supplementary Figure 6B). In line with our previous results,
the frequency of Ag-specific CD8 T cells with a functional response
(cytokine production or cytotoxicity) is inversely associated with
the frequency of functional exhaustion (Figure 6D and
Supplementary Figure 6C).
DISCUSSION

In this study we show that a high frequency of functionally
exhausted HBV-specific CD8 T cells (as determined by the
simultaneous expression of LAG3+TIM3+PD-1+) is associated
with both lack of ex vivo reactivity and unresponsiveness to PD-
L1 blockade. These results could have implications in the design
of immunotherapy strategies aiming to achieve a functional cure
for chronic HBV infection.

Chronic HBV infection, besides the stigma and significant
impact on quality of life (31, 32), is characterized by a 100-fold
increase of the risk to develop hepatocellular carcinoma (HCC)
(2, 33). A functional cure, defined as persistent absence of HBsAg
in the absence of antiviral therapy, indicates complete immune
control and viral suppression and is regarded as the optimal
point of therapy (7). Current antiviral therapy (AVT) with
different nucleos(t)ide reverse transcriptase inhibitors (NRTI)
can provide long-term benefits by suppressing HBV viremia but
they are still life-long treatments with negligible rates of HBsAg
loss and patients maintain a 6% 8-years cumulative risk to
develop HCC (4–6). Some patients can achieve functional cure
after discontinuation of NRTI treatment (34, 35), but this is a
minority and stopping NRTI’s is not without risks as severe flares
and liver decompensation may occur (36). PEGylated-IFNa is a
finite but toxic therapy, given for 6-12 months as monotherapy
or combined with NRTI, resulting in about 10% HBsAg loss after
long-term follow-up. Thus, achieving HBsAg loss with finite
therapy is a current need for chronic HBV infected patients.

The immune system is able to completely suppress
intrahepatic HBV replication during self-resolving acute HBV
infection and the critical antiviral role of adaptive immunity,
September 2021 | Volume 12 | Article 648420
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especially cytotoxic CD8 T cells, during the resolution of acute
HBV infection has been clearly defined (8–10). In humans, liver
transplant immune recipients are able to clear HBV infection in
organs from chronically infected donors (12, 13), proving that
chronic HBV infection can be functionally cured by an effective
immune response. Direct disruption of the PD-1:PD-L1 axis
with monoclonal antibodies has been successfully tested to
restore functionality of CD8 T cell in both, cancer and
infectious diseases (37–40). The combination of immunotherapy
and therapeutic vaccine showed some promising results in a small
clinical trial (41). In addition, we have previously shown that
in vitro PD-L1 blockade with MEDI2790 increased by two-fold
the HBV-specific T cell response in 97% of chronically infected
Frontiers in Immunology | www.frontiersin.org 995
patients with baseline T cell reactivity (20). However, due to the
extremely low frequency of peripheral HBV-specific T cells, in
our past study HBV-specific T cell were expanded prior to the
PD-L1 blockade, serving as a proof-of-concept for the use of
immunotherapy in chronic HBV infection.

To increase the translatability of this proof-of-concept, in this
study we optimized an ex vivo approach to determine HBV-
specific T cell reactivity and response to MEDI2790. Two
different HBV peptide pools, a commercially available peptide
pool containing 9 HLA-class-I restricted T cell epitopes known
to be highly immunogenic and a custom-generated pool
including 34 HLA-class-I restricted epitopes shared by all HBV
genotypes, were used to maximize the level of response when
A

B

C

FIGURE 5 | Highly exhausted HBV-specific CD8 T cells do not respond to PD-L1 blockade. Frequency of HBV-specific (core and/or pool) CD8 T cells with
phenotype consistent with low exhaustion (LAG3-TIM3-PD-1+PD-L1-; 1+ markers); intermediate exhaustion LAG3-TIM3+PD-1+PD-L1±; 2+/3+ markers) and high
exhaustion (LAG3+TIM3+PD-1+PD-L1+; 4+ markers) between responders (R) and non-responders (NR) to PD-L1 blockade shown as (A) SPICE analysis. *p < 0.05;
Permutation test, (B) SPICE CoolPlot and (C) pooled data. Mann Whitney U.
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A

B

C

D

FIGURE 6 | PD-L1 blockade increases the frequency of IFNg-producing Ag-specific CD8 T cells. (A) Effect of PD-L1 blockade on the proliferation levels of Ag-
specific CD8 T cells. (B) Representative flow plots showing the gating strategy for intracellular cytokine staining of dasatinib-treated HBV-specific CD8 T cells.
Dextramer-positive CD8 T cells (maroon) are overlaid on bulk CD8 T cells (light blue). While cytokines cannot be detected on samples stimulated with Actin negative
control (left panel), dasatinib-treated stimulated HBV-specific T cells accumulate both cytokines and degranulation markers (right panel). (C) Effect of PD-L1 blockade
in IFNg (left panel), IFNg+GrzB+ (middle panel) and IL-10 (right panel) production. Blue dots show HERPES-specific stimulations (CMV or EBV) while orange dots
show HBV-specific stimulations (pool). *p < 0.05; **p < 0.001; Wilcoxon signed rank test. (D) Linear regression showing the negative correlation between Ag-specific
IFNg production and the frequency of highly exhausted (LAG3+TIM3+PD-1+) Ag-specific CD8 T cells. Blue dots show HERPES-specific stimulations (CMV or EBV)
while orange dots show HBV-specific stimulations (pool).
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using this ex vivo approach. HBsAg overlapping peptide pools
were not included for ex vivo ELISpot analysis, since HBsAg
immune responses are normally scarce and impaired during
chronic HBV (22, 40, 42). As recently reported (43, 44), in this
study we show that the immune response leading to the initial
control of viral replication is broad and targets multiple HBV
proteins while HBeAg- Immune Active hepatitis is characterized
by a narrow and weak HBV-specific T cell response. In line with
these results, we found that HBV-specific CD8 T cells are
significantly more exhausted than herpes-specific CD8 T cells
(CMV and/or EBV) in the same patients. It is worth noting that
herpes infections are also chronically established but, in
immunocompetent hosts, don’t show a clinical progression due
to complete control of replication by the immune system. Not
surprisingly, high levels of functional exhaustion in the HBV-
specific CD8 T cell population was associated to lack of ex vivo
reactivity and failure to respond to MEDI2790 PD-L1 blockade.

We then developed a strategy to quantify cytokine production
by HBV-specific CD8 T cell by flow cytometry. While MHCI
dextramers have been widely used as a detection tool for ex vivo
approaches, once antigen-specific CD8 T cells are activated
the T cell receptor gets internalized and thus unavailable for
dextramer-based staining. Due to this limitation, flow cytometry
approaches to quantify cytokine production from antigen-
specific T cells usually focus on the bulk CD8 subset, greatly
limiting the sensitivity of the detection. This is especially
problematic in chronic HBV infection where, due to the rare
frequency of these cells, the frequency of cytokine-producing
cells is rarely detected over the background noise. To overcome
this limitation, we used dasatinib, a blocker of the Src kinase
family (45–47), to force the re-expression of the TCR on the
surface of antigen-specific CD8 T cells after peptide stimulation.
Using this approach, we were able to determine that HBV-
specific CD8 T cells with low level of exhaustion were indeed
responding to PD-L1 blockade by increasing the production of
IFNg and IFNg+GrzB+ cytotoxic responses. However, HBV-
specific CD8 T cells with higher levels of exhaustion, mainly
characterized by the expression of LAG3, are unable to respond
to this immunotherapeutic approach.

Bengsch et al. (48) have previously shown that iR expression
on HBV-specific CD8 T cells is hierarchical, with PD-1 being
expressed the most and LAG-3 being the hardest iR to detect.
Despite the comprehensive characterization of the different iR
expression on HBV-specific CD8 T cells, they analyzed the
response to PD-L1 blockade as the increase on proliferative
capacity. Since this approach has a higher detection limit, they
were not able to identify a specific phenotype associated with lack
of response. In this study, we were able to determine that the co-
expression of PD-1, TIM-3 and LAG-3 is associated with the
lack of response to anti-PD-L1 antibodies. This result has
direct translational implications. Foremost, it suggests that
monotherapy strategies are not suitable to treat chronically
infected HBV patients. In addition, since terminally exhausted
CD8 T cells undergo epigenetic changes that prevents for this
phenotype to be rescued (49, 50), finding the appropriate
therapeutic window before HBV-specific T cells become
Frontiers in Immunology | www.frontiersin.org 1197
functionally exhausted, may be necessary to successfully apply
immunotherapy to cure chronic HBV infection. Finally, even if
combination strategies may be still effective in selected or
unselected HBV patients, targeting LAG-3 blockade (51, 52)
may be essential to elicit a clinically effective response.

Altogether, our results suggest that while immunotherapeutic
approaches aimed to boost HBV-specific T cell immunity could
be a successful strategy to elicit a functional cure for chronic
HBV infection, a monotherapy aiming to disrupt the PD-1:PD-
L1 axis could have limited effectiveness. The high levels of
functional exhaustion present in the HBV-specific CD8 T cell
subset suggest that combination strategies, potentially including
the combination of anti-LAG-3 with other anti-iR antibodies,
should be explored and likely prioritized for unselected chronic
HBV patients.
METHODS

Patients
One hundred adult patients with chronic HBV infection (female
38%; median age 48 years old) were included in this study. All
patients were in follow up at the Toronto General Hospital Liver
Centre, University Health Network in Toronto, Canada and
willing to provide informed consent. All patients had
confirmed chronic HBV infection, documented by the
presence of HBsAg for at least 12 months prior to the
inclusion of this study. The study protocol was approved by
the Ethics Committee of the Toronto General Hospital,
University Health Network. Exclusion criteria included acute
HBV infection, acute flare or reactivation of HBV infection
(defined as symptoms of acute hepatitis and recent elevation of
ALT > 10xULN or bilirubin levels), treatment with interferon
(IFN)-a, systemic corticosteroids or any other immune
modulators or suppressive agents within 4 weeks of screening,
cirrhosis, hepatocellular carcinoma, liver transplantation, known
coinfection with HCV, HDV and/or HIV, need for renal dialysis
and known active autoimmune disease, including autoimmune
hepatitis. Informed consent was obtained from each individual at
enrollment. Peripheral blood samples were obtained by
venipuncture, anonymized and processed to obtain peripheral
blood mononuclear cells (PBMC). All samples were
cryopreserved until further use. Characteristics of the cohort
are summarized in Table 1.
Ex Vivo ELISpot
PBMC samples from chronic hepatitis B (HBV) patients were
thawed and washed in CTL Anti-Aggregate™ medium (Cellular
Technology Limited, CTL) and rested overnight at 37°C in
complete RPMI with 10% human serum. Duplicated wells
containing 5E5 PBMC were incubated overnight with the
appropriate peptide pools in CTL-Test™ Medium (Cellular
Technology Limited, CTL), including negative and positive
controls, in the presence of MEDI2790 or a control IgG
isotype. Antigen-specific T cell responses were quantified using
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ELISpot PLUS IFNg pre-coated plates (MabTech) and the
ImmunoSpot® reader and software (Cellular Technology
Limited, CTL). CORE, POOL, CMV, EBV and the negative
control ACTIN pool were used at a concentration of 2 µg/
peptide/mL. The positive control CEFX pool was used at 0.2
µg/peptide/mL. HBVsp refers to combined results from HBV
CORE and HBV POOL stimulations. HERsp (HERPES) refers to
combined results from CMV and EBV stimulations. Additional
information, including specific peptides, of the peptide pools can
be found in Supplementary Table 1.

One hundred samples were tested in this study. Samples with
failed positive and/or negative controls after two independent
attempts were discarded. A total of 89 ELISpot quantifications
passed all quality controls and were included in the analysis for
this study. All results are reported after background subtraction
using each sample’s actin control.

Polychromatic Flow Cytometry
Ex Vivo Analysis of Bulk CD8 T Cells
PBMC samples from the 100 chronic HBV patients were thawed,
washed in CTL Anti-Aggregate™ medium (Cellular Technology
Limited, CTL) and rested 2h in CTL Test™ medium (Cellular
Technology Limited, CTL). Cells were then washed and stained
in 96-well plates at 1E6 - 2E6 cells per well with titrated amounts
of LIVE/DEAD™ Fixable Blue Dead Cell stain kit (Invitrogen).
All surface markers were stained at a final volume of 100µL with
titrated amounts of monoclonal antibodies, in the presence of
Frontiers in Immunology | www.frontiersin.org 1298
Super Bright Staining Buffer (eBiosciences) for 45 min at room
temperature. After the final wash cells were fixed with 1% PFA/
PBS and acquired in a BDSymphony® flow cytometer. Analysis
was performed with FlowJo v10.6.2. Further information about
the antibodies can be found in Supplementary Table 2.

Ex Vivo Analysis of HBV-Specific CD8 T Cells
For a subset of patients with selected HLA alleles (HLA-A*0201,
HLA-B*3501 and HLA-B*5101; n = 48) dextramer staining was
included in the ex vivo analysis. Samples were incubated for 15
min, previous to the surfacemarker staining, with the appropriated
dextramers depending on their HLA type. Negative controls were
included for all samples. Further information of the dextramers
can be found in Supplementary Table 3.

Functional Analysis by Intracellular Staining
Thirteen HLA-A*0201 samples, with HBV-specific dextramer
frequency higher than 0.1% and sample availability were selected
for a functional analysis. PBMC samples were thawed, washed in
CTL Anti-Aggregate™ medium (Cellular Technology Limited,
CTL) and rested 2h in CTL Test Plus™ medium (Cellular
Technology Limited, CTL). PBMC were then washed and
added to 48 well plates at a concentration of 2E6/mL on CTL
Test Plus™ medium. Samples were stimulated with either HBV
Pool (PX-HBV ThinkPeptide), CMV (PA-CMV-001, PanaTecs),
EBV (PA-CMV-001, PanaTecs) or Actin control (PM-ACTS,
JPT) at 2µg/peptide/mL for 12h in the presence of brefeldin A
(BFA) and titrated amounts of CD107a antibody. Cells were then
washed and incubated with Dasatinib 100mM (Sigma-Aldrich)
in PBS for 1h at 37°C to favor the re-expression of the TCR in the
cell surface (45–47). All further incubations and washed were
done in the presence of 100mM Dasatinib (Sigma-Aldrich). This
approach is a modification of a previously reported protocol (30,
53). After the incubation cells were stained with titrated amounts
of LIVE/DEAD™ Fixable Blue Dead Cell stain kit (Invitrogen).
After a blocking step, each actin control/peptide-stimulated pair
was stained with the appropriate dextramers (Capsid or Protein S
for Actin/HBV pool, CMV for Actin/CMV pool and EBV for
Actin/EBV pool) for 15 minutes. Stimulated and dasatinib-
treated samples stained with control dextramers were used to
determine the gating strategy. All surface markers were then
stained at a final volume of 100µL with titrated amounts of
monoclonal antibodies in the presence of Super Bright Staining
Buffer (eBiosciences). Cells were then permeabilized using a
fixation/permeabilization kit (BD) according to the
manufacturer’s instructions and stained with titrated amounts
of monoclonal antibodies for 45 min at 4°C. After the final
washes cell were resuspended in 1% PFA/PBS and acquired in a
BDSymphony® flow cytometer. Analysis was performed with
FlowJo v10.6.2. Further information about the antibodies and
dextramers can be found in Supplementary Tables 2, 3.

Proliferation Assay
Fifteen samples with available Leukopak where included for the
proliferation assay. PBMCs were thawed, washed in CTL Anti-
Aggregate™ medium (Cellular Technology Limited, CTL) and
rested for 2h at 37°C in CTL Test Plus™ medium (Cellular
TABLE 1 | Characteristics of the cohort.

Flow cytometry Ex vivo ELISpot p

n 100 89
Sex (% Female) 38/100 (38%) 44/89 (49.4%)
Age 48 [35 - 57] 44 [33 – 54] NS1

Race (% Asian) 81/100 (81%) 76/89 (85.4%)
AVT2 21/100 (21%) 13/89 (14.6%)
AVT (years) 5 [3.5 – 7.8] 5 [3.5 – 8.7] NS
HBeAg (% Negative)
AVT(-) 49/79 (62.0%) 36/76 (47.4%)
AVT(+) 18/21 (85.7%) 10/13 (76.9%)

ALT (U/mL) 30 [23 - 58] 29 [22 – 63] NS
ULN3 ≤ 1.3X
AVT(-) 54/79 (68.4%) 49/76 (64.5%)
AVT(+) 18/21 (85.7%) 13/13 (100%)

Log HBV DNA 4.0 [1.3 – 8.0] 5.8 [2.3 – 8.2] NS
HBsAg (IU/mL) 2803 [683 - 12176] 5181 [1023 – 45385] NS
HBsAg (% ≤10)
AVT(-) 6/68 (8.8%) 4/64 (6.3%)
AVT(+) 1/20 (5.0%) 0/13 (0.0%)

Clinical groups4

Immune Tolerant (IT) 19/100 (19%) 27/89 (30.3%)
HBeAg+ Immune Active (IA+) 12/100 (12%) 13/89 (14.6%)
Immune Control (IC) 34/100 (34%) 21/89 (23.6%)
HBeAg- Immune Active (IA-) 14/100 (14%) 15/89 (16.9%)
Antiviral Therapy (AVT) 21/100 (21%) 13/89 (14.6%)
1NS, Not significant; p > 0.1. 2AVT, Antiviral Therapy. 3ULN, ALT upper limit of normal. 4All
HBeAg-negative patients in this category spontaneously seroconvert. IT = HBeAg (+) and
ULN ≤ 1.3X; HBeAg+ IA = HBeAg (+) and ULN > 1.3X; IC = HBeAg (-) and ULN ≤ 1.3X;
HBeAg- IA = HBeAg (-) and ULN > 1.3X. Dichotomic variables are expressed as number/
total number (frequency). Continuous variables are expressed as median [Interquartile
range, IQR].
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Technology Limited, CTL). After resting PBMCs were counted
and transferred to 50mL conical tubes and resuspended at 1E6/
mL in PBS with titrated amounts of Cell Trace™ Violet Cell
proliferation (ThermoFisher Scientific). After a 20min
incubation at 37°C the staining was stopped with PBS 10%
FCS at 1:4 ratio. PBMCs stained with the Violet Cell Trace™

were cultured at 2E6/mL, in duplicate, in the presence of 20 IU of
IL-2 and 2µg/peptide/mL of the appropriate stimuli (HBV Core,
HBV Pool, HBV Capsid, CMV, EBV, Actin or CEFX peptide
pools as described in the ELISpot section) in the presence of
either 1) IgG control, 2) MEDI2790, 3) 0.1 mM Mitotempo
(Sigma Aldrich), 4) 10 ng/mL IL-12 and 5) MEDI2790 + 0.1
mM Mitotempo (Sigma Aldrich) + 10 ng/mL IL-12. Media (with
IL-2) was changed at day 5 and proliferation was assessed on day
10 by flow cytometry.

MEDI2790 Antibody Generation
MEDI2790 generation has been previously described (20, 54).
Briefly, IgG2 and IgG4 XenoMouse animals were immunized
with human PD-L1-Ig or CHO cells expressing human PD-L1.
Hybridomas were established and supernatants screened for
binding to human PD-L1-transfected HEX 293 cells and
inhibition of PD-1 binding to PD-L1 expressing CHO cells.
MEDI2790 was selected based on affinity, activity and specificity
profile. The constant domain of the antibody was then exchanged
for a human IgG1 triple-mutant domain containing three-point
mutations that reduce binding to C1q and Fc gamma receptors,
resulting in reduced antibody-dependent cellular cytotoxicity
(ADCC) and complement-dependent cytotoxicity (CDC).

Statistical Analysis
GraphPad Prism (PRISM 8 for macOS v8.3.0) was used to
perform statistical analyses and to create graphs. Data is shown
as number of cases, individual points or bars depicting the
mean ± standard error (SEM). Variables were analyzed using
non-parametric tests as appropriate: Mann-Whitney U test for
unpaired variables, Wilcoxon matched-pairs signed rank test for
paired variables and Kruskal-Wallis one-way analysis of variance
for the simultaneous comparison of 3 or more groups.
Associations were analyzed by linear regression and 95%
Frontiers in Immunology | www.frontiersin.org 1399
confident interval (CI). Analysis and graphical representation
of the distribution of inhibitory (iR) and activating (aR) receptors
on the different CD8 T cell populations was performed using the
Simplified Presentation of Incredibly Complex Evaluations
(SPICE v6) as previously described (55).
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The non-canonical nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB)
signaling pathway is an important component of NF-kB transcription complex. Activation
of this pathway mediates the development and function of host immune system involved
in inflammation and viral infection. During hepatitis B virus (HBV) infection, there is a
complex interaction between infected hepatocytes and the immune cells, which can
hinder antiviral immune responses and is associated with pathological changes in liver
tissue. Consistently, the host immune system is closely related to the severity of liver
damage and the level of viral replication. Previous studies indicated that the non-canonical
NF-kB signaling pathway was affected by HBV andmight play an important regulatory role
in the antiviral immunity. Therefore, systematically elucidating the interplay between HBV
and non-canonical NF-kB signaling will contribute the discovery of more potential
therapeutic targets and novel drugs to treat HBV infection.

Keywords: hepatitis B virus (HBV), non-canonical NF-kB signaling, antiviral immunity, NF-kB-inducing kinase (NIK),
p100/p52 (NFKB2)
INTRODUCTION

Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) encompasses an important
family of transcription factors, can regulate the expression of multiple genes, and has been
implicated in diverse biological processes including innate and adaptive immunity, inflammation,
stress, immune cell development, and lymphatic organ formation (1, 2). Based on the components
of the signaling cascade, NF-kB signaling pathways can be categorized as canonical or non-
canonical (3). The canonical NF-kB pathway is rapid and transient, and mainly stimulated by
proinflammatory cytokines such as IL-1b, tumor necrosis factor (TNF)-a, antigen ligands, and toll-
like receptors (TLRs). Activation of the canonical NF-kB pathway relies on phosphorylation and
ubiquitination of IkB kinase a/b (IKKa/b) causing the degradation of kB inhibitory factors (IkBs)
protein, thereby countering inhibition of the nuclear transcription factor heterodimer RelA/p50 by
IkBs (4, 5). The non-canonical NF-kB signaling pathway is slow and persistent, and generally
activated by ligands of the TNF receptor superfamily, including lymphotoxin beta (LTB), CD40,
OX40, RANK, TWEAK and B cell-activating factor (BAFF). These ligands stimulation induces NF-
kB-inducing kinase (NIK, also called MAP3K14) stabilization and accumulation, results in IKKa
org September 2021 | Volume 12 | Article 7306841102
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phosphorylation. Activated IKKa subsequently phosphorylates
p100, triggering K48 linked ubiquitination and degradation of
p100, generating p52 (also known as NFKB2). The nuclear
translocation of RelB-p52 heterodimer then initiates the
expression of target genes (4, 5) (Figure 1). NIK is a key
molecule for non-canonical NF-kB pathway activation, and
this process requires both NIK expression and kinase activity
(6, 7). Expression of human NIK-dominant inactivated mutant
(NIKKA, KK429/430AA) results in the blockage of the non-
canonical NF-kB pathway (8).

It was reported that the alymphoplasia (aly/aly) mice with
loss-of-function mutation of NIK exhibited aberrant
development of spleen architecture and lymph nodes, impaired
B cell proliferation and maturation, no formation of germinal
center or isotype antibody switching in antigen-specific immune
responses, and disordered thymus structure, and autoimmune
inflammation in multiple organs (9, 10). Moreover, the
phenotype of NFKB2 KO mice was similar to that of the aly/
aly mice, with defects in splenic architecture, lymph nodes, and
peripheral B cell maturation, as well as impaired antibody
responses (11, 12). The severe immunodeficiencies observed in
Frontiers in Immunology | www.frontiersin.org 2103
these mice strains indicates that the non-canonical NF-kB
signaling pathway plays an essential role in multiple important
biological processes, including the initiation and regulation of B
cell and T cell immunity (13).

Host antiviral immunity is an important defense mechanism
with respect to preventing virus invasion, and effectively clearing
viral infection. Many RNA and DNA viruses, can regulate the
activation of the non-canonical NF-kB pathway via different
adaptor proteins, leading to the regulation of antiviral immunity
(14). In contrast, some viruses can evade antiviral immunity by
affecting the non-canonical NF-kB pathway. For example, the RNA
virus EV71 upregulated NIK, the key protein of the non-canonical
NF-kB pathway, to promote the secretion of inflammatory
cytokines and apoptosis of EV71-infected cells (14, 15). Epstein-
Barr virus, human T-lymphotropic virus 1, and Kaposi’s sarcoma
associated herpesvirus could activate the non-canonical NF-kB
pathway by encoding corresponding oncogenic proteins (16–18).
Currently, increasing evidence suggests that the non-canonical NF-
kB pathway also plays roles in host responses to hepatitis B virus
(HBV) infection. In this review, we discussed the interplay between
HBV and the non-canonical NF-kB pathway.
A B

FIGURE 1 | Activation of canonical NF-kB signaling and non-canonical NF-kB signaling. (A) Canonical NF-kB signaling is stimulated by proinflammatory cytokines
such as IL-1b, TNF-a and LPS, inducing the activation of IKK complex by TAK1. The IKK complex then phosphorylates the IkB kinase a/b (IKKa/b), causing the
ubiquitin-dependent degradation of kB inhibitory factors (IkBs) protein, thereby triggering the nuclear transcription factor heterodimer RelA/p50. (B) Non-canonical
NF-kB signaling is activated by the specific TNFR superfamily. Receptor activation induce the recruitment of TRAF3-TRAF2-cIAP1/2 receptor complex, followed by
the degradation of TRAF3 via ubiquitination, resulting in the stabilization and accumulation of NIK. NIK phosphorylates IKKa which in turn phosphorate p100,
triggering the ubiquitination and degradation of p100 to generate p52 and the nuclear transduction of RelB-p52 heterodimer.
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REGULATION OF NON-CANONICAL
NF-ΚB SIGNALING PATHWAY BY
HBV INFECTION

HBV is a DNA virus that encodes multiple proteins that affect
the activation of the non-canonical NF-kB pathway, thus
enabling regulation of the host defense response. The type I
interferon (IFN) system, an indispensable part of the innate
immune response to HBV, is involved in an immediate antiviral
response via the induction of numerous functional proteins
against the viral life cycle, and activates the adaptive immune
response (19). TBK1 can function as a positive and negative
regulator of the non-canonical NF-kB pathway (20). HBV
polymerase (Pol) can evidently inhibit the phosphorylation,
dimerization, and nuclear translocation of IRF3, as well as
IFN-b expression at the TBK1/IKKƐ level (19). Activating NIK
promote phosphorylation of IRF3 to produce type I interferon
(21, 22). Therefore, the mechanism by which HBV pol protein
inhibits IFN-b production in human hepatocytes may also be
associated with the level of non-canonical NF-kB pathway
activation. Liu et al. (23) reported that Pol protein did not alter
the level of NF-kB expression, but could prevent the activation of
the non-canonical NF-kB pathway required for IFN-b activation
by inhibiting the nuclear translocation of RelB/p52 and NF-kB
subunits in hepatoma cells. These studies suggested that Pol
protein could inhibit IFN-b production, which may be associated
with the non-canonical NF-kB pathway in hepatocytes.
However, additional studies showed some conflicting results.
As observed in chronic HBV infection patients, the IFN-
stimulated genes (ISGs) were not activated in liver tissues (24).
In addition, results of the in vitro models of HBV-infected
hepatocytes also found that HBV infection did not induce type
I and III IFNs, and the downstream ISGs (25, 26), which further
supported the inability of HBV to induce IFN response. Thus,
the relationship between Pol protein, IFN signaling and non-
canonical NF-kB pathway remains to be explored.

HBx protein plays a vital role in HBV replication, and is a
potential inducer for hepatocellular carcinoma development
(HCC) (27, 28). Previous studies indicate that HBx induced
the phosphorylation and degradation of intracellular IkBa to
activate the classical NF-kB pathway, accompanied with slight
decrease in the level of p100 protein, suggesting that HBx may be
involved in activation of the non-canonical NF-kB pathway (29,
30). Kim et al. (31) reported that HBx might disturb the
activation of the non-canonical NF-kB pathway via a NIK-
IKK-IkB-dependent mechanism in the liver, and result in the
induction of inflammatory response or hepatic oncogenesis by
stimulating hepatocyte proliferation. But whether the effect
mediated by HBx is valid in the HBV infection need to be
further studied.

HBV e antigen (HBeAg), a secreted protein and not required
for viral replication, is thought to play an immunoregulatory role
and promote viral persistence during viral infection. Researches
by Wang et al. (32) has found that HBeAg can associate with
NEMO, the regulatory subunit for IkB kinase (IKK) that controls
the NF-kB signaling pathway, and thereby inhibited TRAF6-
Frontiers in Immunology | www.frontiersin.org 3104
mediated K63-linked ubiquitination of NEMO induced by IL-1b,
resulting in the downregulation of NF-kB activity and increased
virus replication. HBeAg suppresses LPS-induced NLRP3
inflammasome activation, pro-IL-1b expression and IL-1b
production in kuffer cells not only via inhibiting NF-kB
phosphorylation but inhibiting ROS production (33). The roles
of HBeAg in regulating the NF-kB pathway to affect host
immune response are controversial during the infection of
HBV. In addition, the HBeAg affected NEMO mainly
functions in canonical NF-kB signaling pathway. Nevertheless,
canonical and non-canonical NF-kB activation pathways are
connected via many crosstalk mechanisms. Therefore, HBeAg
affecting the host immune response also cannot exclude the role
of non-canonical NF-kB pathway.
REGULATION OF HBV INFECTION
BY NON-CANONICAL NF-ΚB
SIGNALING PATHWAY

Abnormal host immune function and continuous HBV
replication are the main causes of disease progression in
patients with chronic hepatitis B (CHB) (34). Concurrent
continuous HBV repl icat ion and the activat ion of
inflammatory pathways lead to chronic liver damage (35).
Immune system is very important for the elimination of HBV,
but CHB patients tend to exhibit defective innate and adaptive
immune function, and cannot effectively remove viral products
in the liver. Previous studies indicated that non-classical NF-kB
pathway in the hepatocytes and immune cells played an
important role in control of HBV replication in vitro and
clearance of HBV in vivo (Figure 2).

Hepatocytes-Intrinsic Non-Canonical
NF-kB Signaling Pathway
HBV replication in hepatocytes may be related to NIK-
dependent activation of the non-classical NF-kB pathway.
Microarray analysis and western blotting validation suggested
that mRNA and protein levels of TRAF2 and NIK in primary
hepatocytes are upregulated during the early stage of HBV
infection (36). Lymphotoxin beta receptor, a member of the
TNF receptor superfamily, is able to activate the NIK-dependent
non-canonical NF-kB pathway. Activation of this receptor could
induce the expression of APOBEC3A/3B protein, which
mediated deamination on the negative chain of cccDNA to
degrade it (37). The above results suggested that the non-
canonical NF-kB pathway activation in hepatocytes might
exert a direct anti-HBV effect.

Cellular inhibitor of apoptosis proteins (cIAPs) are a family of
highly conserved endogenous anti-apoptotic molecules (38). In
the resting state, cIAP1/2 uses TRAF2 as an adaptor protein to
connect with NIK binding protein TRAF3 to form a TRAF3-
TRAF2-cIAP1/2 multi-subunit ubiquitin ligase complex,
resulting in very low protein levels of cellular endogenous NIK
(39). Degradation of cIAPs or loss of TRAF2 can continuously
activate the NIK-dependent non-canonical NF-kB signaling
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pathway (39). Ebert et al. (40) reported that cIAPs can impair
viral clearance by preventing TNF-mediated death of infected
cells, and mice with hepatocyte-specific deficiency of cIAPs
expression promoted the clearance chronic HBV infection.
Moreover, birinapant, a chemical inhibitor of cIAPs, could
reduce HBV DNA and hepatitis B surface antigen levels in
serum, and induce hepatitis B core antigen-positive hepatocyte
apoptosis in HBV persistence mouse model (41). Therefore,
whether the antiviral effect mediated by targeting cIAPs is
related to activation of the NIK-mediated non-canonical NF-
kB signaling pathway need further investigation.

Immune Cells-Intrinsic Non-Canonical
NF- kB Signaling Pathway
Abnormal expression and function of specific ligands and
receptors involved in activation of the non-classical NF-kB
pathway in the immune cells might be related to the chronicity
of HBV infection. OX40 (also known as CD134) is an important
costimulatory molecule in T cells, and its ligand OX40L (also
known as CD252) is mainly expressed on antigen-presenting
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cells. OX40 ligation can promote T cell phenotypic
transformation, maintain the activation state, and promote the
proliferation of effector T cells and memory T cells, while also
inhibiting the differentiation and activity of regulatory T cells
(Tregs) (42, 43). Interestingly, studies suggest that the key to
determining antiviral immunity is the expression of the
costimulatory molecule OX40L on hepatic innate immune
cells, and the expression of OX40L is positively correlated with
age (44). OX40 agonists can increase the HBV clearance rate in a
young mouse model of hepatitis B, as well as the strength of T cell
responses in young mice and adult mice that were exposed to
HBV when they were young and developed a CHB serological
profile (44). Moreover, in adult humans HBV clearance is
associated with increased OX40 expression in peripheral CD4+

T cells (44). In a recent study OX40 was highly expressed on
CD4+ T cells in the immune microenvironment of HBV-related
HCC (45). OX40 agonists combined with PD-1 blockers can
enhance the function of HBV-specific CD4+ T cells (42). The
above studies suggest that in innate immune cells and T cells the
OX40-mediated non-canonical NF-kB pathway may participate
B

A

D

C

FIGURE 2 | Non-canonical NF-kB signaling pathway regulates the HBV infection. (A) In hepatocyte, activation of LTB receptor in hepatocyte mediates the non-canonical
NF-kB signaling pathway and induce the up-regulated expression of APOBCE3A/B protein, which degrade cccDNA. (B) Targeting cIAPs also mediate the activating the
NIK-dependent non-canonical NF-kB signaling pathway and exert the antiviral effect in hepatocyte via TNF-mediated death of infected cells. (C, D) Specific ligation of
OX40, BAFFR or CD40 in immune cells might recover the exhausted immune function during HBV infection through the activation of the NIK-dependent non-canonical
NF-kB signaling pathway.
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in HBV clearance by affecting the function of immune cells. In a
liver injury model in HBsAg transgenic mice mediated by natural
killer (NK) cells induced with low or high doses of concanavalin
A, the proportion of CD4+CD25+FoxP3+ Tregs in the liver
increases, and the proportion of restored Tregs continued to
increase with the development of liver damage (46). The
mechanism of reducing liver injury in HBs transgenic mice is
related to the direct inhibition of NK cell-mediated
hepatotoxicity by Tregs via OX40/OX40L interaction in cell-
cell contact (46). In patients with CHB the immune
microenvironment is characterized by the exhaustion of virus-
specific T cells and an increase in negatively regulated immune
cells such as Tregs. Therefore, this may also be related to the non-
classical NF-kB pathway regulated by OX40/OX40L.

BAFF is an essential cytokine for the activation of B
lymphocytes, and BAFF receptor is expressed on B cells (47).
Interaction between BAFF and BAFF receptor can also activate
the non-canonical NF-kB signaling pathway, and its mediated
activation plays an important role in regulating the survival and
maturation of peripheral B cells (48). Studies indicate that in
CHB patients’ serum BAFF is maintained at a high level, leading
to excessive activation of B cells, thus changing T cell functions
(upregulating PD-1, Tim-3, and Lag-3, i.e., exhaustion
phenotypes) and reducing reactions to PEG-IFN (49, 50).
Notably however, the mechanisms by which BAFF mediates
the chronicity of HBV require further clarification. Studies
suggest that in vitro administration of CD40L signals can
partially restore the function of hepatitis B surface antigen
(HBsAg) -specific B cells (51). CD40-CD40L interaction can
induce activation of the non-canonical NF-kB pathway in mouse
splenic B cells (52). The above results suggest that non-canonical
NF-kB pathway dysregulation in immune cells of patients with
CHB may be related to the failure of HBV clearance and
disease progression.

NIK is a key adaptor protein associated with activation of the
non-classical NF-kB pathway, and may also participate in the
development of CHB disease by affecting the function of immune
cells. In previous studies NIK knockout in dendritic cells affected
antigen presentation to CD8+ T cells (53). T cell-specific NIK
deficiency induces naive T cells to differentiate into effector T
cells and memory T cells (54, 55). Moreover, in T cell-specific
NIK-deficient mice the phosphorylation of Zap70, LAT, AKT,
ERK1/2, and PLCg is hindered, thereby blocking the T cell
receptor signaling pathway (56). The continuous expression of
viral antigens and the hepatic inflammatory microenvironment
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can downregulate the function and proportion of HBV-specific
CD4+ cells, CD8+ T cells, dendritic cells, NK cells, and NK T cells
in CHB patients. Therefore, the exhaustion of immune function
in CHB patients may be related to the non-canonical NF-kB
pathway dysregulation caused by downregulation of NIK in
immune cells such as dendritic cells and T cells. Whether the
inability of antiviral immunity in CHB patients is related to the
activation of the non-canonical NF-kB pathway in these immune
cells remains to be determined. In addition, IFN-g and TNF-a
produced by T cells can degrade the cccDNA through
deamination, but not the cytolysis in hepatocyte, suggesting
that the non-classical NF-kB pathway has a complex
regulatory network in hosts with normal immunity (57).
CONCLUSION

To date studies indicate that the non-canonical NF-kB signaling
pathway plays an important role in the development of the
immune system and triggering inflammation, but research on the
regulatory role of the HBV life cycle and host antiviral effects
remains largely unknown. A variety of ligands and receptors,
adaptor proteins, and regulatory factors involved in the
formation of non-canonical NF-kB signaling pathway might
play important roles in the establishment and development of
HBV disease. Therefore, in-depth mechanistic studies
investigating the interplay between HBV and non-canonical
NF-kB signaling may provide potential strategies for
HBV treatment.
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Immune modulation for the treatment of chronic hepatitis B (CHB) has gained more
traction in recent years, with an increasing number of compounds designed for targeting
different host pattern recognition receptors (PRRs). These agonistic molecules activate the
receptor signaling pathway and trigger an innate immune response that will eventually
shape the adaptive immunity for control of chronic infection with hepatitis B virus (HBV).
While definitive recognition of HBV nucleic acids by PRRs during viral infection still needs
to be elucidated, several viral RNA sensing receptors, including toll-like receptors 7/8/9
and retinoic acid inducible gene-I-like receptors, are explored preclinically and clinically as
possible anti-HBV targets. The antiviral potential of viral DNA sensing receptors is less
investigated. In the present study, treatment of primary woodchuck hepatocytes
generated from animals with CHB with HSV-60 or poly(dA:dT) agonists resulted in
increased expression of interferon-gamma inducible protein 16 (IFI16) or Z-DNA-
binding protein 1 (ZBP1/DAI) and absent in melanoma 2 (AIM2) receptors and their
respective adaptor molecules and effector cytokines. Cytosolic DNA sensing receptor
pathway activation correlated with a decline in woodchuck hepatitis virus (WHV)
replication and secretion in these cells. Combination treatment with HSV-60 and poly
(dA:dT) achieved a superior antiviral effect over monotreatment with either agonist that
was associated with an increased expression of effector cytokines. The antiviral effect,
however, could not be enhanced further by providing additional type-I interferons (IFNs)
exogenously, indicating a saturated level of effector cytokines produced by these
receptors following agonism. In WHV-uninfected woodchucks, a single poly(dA:dT)
dose administered via liver-targeted delivery was well-tolerated and induced the
intrahepatic expression of ZBP1/DAI and AIM2 receptors and their effector cytokines,
IFN-b and interleukins 1b and 18. Receptor agonism also resulted in increased IFN-g
secretion of peripheral blood cells. Altogether, the effect on WHV replication and secretion
following in vitro activation of IFI16, ZBP1/DAI, and AIM2 receptor pathways suggested an
antiviral benefit of targeting more than one cytosolic DNA receptor. In addition, the in vivo
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activation of ZBP1/DAI and AIM2 receptor pathways in liver indicated the feasibility of the
agonist delivery approach for future evaluation of therapeutic efficacy against HBV in
woodchucks with CHB.
Keywords: pattern recognition receptors, hepatitis B virus, viral DNA sensing receptors, innate immune response,
woodchuck, chronic hepatitis B
INTRODUCTION

Hepatitis B virus (HBV) is the leading cause of the global
hepatitis burden, with an estimated 296 million chronic
carriers and an annual virus-related death toll of 820,000 (1).
HBV infection acquired early in life by mother-to-child transfer
or as an infant will progress to chronicity in more than 95% of
cases and carriers have a high risk of developing serious liver
disorders, including chronic hepatitis B (CHB), cirrhosis, and
liver cancer or hepatocellular carcinoma (HCC) (2). HBV is a
member of the hepadnaviridae family and replicates in
hepatocytes by forming a reservoir of genomic DNA in the
nucleus. This so-called covalently-closed circular (ccc) DNA
molecule serves as the template for replication intermediate
products and viral proteins. The complex HBV life cycle and
the continuous replenishment of the cccDNA pool in infected
hepatocytes are significant challenges for anti-HBV drug
development. The current treatment options for CHB are
suboptimal and rarely lead to a cure of the infection. The
available nucleos(t)ide analogs are well-tolerated, but do not
target the cccDNA directly, and therefore treatment cessation
leads to viral rebound making their life-long administration
necessary (3, 4). While systemic pegylated interferon (IFN)
alpha therapy can directly target the cccDNA, it is effective
only in a subset of treated patients and frequently associated
with severe side effects (3, 4). In recent years, anti-HBV drug
discovery has focused on direct acting antivirals and
immunomodulators for targeting different steps of the HBV
life cycle or for restoring the dysfunctional antiviral immune
response present in patients with CHB, respectively (5).

Modulating the immune response against CHB has been
explored by using several approaches, including agonistic
activation of innate immune receptors, treatment with
checkpoint inhibitors, adoptive transfer of T-cells, and
administration of therapeutic vaccines (6–9). These approaches
have demonstrated promising results in preclinical studies as
they induced HBV-specific immune responses, and thus were
able to overcome the impaired immunity associated with CHB.
However, some of the challenges that need to be addressed in
regard to immunomodulation are the systemic toxicity due to
non-specific delivery of compounds and the risk of
uncontrollable liver damage (i.e., acute liver failure) when
breaking immune tolerance (10, 11). Furthermore, the lack of
small, immunocompetent laboratory animal models for testing
experimental therapeutics against HBV is an additional hurdle.
The infection of the Eastern woodchuck (Marmota monax) with
woodchuck hepatitis virus (WHV) resembles the vertical HBV
transmission in humans, including immunopathogenesis and
org 2110
liver disease progression (12, 13). Like HBV, the outcome of
WHV infection is age dependent, with 60-75% of WHV-infected
neonatal woodchucks progressing to chronicity, while less than
5% of WHV-infected adult woodchucks develop CHB (14). This
immunocompetent animal model is, therefore, intensively
applied in the evaluation of the safety and therapeutic efficacy
of novel anti-HBV drugs in vitro and in vivo.

The ability of the host immune system to fight viral infections
is dependent on germline-encoded pattern recognition receptors
(PRRs) that recognize unique motifs called pathogen-associated
molecular patterns (PAMPs), such as viral RNA, DNA, and
proteins (15). The subcellular localization of these receptors in
both immune and non-immune cells is either extracellular on
plasma membranes or intracellular on endosomal membranes or
within the cytoplasm, but sometimes also in the nucleus. The
widely studied families of PRRs include the retinoic acid-
inducible gene-I like receptors (RLRs), the nucleotide-binding
oligomerization domain containing protein 2 (NOD2) like
receptors (NLRs), toll-like receptors (TLRs), cytosolic DNA
sensors (CDSs), and inflammasomes. Stimulation of these
receptors triggers their downstream signaling pathway
involving adaptor molecules, transcription factors, and type-I
IFNs or pro-inflammatory cytokines, and leads to an antiviral
immune response (16, 17). Unlike many other viruses, HBV fails
to induce a type-I IFN response immediately after infection and
hence is referred to a stealth-like virus (18). While in vitro studies
have demonstrated that HBV proteins can interfere with the
receptor pathway activation (19–21), other studies have argued
that the virus does not actively inhibit the function of PRRs, and
that these receptors can be agonistically stimulated in the setting
of CHB (22).

The safety and antiviral efficacy against HBV associated with
the stimulation of mainly viral RNA sensing receptors by small
agonist molecules have been investigated in preclinical studies
and several compounds were subsequently tested in patients with
CHB (7, 10). Within the TLR family, GS-9620 was the first-in-
class TLR7 agonist that significantly suppressed viral replication
in HBV-infected chimpanzees (23) and in WHV-infected
woodchucks (24) as a single agent. However, this compound
failed to mediate therapeutic efficacy in patients at tolerated
doses (25). Monotreatment with the TLR8 agonist GS-9688 also
mediated sustained antiviral effects in a subset of woodchucks
(26). Other TLR7 and 9 agonists tested in the woodchuck model
produced superior antiviral effects only when administered in
combination with the nucleoside analog entecavir (ETV) (27–
29). Apart from these TLR agonists, SB9200, a RIG-I stimulator
with both immunomodulatory and direct antiviral properties
(30, 31) mediated pronounced therapeutic efficacy in
October 2021 | Volume 12 | Article 745802
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woodchucks when the immune response was activated by this
agonist before additional viral suppression with ETV (32).
Except for TLR9, the antiviral potential of viral DNA sensing
receptors against CHB, especially that of CDSs and
inflammasomes, is less explored. The reason for this lack in
knowledge is that many of these DNA receptors, such as
interferon-gamma inducible protein 16 (IFI16), Z-DNA-
binding protein 1 or DNA-dependent activator of interferon
regulatory factors (ZBP1/DAI), cyclic GMP-AMP synthase
(cGAS), and absent in melanoma 2 (AIM2) inflammasome,
were characterized more recently for their structural
properties, downstream signaling pathways, and role in
infectious diseases and autoimmune disorders (33). IFI16 and
ZBP1/DAI receptors recognize viral double-stranded (ds) DNA
and mediate the production of type-I IFNs by recruiting the
stimulator of interferon genes (STING) as adaptor molecule or
by activating the TANK-binding kinase 1 (TBK1) and interferon
regulatory factor 3 (IRF3) pathway, respectively (34, 35). A
recent in vitro study further demonstrated that nucleus
resident IFI16 can recognize HBV cccDNA and that receptor
overexpression affects HBV replication (36). The AIM2
inflammasome recognizes viral dsDNA and initiates the
formation of a multi-protein complex consisting of the
receptor, the adaptor protein apoptosis-associated speck-like
protein containing a CARD domain (ASC), and caspase-1 for
the production of the pro-inflammatory cytokines, interleukins
(IL) 1b and 18 (35). The molecular characterization of IFI16 and
AIM2 receptors in woodchucks and their involvement in the
control of WHV infection were described recently (37, 38). The
present study reports the effects on WHV replication and
secretion that are mediated by mono and combination
treatment with the agonists HSV-60 and poly(dA:dT) for
targeting the IFI16, ZBP1/DAI, and AIM2 receptors in primary
hepatocytes generated from woodchucks with CHB. In addition,
the safety and activity of a low and high dose of the poly(dA:dT)
agonist for the induction of ZBP1/DAI and AIM2 receptors in
the liver of WHV-uninfected woodchucks are described.
MATERIALS AND METHODS

Ethics Statement
The animal protocol # 2019-0064 entitled “Pharmacodynamic
and tolerability study of innate immune receptor agonists in
woodchucks” and all procedures involving woodchucks were
approved by the Institutional Animal Care and Use Committee
of Georgetown University on October 22, 2019 and followed the
National Institutes of Health guidelines for the Care and Use of
Laboratory Animals. Woodchuck were anesthetized by
inhalation of isoflurane (3-5%) and by intramuscular injection
of ketamine (50 mg/kg) and xylazine (5 mg/kg) for blood
collection or percutaneous liver biopsy, respectively. Prior to
euthanasia, woodchucks were anesthetized as described above
and euthanized by an overdose of pentobarbital (80-100 mg/kg)
administered by intracardiac injection, followed by bilateral
intercostal thoracotomy.
Frontiers in Immunology | www.frontiersin.org 3111
Woodchuck Hepatocyte Isolation and PRR
Stimulation
Primary woodchuck hepatocytes (PWHs) were generated from
animals with CHB using the collagenase perfusion method and
maintained for four days before treatment initiation (39). The
agonists HSV-60 (Invivogen, San Diego, CA) and poly(dA:dT)
(Invivogen) targeting the IFI16 or ZBP1/DAI and AIM2
receptors, respectively, were administered to PWHs at doses of
2.0 or 1.0 µg/mL, respectively, at T0 and again after 48 hours
using Lipofectamine 3000 (Thermo Fisher Scientific, Waltham,
MA). Lipofectamine-containing medium without agonists
served as the untreated control. Cell supernatant and
hepatocytes were collected every 24 hours over a 96-hour time
course. Isolation of peripheral blood mononuclear cells (PBMCs)
and treatment with the TLR7 agonist GS-9620 or IFN-a are
described in the Supplementary Material.

In Vitro Receptor Pathway Activation and
WHV Replication
The expression of receptors, downstream adaptor molecules, and
effector cytokines (Supplementary Table 1) in PWHs and
woodchuck hepatoma cells was determined by real-time PCR
and woodchuck-specific primers and probes (Supplementary
Table 2) as described previously (38, 40). WHV relaxed circular-
(rc-) DNA was isolated from cell supernatant, while WHV pre-
genomic (pg) RNA and WHV cccDNA were isolated from
PWHs and quantified using real-time PCR as described
previously (39, 41) and in the Supplementary Material.

Woodchuck Study Design
The twoWHV-uninfected adult woodchucks, M8001 and F8003,
were confirmed negative for serum WHV DNA, WHV surface
antigen (WHsAg), and antibodies to WHsAg (anti-WHs
antibodies) using assays described previously (29). Both
animals were intravenously injected with a single dose of poly
(dA:dT) (Invivogen) mixed in in vivo-jetPEI-Gal transfection
reagent (PolyPlus Transfection, Illkirch, France), as described in
the Supplementary Material. Woodchuck M8001 received a low
dose (125 µg/kg), while animal F8003 received a high dose (375
µg/kg) of poly(dA:dT). Blood samples were collected into
PAXGene tubes (Qiagen, Redwood City, CA) at pre-treatment,
and then at 24-hours post-treatment for analyzing gene
expression. Ultrasound-guided, percutaneous liver biopsies
were also obtained at pre-treatment and at 24-hours post-
treatment, placed immediately in liquid nitrogen, and stored at
80°C for subsequent gene expression analysis. Body weights,
body temperatures, hematology, clinical chemistry, and liver
histology of both woodchucks were frequently determined.

Whole Blood Assay
The effective delivery of poly(dA:dT) with the PolyPlus family of
transfection reagents was first tested in vitro by using the
jetOPTIMUS transfection reagent, and before the subsequent
in vivo administration of the agonist to woodchucks with the
in vivo-jetPEI-Gal transfection reagent. The jetOPTIMUS
transfection reagent is specifically designed for in vitro
October 2021 | Volume 12 | Article 745802
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transfection of hard-to-transfect cells, including primary cells/
blood cells (42). Whole blood from animals M8001 and F8003
was drawn into hirudin-coated blood collection tubes (Sarstedt,
Numbrecht, Germany). A total of 185 µL of blood was then
transferred into the wells of a 96-well round bottom plate
(Corning, Tewksbury, MA) and incubated for 6 hours with 15
µL of jetOPTIMUS transfection reagent containing poly(dA:dT).
As an untreated control, blood samples were incubated with
transfection reagent only. Thereafter, blood was collected from 5
wells of treated or untreated control samples and combined, cells
were lysed with RLT buffer (Qiagen) containing 1% b-
mercaptoethanol, and total RNA was isolated using the
QIAamp RNA Blood Mini kit (Qiagen). The mRNA was
subsequently converted to complementary (c) DNA and the
expression of receptors, adaptor molecules, and effector
cytokines was determined by real time PCR assay, as described
recently (38, 40). A fold-change of ≥2.1 from the untreated
control was considered a positive result for increased gene
expression after in vitro treatment with poly(dA:dT).

ELISpot Assay
PBMCs were isolated from woodchucks M8001 and F8003 by
Ficoll-Paque density gradient centrifugation, as described in the
Supplementary Material. The ELISpot assay for measuring IFN-g
secretion by blood cells was performed with a commercially
available kit (Mabtech, Stockholm, Sweden) by following the
manufacturer’s protocol. In brief, each well of a polyvinylidene
fluoride plate was pretreated with 50 mL of 70% ethanol for 2
minutes and washed with sterile water before coating with 100
mL/well of IFN-g antibody (15 mg/mL). Following overnight
incubation at 4°C, excess antibody was removed by washing
five times with phosphate-buffered saline (PBS). A total of 200
mL of AIM-V cell culture medium (Thermo Fisher Scientific) was
then added to each well and incubated for 30 minutes.
Thereafter, PBMCs ranging from 50,000 to 125,000 cells/well
were added and the plate was incubated at 37°C and 5% CO2 for
12-48 hours. Following the incubation, cells were removed, and
the plate was washed five times with PBS. The detecting antibody
(255-11-biotin) was added to each well (1 µg/mL), and the plate
was incubated for another 2 hours. Following washing five times
with PBS, 100 mL of 1:1,000 diluted streptavidin-alkaline
phosphate conjugate was added to each well and the plate
further incubated for 1 hour. The plate was washed again five
times with PBS and 100 mL of substrate solution was added to
each well and the plate developed until spots became visible.
Color development was stopped by washing extensively with tap
water and the plate was air dried before spots were counted at
Mabtech using an ELISpot reader.

Peripheral and Intrahepatic Expression of
Receptor Pathway Molecules and Immune
Cell Markers
Changes in the transcript level of ZBP1/DAI and AIM2 receptor
pathway molecules (Supplementary Table 1) in blood and liver
of woodchucks M8001 and F8003 were determined using real-
time PCR assay and woodchuck-specific primers and probes
Frontiers in Immunology | www.frontiersin.org 4112
(Supplementary Table 2), as described above under whole blood
assay and previously (38, 40). A fold-change of ≥2.1 from the
pre-treatment baseline was considered a positive result for
increased gene expression after in vivo treatment with poly
(dA:dT).

Statistical Analysis
Statistical comparisons were performed using unpaired Student’s
t-test with equal variance for detecting significant changes in
PRR pathway activation and WHV replication and secretion in
PWHs. P values <0.05 were considered significant.
RESULTS

Agonistic Stimulation of Viral DNA Sensing
Receptors Mediates WHV Suppression
Stimulation of viral RNA sensing receptors (i.e., RIG-I, NOD2,
TLR3/7/8) using small agonistic molecules has been already
explored for the treatment of CHB, as described above, but the
antiviral potential of viral DNA sensing receptors, except for
TLR9, remains unknown. Agonistic activation of CDSs and
inflammasomes within virus-infected hepatocytes, such as
IFI16, ZBP1/DAI, and AIM2, could mediate an antiviral effect
against HBV via the induced effector cytokines, such as IFN-b,
IL-1b, and IL-18. For testing these receptors as potential anti-
HBV drug targets, PWHs generated from the liver of five
woodchucks with CHB were treated with HSV-60 and poly
(dA:dT) to stimulate the CDSs IFI16 or ZBP1/DAI and the
inflammasome AIM2, respectively. HSV-60 treatment (Figure 1)
at T0 and again after 48 hours resulted in increased expression of
IFI16 receptor, STING adaptor molecule, and IFN-b effector
cytokine. Despite the expected variation in individual PWH
cultures due to the outbred nature of donor animals, the
average peak expression of receptor pathway markers was
observed during 72-96 hours (fold-change: IFI16, 3.3; STING,
3.2; IFN-b, 96.0). Receptor pathway upregulation was associated
with a pronounced decline in WHV replication (pgRNA and
cccDNA) and secretion (rc-DNA). Compared to untreated
PWHs obtained from individual animals at each timepoint, the
maximum average reduction at 72-96 hours was 0.48 log10 for
pgRNA, 1.32 log10 for cccDNA, and 1.21 log10 for rc-DNA. Poly
(dA:dT) treatment (Figure 2) at T0 and again after 48 hours
increased the expression of ZBP1/DAI DNA receptor and AIM2
inflammasome and their respective adaptor molecules TBK1 and
ASC and effector cytokines IFN-b and IL-18. The average peak
expression for markers of both receptor pathways was observed
during 72-96 hours (fold-change: ZBP1/DAI, 36.5; AIM2, 22.3;
TBK1, 99.8; ASC, 1,030.8; IFN-b, 64,406.5; IL-18, 1,497.3).
Marked declines in WHV replication and secretion were
obtained at 72 hours, and the maximum average reduction
from untreated PWHs was 0.72 log10 for pgRNA, 1.56 log10 for
cccDNA, and 1.70 log10 for rc-DNA. The effect on WHV
secretion appeared longer-lasting, as rc-DNA continued to
decline and was reduced on average by 1.72 log10 at 96 hours.
Overall, it appeared that poly(dA:dT) at the selected dose
October 2021 | Volume 12 | Article 745802
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mediated a greater antiviral effect on WHV than HSV-60, most
likely due to the activation of two receptors (ZBP1/DAI and
AIM2) rather than one receptor (IFI16). Compared to IFI16
receptor stimulation by HSV-60, poly(dA:dT)-mediated
activation of the ZBP1/DAI receptor resulted in a 670-fold
higher IFN-b expression, in addition to IL-18 expressed
by AIM2.

For controlling agonistic PRR activation by HSV-60 and poly
(dA:dT) in woodchuck hepatocytes, PWHs were also treated with
poly(I:C) and GS-9620 for stimulation of TLR3 (positive control) or
TLR7 (negative control), respectively (Supplementary Figure 1).
This revealed receptor pathway activation and a moderate antiviral
effect against WHV by poly(I:C) but not by GS-9620. For
confirming the presence of IFI16, ZBP1/DAI, and AIM2 in
hepatocytes rather than in immune cells possibly contaminating
the PWH cultures, woodchuck WCH-17 hepatoma cells were
treated with HSV-60 and poly(dA:dT) (Supplementary Figure 2).
This demonstrated that all three receptor pathways were inducible
in the hepatoma cells, and that the upregulated expression of
receptors, adaptor molecules, and effector cytokines after 24
hours, especially of ZBP1/DAI and AIM2, was fairly comparable
to those obtained in PWHs.

Parallel Agonistic Stimulation of Viral DNA
Sensing Receptors Enhances WHV
Suppression
The distinct pathways of the IFI16, ZBP1/DAI, and AIM2
receptors, their production of different effector cytokines, and
Frontiers in Immunology | www.frontiersin.org 5113
their location within the cytosol of virus-infected hepatocytes,
together with the antiviral effect against WHV mediated by
agonistic stimulation, may make them suitable targets for
combination treatment. This concept of parallel activation of
three DNA receptor pathways was tested in PWHs derived from
the liver of three woodchucks with CHB, which were also utilized
in the previous monotreatment experiments. Receptor agonism
with HSV-60 plus poly(dA:dT) at T0 and again after 48 hours
resulted in an average receptor and cytokine expression that was
more pronounced than during monotreatment (Figure 3). The
peak expression of IFI16 (fold-change: HSV-60, mono, 4.5;
combo, 19.2) and ZBP1/DAI (fold-change: poly(dA:dT), mono
17.3; combo, 41.4) was observed at 96 hours. AIM2 expression
peaked during 72-96 hours (fold-change: poly(dA:dT), mono 22.7;
combo, 50.6), while IFN-b expression was maximal during 48-96
hours (fold-change: HSV-60, mono, 65.8; poly(dA:dT), mono,
3,188.5; combo, 10,886.9). Peak IL-18 expression was noted during
72-96 hours (fold-change: poly(dA:dT), mono, 1,497.3; combo,
33,031.0). The maximum antiviral effect of monotreatment and the
added antiviral benefit of combination treatment on WHV
replication and secretion was observed at 72-96 hours (reduction:
pgRNA, HSV-60 mono, 0.31 log10; poly(dA:dT) mono, 0.40 log10;
combo, 1.29 log10; cccDNA, HSV-60 mono, 1.00 log10; poly(dA:dT)
mono, 1.33 log10; combo, 1.88 log10; rc-DNA, HSV-60 mono, 1.09
log10, poly(dA:dT) mono, 1.60 log10; combo, 2.22 log10). When
compared to monotreatment, the increased receptor and cytokine
expression during combination treatment correlated with the
additional declines in WHV replication and secretion.
A

B

FIGURE 1 | Agonistic activation of IFI16 receptor pathway mediates WHV suppression. PWHs generated from the liver of five woodchucks with CHB were treated
with HSV-60 at T0 and again at 48 hours. (A) The fold-changes in transcript level of IFI16, STING, and IFN-b over 96 hours are shown, when compared to their
transcript level in untreated control PWHs from individual animals at each timepoint, which was set at 1.0 and is indicated by the dotted line. (B) The changes in
WHV replication (pgRNA and cccDNA) and secretion (rc-DNA) during treatment are presented for untreated control (empty bars) and HSV-60 treated PWHs (colored
bars) from individual animals at each timepoint. The average fold-change in gene transcript level or average change in WHV load of control and HSV-60-treated
PWHs are presented as solid lines. Horizontal bars represent the standard error of the mean. P values representing statistical significance from untreated control
PWHs are shown as * for <0.05, ** for <0.01, and *** for <0.001. FC, fold-change.
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Parallel Agonistic Stimulation of Viral DNA
Sensing Receptors Together With
Exogenously Added Type-I IFNs Fails to
Enhance WHV Suppression
For determining, if the antiviral effect of combination treatment
with HSV-60 and poly(dA:dT) is further enhanceable, exogenous
type-I IFNs were provided via supernatant from woodchuck
PBMCs treated with the TLR7 agonist GS-9620. It has been
reported that human PBMCs derived from healthy individuals
and subsequently treated with GS-9620 produce type-I IFNs and
interferon stimulated genes (ISGs), and that treatment of HBV-
infected PHHs with this conditioned medium (CM) results in an
antiviral effect on viral replication (43). PBMCs obtained from
two woodchucks with CHB were treated with GS-9620 for 8 or
24 hours (Supplementary Figure 3). At each timepoint, PBMCs
were harvested and cell supernatant was collected and combined
for subsequent treatment of PWHs with CM (i.e., GS-9620 CM),
alone and in combination with HSV-60 and/or poly(dA:dT).
Compared to untreated control PBMCs, a maximum expression
Frontiers in Immunology | www.frontiersin.org 6114
of IFN-a, IFN-b, and ISG15 in GS-9620 treated PBMCs was
observed at eight hours (fold change: M1811, IFN-a, 179.6; IFN-
b, 2,098.5; ISG15, 640.3; M1864, IFN-a, 129.8; IFN-b, 87.4;
ISG15, 504.7). In PWHs derived from the same two animals
and treated with GS-9620 CM at T0 and again after 48 hours
(Supplementary Figure 3), a maximum reduction of WHV
replication and secretion was obtained during 72-96 hours,
when compared to untreated control PWHs (reduction: pgRNA,
M1811, 0.19 log10; M1864, 0.14 log10; cccDNA, M1811, 0.11 log10;
M1864, 0.08 log10; rc-DNA, M1811, 0.15 log10; M1864, 0.09 log10).

Treatment of PWHs from the same two animals with the
triple combination of HSV-60, poly(dA:dT), and GS-9620 CM at
T0 and again after 48 hours induced a higher expression of IFI16,
ZBP1/DAI, and AIM2 receptors, when compared to treatment
with the double combination of HSV-60 and poly(dA:dT)
(Figure 4). Peak receptor expression with the double and triple
combination was observed at 96 hours in M1811 (fold-change:
IFI16, double, 40.5, triple, 53.5; ZBP1/DAI, double, 94.8, triple,
248.7; AIM2, double, 112.1, triple, 144.1) and during 72-96 hours
A

B

C

FIGURE 2 | Agonistic activation of ZBP1/DAI and AIM2 receptor pathways mediates WHV suppression. PWHs generated from the liver of five woodchucks with
CHB were treated with poly(dA:dT) at T0 and again at 48 hours. The fold-changes in transcript level of (A) ZBP1/DAI, TBK1, and IFN-b and (B) AIM2, ASC, and IL-
18 over 96 hours are shown, when compared to their transcript level in untreated control PWHs from individual animals at each timepoint, which was set at 1.0 and
is indicated by the dotted line. (C) The changes in WHV replication (pgRNA and cccDNA) and secretion (rc-DNA) during treatment are presented for untreated
control (empty bars) and poly(dA:dT)-treated PWHs (colored bars) from individual animals at each timepoint. The average fold-change in gene transcript level or
average change in WHV load of control and poly(dA:dT)-treated PWHs are presented as solid lines. Horizontal bars represent the standard error of the mean.
P values representing statistical significance from untreated control PWHs are shown as * for <0.05, ** for <0.01, and *** for <0.001. FC, fold-change.
October 2021 | Volume 12 | Article 745802

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Suresh et al. Cytosolic PRR Agonism in Woodchucks
in M1864 (fold-change: IFI16, double, 10.2; triple, 12.8; ZBP1/
DAI, double, 13.1, triple, 33.3; AIM2, double, 15.6, triple, 24.8).
However, the triple combination failed to increase the expression
of IFN-b and IL-18 beyond those obtained with the double
combination, except for IFN-b in PWHs of M1864, with a
relatively low expression induced by the double combination
(fold-change: IFN-b, M1811, double, 31,911.8, triple,19,132.6;
M1864, double, 2,375.5, triple, 4,688.3; IL-18, M1811, double,
89,600.0, triple, 27,113.1; M1864, double, 23,149.1, triple,
11,141.0). Contrary, treatment of the same PWHs with HSV-
60 and GS-9620 CM resulted in a greater IFI16 receptor and
effector cytokine expression, and enhanced the antiviral effect
against WHV, when compared to HSV-60 monotreatment
(Supplementary Figure 4). Treatment of these PWHs with
poly(dA:dT) and GS-9620 CM resulted in a mixed expression
of ZBP1/DAI and AIM2 receptors, when compared to
monotreatment with poly(dA:dT), but was unable to enhance
further effector cytokine expression and antiviral effect against
WHV (Supplementary Figure 5). Thus, based on the cytokine
results from triple combination treatment, it further appeared
Frontiers in Immunology | www.frontiersin.org 7115
that the additional stimulus by exogenous type-I IFNs was
somehow refractory for unknown reasons, since IFN-b and IL-
18 expression was reduced during treatment with the triple
combination, when compared to the double combination. This
was consistent with the observation that the triple combination
was unable to enhance the antiviral effect on WHV replication
and secretion over that of the double combination in PWHs of
M1811 (reduction: pgRNA, double, 1.02 log10, triple, 0.89 log10;
cccDNA, double, 1.46 log10, triple, 1.33 log10; rc-DNA, double, 2.43
log10, triple, 2.49 log10) andM1864 (reduction: pgRNA,double, 1.26
log10, triple, 0.88 log10; cccDNA, double, 2.52 log10, triple, 2.27 log10;
rc-DNA, double, 1.80 log10, triple, 1.81 log10). The high expression
level of effector cytokines already achieved by the double
combination could explain the lack of an additional antiviral
effect against WHV by the triple combination. Since treatment
with exogenous type-I IFNs together with poly(dA:dT) or HSV-60
and poly(dA:dT) was unable to suppress WHV further, this may
indicate that the antiviral effect cannot be enhanced indefinitely
during short-term treatment once hepatocytes produce and/or
secrete effector cytokines at already high (i.e., saturating) levels.
A

B

C

FIGURE 3 | Parallel agonistic activation of IFI16, ZBP1/DAI, and AIM2 receptor pathways enhances WHV suppression. PWHs generated from the liver of three
woodchucks with CHB were treated with HSV-60 and poly(dA:dT), alone and in combination, at T0 and again at 48 hours. The fold-changes in transcript level of
(A) IFI16, ZBP1/DAI, and AIM2 and (B) IFN-b and IL-18 over 96 hours are shown, when compared to their transcript level in untreated control PWHs from individual
animals at each timepoint, which was set at 1.0 and is indicated by the dotted line. (C) The average changes in WHV replication (pgRNA and cccDNA) and secretion
(rc-DNA) during mono and combination treatment are presented for untreated control (empty bars) and agonist-treated PWHs (colored bars) at each timepoint.
Horizontal bars represent the standard error of the mean. P values representing statistical significance from untreated control PWHs are shown as * for <0.05, ** for
<0.01, and *** for <0.001. FC, fold-change.
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Poly(dA:dT) Treatment of WHV-Uninfected
Woodchucks Stimulates ZBP1 and AIM2
Receptors in the Liver but Also in the
Periphery
The results from the in vitro experiments in PWHs demonstrated
that stimulation of more than one PRR by poly(dA:dT) produced a
pronounced effect on WHV replication and secretion. For
determining the activity and safety of poly(dA:dT) in vivo, two
WHV-uninfectedadultwoodchuckswere administereda single low
(125mg/kg inM8001)orhigh (375mg/kg inF8003) dose ofpoly(dA:
dT) mixed with in vivo-jetPEI-Gal transfection reagent (Figure 5),
and the activation of ZBP1 and AIM2 receptor pathways in blood
and liver was determined. The transfection reagent contains a
galactose-conjugate for enhanced delivery of nucleic acids to cells
expressing galactose-specific membrane lectins, including
asialoglycoprotein receptor (ASGP-R) on hepatocytes (42).

Prior to administration to woodchucks M8001 and F8003, the
jetOPTIMUS transfection reagent with poly(dA:dT) was tested
Frontiers in Immunology | www.frontiersin.org 8116
in whole blood from these animals. Whole blood was transfected
for 6 hours and blood cells were harvested thereafter. Compared
to the transfection control, blood cells of both woodchucks
treated with poly(dA:dT) (Figure 6) showed increased
expression of receptors (fold-change: ZBP1/DAI, M8001, 21.3,
F8003, 19.8; AIM2, M8001, 4.4, F8003, 2.7) and effector
cytokines, except for IL-18 in M8001 (fold-change: IFN-b,
M8001, 56.9, F8003, 44.0; IL-1b, M8001, 2.1, F8003, 2.6; IL-18,
M8001, 1.2, F8003, 2.7). The expression of adaptor molecules
stayed close to the transfection control baseline, expect for ASC
in blood cells of M8001 (fold-change: 14.9).

After the in vivo administration of poly(dA:dT) in in vivo-
jetPEI-Gal transfection reagent to both woodchucks, the
intrahepatic activation of receptor pathways was determined in
a liver biopsy obtained 24 hours post-treatment (Figure 7A).
Compared to the liver biopsy obtained prior to treatment,
increases in receptor expression were observed in the liver of
both animals (fold-change: ZBP1/DAI, M8001 7.7, F8003, 3.0;
A

B

C

FIGURE 4 | Parallel agonistic activation of IFI16, ZBP1/DAI, and AIM2 receptor pathways together with exogenously added type-I IFNs fails to enhance WHV
suppression. PBMCs and PWHs were generated from two woodchucks with CHB, GS-9620 CM was obtained from GS-9620 treated PBMCs, and used to treat
PWHs from each animal at T0 and again at 48 hours together with HSV-60 and poly(dA:dT). The fold-changes in transcript level of (A) IFI16, ZBP1/DAI, and AIM2
and (B) IFN-b and IL18 over 96 hours are shown for treatment with the double (HSV-60 + poly(dA:dT)) or triple combination (HSV-60 + poly(dA:dT) + GS-9620 CM),
when compared to their transcript level in untreated control PWHs from individual animals at each timepoint, which that was set at 1.0 and is indicated by the dotted
line. (C) The changes in WHV replication (pgRNA and cccDNA) and secretion (rc-DNA) during double and triple combination treatment are presented for untreated
control (empty bars) and agonist/GS-9620-treated PWHs (colored bars) from individual animals at each timepoints. FC, fold-change.
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AIM2, M8001, 2.8, F8003, 2.4), indicating on-target receptor
stimulation. However, the expression of most effector cytokines
stayed relatively unchanged, expect for IFN-b in F8003 (fold-
change: 4.2). The peripheral activation of receptor pathways was
further tested in blood obtained 24-hours post-treatment
(Figure 7B). Compared to blood obtained prior to treatment,
increased receptor expression was noted in blood of both animals
for ZBP1/DAI (fold-change: M8001, 7.9; F8003, 4.0), but for
AIM2 only in M8001 (fold-change: 2.4). The expression of IFN-b
and IL-1b was also increased in M8001 (fold-change: IFN-b, 3.4;
IL-1b, 2.9), but remained close to the pre-treatment baseline in
F8003. No comparable expression changes were observed for IL-
18 in both animals.

Since it has been demonstrated that activation of inflammatory
pathways can indirectly lead to IFN-g production by T-cells via IL-
18 (44, 45), PBMCs obtained from animals M8001 and F8003 24-
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hours post-treatment were subjected to an ELISpot assay and the
number of IFN-g secreting cells determined (Figure 8A).
Compared to PBMCs obtained prior to treatment, an increase in
IFN-g secreting cells was observed that appeared dose-dependent
(fold-change: M8001, 6.3; F8003, 28.3).

The administration of poly(dA:dT) in in vivo-jetPEI-Gal
transfection reagent was well-tolerated by both woodchucks,
since changes in body weight, body temperature, and hematology
were not noted during the 24-hour time course (data no shown).
Liver enzymes, including alanine aminotransferase (ALT),
aspartate aminotransferase (AST), gamma-glutamyl transferase
(GGT), and sorbitol dehydrogenase (SDH), were measured as
markers of liver injury prior to treatment and 24 hours post-
treatment. In agreement with the normal range of liver enzyme
levels in WHV-uninfected woodchucks (46, 47), ALT levels stayed
unchanged, AST levels declined somewhat, and only minor but
insignificant increases in SDH and GGT levels were observed in
both animals or only in one animal, respectively, (Figure 8B).
Furthermore, when compared to pre-treatment, changes in liver
histology associated with agonistic treatment were absent in both
animals at 24 hours post-treatment (Supplementary Figure 6).
DISCUSSION

The host RNA and DNA sensing PRRs recognize viral nucleic
acids and these PAMPs then trigger the receptor downstream
signaling pathways to produce different effector cytokines. These
effector cytokines secreted after receptor pathway activation act at
the intersection of the innate and adaptive arms of the immunity,
and thus influence the direction and magnitude of the adaptive
immune response against viral infections (16). Induction of virus-
specific adaptive immunity, including T- and B-cell responses, is
considered the hallmark for the resolution of either HBV orWHV
infection (48, 49). The role of innate immune cells, including
natural killer (NK) cells, dendritic cells (DCs), and macrophages,
and the involvement of PRRs in the resolution of HBV infection is
only just emerging (50, 51). Recent studies demonstrated the in
FIGURE 5 | Study design of in vivo poly(dA:dT) administration to woodchucks. Poly(dA:dT) mixed in in vivo-jetPEI-Gal transfection reagent was administered
intravenously as a single dose to two WHV-uninfected adult woodchucks. Animal M8001 received a low dose (125 µg/kg), while animal F8003 received a high dose
(375 µg/kg) at T0. Cross marks indicate the time of clinical chemistry measurements and sample collection.
FIGURE 6 | Agonistic activation of ZBP1/DAI and AIM2 receptor pathways in
woodchuck blood. Whole blood from animals M8001 and F8003 was treated
with poly(dA:dT) in jetOPTIMUS transfection reagent. The fold-changes in
transcript level of receptors (ZBP1/DAI and AIM2), adaptor molecules (TBK1
and ASC), and effector cytokines (IFN-b, IL-18, and IL-1b) after 6 hours are
shown, when compared to their transcript level in transfection reagent treated
control whole blood from individual animals, which was set at 1.0 and is
indicated by the dotted line. FC, fold-change.
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A

B

FIGURE 7 | Single dose administration of poly(dA:dT) to woodchucks results in agonistic activation of ZBP1/DAI and AIM2 receptor pathways in the liver and
periphery. Liver biopsies and blood from animals M8001 and F8003 were collected 24 hours after intravenous injection of a single low (M8001) or high (F8003) dose
of poly(dA:dT) in in vivo-jetPEI-Gal transfection reagent. The fold-changes in transcript level of receptors (ZBP1/DAI and AIM2) and effector cytokines (IFN-b, IL-18,
and IL-1b) in (A) liver and (B) blood are shown, when compared to their transcript level at pre-treatment in liver biopsies and blood from the same animals, which
was set at 1.0. FC, fold-change.
A

B

FIGURE 8 | Single dose administration of poly(dA:dT) to woodchucks results in an increased number of IFN-g secreting blood cells and nearly unchanged liver
enzymes. (A) PBMCs from animals M8001 and F8003 were isolated 24 hours after intravenous injection of a single low (M8001) or high (F8003) dose of poly(dA:dT)
in in vivo-jetPEI-Gal transfection reagent and subjected to an ELISpot assay. The fold-changes in spot-forming units (SFU) are shown, when compared to the spot
number at pre-treatment in PBMCs from both animals, which was set at 1.0. (B) The levels of ALT, AST, SDH, and GGT in serum of both animals measured prior to
treatment and at 24 hours post-treatment are shown. The normal range of liver enzyme levels in WHV-uninfected woodchucks is 1-6 IU/mL for ALT, 9-55 IU/mL for
AST, and 0.8-2.6 IU/mL for GGT (46). For SDH, the normal range in WHV-uninfected woodchucks is 7-31 IU/mL (47). FC, fold-change; IU, international units.
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vitro recognition of HBV nucleic acids by PRRs, such as cytosolic
RIG-I sensing the 5’ e structure of HBV pgRNA (52) and nucleus
resident IFI16 sensing HBV cccDNA (36), thereby promoting
the suppression of these key viral molecules. In addition, several
viral RNA sensing receptors have been targeted for antiviral
effect against CHB in vivo (7, 10), but the contribution of other
receptors, especially of CDSs and inflammasomes, to HBV
resolution and their potential as anti-HBV drug targets are less
known. In a recent study, we investigated the previously
unknown kinetics of 16 receptors from different families of
PRRs in liver and blood of woodchucks during WHV
resolution (38). The peak transcripts of these receptors and the
maximum protein presence of selected receptors in the liver
correlated with the decline in viremia and antigenemia, initially
mediated by IFN-g secreting NK-cells, followed by the responses
of virus-specific T- and B-cells (40). Furthermore, a comparison
of PRR expression and presence during viral clearance and
progression to CHB indicated the involvement of CDSs and
inflammasomes in the control of WHV infection during
resolution and the lack thereof during persistence (38). These
results supported the continued testing of pathway activation
and antiviral effects associated with agonistic stimulation of viral
DNA sensing receptors in the current study.

Stimulation of the DNA receptors IFI16, ZBP1/DAI, and
AIM2 with HSV-60 and poly(dA:dT) agonists resulted in
marked IFN-b and IL-18 expression in PWHs from
woodchucks with CHB and produced pronounced effects on
WHV replication and secretion, indicating that CDS and
inflammasome pathways are not actively suppressed or blocked
by WHV. Lack of viral interference is further supported by the
antiviral effects that are mediated by RNA receptor agonism in
vitro (TLR3) and in vivo (TLR3/7/8/9 or RIG-I), with the latter
resulting in reduced or undetectable HBV andWHV viremia and
antigenemia levels, and antibody seroconversion in at least
subsets of mice and woodchucks (22, 24, 26, 27, 29, 32, 53).
Future studies should focus on understanding how HBV/WHV
in the setting of CHB avoids efficient detection by PRRs and
induction of an innate immune response, both of which is
different to the strong receptor pathway activation and
antiviral immune response induction during viral resolution.
However, the above studies in woodchucks using mRNA
expression assays could not differentiate between the PRR
location in WHV-uninfected or infected hepatocytes or in
non-parenchymal and/or immune cells within the liver, except
for a few receptors for which cross-reactive antibodies became
available (38). Analyzing immune events in liver at the transcript
level mirrors the average from all cells within the biopsy sample,
while WHV-infected PWHs could contain minor numbers of
non-parenchymal and immune cells. Presence of immune cells
in our PWH cultures, such as DCs, could be excluded, as direct
treatment with the TLR7 agonist GS-9620 did neither mediate
receptor and type-I IFN upregulation nor resulted in an antiviral
effect, as also shown for HBV-infected PHHs (43). Cells other
than hepatocytes, such as Kupffer cells, present within our PWH
cultures may have contributed to the increased IFN-b and IL-18
expression after agonistic activation of IFI16, ZBP1/DAI, and
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AIM2, because DNA receptor pathways in PHHs are sometimes
less activatable by agonists, when compared to human blood-
derived macrophages and woodchuck fibroblastoma cells (37,
54). Contrary, another study reported that cGAS levels present in
PHHs are sufficient for activation by HBV-derived naked DNA
(55). The above studies are in agreement with our previous
observation on maximum macrophage accumulation within the
liver during WHV resolution in woodchucks (40), which
corre lated with the peak express ion of CDSs and
inflammasomes (38). These studies are also in agreement with
the response of woodchuck hepatoma cells to agonistic receptor
stimulation in the current study. While ZBP1/DAI and AIM2
receptor, adaptor molecule, and cytokine expression was
comparable to those in PWHs using poly(dA:dT), IFI16
receptor pathway upregulation with HSV-60 revealed a
somewhat lower IFN-b expression in hepatoma cells,
suggesting a possible difference between healthy and malignant
WHV-infected hepatocytes in regard to the downstream
signaling of this receptor.

Mirroring the situation of multiple PRR upregulation in
woodchuck liver during WHV resolution for viral control (38),
agonistic activation of more than one DNA receptor (i.e., IFI16
versus ZBP1/DAI and AIM2), and especially parallel activation
of all three receptors, in WHV-infected PWHs increased the
overall effector cytokine expression and mediated an antiviral
benefit. Furthermore, poly(dA:dT) recognition by RIG-I via
RNA-polymerase III-transcribed intermediate RNA has been
reported (56) and may have contribute to this antiviral benefit.
This observation justifies identifying the antiviral potential of
HBV/WHV-specific DNA (and RNA) receptors within infected
hepatocytes, as the intrinsic immune response induced upon
agonistic stimulation will act directly at the site of viral replication.
The capability of IFN-a to directly target HBV cccDNA and of
type-I IFNs to inhibit HBV pgRNA transcription from cccDNA
and to block HBV pgRNA packaging into nucleocapsids have been
described previously (57–59). Thus, the induction of type-I IFNs
within HBV/WHV-infected hepatocytes by PRR agonism can lead
to a marked suppression of viral replication. Furthermore, effector
cytokines produced within hepatocytes and then secreted will
activate the antiviral functions of innate immune cells that are
resident or accumulate in the liver for shaping the adaptive
immune response. However, the in vitro short-term antiviral
effect in WHV-infected PWHs was not enhanceable indefinitely
once saturating IFN-b and IL-18 levels were produced by CDSs
and inflammasomes and/or secreted, although receptor levels
continued to increase. The latter is likely due to a positive
feedback loop, since the induction of type-I IFNs can enhance
the expression of selected PRRs and ISGs in cell culture and
animal models (60). Increased PRR upregulation in the liver was
also observed following systemic administration of IFN-a to
woodchucks (61). The contribution of the cytokines IFN-a and
IL-1b that are also produced by IFI16 and ZBP1/DAI or AIM2
receptors, respectively, to the overall antiviral effect in WHV-
infected PWH cultures is unknown, and thus requires additional
testing before exploring agonistic stimulation of these receptors for
the treatment of CHB.
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As a first step in this direction, administration of a single dose
of poly(dA:dT) to WHV-uninfected woodchucks was safe, based
on unchanged body weight, body temperature, hematology, and
clinical chemistry 24 hours later. Furthermore, changes in liver
histology were absent and no marked elevation in liver enzymes
was observed, except for some minor increases in GGT and SDH
in one or both animals, respectively. Following treatment, the
intrahepatic expression of ZBP1/DAI and AIM2 receptors and
their effector cytokines increased in the liver and periphery of
both woodchucks, but the changes did not appear dose-
dependent. Consistent with the role of IL-18 as a co-activator
of IFN-g production (44), a dose-dependent increase in T-cells
secreting IFN-g was observed.

The in vivo-jetPEI-Gal transfection reagent has been
previously applied in mouse models for the liver-targeted
delivery of nucleic acids (42), but cross-reactivity to the
woodchuck ASGP-R has not been tested. The intrahepatic
upregulation of ZBP1/DAI and AIM2 receptors after treatment
with poly(dA:dT) suggests that this transfection reagent can be
used for targeting woodchuck liver with DNA-based agonists.
Since an increased expression of these receptors was also
observed in the periphery after treatment, the efficiency of the
transfection reagent in liver-specific agonist delivery may be
lower than anticipated. Although ASGP-R expression is
commonly described to be exclusively on liver cells, low-level
expression of this receptor on the surface of activated human
PBMCs and T-cells has been described (62, 63), indicating a
possible ASPG-R presence on non-hepatic cells. Thus, future
woodchuck studies will need to focus on improving the liver-
specific transfection efficiency by testing additional transfection
reagents, in addition to finding an optimal dose of the poly(dA:
dT) agonist. Overall, the present study demonstrated an antiviral
benefit that is associated with the agonistic activation of more
than one PRR pathway. More specifically, the activation of one
cytosolic DNA (i.e., ZBP1/DAI) and one inflammasome (i.e.,
AIM2) receptor pathway has the advantage of inducing effector
cytokines with rather distinct functions that could promote an
overall more suitable immune response against chronic HBV
infection. The safe in vivo administration of poly(dA:dT) that
resulted in the intrahepatic upregulation of both receptors
further encourages evaluating this agonist for therapeutic
efficacy against CHB.
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T-cell therapy with T cells that are re-directed to hepatitis B virus (HBV)-infected cells by
virus-specific receptors is a promising therapeutic approach for treatment of chronic
hepatitis B and HBV-associated cancer. Due to the high number of target cells, however,
side effects such as cytokine release syndrome or hepatotoxicity may limit safety. A
safeguard mechanism, which allows depletion of transferred T cells on demand, would
thus be an interesting means to increase confidence in this approach. In this study, T cells
were generated by retroviral transduction to express either an HBV-specific chimeric
antigen receptor (S-CAR) or T-cell receptor (TCR), and in addition either inducible caspase
9 (iC9) or herpes simplex virus thymidine kinase (HSV-TK) as a safety switch. Real-time
cytotoxicity assays using HBV-replicating hepatoma cells as targets revealed that
activation of both safety switches stopped cytotoxicity of S-CAR- or TCR-transduced T
cells within less than one hour. In vivo, induction of iC9 led to a strong and rapid reduction
of transferred S-CAR T cells adoptively transferred into AAV-HBV-infected immune
incompetent mice. One to six hours after injection of the iC9 dimerizer, over 90%
reduction of S-CAR T cells in the blood and the spleen and of over 99% in the liver
was observed, thereby limiting hepatotoxicity and stopping cytokine secretion.
Simultaneously, however, the antiviral effect of S-CAR T cells was diminished because
remaining S-CAR T cells were mostly non-functional and could not be restimulated
with HBsAg. A second induction of iC9 was only able to deplete T cells in the liver.
In conclusion, T cells co-expressing iC9 and HBV-specific receptors efficiently
recognize and kill HBV-replicating cells. Induction of T-cell death via iC9 proved to be
an efficient means to deplete transferred T cells in vitro and in vivo containing
unwanted hepatotoxicity.

Keywords: T-cell therapy, chronic hepatitis B, safeguard molecules, inducible caspase 9, suicide switch, chimeric
antigen receptor (CAR)
org October 2021 | Volume 12 | Article 7342461123

https://www.frontiersin.org/articles/10.3389/fimmu.2021.734246/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.734246/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.734246/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.734246/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:Karin.wisskirchen@helmholtz-muenchen.de
mailto:Karin.wisskirchen@helmholtz-muenchen.de
https://doi.org/10.3389/fimmu.2021.734246
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2021.734246
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2021.734246&domain=pdf&date_stamp=2021-10-06


Klopp et al. HBV T-Cell Therapy Safety Switch
INTRODUCTION

Worldwide, about 257 million humans are chronically infected
with the hepatitis B virus (HBV) (1). Around one third of those
will develop secondary diseases such as liver cirrhosis or
hepatocellular carcinoma. The currently available treatments
for chronic hepatitis B suppress viral replication but in most of
the cases do not lead to eradication of the virus (2). In acute
hepatitis B a strong immune response develops, in which CD8+ T
cells are key to clearing the virus. By contrast, the T-cell response
against the virus in patients with chronic hepatitis B is inefficient
because it is weak and oligoclonal (3). Hence, adoptive T-cell
therapy with HBV-specific T cells represents a promising
therapeutic strategy in order to eliminate HBV and induce
functional cure (4).

T cells can be genetically engineered to express either an
HBV-specific chimeric antigen receptor (S-CAR) (5, 6) or a
natural T-cell receptor (TCR) (7, 8). The S-CAR contains an
antibody fragment that is directed against HBV surface proteins
present on cells, in which the virus replicates (9). Upon binding
to HBsAg on cells, the S-CAR T cell becomes activated through
its CD28 and CD3 signaling domains. The natural TCRs
recognize either HBV core- or S-peptides presented on HLA-
A2 and their engagement leads to physiological activation of the
T cell (7, 8). Previous in vitro experiments in our laboratory have
demonstrated that both, S-CAR T cells and TCR T cells are very
efficient effector cells, capable of eliminating up to 100% of HBV-
replicating target cells and secreting high amounts of antiviral
cytokines such as IFN-g (5–7). In vivo, specific killing of HBV-
replicating hepatocytes leads to a transient and moderate
increase of alanine amino transferase (ALT) levels after
transfer of S-CAR T cells into HBV-transgenic (6) or TCR T
cells into HBV-infected uPA-SCID mice (8).

Since adoptive transfer of functionally active HBV-specific T
cells intends to eliminate infected hepatocytes, the benefits of
resolving persistent HBV infection may come along with risks of
inducing a hepatitis flare. Furthermore, although S-CAR T cells
only seem to be sensitive to cell- or plate-bound HBsAg in vitro
and did not cause any severe liver damage in vivo (5, 6), soluble
HBsAg in the serum of infected patients still poses a theoretical
risk of off-site activation of the cells and an unwanted cytokine
release. Hence, the evaluation of strategies to increase the safety
of adoptively transferred HBV-specific T cells is an important
step to prevent and overcome these potential threats.

Several clinical cancer trials using T-cell therapy have reported a
morbidity and occasionally mortality resulting from T-cell toxicity
(10). These include on-target, off-tumor effects because some target
antigens are also expressed on healthy tissues (11, 12), or off-target
effectsdue tounintentionally ordeliberately (e.g. to increaseaffinity)
insertedmutations in the sequence of a particularTCRorCAR (13–
15). Themost frequent side effect observed afterCART-cell therapy
is a cytokine release syndrome (CRS), which is believed to be an
indirect consequence of an excessive expansion and activation of
CAR T cells. It may even have a fatal outcome for the respective
patient (16, 17), although clinicians in the meantime have gained
ample experience how to handle CRS and prevent severe
consequences (16).
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To increase safety of adoptive cell transfer, various safeguard
systems have been developed to allow depletion of transferred T
cells on demand. Safeguard mechanisms can be expressed either
intra- or extracellularly and, when activated, induce “suicide” of
the transferred T cell. The most commonly tested mechanisms in
the clinics are an inducible caspase 9 (iC9) (18) and a thymidine
kinase of herpes simplex virus (HSV-TK) (19). iC9 consists of a
part of the human caspase 9 and a domain that can bind the
small molecules AP1903 and AP20187 with high affinity. These
molecules act as chemical inducers of dimerization (CID) of the
iC9 which then rapidly activates downstream executing caspases
resulting in apoptosis of the cell carrying iC9. HSV-TK
phosphorylates the prodrug ganciclovir (GCV) that is then
incorporated into host DNA and terminates the elongation of
DNA strands leading to cell death (20). Its effect, however, is not
strictly limited to the HSV-TK positive cells and can also affect
neighbouring cells (21).

In this study, we expressed either iC9 or HSV-TK in HBV-
specific-TCR and S-CAR T cells. We investigated the effect of
induction of these safeguard mechanisms on cytotoxicity and
cytokine release of redirected T cells and the consequences of T-
cell depletion for the antiviral effect in vitro in cell culture.
Furthermore, depletion of S-CAR T-cells via iC9 was studied
in vivo in a preclinical model of chronic HBV infection.
MATERIALS AND METHODS

Cloning
All constructs (HBV-specific receptors and safeguard molecules)
used were codon-optimized. iC9 or HSV-TK were linked to the
respective receptors via a T2A element. The HBV-specific
receptors were amplified from constructs previously described
for the S-CAR (5) or the HBV-specific TCRs (7). Plasmids
coding for the safeguard mechanisms [iC9 and HSV-TK (22)]
were obtained from Martin Pulé. PCRs of safeguard and receptor
genes were performed with the Phusion Hot Start Flex 2x Master
Mix (New England Biolabs) according to the manufacturer’s
instructions. The primers linking both fragments were designed
with an overlap of ~ 18 bp. The fusion of two equimolar PCR
fragments (total of 300 ng) was performed with 15 initial cycles
without the primers followed by additional 15 cycles after
addition of the primers. Plasmids were purified with the
GeneJET Plasmid Miniprep Kit (Thermo Fisher Scientific) or the
Plasmid PlusMidi Kit (Qiagen) depending on the desired quantity
of purified plasmid, following the manufacturer’s instructions.

Retroviral Transduction of Human PBMCs
24-well non-tissue culture plates (Falcon) were coated with
human anti-CD3 (eBioscience) (5 mg/mL) and anti-CD28
(eBioscience) (0.05 mg/mL) antibodies (2 hours, 37°C) and
blocked for 30 minutes at 37°C with 2% bovine serum albumin
(BSA) in PBS. Freshly isolated or thawed human PBMCs were
counted and adjusted to 0.6-0.8x106 cells/mL human T cell
medium (hTCM) [RPMI, 10% fetal calf serum (FCS), 1%
glutamine, 1% penicillin and streptomycin, 1% sodium
pyruvate, 1% non-essential amino acids (NEAA) and 0.01 M
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HEPES (all from Thermo Fisher Scientific)] supplemented with
300 U/mL IL-2 (Novartis) and 1.5 mL of the cell suspension was
seeded per well (day one). Cells were incubated for 48 hours at
37°C. After incubation, two transduction rounds on two
consecutive days (day three and four) were performed. Before
transduction, non-tissue 6- or 24-well-plates were coated with
RetroNectin (20 mg/mL in PBS, 2 hours at RT; Takara) and
blocked for 30 minutes at 37°C with 2% BSA in PBS. Retroviral
supernatants were obtained from RD114 packaging cells
(293GP-R30 (23), Biovec pharma) that had been transfected
(Lipofectamine 2000 from Invitrogen) with MP71 retroviral
plasmids [as previously described (7)] containing the respective
sequences, filtered (0.45 mm sterile filter from Sarstedt) and
added to the wells. Plates were centrifuged (2000 g, 2 hours,
32°C). During centrifugation, the PBMCs were counted, washed
and adjusted to 1x106 cells per mL fresh hTCM supplemented
with 300 U/mL IL-2. After centrifugation, the cell suspension
was added to the plates containing the supernatants. The plates
were centrifuged once again (1000 g, 10 minutes, 32°C) and
incubated at 37°C overnight. On day five and six, the T cells were
collected, washed and counted. They were then adjusted to
0.5x106 cells/mL supplement with 180 U/mL IL-2 for
expansion. On day ten, the transduction rate of the T cells was
determined by flow cytometry (see below) and they were either
frozen or subsequently used for functional assessment.

Co-Culture Experiments
For functionality assessment, transduced T cells were co-cultured
with target cells. For all co-culture experiments, unless otherwise
stated, 5x104 HepG2.2.15 cells [stable HBV-producing human
hepatoma cell line derived from HepG2 (24, 25)] were seeded in
200 mL DMEM full medium (10% FCS, 1% penicillin and
streptomycin, 1% glutamine, 1% NEEA and 1% sodium
pyruvate) per well on a collagen-coated (Collagen R (Serva)
1:10 in H2O for 30 minutes at 37°C) 96-well electronic microtiter
plates (ACEA Biosciences) seven to ten days prior start of the co-
culture. The following day, medium was changed to Diff medium
[DMEM full medium + 2.5% DMSO (Sigma)], allowing the
differentiation of target cells. Transduced T cells were either
taken from an expansion culture or thawed one day prior to
starting the co-culture and kept in culture with 30 U/mL IL-2.
On the day of the co-culture, transduced T cells were washed and
resuspended in the appropriate amount of fresh hTCM without
IL-2. Medium was changed on the plates with target cells to
DMEM full medium with 2% DMSO, 100 mL/well. Transduced T
cells were added to the wells in an indicated E:T ratio in 100 mL/
well (final concentration of 1% DMSO in co-culture). The
number of effector T cells/well was adjusted according to the
transduction efficiency of each receptor to identical numbers of
receptor-expressing cells. Real-time viability of target cells was
determined using an xCELLigence SP Real-Time Cell Analyzer
(ACEA Biosciences) allowing the quantitative and continuous
monitoring of adherent target cells, through the measurement of
electrical impedance every 15 minutes. The electrical impedance
displayed as cell index (CI) and determining the target cell
viability was normalized to the start of the co-culture.
Experiments were performed in triplicates. For addition of
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CID [B/B Homodimerizer (AP20187) from Takara; 0.5 mM in
100% ethanol] or ganciclovir (Invivogen; 10 mg/mL in distilled
water adjusted with NaOH 1M and HCl 1M to pH 11), 100 mL
medium was removed per well. The respective substance was
diluted in DMEM full medium to achieve the desired
concentration and 100 mL were added per well.

The concentration of human IFN-g in the supernatant to
assess the activation of T cells was determined using MaxiSorb
ELISA 96-well plates (Thermo Fisher Scientific) and
commercially available ELISA kits (Invitrogen) according to
manufacturer’s instructions. The conversion of TMB substrate
was determined by measurement of OD450 subtracted by OD560

on an ELISA-Reader infinite F200 (Tecan).

Flow Cytometry
For the staining of surface proteins, cells were resuspended in
FACS buffer (0.1% BSA in PBS) with the respective antibodies
and incubated for 30 minutes on ice and in the dark. The
following antibodies were used: mCD4 (eBioscience), mCD8
(BD Biosciences), mCD45.1 (eBioscience), mCD45.2, mIFN-g,
mTNF-a (all from BD Biosciences); hCD4 (Thermo Fisher
Scientific), hCD8 (Dako). Viability of cells was determined
using a live/dead cell marker (LIVE/DEAD Fixable Green
Dead Cell Stain Kit, Thermo Fisher Scientific). For intracellular
cytokine staining, cells were permeabilized by resuspending them
in Cytofix/Cytoperm (BD Biosciences) prior to the antibody
staining, following the manufacturer’s instructions. In order to
determine the absolute cell count by flow cytometry,
CountBright™ Absolute Counting Beads (Thermo Fisher
Scientific) were added to the cell suspension shortly before
measurement. If CAR expression was analyzed together with
other surface proteins such as CD8, stainings were performed
sequentially. The CAR was first stained with an anti-human IgG
antibody (Abcam) followed by the staining of the other surface
proteins with the respective antibody. The samples were then
analyzed on a CytoFLEX S flow cytometer (Beckman Coulter).
The obtained data was evaluated with FlowJo 10.4.

Retroviral Transduction of Murine
Splenocytes
24-well non-tissue culture plates were coated with murine anti-
CD3 and anti-CD28 antibodies (kindly provided by R. Feederle,
Helmholtz Zentrum München) at a concentration of 10 mg/mL
each in PBS for 2 hours at 37°C and blocked for 30 minutes at
37°C with 2% BSA in PBS. Freshly isolated murine splenocytes
from donor mice were enriched for CD8+ by magnetic activated
cell sorting (MACS) using CD8a (Ly2) Microbeads (Miltenyi).
CD8+ T cells were separated according to manufacturer’s
instructions. They were counted, washed and adjusted to 0.8x106

cells per 1.5 mL mouse T cell medium (mTCM) (RPMI Dutch
modified, 10% FCS, 1% glutamine, 1% penicillin and streptomycin,
1% sodium pyruvate, and 50 mM b-mercaptoethanol all from
Thermo Fisher Scientific) and supplemented with 5 ng/mL IL-12
(kindly provided by E. Schmitt, University of Mainz). 1.5 mL of the
cells were then seeded on the antibody-coated 24-well plates and
incubated at 37°C overnight. On the following day, retroviral
supernatant from Platinum-E packaging cells (based on the 293T
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cell line) transfected with MP71 retroviral plasmids containing the
respective coding sequence was collected and filtered (0.45 mm
sterile filter). Protamine sulfate (2 mg/mL; Leo Pharma) was added
to the activated CD8+ T cells and the retroviral supernatants.
The retroviral supernatant was then added to the wells and the
plates were centrifuged (2500 rpm, 90 minutes, 32°C). Cells were
incubated overnight at 37°C. On the next day, a second
transduction round similar to the first round was performed.
Here, 2 mL of supernatant per well was collected from the plates
and stored at 37°C. It was re-added after the centrifugation step and
supplied with 2 mg/mL protamine sulfate. On day four, the
transduction rate was determined by flow cytometry. The cells
were counted, washed and resuspended in the appropriate volume
of PBS to allow injection of 2x106 transduced T cells in 200 mL PBS
per mouse.

Animal Experiments
Mouse experiments were conducted in accordance with the German
Law for the Protection of Animals and were approved by the local
authorities (Regierung von Oberbayern). Rag2-/-IL-2Rgc-/- recipient
mice and CD45.1+ C57BL/6J donor mice were bred and kept in-
house in specific pathogen-free animal facilities. AAV serotype 2
containing the genome of HBV genotype D was packed with an
AAV serotype 8 capsid, as previously reported (26). In both mouse
experiments shown in this paper (Figures 3–6) male and female
mice were used. Based on the previous observation that HBV
replicates better in AAV-HBV-infected male mice, the AAV-titer
was adjusted accordingly: male mice were infected with 1x1010 and
female mice with 3x1010 viral genomes, each in 100 mL PBS injected
in the tail vein. For T-cell transfer, 2x106 freshly transduced murine
T cells were injected in 200 mL PBS intraperitoneally per mouse
(Rag2-/-IL-2Rgc-/-, 14-20 weeks old). Both, the virus stock solution
as well as the T cells were kept on ice until shortly before injection.
CID (AP20187 from Takara) was prepared according to the
manufacturer’s recommendation using the prepared stock
solution (lyophilized dimerizer in 100% ethanol), PEG-400 (100%;
Sigma-Aldrich) and Tween (2%; Roth). CID was administered via
intraperitoneal injection within 30 min after preparation in a dosage
of 10 mg/kg and was kept on ice until shortly before injection. Four
similar iC9 depletion experiments were performed and two
representative experiments are shown (Figures 3–5).

Serological Analyses
Peripheral blood was collected into Microvette 500 LH-Gel tubes
(Sarstedt) and centrifuged to separate serum (10 minutes, 5000 g,
RT). For measurement of ALT levels, serum was diluted 1:4 with
PBS and the Reflotron ALT test was used (Roche Diagnostics).
Serum HBs- and HBe-antigen levels were determined on an
Architect™ platform using the quantitative HBsAg test (6C36-
44; cut-off, 0.25 IU/mL) and the HBeAg Reagent Kit with HBeAg
Quantitative Calibrators (7P24-01; cut-off, 0.20 PEI U/mL) (Abbott
Laboratories). Serum levels of IFN-g, TNF-a, IL-6 and MCP-1
were detected via the cytometric bead array mouse inflammation
kit (BD) according to the manufacturer’s instructions and
measured on a CytoFLEX S flow cytometer (Beckman Coulter).
Data analysis was done with the Prism 8 software.
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Isolation of Human and Murine PBMCs,
Murine Splenocytes and Murine
Liver-Associated Lymphocytes
For the isolation of human PBMCs, blood was collected from
healthy donors using a syringe containing heparin. The
PBMCs were purified by diluting the blood 1:2 with wash
medium (RPMI + 1% Pen/Strep) and layering it on top of
Biocoll separating solution (Biochrom) for centrifugation
(1200 g, 20 minutes at RT without breaks). For the isolation
of murine splenocytes, spleens from donor mice were mashed
through a 100 mm cell strainer (Falcon), washed and
resuspended in 2 mL of ACK lysis buffer (8 g NH4Cl, 1 g
KHCO3, 37 mg Na2EDTA, add to 1 l H2O, pH 7.2-7.4) and
incubated for 2 minutes at RT to lyse the erythrocytes. The
reaction was stopped by addition of 48 mL of mTCM, the
splenocytes were pelleted (350 g, 5 minutes, 4°C) and
resuspended in the appropriate medium and volume. For
isolation of mouse PBMCs, 15 mL of heparinized whole
blood from Microvette 500 LH-Gel tubes was incubated with
250 mL ACK lysis buffer for 2 minutes at RT. Cells were then
pelleted and resuspended with 200 mL of FACS buffer. For
isolation of liver-associated lymphocytes (LAL), livers were
collected from mice after perfusion with PBS to remove non-
liver associated lymphocytes. The livers were mashed through
a 100 mm cell strainer and washed. The cell strainer was
repeatedly washed with wash medium followed by additional
mashing steps. The flow through including the cells was then
pelleted (350 g, 5 minutes, 4°C), resuspended in 12.5 mL
co l l agenase medium [4500 U co l l agenase type 4
(Worthington) in Williams Medium E (Thermo Fisher
Scientific) supplemented with 8.75 mL CaCl2 (2,5M)] and
incubated at 37°C for 20 min with repeated stirring. After
centrifugation, liver leukocytes were purified using an 80%/
40% Percoll (GE Healthcare) gradient (1400 g, 20 minutes, RT,
without brake).

Ex Vivo Antigen Stimulation
Flat-bottom 96-well non-tissue-plates were coated with HBsAg
(2.5 mg/mL in PBS; Roche Diagnostics) or anti-CD3 and anti-
CD28 antibodies (10 mg/mL in PBS) for two hours at 37°C and
blocked for 30 minutes at 37°C with 2% BSA in PBS. After
incubation, transduced T cells, freshly isolated splenocytes or
LALs were added in appropriate number (2x105 cells/well) to the
plate. Cells were incubated for the indicated time at 37°C. For the
analysis of intracellular cytokine expression by ICS, Brefeldin A
(1 mg/mL; Sigma-Aldrich) was added to cells two hours after start
of stimulation and cells were incubated for additional 14 hours at
37°C.

Immunohistochemistry
Liver pieces were fixed in 4% paraformaldehyde (PFA; Santa
Cruz Biotechnology) for 24 hours and then transferred into PBS
until paraffin embedding for histological analyses. After antigen
retrieval at 100°C for 30 minutes with EDTA, liver sections (2
mm) were stained with rabbit anti-HBcAg (Diagnostic
Biosystems, 1:50 dilution) as primary antibody and appropriate
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horseradish peroxidase-coupled secondary antibodies.
Immunohistochemistry was performed using a Leica Bond
MAX system (Leica Biosystems). For analysis, tissue slides
were scanned using an Aperio AT2 slide scanner (Leica
Biosystems). HBcAg-positive hepatocytes were manually
counted after defining cut-offs for the localization, intensity
and distribution of the signal in 10 random view fields (20x
magnification) per tissue and the mean numbers of HBcAg-
positive hepatocytes were quantified per mm2.

Statistical Analysis
Statistical analyses were done with the Prism 8 software.
Statistical differences were calculated using the Mann-Whitney
test. P-values < 0.05 were considered significant.
RESULTS

Induction of iC9 in HBV-Specific T Cells
Rapidly Stops Their Effector Function
In Vitro
First, the inducible caspase safeguard system iC9 was cloned into
a retroviral vector encoding for HBV-specific receptors. iC9 was
linked either to the S-CAR (env-specific), the TCR 4GS20 (S-
specific) or the TCR 6KC18 (core-specific) via a 2A element
(Figure 1A). All HBV-specific receptors were successfully
expressed in 52-75% of T cells after retroviral transduction as
quantified by flow cytometry analysis (Figure 1B). Co-
expression of the safeguard molecule reduced the transduction
efficiency of HBV-specific receptors by around 10-40%
depending on the receptor and experiment (Supplementary
Figure 1A). The expression level as determined by the MFI
was reduced only in iC9-S-CAR T cells compared to S-CAR T
cells not co-expressing iC9. Consequently, S-CAR T-cell killing
was slightly delayed, while effector functions of TCR-expressing
T cells remained unaltered (Supplementary Figures 1B–G).
Next, we investigated the effect of inducing the iC9 safeguard
mechanism in T cells. To this end, the transduced T cells were
co-cultured with HBV+ HepG2.2.15 cells and the viability of the
HBV-replicating target cell line was measured using a real-time
cytotoxicity assay. When around 40% of HBV+ target cells were
killed, CID was added in different concentrations to induce the
iC9 safeguard system. Killing by iC9-S-CAR T cells was reduced
within one hour (Supplementary Figure 2A), even when the
lowest concentration of CID (1 ng/mL) was used (Figure 1C). In
addition, the HBV-specific production of IFN-g measured 96
hours later, was reduced by 10-fold (Figure 1D). Likewise,
cytotoxicity and cytokine production of T cells expressing
HBV-specific TCRs were rapidly stopped (Figures 1E–H and
Supplementary Figures 2B, C). Interestingly, compared to TCR-
grafted T cells (Figures 1E, G) killing by S-CAR T cells was
slower (Figure 1C). This led to an overall longer duration of the
co-culture with S-CAR or mock T cells and probably caused a
generally reduced target cell viability after 90 hours (Figure 1C).
Taken together, induction of the iC9 safeguard mechanism
rapidly halted effector functions of HBV-specific T cells.
Frontiers in Immunology | www.frontiersin.org 5127
Ganciclovir Treatment of HBV-Specific
T Cells Expressing the HSV Thymidine
Kinase Abrogates their Effector
Function In Vitro
In analogy to iC9, the safety switch HSV-TK was first cloned into
the vector encoding HBV-specific receptors (Figure 2A). After
retroviral transduction, the rate of T cells expressing an HBV-
specific receptor was around 80% for the three constructs
(Figure 2B). In contrast to iC9, co-expression of HSV-TK in T
cells did not alter expression rates of S-CAR or TCRs
(Supplementary Figure 3A). Nevertheless, HSV-TK co-
expression delayed T-cell killing by ten hours (Supplementary
Figures 3B, D, F) while cytokine production was only slightly
reduced in T cells expressing the S-specific TCR 4GS20

(Supplementary Figures 3C, E, G). Next, HSV-TK T cells were
co-cultured with HBV+ target cells and GCV was added to induce
effector cell death. A titration of GCVwas performed including the
manufacturer’s recommendation of 10 mg/mL. Depletion of
HBV-specific HSV-TK+ T cells after administration of ≥ 10 mg/
mL GCV halted cytotoxicity (Figures 2C, E, G) within less than
one hour (Supplementary Figures 4A–C) and stopped production
of IFN-g (Figures 2D, F, H). Although a concentration of 1 mg/mL
GCV was sufficient to stop T-cell effector functions, it was not as
efficient as higher concentrations of GCV and occurred only ten
hours later (Figures 2C, E, G). Overall, we concluded that HSV-TK
worked as a very potent safeguard system to stop the effector
function of HBV-specific T cells in vitro.

In Vivo Induction of iC9 Prevents Toxicity
of S-CAR T Cells
Based on the in vitro results, both safeguard systems tested
seemed equally suitable for depletion of HBV-specific T cells.
However, in our hands application of GCV was more difficult as
it needs to be kept at very alkaline conditions (approximately
pH11) to prevent precipitation. In a first in vivo experiment (data
not shown), GCV induced tissue irritation at the injection site
causing distress for the animals and thereby rendered GCV
delivery unreliable.

Hence, we selected iC9 as the more promising and convenient
safeguard system for further evaluation in vivo. More specifically,
we aimed to adapt our model of chronic hepatitis B (27) to
resemble a clinical scenario that might require on-demand
depletion of adoptively transferred T cells. To this end, a high
titer HBV infection was established in Rag2-/-IL-2Rgc-/- mice,
resulting in high amounts of circulating HBsAg and infected
hepatocytes. The lack of T, B, and NK cells provided “space” for
the high number of adoptively transferred T cells to engraft and
expand most efficiently. Murine CD45.1+ CD8+ T cells were
engineered to co-express iC9 and the S-CAR since it functions
independently of human MHC molecules and is hence easier to
apply. CID was administered on day four and 13 post T-cell
transfer and one group of mice was sacrificed on day seven, when
hepatotoxicity was expected to peak (6, 27) and one group on day
14 (Figure 3A). Cells expressing a decoy-CAR (SD-CAR) that
can bind HBsAg but does not carry signaling domains served as a
control for unspecific effects of CID towards T-cell survival or
October 2021 | Volume 12 | Article 734246
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FIGURE 1 | Depletion of HBV-specific T cells via iC9 in vitro. (A) Schematic representation of the safeguard molecule inducible caspase 9 (iC9) linked to HBV-specific
receptors through a T2A element to allow equimolar expression of the proteins. The S-CAR consists of an antibody fragment, which binds to the viral envelope proteins
on infected cells, a human IgG1 spacer and CD28/CD3 signaling domains. The TCRs 4GS20 (specific for the envelope peptide S20) and 6KC18 (specific for the core
peptide C18) contain murine constant domains (mTRBC) for better pairing of TCR chains (arranged as beta chain-P2A-alpha chain). (B) On day ten after retroviral
transduction, cells were stained for hIgG (CAR) or mTRBC (TCRs) and the respective receptor expression was quantified by flow cytometry. (C–H) 1.25x104 receptor+ T
cells co-expressing iC9 were co-cultured with HBV+ HepG2.2.15 target cells at an effector to target ratio of 1:4. CID was added (highlighted by an arrow) after the first
day in different concentrations ranging from 1 to 1000 ng/mL to activate the inducible caspase 9 cascade leading to T-cell death. (C, E, G) Cell viability of target cells
was determined with the xCELLigence RTCA in real-time and is displayed as normalized cell index (normalized to the start of co-culture). (D, F, H) IFN-g determined in
cell culture medium on day four of the co-culture. This experiment was repeated twice and one representative example is shown. Co-cultures were done in technical
triplicates and mean, or mean +/- SEM are shown, respectively.
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FIGURE 2 | Depletion of HBV-specific T cells via HSV-TK in vitro. (A) Schematic representation of the safeguard molecule herpes simplex virus thymidine kinase
(HSV-TK) linked to either S-CAR or TCR 4GS20 or 6KC18 through a T2A element. (B) Receptor expression of transduced T cells assessed by flow cytometry on day
ten after retroviral transduction. (C–H) 1.25x104 receptor+ T cells co-expressing HSV-TK were co-cultured with HBV+ HepG2.2.15 target cells at an effector to target
ratio of 1:4. Ganciclovir was added (highlighted by an arrow) after the first day in different concentrations ranging from 1 to 1000 mg/mL to interrupt DNA synthesis
and inducing T-cell death (C, E, G) Killing of target cells was measured using the xCELLigence real-time cell analyzer and is reported as the normalized cell index
relative to the starting point of the co-culture. (D, F, H) IFN-g determined in cell culture medium on day four of the co-culture. This experiment was repeated twice
and one representative example is shown. Co-cultures were done in technical triplicates and mean, or mean +/- SEM are shown, respectively.
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HBV replication (Figure 3B). All mice of the group that had
received S-CAR T cells, but no CID, died between day eight and
day twelve, while those mice, in which S-CAR T cells were
depleted, survived (Figure 3C). The death of the animals was not
preceded by a loss in body weight (Figure 3D) and ALT levels
had only slightly increased to on average of 150 U/l (Figure 3E),
indicating that rather a general and not a liver-directed immune
reaction caused the fatalities. Mice, in which S-CAR T cells were
depleted, lost around 15% of their body weight by day 14
(Figure 3D) and induction of the iC9 safeguard mechanism
prevented the moderate hepatotoxicity (Figure 3E).

To evaluate a potential cytokine release syndrome (28), we
measured the serum concentration of inflammatory cytokines
over the course of the experiment. The cytokines IFN-g, TNF-a,
IL-6 and MCP-1 were slightly elevated four days post transfer of
HBV-specific T cells but not of control T cells (Figures 3F–I)
and IFN-g, TNF-a and IL-6 further increased significantly in the
mice without T-cell depletion (Figures 3F–H). However, three
days after injection of CID all cytokines had returned to
background levels (Figures 3F–I). Interestingly, this effect was
only temporary and cytokine levels rose again one week after T-
cell depletion. A second injection of CID reduced IFN-g and IL-6
levels within one day (Figures 3F, H) but not TNF-a and MCP-1
(Figures 3G, I). Taken together, induction of the iC9 safeguard
system in HBV-specific T cells efficiently prevented liver damage
and stopped systemic presence of inflammatory cytokines. This
pointed to an efficient depletion of iC9-S-CAR T cells.

In Vivo Induction of iC9 Reduces Numbers
of Transferred T Cells and Renders Them
Non-Functional
In order to quantify the depletion of transferred T cells in blood,
but also spleen and liver, mice were sacrificed on day seven and
14. The congenic marker CD45.1/2 allowed for easy
differentiation of transferred CD45.1+ cells from endogenous
CD45.2+ immune cells (Figure 4A). Although CD45.1+ cells
were not completely depleted after CID injection (Figure 4A,
lower row), additional staining for the S-CAR revealed that
especially T cells with a high S-CAR expression were targeted
and had completely vanished from all examined compartments
(Figure 4B). On day seven, numbers of transferred T cells in the
blood and the spleen were reduced by 1.5log10 and in the liver by
2-3log10 in comparison to mice in which suicide of HBV-specific
T cells had not been induced (Figure 4C). The number of
transferred cells that remained after depletion was comparable
to the number of SD-CAR T cells, which did not get a specific
stimulus for proliferation. A second CID administration on day
13, with the idea to eliminate the remaining cells that had not
been depleted by the first CID administration, was most effective
in the liver but did not lead to the complete elimination of
cells (Figure 4C).

In addition, the isolated T cells were assessed for their
functionality. To this end, LALs and splenocytes were
incubated on HBsAg-coated plates and stained for secretion of
IFN-g, TNF-a and IL-2 (Supplementary Figure 5A). Sixty
percent of CD45.1+ T cells retrieved from the spleen, i.e. most
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of the S-CAR T cells, exhibited HBsAg-specific production of
cytokines, with IFN-g being most prominent (Figure 4D). This
expression was almost completely abrogated in three out of four
mice that had received CID and in line with the observation that
mostly S-CARhi T cells had been depleted (Figure 4B).
Nevertheless, the CD45.1+ T cells could still be activated non-
specifically by anti-CD3/anti-CD28 stimulation, further
indicating that only the transduced HBV-specific T cells had
been depleted (Supplementary Figure 5). Interestingly, in this
experiment the functional profile of LALs differed from that of
splenocytes. Despite a high expression of the S-CAR in the group
without depletion (Figure 4B), only an average of 15% secreted
cytokines upon restimulation with HBsAg (Figure 4E). Injection
of CID successfully depleted HBV-specific cells in half of the
mice. Despite a second injection of CID, few HBV-specific T cells
remained detectable in spleen and liver (Figures 4F, G). Taken
together, depletion of iC9-S-CAR T cells was very efficient, albeit
not complete, and their functionality was diminished.

Specific Depletion of S-CAR T Cells
Reduces the Antiviral Effect of the
Adoptive T-Cell Transfer
Given the successful depletion of HBV-specific T cells (Figure 4)
accompanied by a lack of cytotoxic T-cell activity in the liver and
cytokine secretion (Figure 3), we set out to quantify how much
this safety measure would come at the cost of the therapeutic,
antiviral efficacy of adoptive T-cell transfer. Histological analysis
of liver tissue revealed that upon CID injection immune cells did
not accumulate near the central veins anymore (Figure 5A) and
concomitantly the number of HBcAg+ hepatocytes remained as
high as in control groups (Figures 5A, B). Similarly, the effect of
S-CAR T cells on levels of circulating HBsAg was completely
abrogated three days after the first CID injection (Figure 5C). In
contrast to that, the second CID injection that had also spared
some remaining HBV-specific T cells (Figures 4F, G), still
allowed S-CAR T cells to reduce HBsAg by 50% between day 7
and day 14 (Figure 5C). Levels of HBeAg remained unaltered
throughout the treatment in all groups (Figure 5D). Taken
together, delayed reduction of HBsAg and steady levels of
HBcAg suggested that S-CAR T-cell depletion hampered not
only the side effects of T-cell therapy but also their
antiviral effect.

Suicide of HBV-Specific T Cells Can Be
Induced Within One Hour In Vivo
From our in vitro experiments, we had learned that induction of
the iC9 safeguard immediately prevented further cytotoxicity of
HBV-specific T cells. We next asked, whether this would also
hold true in vivo. Six days post transfer of iC9-S-CAR T cells,
CID was injected 16, six and one hour before analyzing blood,
spleen and liver of the mice (Figure 6A). The number of
transferred T cells in blood was reduced by around 1 log10
already one hour after induction of the safeguard system
(Figure 6B). In contrast to that, in spleen and liver the
reduction of transferred T cells was more profound six and 16
hours post CID injection (Figures 6C, D). After one hour, the
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FIGURE 3 | Impact of iC9 induction on side effects of adoptive T-cell transfer in vivo. (A) Scheme of the experimental procedure. Rag2-/-IL-2Rgc-/- mice were
infected with HBV using an adeno-associated vector. 1x1010 viral genomes for male and 3x1010 viral genomes for female mice were injected intravenously per
mouse. After establishment of a stable infection around five weeks later, 2x106 iC9-S-CAR T cells (n = 17) or SD-CAR T cells (n = 6) were administered i.p. per
mouse. The SD-CAR, containing the same extracellular domains to bind HBsAg but exchanged intracellular domains rendering it incapable of activating T cells,
served as a control for the antiviral effect of T cells and unspecific effects of CID injection. CID or a negative control (preparation identical to CID but without the active
substance) was injected i.p. on day four and day 13. Nine mice of the iC9-S-CAR group were sacrificed on day seven, the rest of the mice were sacrificed on day
14. (B) Receptor expression of retrovirally transduced T cells assessed by flow cytometry on the day of adoptive T-cell transfer. (C) Survival analysis of the mice
between transfer of the T cells and sacrifice. (D) Change in body weight of the different groups. Individual weights for each mouse on day zero were set to 100%.
(E) ALT activity measured in mouse sera on day zero, seven and 14 after T-cell transfer. (F–I) Cytokines in mouse sera on day four, seven, 13 and 14 after T-cell
transfer were determined by cytometric bead array and flow cytometry. Blood on day four and 13 was collected just before CID injection. (D–I) Data points represent
individual animals and mean values are indicated. Mann-Whitney test: ns, not significant, *p < 0.05, ****p < 0.0001.
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depletion rate was only around 50% in both organs compared to
the cell numbers at earlier time points of depletion. Regardless of
the time point, HBV-specific T cells in the spleen were efficiently
depleted from around 30% to 5% of cytokine secreting cells
(Figure 6E). In the liver, the rate of HBV-reactive T cells was
reduced from around 40% to 10% already one hour after
induction of T-cell suicide (Figure 6F). Surprisingly, the
number of HBV-specific T cells in the liver was higher when
CID had been injected 16 hours, before sacrifice compared to an
exposure time of six or one hour. In summary, the velocity of T-
cell suicide via iC9 dimerization was high and comparable in
vitro and in vivo.
DISCUSSION

Adoptive T-cell therapy for the treatment of chronic hepatitis B
aims to overcome the scarce and narrow T-cell response (3, 29, 30)
by applying highly potent, genetically engineered HBV-specific T
cells that are able to clear HBV infection via cytotoxicity and
cytokine secretion (5, 8). In this study, we evaluated iC9 and
HSV-TK as safeguard systems in the context of adoptive T-cell
transfer for treatment of persistent HBV infection. In vitro,
induction of iC9 or HSV-TK co-expressed in HBV-specific-TCR
and S-CAR T cells immediately halted T-cell cytotoxicity and
cytokine production. In vivo, induction of iC9 in S-CAR T cells
led toa strongand fast depletionof transferredTcells andprevented
liver toxicity and cytokine release. This, however, came at the costs
of a loss of antiviral efficacy.

The concept of equipping cells with a safeguard before
adoptive transfer originates from stem cell transfer to
counteract side effects such as graft-versus-host disease (31).
HSV-TK (19, 32), iC9 (33, 34) and a truncated form of the
epidermal growth factor receptor (EGFR, targeted by the
antibody Cetuximab) (35) are the most clinically advanced and
especially iC9 and tEGFR have since been adapted in adoptive T-
cell therapy to deplete CAR- or TCR-redirected T cells on
demand (36, 37). Given that EGFR has been reported to be
expressed on regenerative clusters of hepatocytes (38) and that
we were seeking a safeguard that prevents excessive liver damage,
we did not select tEGFR but focused on HSV-TK and iC9.

So far, suicide switches have been mostly applied for CAR T
cells (36, 37) and the usage for iC9 has only been described for
one TCR (39). In our study, co-expression of either suicide
switch per se did not alter the expression or functionality of
HBV-specific T cells considerably. This was also true for the
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TCR, which as a heterodimer might be more sensitive to
additional genes being expressed from the same transgene.
Both, induction of HSV-TK and iC9, was equally fast and
effective in stopping HBV-specific T cells from executing their
designated effector functions. Others have characterized HSV-
TK as being as potent as iC9 but rather slow in inducing T-cell
death in vitro (22) and requiring multiple GCV injections in
patients (40). A reason why HSV-TK induction was faster in our
system could be that T cells were in a highly active state when
treated with GCV and were potentially more prone to DNA
incorporation of GCV. Nevertheless, we decided against a further
in vivo evaluation of the HSV-TK suicide switch because of its
reported immunogenicity (41), the side and bystander effects of
GCV (21, 42, 43), and the technical difficulty of injecting the
alkaline GCV solution into the thin murine veins (43).

The iC9 system provides an interesting alternative because it
is poorly immunogenic as it only contains human-derived
domains, the dimerizer for its induction is biologically inert
and was proven to be safe in healthy volunteers (44). The
mechanism of dimerizer activation is independent of the cell
cycle and iC9 was shown to be highly effective and very fast in
both preclinical and clinical studies (18, 45), which prompted us
to evaluate iC9 also in our in vivo model.

We have previously shown that application of S-CAR T cells in
HBV-replicating mice is safe. In immune competent HBV
transgenic mice (6) and tolerized AAV-HBV infected mice (27),
and likewise in the present study, the grafted T cells only induced a
moderate liver damage while slowly reducing viral loads. Here, in
order to simplify testing of the iC9 safety switch, we adjusted the
model to allow exuberant S-CART-cell activation risking non-liver
specific side effects. To this end, the S-CAR used in this study was
codon-optimized and carried the natural IgG1-spacer, leading to a
higher expression and most powerful activation (data not shown)
including potential off-target activation via binding to Fc-receptor
bearing cells, as opposed to the non-codon-optimized S-CAR with
an immune-silenced IgG1-spacer (46) used previously (27).
Furthermore, a high dosage of 2x106 S-CAR-CD8+ T cells
(equivalent to approx. 6x109 per 75 kg patient) was injected into
immune incompetent mice allowing rapid T cell expansion. These
modifications of the model resulted in 20-fold higher T cell
numbers in the blood and likely facilitated a strong, systemic T
cell activation, which was unforeseen and unfortunately let to the
fatalities observed in this study. These high numbers of engrafted T
cells allowed for better quantification of T cell depletion on a
logarithmic scale, which was not feasible when we aimed at
quantifying T cell depletion in above mentioned immune
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FIGURE 4 | Depletion of transduced T cells via iC9 in vivo. (A) Exemplary flow cytometry plot of transferred CD45.1+ T cells found in peripheral blood, in the spleen and
in the liver. Both, a mouse which did not receive (upper row) and a mouse which received CID (lower row), were sacrificed on day seven post T-cell transfer. The
congenic marker CD45.1 allowed to differentiate transferred cells from the endogenous CD45.2+ cells of the recipient mice. (B) Exemplary flow cytometry plot of CD8+

and CAR T cells in peripheral blood, in the spleen and in the liver of the same mice as shown in (A). (C) Count of transferred CD45.1+ T cells in the peripheral blood, the
spleen and the liver on day seven and day 14 after T-cell transfer. Absolute count of cells was determined by flow cytometry using Counting Beads. The result was
extrapolated to the concentration in blood or to the whole organ considering the proportion that was used to isolate splenocytes or LALs. Data for the iC9-S-CAR group
on day 14 are not available because the animals died between day seven and 14. (D–G) Ex-vivo functionality of transferred CD45.1+ T cells collected from spleen (D day
seven, F day 14) or liver (E day seven, G day 14). Intracellular cytokine expression (TNF-a, IFN-g and IL-2) was determined after overnight-culture on plate-bound HBsAg.
(C) Data points represent individual animals and mean values are indicated. (D–G) Each column represents an individual animal.
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competent mouse models (data not shown). For the assessment of
side effects of T-cell therapies, preclinical in vivo models should
mimic the clinical setting as precisely as possible. By using a mouse
model lacking T, B and NK cells we cannot fully investigate the
interactions of the transferred T cells with the endogenous immune
cells and how this might possibly impact on the safety of T-cell
therapy. In fact, althoughCARTcells areknown to initate apossible
CRS, the endogenous immune system plays a key role in its clinical
manifestation (47).

In our set-up, we were able to rescue mice from excessive S-
CAR T-cell activation by a single CID injection preventing
moderate hepatotoxicity and halting cytokine release. One CID
administration led to a reduction of transferred T cells by over
90% in blood and spleen and over 99% in the liver. This is in line
with the depletion rates in blood that other studies in mice (48–
51), macaques (52) and men (53–55) have reported. In fact,
considering that most of the remaining transferred cells had no
Frontiers in Immunology | www.frontiersin.org 12134
or at best a low expression of the S-CAR and showed low ex vivo
reactivity towards HBsAg, the specific depletion of iC9-S-CAR T
cells was presumably even higher than 99% in our setting.

Nevertheless, transferred T cells were not completely
eliminated. The escape of T cells with low receptor expression
or little activation even from repeated CID (55) has been
observed in other models and several reasons have been
discussed. It has been proposed, for example, that activation
positively influences transgene expression and T cells were
shown to be susceptible again to CID when they had been
stimulated ex vivo (51, 55). This would explain why depletion
after CID was in our model most effective in the liver, the site
where S-CAR T cells encountered their cellular target.
Furthermore, in the setting of hematopoietic stem cell
transplantation with iC9-expressing T cells, virus-specific T
cells recovered more easily than alloreactive T cells (54). It was
suggested that they are more resistant to apoptotic signals (54)
A

B

C D

FIGURE 5 | Antiviral effect of iC9-S-CAR T cells in vivo. (A) Exemplary (1 mouse per group) liver immunohistochemistry stainings for HBcAg-positive hepatocytes.
Bars represent 200 µm in the overview and 80 µm in the inlay of the central vein. Arrows indicate lymphocyte infiltrates. (B) Quantification of histological analysis of
HBcAg expression including all the mice from all the different groups. (C, D) HBsAg and HBeAg levels in the serum over time relative to day zero determined by
diagnostic assays. (B) Data points represent individual animals and mean values are indicated. (C, D) Data are given as mean values +/- SD.
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and the addition of antiapoptotic agents could increase
sensitivity towards CID (56). Indeed, it was reported that cells
that are resistant to CID have upregulated levels of B-cell
lymphoma 2 (Bcl-2) protein, which as a target of caspase 3
could prevent a lower threshold for apoptosis (52). Interestingly,
Frontiers in Immunology | www.frontiersin.org 13135
HBV-specific T cells have been shown to differ in their Bcl-2
levels depending on their antigen-specificity, with polymerase-
specific T cells expressing significantly less Bcl-2 than core-
specific T cells (57). Assuming that this phenomenon was
dependent on the site of antigen encounter, i.e. presumably the
A
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FIGURE 6 | Kinetics of iC9-mediated T-cell depletion in vivo. (A) Scheme of the experimental procedure. Infection of Rag2-/-IL-2Rgc-/- mice with HBV was achieved
using an adeno-associated vector. Similar to Figure 3, 1x1010 viral genomes for male and 3x1010 viral genomes for female mice were injected intravenously per
mouse. After establishment of a stable infection around 5 weeks later, 2x106 iC9-S-CAR T cells (n = 14) were administered i.p. per mouse. CID was administered
between day six and seven and mice were sacrificed on the same day but at different timepoints after CID administration 1h (n = 3), 6h (n = 3) and 16h (n = 4). 4
additional mice received no CID. (B–D) Count of transferred CD45.1+ T cells in the peripheral blood (B), the spleen (C) and the liver (D) on different timepoints after
CID administration. Count of transferred CD45.1+ T cells in the peripheral blood, the spleen and the liver on day seven and day 14 after T-cell transfer. Absolute
count of cells was determined by flow cytometry using Counting Beads. The result was extrapolated to the concentration in blood or to the whole organ considering
the proportion that was used to isolate splenocytes or LALs. (E, F) Ex vivo functionality of transferred CD45.1+ T cells in the spleen (E) and the liver (F) via
measurement of intracellular cytokine expression (TNF-a, IFN-g and IL-2) determined after overnight-culture on plate-bound HBsAg. (B–D) Data points represent
individual animals and mean values +/- SD are indicated. (E, F) Each column represents an individual animal.
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liver for polymerase-specific T cells and lymphoid organs for
core-specific T cells due to circulating HBeAg, this could explain
why iC9-S-CAR T cells were particularly susceptible towards
CID. Intriguingly, a second CID on day 13 seemed to spare iC9-
S-CAR T cells in blood and spleen but not in the liver, supporting
the notion that the liver environment induced a special T-
cell phenotype.

Most studies so far have been performed in xenograft models
or in humans, relying only on blood analyses. By contrast, our
model is a syngeneic one using murine T cells that can interact
with murine tissue and might be the reason for the particular
depletion kinetics observed. In human studies, many of the iC9-
expressing T cells were depleted as fast as 30 minutes after CID
(53, 55). In our experiments, depletion of iC9-S-CAR T cells was
at its maximum one hour after CID while numbers in spleen and
liver were further reduced six hours after CID, which could be a
result of the pharmacokinetics of the dimerizer. Interestingly, T-
cell numbers were higher in spleen and liver when CID was done
16 hours compared to six hours before sacrifice. We can only
speculate that the remaining T cells had started proliferating
again, and that the reported short cell cycle durations of activated
T cells of around six hours (58) reflected on the retrieved T-cell
numbers. There is no doubt that some of the iC9-S-CAR T cells
were still active after the first CID on day seven, since we
observed reduced levels of HBsAg, loss of body weight and an
increase in inflammatory cytokines in this group. This might
differ from other studies, in which iC9-CD19-CAR T cells, once
depleted, remained steady at low levels (50, 51) maybe due to a
lack of stimulus in these xenograft models.

Not surprisingly, depletionof iC9-S-CARTcells cameat the cost
of delaying any antiviral activity as HBsAg only started to drop by
day 14 andHBcAg+ hepatocytes andHBeAg remained unchanged.
Using S-CAR T cells to treat AAV-HBV infection, we have
previously observed a fast drop of HBsAg and an up to two week
delay in HBeAg decrease (27), which can be explained by HBsAg
being bound by S-CAR T cells leading to a decrease of free,
measurable HBsAg. A lack of tumor cells being controlled after
CID has also been observed in lymphoma models (51, 59). This
reflects theprincipal dilemmaof adoptiveT-cell therapy, inwhichT
cell-related safety and efficacy are inherently linked together.

Apart from the iC9 suicide switch, other strategies to manage
acute toxicities can be considered. The IL-6 receptor blocking
antibody tocilizumab is very efficient in reverting CRS
symptomology (16). However, during CRS, IL-6 is mostly
produced by monocytes (60) and blocking its activity will not
directly affect T-cell effector function and hence not prevent T-
cell-related toxicity. Another therapeutic option is the
administration of corticosteroids that have strong immuno
suppressive properties. They have been shown to be effective in
the management of CRS that occurred after T-cell therapy (16, 47,
61). Nonetheless, the long-term use of systemic corticosteroids has
side effects and can lead to a reactivation of HBV infection or
enhance the viral replication (62) and would thus diminish the
chances of the host´s endogenous HBV-specific immune response
to be reinvigorated by adoptive T-cell therapy. Mestermann et al.
recently proposed an elegant way to switch T-cell functionality on
Frontiers in Immunology | www.frontiersin.org 14136
and off on demand by using the tyrosine kinase inhibitorDasatinib.
In their system, Dasatinib rapidly paused complete T-cell
functionality while dexamethasone had only a partial effect on
cytotoxicity and IFN-g secretion (63). However, in the end, when
adoptively transferred T cells have cleared the infection, it would
also be desirable to have a safeguard at hand that targets and
eliminates specifically only the genetically modified T cells. In our
hands, iC9 seems to be a convenient and reliable safeguard
mechanism to do so as proven by its fast and effective T cell
depletion and prevention of toxicity in our model of adoptive
T-cell therapy of chronic hepatitis B.
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Identification and Mapping
of HBsAg Loss-Related B-Cell
Linear Epitopes in Chronic HBV
Patients by Peptide Array
Shuqin Gu1†, Zhipeng Liu1†, Li Lin2†, Shihong Zhong1, Yanchen Ma1, Xiaoyi Li1,
Guofu Ye1, Chunhua Wen1, Yongyin Li1* and Libo Tang1*

1 State Key Laboratory of Organ Failure Research, Guangdong Provincial Key Laboratory of Viral Hepatitis Research,
Department of Infectious Diseases, Nanfang Hospital, Southern Medical University, Guangzhou, China, 2 Department of
Oncology, Nanfang Hospital, Southern Medical University, Guangzhou, China

Identification of immunogenic targets against hepatitis B virus (HBV)-encoded proteins will
provide crucial advances in developing potential antibody therapies. In this study, 63
treatment-naïve patients with chronic HBV infection and 46 patients who achieved hepatitis
B surface antigen loss (sAg loss) following antiviral treatment were recruited. Moreover, six
patients who transitioned from the hepatitis B e antigen-positive chronic infection phase
(eAg+CInf) to the hepatitis phase (eAg+CHep) were enrolled from real-life clinical practice.
Additionally, telbivudine-treated eAg+CHep patients and relapsers or responders from an off-
treatment cohort were longitudinally studied. The frequencies and function of B cells were
assessed by flow cytometry. We devised a peptide array composed of 15-mer overlapping
peptides of HBV-encoded surface (S), core (C), and polymerase (P) proteins and performed a
screening on B-cell linear epitopes with sera. Naïve B cells and plasmablasts were increased,
whereas total memory, activated memory (AM), and atypical memory (AtM) B cells were
reduced in sAg- patients compared with sAg+ patients. Importantly, longitudinal observations
found that AtM B cells were associated with successful treatment withdrawal. Interestingly,
we identified six S-specific dominant epitopes (S33, S34, S45, S76, S78, and S89) and one
C-specific dominant epitope (C37) that reacted with themajority of sera from sAg- patients. Of
note, more B-cell linear epitopes were detected in CHep patients with alanine
aminotransferase (ALT) flares than in nonflare CInf patients, and five B-cell linear epitopes
(S4, S5, S10, S11, and S68) were overwhelmingly recognized by ALT flare patients. The
recognition rates of epitopes on C and P proteins were significantly increased in CHep
patients relative to CInf patients. Strikingly, a statistically significant elevation in the number of
positive epitopes was observed when ALT nonflare patients shifted into the flare phase.
Moreover, S76 identified at baseline was confirmed to be associated with a complete
response after 48 weeks of telbivudine therapy. Taken together, we identified several
functional cure-related B-cell linear epitopes of chronic HBV infection, and these epitopes
may serve as vaccine candidates to elicit neutralizing antibodies to treat HBV infection.
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INTRODUCTION

Although an effective preventative vaccine has successfully
protected newborns from hepatitis B virus (HBV) infection,
approximately 300 million people with persistent positivity of
hepatitis B surface antigen (sAg) are at high risk of developing
HBV-related liver diseases worldwide (1). Currently, widespread
application of interferon and nucleos(t)ide analogs (NUCs)
attains significant improvement in restraining HBV replication,
decreasing the rates of hepatocellular carcinoma and hepatic
failure in patients with chronic hepatitis B (CHB); however,
achieving sAg loss as an optimal endpoint is still burdensome
and challenging (2, 3). Therapeutic vaccine development is
needed to accelerate the goal of “the elimination of viral
hepatitis as a public health threat by 2030” proposed by the
World Health Organization.

HBV is a member of the family Hepadnaviridae with an
appropriate 3.2 kb genome encoding four open reading frames,
which are translated into the viral surface (S), core (C),
polymerase (P), and X proteins; each can elicit specific
immune responses against HBV (4). Cumulative data have
highlighted the critical role of antibodies specific against the S,
C, and P proteins triggered by HBV-specific B cells. The
detection of hepatitis B surface antibody (sAb) is associated
with virus control and disease resolution, and hepatitis B core
antibody (cAb), a marker of past or current HBV exposure, is
associated with acute liver damage. Meanwhile, antibodies
against the P protein were reported to exert antiviral effects (5–
7). The large S protein is further divided into 3 domains, PreS1,
PreS2, and S, in which the chief immunogenic target, “a
determinant region” is located (8). Epitope-based therapeutic
vaccines and corresponding neutralizing antibodies have shown
unique advantages in suppressing virus replication and
decreasing sAg levels (9–12). However, the persistent existence
of sAg and apparent discrepancies between animal models and
clinical patients limit their clinical application. In addition, a
recent phase 2, randomized, controlled open-label study showed
that a designed therapeutic vaccine targeting HBV-encoded S, C,
and X proteins failed to decrease the levels of sAg, despite
inducing robust immunologic enhancement (13). Therefore,
promising alternative novel epitopes urgently need to be
identified as immunotherapeutic targets to eradicate HBV.

Chronic HBV infection is a long-term dynamic process of the
interaction between the virus and host immunity. This infection is
systematically divided into five phases based on alanine
aminotransferase (ALT), HBV DNA level, the presence or
absence of hepatitis B e antigen (eAg) and liver inflammation (2).
High viremia and antigen load hamper both adaptive and innate
immunity (14, 15). Persistent exposure to high sAg loading is
associated with a dysfunctional HBV-specific immune response
(16, 17). Conversely, patients who achieve sAg loss following
antiviral treatment always have a satisfactory off-treatment
response and a low incidence of hepatocellular carcinoma (18–
20). Hence, it is necessary to explore the dominant B-cell epitopes
on HBV proteins among patients in different phases and evaluate
the association between dominant epitopes and powerful immune
responses or favorable treatment responses. The dominant B-cell
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epitopes in sAg loss patientsmay be amore promising candidate to
boost the HBV-specific immune response and achieve a functional
cure. Unfortunately, to date, there is a lack of comprehensive
investigation of B-cell epitopes in patients with different
natural histories.

In this study, using a peptide array composed of 15-mer
overlapping peptides of HBV-encoded S, C, and P proteins and
screening with sAg loss sera, we identified 6 S-specific dominant
epitopes (S33, S34, S45, S76, S78, and S89) and one C-specific
dominant epitope (C37) that reacted with the majority of sera
from patients with a functional cure. These data provide
information for developing novel epitope candidates to elicit
neutralizing antibodies to treat HBV infection.
MATERIALS AND METHODS

Study Subjects
The participants who provided written informed consent in this
study consisted of 4 groups. In the first group, a total of 109
chronic HBV infection patients and 18 sAg-negative healthy
individuals with normal ALT levels were enrolled for a cross-
sectional study. Sixty-three treatment-naïve patients were
classified into eAg-positive chronic infection (eAg+CInf, n=21),
eAg+ chronic hepatitis (eAg+CHep, n=21), and eAg-CInf (n=21)
based on an issued clinical practice guideline (2). Forty-six CHB
patients who achieved sAg loss following antiviral treatment were
recruited. The second group enrolled six patients who
transitioned from the ALT nonflare phase to the flare phase
from real-life clinical practice. The third group recruited twelve
eAg+ CHB patients treated with NUCs and fulfilled the criteria by
the stopping rule of APASL from a prospective observational
cohort. In this off-treatment cohort, six patients were sustained
responders. The other six patients were defined as relapsers who
experienced clinical relapse (HBVDNA>2000 IU/mLandALT>2
times the upper limit of normal during follow-up discontinuing
therapy). In the fourth group, eAg+ CHB patients who participated
in a clinical trial of telbivudine (trial number: CLDT600ACN07T)
were longitudinally studied. Three telbivudine-treated subjects
were defined as the complete response (CR) group (with normal
ALT, HBeAg seroconversion, and HBV DNA level < 1000 copies/
mL) at week 48, and the other subjects were classified as the
noncomplete response (NCR, n=2) group. Patients who suffered
from autoimmune diseases, other active diseases, or coinfection
with HAV, HCV, HDV, or HIV were excluded. All subjects were
recruited atNanfangHospital (Guangzhou, China). This studywas
conducted in compliance with the Declaration of Helsinki and
approved by the Ethical Committee of Nanfang Hospital.
Serological Assays and HBV DNA Assays
The levels of human serum sAg, sAb, eAg, and eAb were
quantitatively determined using the Roche COBAS® 6000
analyzer (Roche Molecular Diagnostics, Rotkreuz, Switzerland).
The sAg had a lower limit of detection of 0.05 IU/mL. For the
cross-sectional cohort, the levels of serum HBV DNA were
quantified by the Roche LightCycler® 480 II (Roche Molecular
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Diagnostics, Pleasanton, CA) with a Hepatitis B Viral Quantitative
Fluorescence Diagnostic Kit (Sansure Biotech, Hunan, China),
with a lower limit of quantitation of 100 IU/mL. For detection in
the longitudinal cohort, serum HBV DNA was quantified by a
Roche Cobas Amplicor PCR assay (Roche Molecular Systems,
Branchburg, NJ, USA). The detection limit of HBV DNA was no
lower than 300 copies/mL. The normal ranges for ALT and AST
levels were 9–50 U/L and 15–40 U/L, respectively.

Phenotype Analysis and Intracellular
Cytokine Staining (ICS)
Peripheral blood mononuclear cells (PBMCs) were isolated from
fresh heparinized blood by Ficoll-Hypaque density gradient
centrifugation, and some cells were cryopreserved in liquid
nitrogen for further analysis. After staining with a Live/Dead
Fixable Near-IR Dead Cell Stain kit (Life Technologies), thawed
PBMCs (5 × 105 cells/tube) were stained with fluorescence
phenotype antibodies (CD19-BV510, 562947, BD; CD10-PE-
CF594, 562396; CD21-BV421, 562966, BD; CD27-Per-Cy5.5,
560612, BD; CD38-PE-Cy7, 560677, BD; or CD150-BV421,
562875, BD) at 4°C for 30 minutes and analyzed on a BD Aria
III flow cytometer (BD Bioscience). To assess the function of B
cells, PBMCs were stimulated with PMA (50 ng/mL), ionomycin
(0.75 µg/mL), CPG (10 µg/mL, InvivoGen), CD40L (1 µg/mL,
PeproTech), and BFA (1 µg/mL). The ICS was performed as
previously described (21). Briefly, cells were stained with CD19-
BV510, fixed and permeabilized using a Cytofix/Cytoperm kit
(BD Bioscience), and then staining was performed with the
corresponding intracellular antibody (IFN-g-PE/Dazzle™ 594,
562875, Biolegend). All flow cytometric analyses were performed
using FlowJo V10.0.7 software (Treestar).

Peptide Array and Serum Screening
Ninety-eight 15-mer peptides overlapping by 11 residues
covering large surface (S) proteins (PreS1, PreS2, and S region)
were selected for the assay (Supplementary Table 1). In
addition, the top response rates of 15-mer peptides in the C
protein (top 18) and P protein (top 16) from our previous
cultured T-cell enzyme-linked immunospot assay (ELISpot)
were also included for the assay (Supplementary Table 1). The
peptides covering the entire sequence of HBV genotypes B and C
were gifts from Johnson & Johnson. The peptide array was
manufactured by Suzhou Epitope Biotechnology Co., Ltd.
(Suzhou, China). Approximately 0.6 nL of each peptide with a
concentration of 0.1 mg/mL was printed onto activated
nanomembranes by SmartArrayer 48 as previously described
(22, 23). Serum was immediately withdrawn and frozen at -20°C
until use. Sera were diluted (1:100) and incubated with a peptide
array at 37°C for 30 minutes. Diluted sera without precoated
peptide (buffer dot) in each microarray were used as a negative
control. After washing, the peptide arrays were incubated with
horseradish peroxidase (HRP)-conjugated goat anti-human IgG.
Dots were visualized by Super Signal Femto Maximum
Sensitivity Substrate for Chemiluminescence (Thermo Fisher),
and images were captured by a cool CCD. The mean +3 SD of the
buffer dot was used as the background intensity. A signal above
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1500 was considered positive. Positive peptide coverage was
defined as the ratio of the number of peptides recognized by at
least one serum sample to the total number of peptides in each
subpartition. The average recognition rate was generated to
define the average peptide reaction capacity of patients
in subpartitions.

Statistical Analysis
Data are expressed as median (interquartile range). The Mann–
Whitney U test or Wilcoxon signed-rank test was used when two
groups were compared. For multiple group comparisons, the
Kruskal–Wallis H test and post hoc test (Dunn’s test) were
performed. Correlations between variables were assessed with
Spearman’s rank-order correlation coefficient. Categorical
variables were compared by the chi-square test. SPSS Statistics
20.0 (Chicago, IL) and GraphPad Prism 8 software were used for
statistical analysis. All statistical analyses were based on two-
tailed hypothesis tests, and a P value < 0.05 was considered
statistically significant.
RESULTS

B-Cell Subsets Varied in sAg Loss and
Were Associated With Successful
Treatment Withdrawal
First, we investigated the percentage of total B cells, naïve B cells,
plasmablasts, total memory, resting memory (RM), activated
memory (AM), and atypical memory (AtM) B-cell subsets in
patients with different immune statuses of HBV infection as well
as healthy controls (HCs) (Table 1 and Supplementary
Figure 1A). The frequency of total CD19+ B cells in PBMCs
was significantly higher in sAg+ patients than in HCs
(Figure 1A). The frequency of naïve B cells and plasmablasts
was preferentially increased, whereas total memory B cells were
significantly reduced in sAg- patients compared with sAg+

patients (Figure 1A). In addition, a decreased proportion of
AM or AtM B cells was observed in patients who achieved sAg
loss, and RM B cells were the dominant phenotype in all phases
(Figure 1B and Supplementary Figure 1B). We next examined
whether the frequency of AtM B cells was correlated with
virological parameters. The frequency of AtM B cells was
positively correlated with serum sAg and HBV DNA levels
(Figure 1C). In addition, a similar positive correlation was
detected between the expression of SLAM on CD19+ B cells
and serum eAg levels. In contrast, inverse correlations were
found between IFN-g-expressing CD19+ B cells and eAg and
HBV DNA levels (Figure 1D). The expression of SLAM on
CD19+ B cells was similar among all phases, but IFN-g-
expressing CD19+ B cells were expanded in eAg-CInf patients
(Supplementary Figure 1C). An increased frequency of CD19+

B cells and naïve B cells within the cohort studied was found in
responders at week 48 after NUCs discontinuation (Table 2 and
Figure 1E). Notably, AtM B cells were dramatically enriched in
responders 8 and 12 weeks after stopping treatment compared to
relapsers (Figure 1F). Together, these results indicated that
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alteration of the distribution and function of B-cell subsets might
be associated with the outcome of HBV infection.

Identification of Dominant S-Specific
Linear B-Cell Epitopes of Chronic HBV
Infection by a Peptide Array
Detection of sAbs produced by B cells is associated with disease
resolution and virus control in chronic HBV infection. To map
the dominant linear B-cell epitopes of sAbs recognized by these
patients, a peptide array composed of 98 overlapping 15-mer
peptides covering the large S protein was conducted (Figure 2A).
According to the classical regions of the large S protein, these
peptides were classified into 8 subpartitions: PreS1 (S1–31),
PreS1-S2 (S28–31), PreS2 (S28–44), PreS2-S (S41–44), S (S41–
98), Pre a (S72–75), a (S72–80), and Suf a (S78–80). Then, we
used this peptide array to perform serum screening for a total of
59 serum samples from patients with chronic HBV infection,
including 17 sAg loss patients. The design of the 5*5 peptide
array and representative results were shown in Figure 2B. In
summary, the positive peptide coverage of each subpartition
varied from 47.1% to 100%, although the recognition rate of each
peptide was low (Figure 2C).

sAg Loss Patients Have Fewer B-Cell
Linear Epitopes but a Higher
Recognition Rate
Then, we attempted to identify the dominant B-cell epitopes shared
by patients in different immune phases. The peptide array showed
that the dominant linear B-cell epitopes mainly lay in the S
subpartition in all stages. An increasing recognition rate of the
PreS1 subpartition was also observed in eAg+CHep and sAg loss
patients (Figure 3A and Supplementary Figure 2). We next
compared the recognition rate and positive peptide coverage of
subpartitions between patients with sAg+ and sAg-. The
subpartition recognition rate was comparable in these two groups;
however, the positive peptide coverage of the total large S protein and
S subpartitionwas lower in sAg- patients (Figure 3B). In contrast, six
peptides (S33, S34, S45, S76, S78, and S89) reacted with the majority
of sera from patients who achieved sAg loss (Figure 3C). Overall,
these data implied that the dominant linear B-cell epitopes appear to
be associated with the prognosis of chronic HBV infection.
Frontiers in Immunology | www.frontiersin.org 4142
A Specific Linear Epitope on the “A
Determinant Region” Identified by sAg
Loss Sera Is Associated With a Favorable
Treatment Response
Considering the pivotal role of antibodies against the “a
determinant region” during vaccination, we then investigated the
dominant linear B-cell epitopes in “a” subpartition (Figure 4A).
Relative to patients with sAg+, the recognition rates of S76 and S78
were significantly increased in patients with sAg- (Figure 4B). In
addition, the proportion of sAg- patients in the S76- or S78-positive
group was significantly higher than that in the S76- or S78-negative
group (Figure 4C). Intriguingly, the longitudinal analysis showed
an expansive tendency of positive epitopes inpatientswho achieved
complete response (CR) after 48 weeks of telbivudine treatment. In
addition, all patients with S76 positivity at baseline achieved CR
after therapy (Table 3 and Figure 4D). These results suggested that
the S76 linear B-cell epitope may be a good marker to predict a
favorable treatment response to telbivudine.
Dominant Linear B-Cell Epitopes Are
Expanded in Chronic HBV-Infected
Patients With Liver Inflammation
Chronic HBV infection is an extremely complicated dynamic
process, especially in the hepatitis phase, in which elevated ALT
reflects inflammatory activity accompanied by immune
activation. We further characterized the distribution of linear
B-cell epitopes between patients with CInf and CHep. We found
that more linear B-cell epitopes of sAbs were detected in CHep
patients, and five linear B-cell epitopes (S4, S5, S10, S11, and S68)
were overwhelmingly recognized by CHep patients (Figure 5A).
Strikingly, the results also showed an elevated intensity of linear
epitope signals in CHep patients (Figure 5B). Subsequently, we
explored linear B-cell epitopes from six eAg+CInf patients with
normal ALT levels who shifted into the eAg+CHep phase with
ALT flares during the follow-up. As shown in Figure 5C, new
epitopes appeared in the flare phase of these patients. Of note,
there was a statistically significant elevation in the number of
positive epitopes when patients shifted into the ALT flare phase
(Figure 5C). Collectively, these results showed that dominant
linear B-cell epitopes could reflect immune activation in CHB.
TABLE 1 | Clinical characteristics of the cross-sectional study subjects.

Group eAg+ chronic infection eAg+ chronic hepatitis eAg- chronic infection sAg loss Healthy controls

No. of patients (M/F) 21 (12/9) 21 (17/4) 21 (14/7) 46 (41/5) 18 (8/10)
Age (year) 30.00 (24.75-36.00) 30.00 (25.50-33.50) 37.00 (33.75-46.00) 41.00 (35.00-53.00) 24.00 (23.00-27.00)
HBV DNA (lg IU/mL) 8.23 (7.78-8.53) 7.91 (7.62-8.24) 2.00a T.N.D n.d.
ALT (ULN) 0.45 (0.37-0.59) 3.14 (1.90-6.34) 0.40 (0.24-0.53) 0.44 (0.31-0.61) 0.28 (0.18-0.30)
AST (ULN) 0.56 (0.51-0.57) 2.20 (1.23-3.40) 0.50 (0.41-0.64) 0.50 (0.45-0.58) 0.35 (0.37-0.67)
sAg (P/N) 21/0 21/0 21/0 0/46 0/18
sAb (P/N) 0/21 0/21 0/21 22/24 18/0
eAg (P/N) 21/0 21/0 0/21 2/44 0/18
eAb (P/N) 0/21 0/21 21/0 27/19 0/18
October 2021 | Volume
Data were shown as median (25-75% percentile).
aEighteen subjects were lower than 2.0 in HBeAg- chronic infection.
ALT, alanine aminotransferase; AST, aspartate aminotransferase; eAb, hepatitis B e antibody; eAg, hepatitis B e antigen; sAb, hepatitis B surface antibody; sAg, hepatitis B surface antigen;
n.d., not determined; P/N, positive or negative; T.N.D, target not detected; ULN, the upper limit of normal.
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FIGURE 1 | Analyses of the B-cell subsets in the cross-sectional cohort and NUCs withdrawal cohort. (A) Comparison of the frequencies of total CD19+ B cells,
naïve B cells, plasmablasts, and memory B cells in patients with chronic HBV infection and HCs. According to the EASL clinical practice guideline, these subjects
were classified into 4 groups: hepatitis B e antigen-positive chronic infection (eAg+CInf, n=21), eAg-positive chronic hepatitis (eAg+CHep, n=21), eAg-CInf (n=21), and
hepatitis B surface antigen-negative (sAg-, n=46). (B) Frequency of resting memory (RM), activated memory (AM), and atypical memory (AtM) B cells among CD19+

B cells in HBV patients and HCs. (C) Spearman’s correlation between the frequency of AtM B cells among CD19+ B cells and the levels of serum virological
parameters. (D) The correlation between the expression of SLAM and IFN-g on CD19+ B cells and the levels of serum virological parameters. (E, F) Longitudinal
analysis of B-cell subsets after stopping NUCs therapy. (A, B) Kruskal–Wallis H test and Dunn’s multiple comparisons test. (C, D) Spearman’s rank correlation test.
(E, F) Mann–Whitney U test. *P < 0.05.
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A Higher Linear B-Cell Epitope
Recognition Rate on C and P
Proteins in CHep
Additionally, we tested the dominant linear B-cell epitopes of the C
and P proteins in chronic HBV infection. The top 18 response rates
of 15-mer peptides in the C protein and the top 16 in the P protein
Frontiers in Immunology | www.frontiersin.org 6144
from our earlier cultured T-cell ELISpot were selected, and all can be
identified in the array (Supplementary Figures 3A, B).
An increasing number of positive epitopes on the P protein were
shown in eAg+CHep patients relative to patients with sAg loss
(Supplementary Figure 3C). Patients carrying sAg displayed a
higher recognition rate of the selected peptides on the P protein
TABLE 2 | Clinical characteristics of responders and relapsers with chronic HBV infection at the end of treatment.

Group responder relapser

No. of patients (M/F) 6 (6/0) 6 (5/1)
Age (year) 32.00 (29.25-37.50) 42.00 (37.00-48.25)
ALT (ULN) 0.40 (0.37-0.57) 0.44 (0.36-0.84)
Quantitative sAg (IU/mL) 232.50 (20.91-1787.00) 1553.00 (76.20-5325.00)
eAg (P/N) 0/6 0/6
eAb (P/N) 6/0 6/0
HBV DNA (lg IU/mL) T.N.D T.N.D
Median duration of medication (weeks) 188.00 (107.00-264.00) 290.00 (200.00-374.00)
Median time to virological relapse (weeks) NA 107.00 (12.00-150.00)
October 2021 | Vo
Data were shown as median (25-75% percentile).
ALT, alanine aminotransferase; eAb, hepatitis B e antibody; eAg, hepatitis B e antigen; sAg, hepatitis B surface antigen; NA, not applicable; P/N, positive or negative; T.N.D, target not
detected; ULN, the upper limit of normal.
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FIGURE 2 | General recognition of linear B-cell epitopes on S protein by peptide array. (A) Schematic of the large surface proteins PreS1, PreS2, and S. In the
diagram of S, the “a determinant region” is red. Design of peptide array. Fifteen-mer overlapping peptides covering the entire S protein were shown. According to the
classical regions of the large S protein, these peptides were classified into 8 subpartitions: PreS1 (S1–31), PreS1-S2 (S28–31), PreS2 (S28–44), PreS2-S (S41–44), S
(S41–98), Pre a (S72–75), a (S72–80), and Suf a (S78–80). (B) Representative peptide array. Design of the 5*5 peptide array; for each subarray, there were negative
and positive controls (top). Five representative subarrays with positive results (bottom). (C) Positive peptide coverage in subpartitions and recognition rate of each
peptide in patients with chronic HBV infection.
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than those with sAg-; correspondingly, the positive peptide coverage
of the C and P proteins in sAg+ patients was higher than that in sAg-

patients (Figure 6A). Strikingly, C37 on the C protein stood out
from the selected peptides; its recognition rate was significantly
increased in patients with sAg-; moreover, the proportion of sAg-

patients in the C37-positive group was significantly higher than that
in the C37-negative group (Figures 6B, C). We also examined the
variation in linear B-cell epitopes between CInf patients and CHep
patients. A higher recognition rate of the selected peptides on C and
P proteins was observed in CHep patients, along with higher
positive peptide coverage (Figure 6D). Compared with CInf
patients, the recognition rate of C15 on C protein and P167 on P
protein were significantly increased in CHep patients (Figure 6D).
The proportion of CHep patients in the C15- or P167-positive
Frontiers in Immunology | www.frontiersin.org 7145
group was significantly higher than that in the C15- or P167-
negative group (Figures 6E, F). Notably, a remarkable decrease in
the proportion of P188 was found in the flare phase compared to
the nonflare stage in these six patients during follow-up
(Figure 6G). These findings indicated a broad value of linear B-
cell epitopes on HBV proteins to evaluate the prognoses of patients.
DISCUSSION

Previous studies have identified several neutralizing antibodies
against HBV protein from a small number of HBV vaccinees or
controllers (9, 24). In contrast, we screened sera from 59 patients
with chronic HBV infection, including 17 patients who achieved
A

B

C

FIGURE 3 | Screening sera from patients with chronic HBV infection. (A) Sera from patients with chronic HBV infection were diluted (1:100) and incubated with a
peptide array, followed by incubation with HRP-conjugated anti-human IgG. The peptide array was visualized by chemiluminescent reagents, scanned, and
quantified. Peptides with a signal above 1500 (mean +3 SD of the negative control) were counted as positive (blue and red bars). The positive peptides for each
subject were plotted. Comparing the average recognition rate of each peptide in subpartitions in patients with chronic HBV infection. (B) Comparison of the
subpartition recognition rate (a set of recognition rates in the subpartition of each patient) and positive peptide coverage between the sAg+ and sAg- groups.
(C) Comparison of the recognition rate of each peptide between sAg+ and sAg- groups. (A) Kruskal–Wallis H test and Dunn’s multiple comparisons test. (B) Mann–
Whitney U test (left) and Chi-square test (right). (C) Chi-square test. *P < 0.05, **P < 0.01.
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sAg loss by a peptide array. The same strategy has been used to
identify dominant epitopes in other infectious diseases (22, 23, 25,
26). To learn the profile of the B-cell linear epitopes recognized by
chronic HBV infection for guiding vaccine design, we devised a
peptide array composed of 15-mer overlapping peptides of HBV-
encoded S, C, and P proteins and performed a screening on B-cell
linear epitopes with sera from patients in different phases of the
natural history. The data presented in this study provide
information for developing novel epitope candidates to
potentially elicit neutralizing antibodies to treat chronic HBV
Frontiers in Immunology | www.frontiersin.org 8146
infection. First, the proportion of dysfunctional AtM B cells was
decreased inpatientswhoachieved sAg loss andwasassociatedwith
successful treatment withdrawal. Second, we identified seven
dominant epitopes recognized by sAg loss patients (S33, S34, S45,
S76, S78, S89, and C37), and a specific epitope, S76, at baseline was
associated with a favorable treatment response to telbivudine
therapy. Third, dominant linear B-cell epitopes are expanded in
chronic hepatitis B. Future studies are needed to further
comprehend the role and neutralization capacity of antibodies
against these epitopes.
A

B

C D

FIGURE 4 | Distribution of linear B-cell epitopes on “a determinant region”. (A) The amino acid sequence of “a determinant region”. The dotted boxes indicate the
corresponding peptides. The “a determinant region” was in red. (B) The recognition rate of each peptide in “a determinant region”. (C) The proportion of patients
with detectable sAg or sAg loss in the S76+/- or S78+/- groups. (D) Comparison of the number of positive peptides between the complete response (CR) and
noncomplete response (NCR) groups (left). The proportion of patients with different treatment responses in the S76+/- group (right). (B–D) Chi-square test.
*P < 0.05.
TABLE 3 | Clinical characteristics of the study subjects with telbivudine therapy for the longitudinal study.

Group CR NCR P value

No. of patients (M/F) 3 (1/2) 2 (2/0) 0.136a

Age (year) 34.00 (24.00-35.00) 25.50 (25.00-26.00) 0.800b

0 weeks HBV DNA (lg copies/mL) 8.63 (8.38-8.88) 8.18 (8.04-8.32) 0.800b

ALT (U/L) 253.00 (159.00-256.00) 258.00 (222.00-294.00) 0.983b

eAg (P/N) 3/0 2/0
48 weeks HBV DNA (lg copies/mL) n.d. n.d.

ALT (U/L) 14.00 (10.00-18.00) 19.00 (15.00-23.00) 0.400b

eAg (P/N) 0/3 2/0 0.025a
October 2021 | Volume 12 | Article
Data were shown as median (25-75% percentile).
aChi-squared test.
bMann-Whitney U test.
ALT, alanine aminotransferase; CR, complete response; eAg, hepatitis B e antigen; NCR, non-complete response; P/N, positive or negative.
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Clinically, sAg is a sensitive diagnostic marker for HBV
infection. Serum sAg titers are highly correlated with reactivity
to antiviral therapy and prognosis. Moreover, the incapacitated
immune system induced by overwhelming sAg was the real
culprit for the unsatisfactory effect of anti-HBV therapy (27,
28). Therefore, sAg is becoming the most promising target for
epitope-based therapy to achieve a functional cure. Three forms
of HBV S protein were displayed on HBV virions: the large S
(PreS1+PreS2+S), the middle S (PreS2+S), and the small S (S).
Antibodies against the prime target “a determinant region” in the
S domain, the antigenic loop and central immunodominant
region for HBV prevention and therapy, conferred efficient
viremia suppression: E6F6-like mAbs targeted epitope on “a
determinant region” (recognize aa 119–125 of S) strikingly
suppressed HBV DNA and HBsAg levels in an HBV mouse
model (10). To attain more aggressive HBV-specific immune
responses and therapeutic effects, they further designed S-aa
119–125-containing B cell epitope-based therapeutic vaccines.
The remarkable and prolonged suppression effects on sAg and
viral loading in HBV carrier mice confirmed its potential in
therapeutic vaccine design for CHB treatment (11). However,
antibodies against a similar recognition site were not found in a
Frontiers in Immunology | www.frontiersin.org 9147
human counterpart (12). In the present study, we demonstrated
that the recognition rates of S76 and S78 on “a determinant
region” were distinctly higher in sAg loss patients despite
decreased positive peptide coverage of the S domain. Total
memory B cells and AtM B cells, the main component of sAg-
specific B cells (29–31), were reduced in sAg loss, which mainly
resulted from the decline of sAg and eAg. Combined with the
findings that an increasing proportion of plasmablasts in sAg loss
could differentiate into antibody-producing cells and an inverse
association between the frequency of immunoregulatory IFN-g-
producing B cells and virological parameters, it is reasonable to
speculate that fewer defective B cells in sAg loss may produce
effective neutralizing antibodies against these two epitopes in
conquering sAg seroclearance. To further investigate the
relationship between these epitopes and treatment response, we
longitudinally analyzed the dominant linear B-cell epitope in
patients treated with telbivudine for 48 weeks. Notably, patients
identified as S76, S1, or S9 at baseline were more likely to achieve
CR after the entire therapy (Figure 4D and Supplementary
Figure 4). It should be emphasized that small quantity of
longitudinal participants and patients with sAg loss might
cause potential bias, which makes it difficult to match all
A

B

C

FIGURE 5 | Linear B-cell epitope variation between chronic HBV infection (CInf) and chronic hepatitis B (CHep). (A) Comparison of the recognition rate of each
peptide between CInf and CHep patients. (B) The original signal change of each peptide between CInf and CHep patients. (C) Distribution of linear B-cell epitopes of
six patients who transitioned from the nonflare eAg+CInf phase to the eAg+CHep phase with ALT flares. Positive epitopes were plotted in the nonflare (light blue bar)
and flare (dark blue bar) phases (left). Comparing the number of positive peptides between ALT nonflare and flare phases (right). (A) Chi-square test. (B) Mann–
Whitney U test. (C) Wilcoxon signed-rank test. *P < 0.05, **P < 0.01.
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D
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FIGURE 6 | Distribution of linear B-cell epitopes on core (C) and polymerase (P) proteins. (A) Comparison of the recognition rate and positive peptide coverage on C
or P between sAg+ and sAg- groups. (B) The recognition rate of the selected peptide on C or P. (C) Proportion of patients with detectable sAg or sAg loss in the
C37+/- group. (D) Comparison of the recognition rate and positive peptide coverage on C or P proteins between CInf and CHep patients. (E) Comparison of the
recognition rate of the selected peptides between CInf and CHep patients. (F) The proportion of patients with CInf or CHep in the C15+/- or P167+/- groups.
(G) The proportion of P188 was positive or negative in the ALT nonflare and flare phases of those six patients. (A, D) Mann–Whitney U test (left) and Chi-square test
(right). (B, C, E–G) Chi-square test. *P < 0.05, **P < 0.01.
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comparisons; further investigation is warranted to verify this
preliminary conclusion.

Recently, an increasingnumberofpublications identified several
epitopes besides S76 or S78 that play a pivotal role in inducing the
HBV-specific immune response. Further in vivo preclinical
experiments also confirmed the neutralizing ability of epitope-
corresponding antibodies (9, 12, 32). However, the persistent
existence of sAg restricted their clinical application. The
discrepancies possibly resulted from the various natural histories
of selected individuals. In this study, we focused on pursuing
candidate epitopes that drove the transformation to sAg
seroclearance. The straightforward comparison between sAg loss
and sAg-positive patients may make it easier to identify the pivotal
epitopes that may play critical roles in achieving a functional cure
while neglected under various alternative epitopes in other studies.
Of note, the dominant epitopes on the C protein in patients who
achieved a functional cure were also consistent with our previous
finding that HBV C-specific T-cell responses played an essential
role in HBV control (33). To our knowledge, few studies have
documented sAg loss-relateddominant epitopes,whichwouldhave
potentially far-reaching ramifications for immunotherapy of
chronic HBV infection. Further experiments are needed to clarify
this hypothesis, and the therapeutic effect of antibodies against
nominated epitopes remains to be elucidated.

Dozens of resources and efforts have been devoted to developing
anti-HBV therapy; nevertheless, progress is still tortuous due to the
difficulty of overcoming immune tolerance in chronic HBV
infection. The natural history of chronic HBV infection is a long-
term dynamic process and consists of five discontinuous phases.
HBV-specific adaptive immunity can also change from immune
tolerance to progressive immune activation, inactivation,
reactivation, and exhaustion (34). Emerging evidence has shown
that “immune tolerant” CInf patients tend to develop hepatocellular
carcinoma compared with “immune active” CHep patients (12% vs.
6% per 10 years) (34, 35). In addition, the diverse immune status
may be a consequence of the abundance of dominant epitopes,
which may strongly influence immune activation signaling (36).
Hence, it is essential to explore the epitope variation between CInf
and CHep patients. Our peptide array data demonstrated that S4,
S5, S10, S11, S68, C15, and P167 were the most distinguishable
dominant epitopes in CHep patients relative to CInf patients.
Additionally, we longitudinally analyzed the dynamic variation of
epitopes in six patients who transitioned from the ALT nonflare
eAg+CInf phase to the flare eAg+CHep phase. Emerging epitopes in
the ALT flare phase of these patients further confirmed that
dominant linear B-cell epitopes could reflect immune activation
in CHB. Interestingly, we found that the majority of dominant
epitopes in immune-active CHep patients were located in the PreS1
domain. Antibodies against S regions are believed to elicit
neutralizing infectivity. Meanwhile, the PreS1 domain interacts
with the HBV receptor NTCP on hepatocytes (37, 38). Thus, it is
reasonable to speculate that the abundance of epitopes reflecting
immune activation during chronic HBV infection may activate the
HBV-specific immune response, elicit neutralizing antibodies,
inhibit virus replication, and disrupt susceptibility to NTCP for
HBV entry, which should be elucidated in future studies.
Frontiers in Immunology | www.frontiersin.org 11149
In summary, we identified the dominant B-cell linear epitopes
of chronic HBV infection by a peptide array. These results will be
essential to guide the therapeutic vaccine design for chronic
HBV infection.
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plasmablasts (CD19+CD10-CD21-CD27+CD38+), resting memory (RM,
CD21+CD27+), activated memory (AM, CD21-CD27+), and atypical memory (AtM,
CD21-CD27-) B-cell subsets. (B) Frequency of RM, AM, and AtM B cells among
CD19+ B cells in patients with chronic HBV infection. (C) The expression of SLAM and
IFN-g on CD19+ B cells within patients with chronic HBV infection and HCs. (B, C)
Kruskal–Wallis H test and Dunn’s multiple comparisons test. *P < 0.05, **P < 0.01.

Supplementary Figure 2 | Comparing the number of positive epitopes in
patients with chronic HBV infection in different subpartitions.
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Supplementary Figure 3 | General recognition of linear B-cell epitopes on C
and P proteins. (A) The recognition rate of the selected peptide on C and P
proteins in patients with chronic HBV infection. (B) Positive peptide coverage on
C and P. (C) Comparison of the number of positive epitopes on the C or P protein
in patients with chronic HBV infection. (B) Chi-square test. (C) Mann–Whitney U
test. *P < 0.05.

Supplementary Figure 4 | The proportion of patients with different treatment
responses in the S1+/- or S9+/- groups. Chi-square test. *P < 0.05.
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Baseline Quantitative Hepatitis B
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for Hepatitis B Virus Infection
Recurrence After Orthotopic
Liver Transplantation
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Medicine, Zhejiang University, Hangzhou, China, 4 National Institute of Diagnostics and Vaccine Development in Infectious
Disease, School of Life Science, Xiamen University, Xiamen, China

Objective: Hepatitis B virus (HBV) reinfection is a serious complication that arise in
patients who undergo hepatitis B virus related liver transplantation. We aimed to use
biomarkers to evaluate the HBV reinfection in patients after orthotopic liver transplantation.

Methods: Seventy-nine patients who underwent liver transplantation between 2009 and
2015 were enrolled, and levels of biomarkers were analyzed at different time points. Cox
regression and receiver operating characteristic (ROC) curves of different markers at
baseline were used to analyze sustained hepatitis B surface antigen (HBsAg) loss. The
Kaplan-Meier method was used to compare the levels of the biomarkers.

Results: Among the 79 patients, 42 sustained HBsAg loss with a median time of 65.2
months (12.0-114.5, IQR 19.5) after liver transplantation and 37 patients exhibited HBsAg
recurrence with a median time of 8.8 (0.47-59.53, IQR 19.47) months. In the ROC curve
analysis, at baseline, 4.25 log10 IU/mL qHBcAb and 2.82 log10 IU/mL qHBsAg showed
the maximum Youden’s index values with area under the curves (AUCs) of 0.685and
0.651, respectively. The Kaplan-Meier method indicated that qHBsAg and quantitative
antibody against hepatitis B core antigen (qHBcAb) levels in the two groups were
significantly different (p = 0.031 and 0.006, respectively). Furthermore, the Cox
regression model confirmed the predictive ability of qHBcAb at baseline (AUC = 0.685).

Conclusion: Lower pretransplantation qHBcAb is associated with HBV infection. The
baseline concentration of qHBcAb is a promising predictor for the recurrence of HBV in
patients undergoing liver transplantation and can be used to guide antiviral treatment for
HBV infection.
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INTRODUCTION

Hepatitis B virus (HBV) infection is a global health problem.
Chronic hepatitis B (CHB) is a major disease that threatens
human health, especially in southeast Asia and Africa.
According to clinical statistics, the global prevalence of hepatitis
B surface antigen (HBsAg) was 3.9% in 2016, corresponding to
291 million infections (1). Additionally, nearly 25% of chronic
HBV carriers develop terminal stage liver-related diseases
including chronic hepatitis, cirrhosis, and primary hepatocellular
carcinoma, causing 0.8 million deaths annually (2, 3). Liver
transplantation (LT) is an established treatment option for
serious liver disease caused by HBV infection. The data from
the European Liver Transplant Registry database (ELTR) verified
that viral hepatitis B was the most common indication (9.8%) of
LT from 2007 to 2017 (4). HBV recurrence is a risk factor for
patients who have undergone LT and leads to grievous failure of
treatment and poor prognosis (5, 6). The HBV reinfection rate was
higher than 90% (7) and the 2-year survival rate was only 50% (8)
before the application of immune globulin and antiviral drugs. In
recent years, the therapeutic strategy of nucleos(t)ide analogs
(NAs) combined with immune globulin has proven useful in
preventing HBV reinfection after LT (9, 10). However, this
strategy does not completely protect against future recurrence of
HBV infection. HBV reinfection is not only dependent on residual
viral infection in extrahepatic organs, but also individual immune
responses. Therefore, it is necessary to find satisfactory biomarkers
that reflect specific immune responses to HBV to predict the
recurrence of HBsAg.

Antibody against hepatitis B core antigen (HBcAb) is a
widespread biomarker in patients with HBV infection and can
be present in current or previous infections. Routine serum
screening for HBcAb and other HBV-related biomarkers has
been performed in some countries with a high HBV infection
rate. Nevertheless, for some patients, HBcAb may be the only
serological marker of HBV infection in serum (11, 12), and
“HBcAb only” status may reflect occult HBV infection (13).
Additionally, HBcAb alone can be used to evaluate the risk for
HBV reactivation in patients who have received antiviral
treatment that may lead to immunosuppression, patients with
human immunodeficiency virus (HIV) infection or chronic
hepatitis C virus (HCV) infection (14, 15).

One study revealed that HBcAb plays a valuable role in CHB
disease by inhibiting or clearing HBV (16). Thus, patients with a
high titer of HBcAb before therapy had a stronger acquired
immune response that was related to a satisfactory outcome after
antiviral treatment (17).

Owing to the inferior performance of the competitive
immunoassay, current commercially available HBcAb assays
have a narrow linearity range. A novel immunoassay for
qualitative HBcAb based on the double-antigen sandwich
enzyme-linked immunosorbent assay method has demonstrated
sensitivity and specificity (18).

In this retrospective longitudinal study, we aimed to analyze
the clinical value of qHBcAb, qHBsAg and other viral marker
concentrations, focusing on the outcome of patients who
underwent LT.
Frontiers in Immunology | www.frontiersin.org 2153
MATERIALS AND METHODS

Patients
Overall, 363 patients who underwent HBV-related LT between
2009 and 2015 at the First Affiliated Hospital, College of
Medicine, Zhejiang University were enrolled in this study. The
patients selected were also negative for HCV infection, HIV
infection, and other chronic diseases. Serum samples were
collected and stored at -80°C until use. This study was
reviewed and approved by the Ethics Committees of the First
Affiliated Hospital, College of Medicine, Zhejiang University.
This study followed the 1964 Helsinki Declaration and its later
amendments. Prior informed consent was obtained from the
enrolled patients or their legal guardians.

Post-Transplant Therapy
Antiviral prophylaxis was administered to all recipients, and they
were treated with NAs in combination with low-dose hepatitis B
immunoglobulin (HBIG). Briefly, 2000 IU HBIG was
intravenously injected during the anhepatic phase, followed by
800 IU daily intramuscular administration for the first week and
then weekly for 3 weeks, and monthly thereafter.

All patients received a Tacrolimus based steroid-sparing or
steroid-free immunosuppression regimen. Tacrolimus and
mycophenolate mofetil (750 mg every 12 h) were administered
from the first post-operative day. The target blood trough level of
tacrolimus was 7-10 ng/mL for the first postoperative month and
was aimed at 5-7 ng/mL thereafter.

Measurement of qHBcAb Concentration
in Serum
The qHBcAb level in serum was measured using a newly
developed double-sandwich immunoassay (100–100 000 IU/mL;
Wantai, China), calibrated using the World Health Organization
standard (NIBSC, UK) (19, 20). QHBcAb was measured at
baseline, with the sought time of HBsAg‐positive status before
LT being at least two weeks, and then at different time points
after LT.

Measurement of qHBsAg, qHBeAg,
HBcAb and HBV DNA
Concentrations in the Serum
Serum levels of qHBsAg, qHBeAg and HBcAb were measured
using a chemiluminescence microparticle immunoassay (CMIA)
on an Abbott Architect I4000 automated analyzer (Abbott
Laboratories, Chicago, IL, USA). HBV DNA levels in serum
were measured using Qiagen PCR kits (Hilden, Germany) on
ABI 7500 qRT-PCR System (ABI Laboratories, USA) according
to the manufacturer’s instructions. The linear detection range
was 3 - 7 log10 IU/mL, with a correlation coefficient of the
standard curve >0.995. Biomarkers were measured before LT and
at different time points after LT.

Statistical Analysis
Chi−squared and Mann−Whitney U tests were performed as
appropriate. The accuracy of serum qHBcAb and qHBsAg levels
October 2021 | Volume 12 | Article 710528
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predicting HBsAg recurrence was determined by applying the
receiver operating characteristic (ROC) curve analysis. HBV
reinfection was assessed using Kaplan-Meier survival analysis.
The risk of HBV reinfection after LT was determined using the
Cox regression model. Statistical significance was set at p < 0.05.
Statistical analysis and presentation were performed using SPSS
software (version 23.0; SPSS, Chicago, IL, USA). Graphical
analysis and data presentation were performed using
GraphPad Prism version 5.0 and R version 4.0 (R Foundation).
RESULTS

Characteristics of Patients
A total of 363 patients were enrolled in this study, 79 patients
were selected retrospectively, and 284 patients were excluded
including 44 patients with HBsAg-negative status, 53 patients
with underlying diseases or other infectious diseases, 18 patients
receiving an HBV-positive graft, 17 patients who died post LT, 5
patients who underwent retransplantation and 147 patients
without sufficient serum samples or integrated follow-up time
points (Supplementary Figure 1). Among the 79 enrolled
patients, 37 exhibited HBsAg recurrence with a median time of
8.8 (0.47 - 59.53, IQR 19.47) months, and 42 sustained HBsAg
loss with a median follow-up time of 65.2 months (12.0 - 114.5,
IQR 19.5) after LT.

The clinical characteristics of patients at baseline are shown in
Table 1 for patients who retained sustained HBsAg loss or
achieved HBsAg recurrence during the follow-up period. There
were no significant differences in sex, age and treatment received
between the two groups (p = 0.672, 0.089 and 0.515,
respectively). The characteristics of qHBcAb and qHBsAg were
Frontiers in Immunology | www.frontiersin.org 3154
significantly different between the groups (p = 0.037 and 0.023,
respectively). Compared with HBcAb measured by Abbott
Architect CMIA (indirect method), the difference in qHBcAb
measured by double-sandwich immunoassay was more
significant between the observed groups (p = 0.023 vs 0.743).
The titers of HBV DNA, qHBeAg, alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) were not
significantly different among the compared groups (p = 0.394,
0.732, 0.453 and 0.146, respectively).

Kinetics of qHBcAb and qHBsAg in HBsAg
Recurrence and Sustained HBsAg Loss
Groups
As shown in Figure 1, during baseline to 1 week after LT, both
qHBsAg and qHBcAb were significantly decreased in both
sustained HBsAg loss group and HBsAg recurrence group (p <
0.001 and p < 0.05). However, the changes in qHBcAb and
qHBsAg in the two groups were not significantly different after 1
week. At each time point between baseline and 24 weeks after LT,
the titer of qHBcAb in the sustained HBsAg loss group was
higher than that in the HBsAg recurrence group.

Comparison of Potential Risk Factors at
Baseline Using the Cox Regression Model
To further evaluate the potential risk factors associated with
HBV recurrence after LT, Cox regression analysis was performed
for age, sex, ALT, HBV DNA, qHBsAg, qHBeAg and qHBcAb.
As shown in Table 2 and Supplementary Figure 2, the qHBcAb
level at baseline was a strong predictor for HBsAg recurrence
after LT, with both the univariate and multivariate analyses
(crude HR: 0.40; 95% CI: 0.20-0.78; p = 0.01 vs adjusted
HR 0.42; 95% CI: 0.19-0.94; p = 0.04).
TABLE 1 | Characteristics of enrolled patients at baseline.

Characteristics HBsAg recurrence Sustained HBsAg loss p
in follow-up time after LT

(n = 37) (n = 42)

Male, n (%) 33 (89%) 37 (88%) 0.672a

Age (years) at baseline before 54 (28 - 67) 48 (29 - 66) 0.089b

liver transformation, median (range)
Treatment received 0.515a

LAM/HBIG 17 (45.95%) 22 (52.38%)
ADV/LAM/HBIG 10 (27.03%) 8 (19.05%)
ETV/HBIG 6 (16.22%) 4 (9.52%)
ETV/LAM/HBIG 4 (10.81%) 8 (19.05%)

HBV related disease before LT 0.293a

HCC 22 (59.46%) 20 (47.62%)
Non-HCC 15 (40.54%) 22 (52.38%)

qHBsAg (log10 IU/mL), median (range) 2.80 (-0.31 - 3.95) 2.34 (-0.89 - 4.22) 0.037c*
qHBeAg (log10 0.18 PEIU/mL), median (range) -0.36 (0-1.57) -0.39 (0-1.46) 0.732c

HBcAb (S/CO) 10.38 (0.22 - 47.27) 10.73 (1.88 - 14.16) 0.743c

qHBcAb (log10 IU/mL), median (range) 3.51 (1.06 - 4.85) 4.01 (2.12 - 5.12) 0.023c*
HBV DNA (positive%) 12 (32.43%) 10 (23.81%) 0.394a

ALT (IU/mL), median (range) 39 (14 - 1149) 43 (17 - 221) 0.453c

AST (IU/mL), median (range) 59 (22 - 1535) 53 (21 - 355) 0.146c
October 2021 | Volume 12 | Article
LAM, lamivudine; ADV, adefovir; ETV, entecavir; HBIG, hepatitis B immunoglobulin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; HCC, hepatocellular carcinoma.
aChi-Square test. bIndependent samples t test. cMann-Whitney U test. *p < 0.05.
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QHBcAb and qHBsAg as Predictors of
HBsAg Recurrence
The ability of qHBcAb and qHBsAg at baseline to predict HBsAg
recurrence was analyzed using ROC curves to compare HBsAg
recurrence and sustained HBsAg loss groups (Figures 2A, C).
The area under the curves (AUCs) of qHBcAb and qHBsAg were
0.685 (95% confidence interval, 0.577 - 0.799) and 0.651 (95%
confidence interval, 0.538 - 0.763), respectively. Using the
Youden index (Figures 2B, D), we predicted that when
qHBcAb was higher than 4.25 log10 IU/mL and qHBsAg was
lower than 2.82 log10 IU/mL, sustained HBsAg loss would occur
more readily after LT.

Combined qHBcAb With qHBsAg as
Predictors of HBsAg Recurrence
As shown in Figure 3, the combination of qHBsAg and qHBcAb
was a stronger predictor of HBsAg recurrence than individual
biomarkers at baseline. The cutoff values of 1.81 log10 IU/mL
and 3.68 log10 IU/mL at baseline for qHBsAg and qHBcAb,
respectively, had sensitivity of 72.0%, specificity of 62.2%, PPV of
72.0% and NPV 62.2%, with an AUC value of 0.727 (0.621, 0.833;
95% CI) (Supplementary Table 1).
Frontiers in Immunology | www.frontiersin.org 4155
Comparison of qHBcAb and qHBsAg at
Baseline Using Kaplan-Meier Method
Figures 4A, B show the comparison of HBsAg recurrence rates
at the time of the last follow-up by Kaplan-Meier method.
Patients who experienced high a risk of HBsAg recurrence had
lower qHBcAb (qHBcAb < 4.25 log10 IU/mL) and higher
qHBsAg (qHBsAg > 2.82 log10 IU/mL) levels than those who
achieved sustained HBsAg loss (p = 0.006 and 0.031, respectively)
(Figure 4).
DISCUSSION

HBV infection is associated with progression to hepatocellular
carcinoma or other end-stage liver diseases, and LT is the only
curative therapeutic method (21). However, increased liver
transplantation failure rate and decreased patient survival rate
in these patients are correlated with HBV reinfection and
recurrence of hepatocellular carcinoma (22). HBIG and
antiviral treatments are administered alone or in combination
to prevent reinfection with HBV after LT (23). HBIG and
nucleos(t)ide analogs can prevent reinfection with HBV
A B

FIGURE 1 | (A) The Kinetics of qHBsAg in HBsAg recurrence and sustained HBsAg loss groups. (B) The Kinetics of qHBcAb in HBsAg recurrence and sustained
HBsAg loss groups. Box plots showing the median, interquartile range and absolute range of qHBcAb and qHBsAg at baseline and at 1 week, 4 weeks, 12 weeks
and 24 weeks in groups (blank box plots: HBsAg recurrence group; latticed box: sustained HBsAg loss group. *p<0.05; **p<0.01; ***p<0.001).
TABLE 2 | Risk factors for HBV recurrence after liver transplantation.

Variable Univariate analysis Multivariate analysis

B SE p Crude HR B SE p Adjusted HR

qHBsAga,d 0.70 0.33 0.03* 2.01 (1.05-3.86) 0.59 0.37 0.11 1.80 (0.87-3.72)
qHBcAbb,d -0.92 0.35 0.01* 0.40 (0.20-0.78) -0.87 0.41 0.04* 0.42 (0.19-0.94)
Agee 0.03 0.02 0.07 1.03 (1.00-1.06) 0.02 0.02 0.35 1.02 (0.98-1.05)
Sexc 0.13 0.42 0.76 1.13 (0.50-2.59) -0.37 0.47 0.44 0.69 (0.28-1.74)
ALTe 0.00 0.00 0.18 1.00 (1.00-1.01) 0.00 0.00 0.83 0.99 (0.98-1.00)
ASTe 0.00 0.00 0.09 1.00 (1.00-1.01) 0.00 0.00 0.17 1.00 (0.99-1.02)
HBV DNAc,d 0.26 0.35 0.47 1.29 (0.65-2.57) 0.59 0.43 0.17 1.79 (0.77-4.23)
qHBeAge 0.02 0.02 0.38 1.02 (0.97-1.07) 0.01 0.02 0.77 1.01 (0.96-1.06)
October 20
21 | Volume 12
The variables included in the Cox regression analysis were age, sex (female vs male), and baseline ALT, HBV DNA, qHBsAg, qHBeAg and qHBcAb levels.
aqHBsAg ≤ 2.82 vs > 2.82 log10 IU/mL, bHBcAb < 4.25 vs ≥ 4.25 log10 IU/mL, cHBV DNA ≤ 3.0 vs > 3.0 log10 IU/mL, dCategorical variable, eContinuous variable, *p < 0.05.
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through different mechanisms. HBIG eliminates circulating virus
particles and induces antiviral and immune-mediated functions
(24), while nucleos(t)ide analogs directly inhibit the process of
viral reverse transcription, thus reducing viral load (25). The
treatment of such patients aims to increase the “sustained HBsAg
loss” rate during the period of follow-up. The HBV reinfection
rate in patients post-LT was approximately 10% after they
received combined prophylactic treatment with HBIG and
NAs (26).

A newly developed assay based on double-sandwich
immunoassay technology to measure qHBcAb showed higher
sensitivity and specificity than those based on competitive/
inhibitory principles (19, 27). Several studies have focused on
Frontiers in Immunology | www.frontiersin.org 5156
the use of qHBcAb to evaluate the antiviral therapeutic effect in
patients with CHB disease. Yuan et al. revealed that qHBcAb was
closely correlated with hepatic inflammatory activities and can
serve as a new marker of antiviral treatment response in CHB
patients (17, 28). However, the measurement of qHBcAb to
determine the risk of HBsAg recurrence after LT has not been
reported. This study aimed to analyze qHBcAb and other
serological viral markers to identify the predictors of HBsAg
recurrence after LT.

Here, ROC curve was used to predict HBsAg recurrence, we
found that qHBcAb was a stronger predictor than qHBsAg of
HBsAg recurrence after LT due to its larger AUC value. In
addition, Cox regression analysis was performed to identify the
A B

C D

FIGURE 2 | QHBcAb and qHBsAg as predictors of HBsAg recurrence. (A, C). Receiver operating characteristic (ROC) analyses of qHBcAb and qHBsAg as
predictors of HBsAg recurrence at baseline. (B, D). Curves of the specificity, sensitivity and Youden index for qHBcAb and qHBsAg. The position of the black vertical
dotted line shows the maximum Youden index that was used to predict HBsAg recurrence.
October 2021 | Volume 12 | Article 710528
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potential risk factors for HBsAg recurrence after LT; qHBcAb
and qHBsAg levels at baseline had more satisfactory HR scores
than other markers, confirming the predictive ability of qHBcAb
and qHBsAg for HBsAg recurrence after LT.

Furthermore, on the basis of cutoff values obtained from the
ROC analysis at baseline, we used the different ranges of qHBcAb
and qHBsAg levels to evaluate the sustained HBsAg loss rate by
Kaplan-Meier analysis. We found that low qHBcAb and high
qHBsAg levels were associated with HBV reinfection.

Circulating HBsAg correlates with the presence of covalently
closed circular DNA (cccDNA) (29), and is a key marker of
infection, a high HBsAg level indicates a high hepatitis B viral
Frontiers in Immunology | www.frontiersin.org 6157
load in vivo. Therefore, patients with high serum qHBsAg titers
are associated with high a probability of HBsAg recurrence after
LT. However, the mechanism underlying the predictive value of
HBcAb titer remains unclear. Chan et al. revealed that hepatitis
B core antigen (HBcAg), a viral nucleocapsid protein, is the
most immunogenic component of HBV (30). Zgair et al.
demonstrated that HBcAb plays an important role in
inhibiting HBV through the hepatocytotoxic effect of anti-
HBc-secreting B cells (16). Thus, a high qHBcAb level can
represent a strong immune response to HBV and may be the
reason for sustained HBsAg loss in patients with a high titer of
qHBcAb at baseline.
A B

FIGURE 3 | Combined qHBcAb with qHBsAg as predictors of HBsAg recurrence. (A) The ROC curve of combined qHBcAb and qHBsAg at baseline.
(B) Curves of the specificity, sensitivity and Youden index. The position of the black vertical dotted line shows the maximum Youden index that was used to
predict HBsAg recurrence.
A B

FIGURE 4 | The Kaplan-Meier curve of HBsAg conversion rates at the last time of follow-up. (A) The proportion of patients with sustained HBsAg loss according to
qHBcAb at baseline. (B) The proportion of patients with sustained HBsAg loss according to qHBsAg at baseline.
October 2021 | Volume 12 | Article 710528
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In this study, some novel results were obtained in LT patients
from baseline to the last follow-up period, and a higher qHBcAb
level before LT corresponded with sustained HBsAg loss. These
conclusions may be meaningful for adjusting the duration of
antiviral medicine usage after LT in patients with different
qHBcAb and qHBsAg levels. However, this study has some
limitations. First, the results were based on a small sample size,
possibly limiting the accuracy of results. Second, related data on
HBV genotype and mutation were not acquired; this may play
potential roles during treatment (31–33). Third, the markers
mentioned in this study were only serum markers, while other
immunological markers and liver tissues were not analyzed. In
summary, this is the first study to describe qHBcAb as a marker
to predict the treatment response of LT patients. The
measurement of qHBcAb could potentially assist surgeons in
identifying patients who might benefit from specific antiviral
treatments after LT.
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Despite the availability of effective vaccination, hepatitis B virus (HBV) infection continues
to be a major challenge worldwide. Research efforts are ongoing to find an effective cure
for the estimated 250 million people chronically infected by HBV in recent years. The
exceptionally limited host spectrum of HBV has limited the research progress. Thus,
different HBV mouse models have been developed and used for studies on infection,
immune responses, pathogenesis, and antiviral therapies. However, these mouse models
have great limitations as no spread of HBV infection occurs in the mouse liver and no or
only very mild hepatitis is present. Thus, the suitability of these mouse models for a given
issue and the interpretation of the results need to be critically assessed. This review
summarizes the currently available mouse models for HBV research, including
hydrodynamic injection, viral vector-mediated transfection, recombinant covalently
closed circular DNA (rc-cccDNA), transgenic, and liver humanized mouse models. We
systematically discuss the characteristics of each model, with the main focus on
hydrodynamic injection mouse model. The usefulness and limitations of each mouse
model are discussed based on the published studies. This review summarizes the facts
for considerations of the use and suitability of mouse model in future HBV studies.

Keywords: hydrodynamic injection, viral vector, transgenic mouse, liver humanized mouse, hepatitis B virus
INTRODUCTION

Hepatitis B virus (HBV) is a prototypical member of the Hepadnaviridae family (1). Despite the
availability of an effective vaccine, HBV infection remains a global health issue that affects
approximately 3.5% of the global population, with around 257 million chronically infected
people worldwide (2). These patients have a high risk of developing into end-stage liver diseases
such as cirrhosis and hepatocellular carcinoma (HCC). Current treatment options of chronic HBV
infection include antiviral cytokine pegylated interferon (IFN) alpha, and the HBV polymerase
inhibitors nucleos(t)ide analogues (NAs). However, the available treatment regimens rarely clear
HBV in chronically infected patients.

The host spectrum of HBV is very narrow; only few primates such as chimpanzees (3) and
Mauritian cynomolgus monkeys (4) are susceptible to HBV infection. Tree shrews (Tupaia belangeri)
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have also been reported to be susceptible to HBV infection, but it
is transient and mild (5). Other members of the Hepadnaviridae
family, such as duck hepatitis virus and woodchuck hepatitis
virus have been used for studies on HBV replication and
pathogenesis in their own hosts (6–9). However, such specific
virus-host systems are significantly different from the situation in
humans with HBV infection (10). Moreover, the lack of essential
reagents for studies in these hosts, ethical restrictions, and high
costs for animal maintenance and care strongly limit the use of
these animal models. Therefore, easy-to-handle HBV models
based on laboratory mouse strains are important animal models
for HBV research.

HBV mouse mode l s have evo lved and grea t l y
improved research progress. In this review, we summarize the
currently available mouse models for HBV research, including
hydrodynamic injection (HDI), viral vector-mediated
transfection, HBV recombinant covalently closed circular DNA
(rc-cccDNA), transgenic, and liver humanized mouse models.
We systematically discuss the characteristics, usefulness, and
limitation for each model.
HDI MOUSE MODEL

HDI is an efficient procedure for delivering genetic materials to
the mouse liver. During this procedure, a large volume of liquid
containing HBV DNA plasmid is injected through the mouse tail
Frontiers in Immunology | www.frontiersin.org 2161
vein by pressure within few seconds. The high pressure
permeabilizes the capillary endothelium and generates “pores”
in the plasma membrane of surrounding hepatocytes, through
which DNA may reach the intracellular space (11). Then the
retained HBV plasmid DNA initiates HBV replication by
transcription of pregenomic RNA and other HBV mRNAs,
followed by the formation of HBV replication intermediates
and expression of HBV proteins. The standard procedure of
HDI requires injection of liquid equal to 8–10% mouse weight
(g) within 5–8 s (12, 13). Different vectors containing replication-
competent HBV genomes could be used for this purpose,
including an adeno-associated virus/HBV 1.2 plasmid (pAAV/
HBV1.2) with a 1.2-fold overlength HBV genotype A genome
(13), pcDNA 3.1(+)-HBV1.3C with a 1.3-fold HBV genotype C
genome (14), and pSM2 plasmid with a head-to-tail tandem
dimeric HBV genome (15).

Factors Influencing HBV Persistence in the
HDI Mouse Model
The HDI HBVmouse model can be used to establish transient or
persistent HBV replication with HBsAg secretion into the
peripheral circulation from 1 week to more than 6 months.
HBV persistence in this model is determined by different factors,
including the genetic background of mouse strains, age, gender,
plasmid backbone, and the dosage of plasmid (Table 1). The
genetic background plays a key role in HBV exposure outcome.
It has been reported that 40–60% C3H/HeH and C57BL/6 mice
TABLE 1 | Factors influence HBV persistence in HDI mouse model.

Authors Mouse background/
gender/age

Plasmid backbone,
dosage

Persistent of HBV antigens or replicative intermediates

Yang et al.
(12)

B10.D2 and CB17 NOD/Scid
(6-9 weeks)

13.5 mg pT-MCS-HBV1.3
and 4.5 mg pCMV-SB

HBsAg, HBeAg disappeared at 7 dpi; HBcAg 1 dpi (6%), 7 dpi (4%)

Huang
et al. (13)

C57BL/6 (male, 6-8 weeks) 10 mg, pAAV/HBV1.2 80% mice HBsAg positive at week 5; 40% HBsAg positive > 6 month; replicative
intermediates remained detectable at 22 dpi

BALB/c (male, 6-8 weeks) 10 mg, pAAV/HBV1.2 HBsAg disappeared from week 2; replicative intermediates decreased from 14 dpi
C57BL/6 (male, 6-8 weeks) 10 mg, pGEM4Z/HBV1.2, HBsAg disappeared within 3 weeks

Li et al.
(14)

C57BL/6 (male, 6-8 weeks) 15 mg pAAV/HBV1.3,
pcDNA3.1(+)-HBV1.3

HBsAg disappeared within 8 weeks after injection of 15 mg pAAV/HBV1.3; 60% mice were
HBsAg-positive at week 20 after injection of 15 mg pcDNA3.1(+)-HBV1.3

Li et al.
(16)

C57BL/6 (male, 6-8 weeks) 5, 10, or 100 mg pAAV/
HBV1.2

80% mice were HBsAg positive for more than 6 months (5 mg); 40% mice were HBsAg
positive for more than 6 months (10 mg); HBsAg was cleared at week 5 (100 mg);

BALB/c (male, 6-8 weeks) 1 or 5 mg, pAAV/HBV1.2 20% HBsAg positive > 3 month (1mg); 60% HBsAg positive > 3 month (5 mg)
Wang
et al. (17)

C57BL/6 (male, 5-6 weeks) 6 or 20 mg, pAAV/
HBV1.2

100% HBsAg positive at 6 wpi (6 mg); HBsAg disappeared at 4 wpi (20 mg);

6 mg pAAV/HBV1.2 +
14 mg pAAV/control

HBsAg disappeared at 4 wpi

Chou
et al. (18)

BALB/cJ, FVB/NJ, NOD/ShiLtJ,
129×1/SvJ (male, 6 weeks)

10 mg pAAV/HBV1.2 HBsAg rapidly disappeared within 4 weeks after injection

C3H/HeN, C57BL/6, DBA/2J,
CBA/caJ (male, 6 weeks)

10 mg pAAV/HBV1.2 40% C57BL/6, 90% C3H/HeN, 75% DBA/2J, 100% CBA/caJ remained HBsAg-poitive at
8 wpi

C3H/HeN, C57BL/6, DBA/2J,
CBA/caJ (male, 12 weeks)

10 mg pAAV/HBV1.2 HBsAg disappeared at 5 wpi in C3H and DBA/2J mice; 12-week-old C57BL/6 mice
accelerated HBsAg clearance compared to younger mice

Peng et al.
(19)

C3H/HeN (male, 5-6 weeks) 10 mg pAAV/HBV1.2 HBsAg persisted for up to 46 weeks

Yuan et al.
(20)

AAVS1 (female and male, 6-8
weeks)

10 mg pAAV/HBV1.2 Male mice express higher levels of HBsAg, HBeAg than female mice

Kosinska
et al. (15)

C57BL/6 (female and male, 9-10
weeks)

10 mg pSM2 Male mice express higher levels of HBsAg, HBeAg than female mice
Dpi, days post injection; wpi, weeks post injection.
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remain HBV-positive up to 6 months after HDI of 10 mg pAAV/
HBV1.2 (13, 18–20). In contrast, BALB/cJ, FVB/NJ, NOD/
ShiLtJ, and 129×1/SvJ mice that received the same plasmid
injection rapidly clear HBV within 3-5 weeks post injection
(wpi). Even mice with the same background but different
substrains display different outcomes after HDI of HBV
plasmid. In C57BL/6N mice, HBsAg and HBV DNA rapidly
decline below the limit of detection within 8 weeks, while HBsAg
remains detectable in C57BL/6J mice at 26 wpi (21).

HBV persistence differs in mice of different ages or gender
after HDI. 12-week-old adult C3H/HeN mice have been shown
to clear HBV within 6 wpi; however, 50% of their younger
counterparts (6-week-old) remain HBsAg-positive at 26 wpi
(18). The same study suggested that adult mice possess mature
gut microbiota that stimulates liver immunity, resulting in rapid
HBV clearance, while younger mice are immune-tolerant
through the Toll-like receptor (TLR)-4 dependent pathway
(18). Another study using AAVS1 mice demonstrated that
male AAVS1 mice receiving 10 mg pAAV/HBV1.2 express
higher HBsAg and HBeAg levels than female mice (20).
Similarly, male C57BL/6 mice that received 10 mg pSM2
plasmid expressed higher levels of HBV proteins than their
female counterparts (15). Mechanistically, it is due to high
frequency of regulatory T cells and low response of HBV-
specific T cells in male mice (15).

The plasmid backbone also affects HBV persistence in mice
after HDI. In contrast to pAAV/HBV1.2, injection of pGEM4Z
with the same 1.2-fold HBV genotype A genome into C57BL/6
mice produces only transient antigenemia, and HBsAg rapidly
disappears within 3 weeks (13). In line with this, mice injected
with 15 mg pAAV/HBV1.3 containing 1.3-fold HBV genotype
C genome clear the HBsAg within 8 weeks while 60% mice
remain HBsAg-positive at week 20 post HDI of pcDNA3.1
(+)-HBV1.3 (14).

Finally, the doses of plasmid backbone or HBV genome also
greatly impact HBV persistence in HDI model. Approximately
40-80% C57BL/6 mice that receive 5 or 6 mg pAAV/HBV1.2
develop HBsAg persistence up to 6 months, while a high dose of
100 mg pAAV/HBV1.2 results in HBsAg clearance within 4-5
weeks (16, 17). Similarly, 20 mg pAAV/HBV1.2 or 6 mg pAAV/
HBV1.2 plus 14 mg pAAV/control plasmid also results in HBV
clearance within 4 weeks (17).

These data highlight the need for researchers to carefully
choose mouse strains and plasmid doses when using this model
in HBV research.

Application of the HDI Mouse Model for
Studies on Immune Responses During
Virus Clearance
There is a consensus that adaptive immune responses, especially
those of virus-specific T cells, play an essential role in mediating
intrahepatic HBV clearance (22). In acute HBV infection in
humans, viral clearance is associated with the development of a
vigorous multispecific CD8+ T cell response and an acute
necroinflammatory liver disease; it was therefore assumed that
HBV clearance is principally mediated by virus-specific major
Frontiers in Immunology | www.frontiersin.org 3162
histocompatibility complex class I-restricted cytotoxic T
lymphocytes (CTLs) (23). The immune effectors required for
HBV clearance were screened in an HBV HDI mouse model,
which also demonstrated that CD8+ T cells are the key cellular
effectors mediating hepatic HBV clearance (24). Consistent with
these findings, chronic HBV infection is characterized by weak or
undetectable HBV-specific CD8+ T cell responses and the
presence of functionally exhausted HBV-specific CD8+ T cells
that are unable to clear the virus (25–27).

The use of mouse models allows detailed analysis of immune
responses to HBV in vivo. Several studies employed HDI mouse
models to investigate immune responses to HBV and their
relationship with HBV clearance. An acute HBV replication
mouse model was established by HDI of pT-MCS-HBV1.3 and
pCMV-SB. A variety of immunodeficient mouse strains have
been used to determine the roles of different types of immune
cells in HBV clearance in this model; the results showed that
natural killer (NK) cell, type I IFN, CD4, and CD8, but not B
cells, contribute to HBV clearance (24). Similarly, Tseng et al.
showed that the molecules involved in innate immunity,
including IFN-a/b receptor (IFNAR), RIG-I, MDA5, Myd88,
NLRP3, ASC, and interleukin-1 receptor (IL-1R), are not
essential for HBV clearance in the mouse model (28). Another
study using a panel of mouse strains lacking specific innate
immunity components demonstrated that HBV-specific T cell
responses are functionally impaired in TLR signaling-deficient
mice, thus allowing enhanced and prolonged HBV replication
and expression (29). In line with this, when blocking the type I
IFN receptor or TLR7 signaling pathway, CD8+ T cell activation
and HBV clearance are significantly impaired (30).

The immune factors that suppress or contribute to HBV
persistence could be also found by comparing HBV HDI mouse
models that mimic acute-resolving and chronic HBV infection. By
comparing C57BL/6N and C57BL/6J mice, Wang et al. found that
regulatory T (Treg) cells suppress the follicular helper T (Tfh) cells
response to HBsAg in C57BL/6J mice and thus lead to persistent
HBV infection (21). Importantly, this is consistent with the
impaired Tfh-cell response to HBsAg in patients with chronic
HBV infection (21). Consistently, depletion of Tregs or inhibition
of their function with a blocking antibody against cytotoxic T-
lymphocyte-associated protein 4 (CTLA4) restored the Tfh-cell
response to HBsAg both in the HBV-persistent mice and patients
with chronic HBV infection (21). In line with this, our group
demonstrated that intrahepatic HBV replication resulted in
increased intrahepatic Treg infiltration and thus limited
intrahepatic anti-HBV CD8+ T cell responses (31). We further
demonstrated that the suppression of anti-HBV CTL function by
Tregs is gender related, which nicely explains the gender-related
differences in HBV infection outcomes in humans (15). It has also
been reported that the chronic HBV replication mouse model
established by HDI of pAAV/HBV1.2 is unable to respond to
HBsAg vaccination, which is attributed to IL-10 secretion by
Kupffer cells (KCs) (32). Moreover, extracellular vesicles secreted
by HBV-infected cells from patients with HBV exert
immunosuppressive functions and lead to HBV persistence in the
HDI model (33). Recently, we demonstrated that during acute-
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resolving HBV infection in HDI model using pSM2 plasmid, the
liver produces increased amounts of matrix metalloprotease (MMP)
2, which, together with MMP9, mediate membrane CD100
shedding from the surface of T cells and NK cells in the
secondary lymphoid organs and increase serum soluble CD100
levels (34). By interacting with CD72, sCD100 induces the
activation of antigen-presenting cells in the spleen and liver in the
HDI mice, thus promoting the intrahepatic anti-HBV CD8 T cell
response and virus clearance (34).

Other Applications of the HDI
Mouse Model
Immune therapeutic strategies that aim to restore the antiviral
function of HBV-specific CD8+ T cells have been intensively
examined in HBV HDI mouse models that mimic chronic HBV
infection. To mimic patients with chronic hepatitis B, the
persistent HBV replication mouse models are usually
established by HDI of 6-10 mg pAAV/HBV1.2 plasmid into
5-to-6-week-old male C57BL/6 or C3H mice (35, 36). Our group
previously demonstrated that intravenous administration of
TLR3 ligand Polyinosinic:polycytidylic acid [poly(I:C)] led to
HBV clearance, which was associated with increased CD8+ T cell
infiltration in the liver in an IFN-g- and CXCR-3-dependent
manner (37). Furthermore, we also showed that the NOD1
ligand, D-glutamyl-meso-diaminopimelic acid, enhanced the
antigen-presenting function of liver sinusoidal endothelial cells
to promote HBV-specific CD8+ T cells and HBV clearance in an
HBV-persistent HDI mouse model (35). Therapeutic strategies
targeting immune checkpoint programmed death-1/
programmed death ligand-1 to restore the antiviral function of
HBV-specific CD8+ T cells were also examined in an HBV
persistent HDI mouse model (38).

HDI mouse models are also widely used to test antiviral
agents such as lamivudine (14), RNA interference targeting HBV
replicative intermediates (39), and the HBV genome-specific
guide RNA-mediated clustered regularly interspaced short
palindromic repeats (CRISPR)/Cas9 system (40). Anti-HBV
vaccines such as cytomegalovirus-based vaccines (41) were also
tested in this model.

Another advantage of the model is that plasmids of different
HBV genotypes and variants or mutants can be constructed and
injected into the mice. Therefore, they can be used for testing
antiviral effects against mutated HBV (42) and exploring the
influence of HBV genome strain on HBV persistence, as well as
its underlying mechanisms (14, 43).

Limitations of the HDI Mouse Model
Although HDI mouse models are widely used to investigate
immune responses and evaluate antiviral compounds, the
limitations should be carefully considered. Firstly, the HDI
method is stressful for animals as it involves injecting a large
volume of liquid, and it also causes significant liver damage in the
first few days after injection (10). Secondly, the non-HBV immune
response elicited by the plasmid backbone should also be
considered. Thirdly, mouse hepatocytes are extremely inefficient
in forming cccDNA from rcDNA, resulting in a general absence of
Frontiers in Immunology | www.frontiersin.org 4163
cccDNA (44). Fourthly, intrahepatic transfection efficiency is only
~6% in this model (12), much lower than in HBV-infected patients
in the real world. Finally, due to the lack of the entry receptor in
mice, this is not a natural infection model, so it cannot be used to
study the entire infection process. Considering the huge differences
between HDI mouse model and patients with HBV infection,
researchers should be careful when evaluating the findings about
the therapeutic value of immunological and pharmacological
interventions against acute and chronic HBV infection in
hydrodynamic transfection systems.

There are other aspects to consider when interpreting results
from HDI mouse models. When modeling acute HBV infection,
the levels of HBsAg and HBV DNA decline quickly in the initial
phase. This also occurs under treatment with various of
immunosuppressive agents (45), suggesting that this process is
not immune-related and that the results obtained in such a
situation should be interpreted with care. Although HBV can
persist in the host and maintain its replication over a prolonged
period, the immunological mechanisms leading to persistence
are primarily related to lack of recruitment and intrahepatic
accumulation of activated T cells to HBV. Intrahepatic immune
activation by TLR ligands result in immune cell infiltration and
HBV clearance (37). A major issue is the lack of inflammation in
mice with persistent HBV replication, resulting in insufficient
recruitment of immune cells into the liver. Thus, HDI mouse
models may be useful for investigating host immune responses
and viral clearance or persistence; however, a direct comparison
with acute and chronic HBV infection in humans is not
always possible.
VIRAL VECTOR-MEDIATED
TRANSFECTION MOUSE MODEL

Viral vector-mediated transfection mouse model is based on viral
transduction by intravenous injection hepatotropic viral vectors
containing 1.2- to 1.3-fold HBV genomes, including Adenovirus
(Ad) (46–48), and Adeno-associated virus (AAV) (49–51). In
this model, HBV genome is inserted to the genome of viral
vectors, which initiates HBV replication and secretion of
infectious HBV virions. Both vector models express HBV
replication intermediates, and the dose of Ad-HBV directly
correlates with the outcome of HBV persistence (52). AAV
belongs to the family Parvoviridae, which is characterized by
site-specific integration, natural deficiency, and low
immunogenicity. AAV has a variety of serotypes, each of
which has organ specificity, making it an ideal gene-targeting
vector. Studies have shown that the liver transduction efficiency
of AAV8 is stronger than that of AAV1, 5, and 6 serotypes,
indicating that AAV8 is highly hepatotropic (53). This feature is
favorable for the application of AAV8 in HBV-related studies.

Applications of the Viral Vector-Mediated
Transfection Mouse Model
Both Ad-HBV and AAV-HBV transfection mouse models can
establish persistent HBV replication for more than 3 months or
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even more than 1 year (46, 52, 54). Notably, only low doses of
Ad-HBV have been reported to establish such persistent HBV
replication (46). The high doses of Ad-HBV can induce acute-
resolving hepatitis, which is partially due to strong non-HBV
immune responses induced by the vector itself (55, 56).
Nevertheless, this permits the investigation of mechanisms of
immune-mediated viral clearance, including the role of NK cells
(57) and intrahepatic CTLs (58).

Compared with Ad-HBV, AAV-HBV vectors have minimal
AAV genomes with only the essential AAV inverted terminal
repeat sequence that is responsible for viral packaging and does
not encode any AAV viral proteins. Thus, this vector has a clean
background and does not induce an obvious non-HBV immune
response (59), making it a more suitable tool to establish
persistent HBV infection (10). More importantly, the AAV-
HBV mouse model allows more efficient and homogeneous
HBV transduction than the HDI model with ~60% of
hepatocytes expressing HBcAg 12 weeks after injection
(49).Serum HBsAg in AAV-HBV mice remains at relative high
levels even in 3 or 4 month (Table 2). Therefore, the AAV-HBV
mouse model is preferred to evaluate therapeutic vaccines for
chronic infection (61) and the antiviral effects of TLR agonists
like the TLR9 ligand CpG (50). It is worth mentioning that Prof.
Xiaobing Wu’s group in Shanghai developed a persistent HBV
replication mouse model by transduction of recombinant AAV8
(rAAV8)-HBV 1.3 into C57BL/6 mice (62). This model is also
used to evaluate antiviral effects of NAs such as entecavir and
lamivudine (63). Moreover, two studies reported fibrosis in HBV
mice transfected with AAV8-HBV1.2, which is one of the few
replicative models that can be used to study the mechanism of
liver fibrosis in the course of chronic hepatitis B (64, 65). Lucifora
et al. reported that cccDNA can be detected by Southern blot in
an AAV-HBV model (66). However, it remains uncertain
Frontiers in Immunology | www.frontiersin.org 5164
whether AAV-HBV generates cccDNA in murine hepatocytes
through rcDNA, the natural precursor of cccDNA.

Limitations of the Viral Vector-Mediated
Transfection Mouse Model
As adenoviral vectors have large genomes and encode numerous
non-HBV viral products, it is technically challenging to interpret
the HBV-related immune response and pathogenesis in the Ad-
HBV transfection model (55, 56). Moreover, except for the
observed liver fibrosis in AAV8-HBV1.2-transfected mice
mentioned above, Ad-HBV and AAV-HBV mice do not
usually develop pathological changes in the liver. Although
rAAV8-HBV1.3 can to some extent achieve persistent HBV
replication after transfection, it cannot stimulate HBV-specific
humoral immunity (67). This may be due to immune tolerance
induced by the AAV8 vector (67). Moreover, similar to the HDI
approach, this model does not represent real infection. For these
reasons, it is controversial whether this model can be used to
study HBV immunology, which limits its application.
HBV RC-cccDNA MOUSE MODEL

The stable cccDNApool is a barrier toHBV eradication in patients.
However, one common disadvantage of the HDI injection and
virus-vector transduction mouse models is that HBV cccDNA is
rarely and not convincingly detected, suggesting that the
intracellular recycling pathway is severely impaired in mouse
hepatocytes (68). To address cccDNA related issues, a
recombinant cccDNA (rc-cccDNA) mouse model was developed.
In 2014, Qiang Deng’s group first reported that coinjection of a
plasmid containing double-LoxP flankedHBVDNA sequence and
a plasmid expressing Cre recombinase induced rc-cccDNA
TABLE 2 | Serum HBsAg levels among different chronic HBV mouse model.

Authors Mouse background Mouse model HBsAg positive
rate

HBsAg levels

Huang et al.
(13)

C57BL/6 (male, 6-8 weeks) HDI model
10 mg pAAV/HBV1.2

80% at 5 wpi 10000 ng/ml at 1 wpi; 100-1000ng/ml at 5 wpi

Li et al. (14) C57BL/6 (male, 6-8 weeks) HDI model
15 mg pcDNA3.1(+)-HBV1.3

60% at 20 wpi OD450: 3.0-3.5 at 1 wpi;
~1.5 at 20 wpi

Li et al. (16) C57BL/6 (male, 6-8 weeks) HDI model
5mg pAAV/HBV1.2

80% at 24 wpi OD450: 2.5-3.0 at 1 wpi
1.0-2.5 at 24 wpi

Wang et al.
(17)

C57BL/6 (male, 5-6 weeks) HDI model
6 mg pAAV/HBV1.2,

100% at 6 wpi 1000 ng/ml at 1 wpi; 100-1000 ng/ml at 6 wpi

Peng et al.
(19)

C3H/HeN (male, 5-6 weeks) HDI model
10 mg pAAV/HBV1.2

90% at 46 wpi 2000-3000 IU/ml at beginning; 60-100 IU/ml at 46 wpi

Huang et al.
(46)

n.a Ad-HBV vector
Infected with 108 infectious unites of
Ad-HBV

n.a 10000-100000 S/CO at 1 wpi; ~ 100 S/CO at day 100
after infection

Dion et al.
(49)

HLA-A2/DR1 mice (male, 6-8
weeks)

AAV2/8-HBV vector
Infected with 5×1010vg

n.a ~ 100 mg/ml at 2 wpi
~ 80 mg/ml at 16 wpi

Yang et al.
(50)

C57BL/6 (male, 6-8 weeks) AAV-HBV vector
Infected with 1×1011vg

n.a 2000-3000 ng/ml at 2 wpi and 12 wpi

Yan et al. (60) C3H (male, 4-6 weeks) Rc-ccc DNA model
HDI of 10 mg of HBVcircle

100% at 7 wpi 10000 ng/ml at 1 wpi; 1000-10000 ng/ml at 7 wpi
HDI, hydrodynamic injection; HLA-A2/DR1, HLA-A*0201/DRB1*0101-transgenic, H-2 class I/class II knockout (KO) mice; n.a, not available; S/CO, signal to control ratio; wpi, weeks
post injection.
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generation in themurine liver (69).This rc-cccDNAis similar to the
realHBVcccDNAthat acts as the template producingmatureHBV
virus. However, the plasmid backbone after excision remained in
the mouse liver and evoked a non-HBV immune response, which
critically influenced rc-cccDNA stability and HBV antigenemia
in vivo (69). To overcome this issue, the same group developed an
improved version of the cccDNA mouse using a replication-
defective recombinant adenoviral vector to deliver linear HBV
genome into Cre transgenic mice (70). HBV persists more than
62weeks in thismodel, and sustained necroinflammatory response
and fibrosis can be observed in the liver, which is analogous to the
progressive pathology of clinical hepatitis (70).

Alternatively, a hydrodynamic-injected recombinant HBV
minicircle cccDNA generated from a genetically engineered
Escherichia coli strain also formed authentic cccDNA-like molecules
in murine hepatocytes and achieved high-level, persistent HBV
replication in C3H mice (60). Another group recently developed rc-
cccDNA to mimic cccDNA using HDI of a Cre/LoxP-HBV plasmid
into NOD-scid IL1Rgnull mice (71). In their system, HBx-mutant and
green fluorescent protein reporter plasmids are created by these cis-
Cre/LoxP-HBV plasmids to further probe cccDNA biology and
develop antiviral strategies against cccDNA (71).

In the rc-cccDNA mice, HBV replication and observed
phenotypes are entirely driven by cccDNA-like viral genome,
making it a more biologically relevant model for testing antiviral
agents targeting cccDNA, such as CRISPR/Cas9 nuclease, as well
as small molecules specifically silencing or destabilizing cccDNA
(72, 73). Nevertheless, the rc-cccDNA does not have the fully
identical characteristics of cccDNA formed from rcDNA. These
rc-cccDNA systems also do not overcome the limitation of
impaired intracellular recycling pathway in mouse hepatocytes.
Therefore, the application of this system is still limited.
TRANSGENIC MOUSE MODELS

In the 1980s, HBV transgenic mouse models were generated with
embryo microinjection technology. These transgenic lineages
express one of the HBV gene products under the control of the
native viral regulatory elements or cell-specific promoters (74).
The insertion of overlength HBV genomes supports viral
replication, including particle production and infectious virion
release (3, 75, 76). Transgenic models have substantially
contributed to the understanding of molecular virus-host
interactions and the biology of HBV-related immunology and
pathogenesis. They can be separated into single HBV-protein
transgenic mice and full-genome transgenic mice.
Single-Protein Transgenic Mice
The HBV protein-transgenic mice express HBV proteins such as
HBsAg (77, 78), HBcAg (79), HBeAg (80), or HBx (81). These
models can be used to study the virology and oncogenic potential
of these HBV proteins.

In 1985, Chisari et al. developed the first HBV transgenic mice
that express HBsAg (77). It was initially suggested that this
model did not exhibit signs of pathology. Later, the same group
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described that increased expression of large HBsAg, rather than
the small and middle HBsAg proteins, inhibits the secretion of
HBsAg-containing particles (78). Furthermore, HBsAg
accumulation in the endoplasmic reticulum of hepatocytes
leads to continuous inflammation and liver injury, followed by
HCC development (82). The same HBs-transgenic mice were
crossed to C57BL/6 and BALB/c, which revealed that HBsAg
protein-induced liver injury depends on host genetic background
(83). It was recently shown that methylation of specific CpG sites
controls gene expression in these HBs-transgenic mice, resulting
in decreased cell stress and improved liver integrity (84).
Although pathological aspects of HBsAg could be revealed
with this model, the intracellular accumulation does not reflect
the natural function of HBsAg in HBV-infected humans.

To address HBV biology and immunological aspects, HBeAg-
transgenic mice were generated to investigate the role of
immunological tolerance in chronic infection of newborns (80).
Both HBeAg and HBcAg are expressed in this model. It has been
suggested thatHBeAg secretionmaybeoneof the viral strategies for
HBV persistence after perinatal infection (80). Another HBcAg-
transgenicmousemodel was used to examine factors that influence
the intracellular localization of nucleocapsid particles in
hepatocytes; it demonstrated that nucleocapsids can form de novo
within the nucleus, and the reformed nucleocapsid cannot be
transported across the intact nuclear membrane (79). Knowledge
about the functional and structural significance of HBcAg and
HBeAg could be gained with these models.

Mice transgenic for HBx protein have yielded controversial
results regarding its oncogenic potential. Early reports showed
that HBx-expressing mice develop HCC (81, 85, 86). However,
others reported contradicting findings that HBx alone is not
sufficient for inducing HCC development (87–89).
Hepatocarcinogenesis has been directly compared in HBsAg
and HBx knock-in transgenic mice. HBsAg and HBx genes
were integrated into the mouse p21 locus using homologous
recombination. Although p21-HBx transgenic mice developed
HCC at the age of 18 months, p21-HBsAg transgenic mice have
developed HCCs 3 months earlier. Herein, the expression of
genes related to metabolism and genomic instability largely
resembled the molecular changes during HCC development in
humans (90). However, hepatocarcinogenesis in HBV-transgenic
mice occurs in a cirrhosis-free condition and does not reflect the
common situation in HCC-developing patients with chronic
hepatitis B infection.

Full-Genome Transgenic Mice
Single-HBV protein transgenic mice facilitated investigation of
the assembly, secretion, immune responses, and functionality of
these proteins in vivo. However, HBV-full genome transgenic
mice support the whole HBV life cycle in vivo. The integrated
HBV genome includes terminally redundant DNA representing
a 1.3 overlength HBV genome leading to efficient viral
replication, including rcDNA synthesis from pregenomic RNA,
viral assembly, and production of infectious HBV particles that
are morphologically indistinguishable from human-derived
virions (76). Due to self-tolerance, full-genome transgenic mice
do not suffer from T cell-related liver injury. The lack of hepatitis
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indicates that HBV viral proteins or HBV itself is not cytopathic
in transgenic mice. Adoptive transfer of HBV-specific cytotoxic
T cells caused acute liver disease and thus resulted in temporal
clearance of HBsAg (91, 92). These HBV replication-competent
transgenic mice have been extensively used to evaluate antiviral
drugs that hinder HBV replication, including small interfering
RNAs (93, 94); cytokines (95, 96); and various polymerase
inhibitors such as adefovir dipivoxil (97), lamivudine (98), and
entecavir (99). Thus, cellular, molecular pathogenic, and antiviral
mechanisms occurring in acute viral hepatitis have been
recapitulated in full-genome transgenic mice.

Limitation of Transgenic HBV Models
All lineages of HBV transgenic mice generated to date are
immunologically tolerant to viral antigens, particularly at the
T-cell level, and they do not develop acute or chronic hepatitis.
Therefore, these models do not develop HBV-related liver
diseases including liver injury and progressive fibrosis and
cirrhosis. Due to the transgenic origin of HBV replication,
these mice do not have the potential of viral clearance (100).
Another restriction is the lack of cccDNA in these full-genome
transgenic mice, suggesting that species-specific differences may
play a role in determining the host range of this virus (74). Still,
the full-genome transgenic mice are absent of the HBV entry
factor NTCP. Although infectious particles are produced,
hepatocyte infection does not occur. Furthermore, in human
NTCP-expressing transgenic mice, HBV infection in mouse
hepatocytes is also limited due to the lack of a host cell
dependency factor (100). For these reasons, studies examining
HBV entry, mechanisms underlying infection, compounds
interfering with the infection process, and cccDNA synthesis
are not suitable in full-genome transgenic mice.
LIVER-HUMANIZED MOUSE MODEL

Although mice are not the natural host for HBV, a human liver
chimeric mouse model makes it possible to study the entire
infection process (from viral entry to cccDNA synthesis and
intrahepatic spread). The human liver chimeric mouse model is
generated by engraftment of primary human hepatocytes in highly
immunodeficient mice. The success of this model is based on the
principle of inducingmurine hepatocellular damage and abolishing
adaptive immune responses to allow survival of the transplanted
xenogeneic hepatocytes (10). Three different liver humanized
mouse models are currently available for studying HBV infection.

The first kind of liver humanized mouse is the urokinase-type
plasminogen activator/severe combined immunodeficiency
(alb-uPA/Scid) mouse, in which overexpression of uPA transgene
driven by the murine albumin (alb) promoter results in
hypofibrinogenemia and severe hepatotoxicity (101). After
backcrossing alb-uPA mice with immunodeficient mice (e.g., Scid,
RAG2-/- andScid/beigemice), humanhepatocytes are introduced via
intrasplenic injection and reach the injured liver, where they begin to
proliferate to replace the diseased mouse hepatocytes (102). Human
hepatocytes can reconstitute up to 70% of liver in this model (103),
but it has several drawbacks including kidney and hematologic
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disorders, potentially fatal bleeding, low breeding efficiency, and
narrow time range for liver manipulation (103, 104).

To circumvent these challenges, an alternative human liver
chimeric mouse model was generated: the triple knockout FAH-/-

RAG2-/-IL2RG-/- (FRG) mouse. This mouse model was produced by
crossing fumaryl acetoacetate hydrolase (Fah) knockout mice with
double immunodeficient RAG2-/-IL-2 receptor g chain (IL2RG)mice
(105). The Fah gene encodes the last enzyme in the tyrosine
catabolism pathway, and its deficiency leads to accumulation of
toxic tyrosine metabolic intermediates and subsequent liver failure
(106, 107). However, liver injury in this model can be prevented with
2-(2-nitro-4-trifluoromethylethylbenzoyl)-cyclohexane-1,3-dione
(NTBC) (105). This model requires continuous cycling of NTBC to
sustain human hepatocyte engraftment for extended periods of time,
but this can achieve ~97% human liver chimerism (105).

The third mouse model is generated based on TK-NOG mice,
which carry the transgene of the herpes simplex virus 1(HSV1)
thymidine kinase (TK) in triple immune defect Nod/Scid/IL2rg-/-

(NOG) mice (108, 109). Similar to FRG mice, liver injury can be
induced in a controlled manner by ganciclovir that selectively
destroy TK-expressing murine hepatocytes (108, 109). The liver
repopulation rate in this model is ~70%, which is comparable to
the alb-uPA/Scid mouse. However, a major drawback is that
male TK-NOG mice are sterile.

In contrast to transgenic HBV mice, liver humanized mice are
susceptible to HBV infection (110) and cccDNA is formed in
transplanted hepatocytes. These models can be used to study viral
infection, the nature of cccDNA, and interactions betweenHBV and
its host (111), as well as test novel antiviral agents (112, 113).
However, immunodeficiency makes these mice unsuitable for
studying immune responses. The high cost and technical difficulties
also pose great challenges for the availability of this mouse model.
IMMUNOCOMPETENT HUMAN LIVER
CHIMERIC MICE

Liverhumanizedmicehave complete immunodeficiency,whichdoes
not allow the study of adaptive immune responses and
immunotherapeutic strategies. To circumvent this limitation,
immunocompetent human liver-chimeric mice dually
reconstituted with both immune cells and hepatocytes of human
origin were developed by transplantation of human hematopoietic
stem cells or fetal liver cells (114–117). Another approach to study
immune responses in chimeric mice is adoptive transfer of human
immune cells into previously infected mice (118). However, the
generation of double chimeric systems is still a major challenge; both
the sourceofhumancells andmousebackgroundmassively influence
the outcomes of cell engraftment and maturation.
THE APPLICATION OF MOUSE MODELS
TARGETING HBV CURE

Three categories of HBV cure, complete cure, functional cure
and partial cure, have been defined according to clinical
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parameters and the corresponding underlying molecular
mechanisms. Complete cure is defined as the loss of HBsAg
and the complete elimination of all forms of replicating HBV,
including cccDNA while functional cure only refers to HBsAg
loss or HBsAg seroconversion (119). Complete cure is an ideal
goal; however, current available agents can not completely
eradicate the cccDNA in infected hepatocytes. Therefore, a
functional cure is the currently accepted goal for new HBV
therapies. CHB patients achieving functional cure have a very
benign prognosis and the negligible risk of progression to liver
cirrhosis and HCC (120).

Current novel treatment options under development targeting
HBV functional cure or even HBV eradication included direct
antivirals that aim at inhibiting virus entry, degrading cccDNA or
preventing cccDNA formation, silencing viral transcripts,
modulating nucleocapsid assembly, preventing HBsAg secretion,
and immunemodulators that aim to restore effective HBV-specific
immune responses (121). The liver-humanized mice and
immunocompetent human liver chimeric mice allow de novo
HBV infection and thus maintain the cccDNA pool. Therefore,
these two models can be used to test agents targeting HBV entry,
cccDNA synthesis, virus assembly and secretion. The rc-cccDNA
mouse model is particularly useful for evaluating efficacy of
cccDNA-targeting agents. The HDI, Ad-vector and full-genome
HBV transgenic mice could be used to evaluate the efficacy of
nucleoside analogues and siRNA silencing viral transcripts.
Moreover, the immunocompetent mice in HDI system and
human liver chimeric mice allows to investigate the restoration of
HBV-specific immunity by the treatment with novel immune
modulators. As discussed in the previous sections, therapeutic
Frontiers in Immunology | www.frontiersin.org 8167
vaccines, toll-like receptor agonists, polymerase inhibitors, small
interfering RNAs, and HBV entry inhibitors have been tested as
single agents or in combinations in thesemousemodels. Themajor
advantages of working withmouse models are the ease by which in
vivo target engagement and the mechanism of actions can be
assessed. The wealth of historical data and reagents tested in a
great number of diverse mouse studies can be drawn upon to
understand the downstream effects on viral infection or the host
immunity (122).However,whether successofnew treatments in the
mouse models could be translated to the human setting remains to
be analyzed in each case.

A last critical issue for achieving HBV cure is HBV integration.
Unfortunately, this aspect of HBV cure is not yet considered in the
investigation in HBV mouse models. Though the transgenic HBV
mousemodels contain integratedviral genomes in thehost genome,
the consequence for viral control is not analyzed in an appropriate
context and needs attention in the future studies.
CONCLUSION

This review discussed the in vivo mouse models for HBV
research. Each has its own strengths and weaknesses (Table 3),
offering good opportunities to choose between different models
based on the specific research questions addressed. The HDI
model can establish both acute and chronic HBV replication in
immunocompetent mice, so it is extensively used to investigate
immune responses during virus clearance and evaluate novel
antiviral agents. When using this model, the mouse background,
age, gender, and HBV plasmid dose should be carefully
TABLE 3 | Characteristics of different types of HBV mouse model.

Mouse models Advantages Applications Limitations

Hydrodynamic injection Immunocompetent
Transient and persistent replication
model

Investigate immune responses
Testing novel antiviral agents
HBV variants or mutants

No cccDNA; No infection;
Relatively lower efficiency;
Liver damage

Viral vector-mediated transfection
model
Ad-HBV transduction Immunocompetent Immune-mediated viral clearance No cccDNA; No infection;

High non-HBV immune response;
Transient replication

AAV-HBV transduction Immunocompetent
Higher transfection efficiency
Persistent replication

Test antiviral agents
Study mechanism of fibrosis(?)

cccDNA rarely observed;
No infection; immune tolerance

rc-cccDNA mouse model cccDNA formation Antiviral agents targeting cccDNA No infection; not the physical DNA formed by
rcDNA

HBV transgenic mouse model
Single protein-transgenic mice Express single HBV protein Virology and oncogenic potential of HBV

proteins
No infection; No cccDNA
No HBV replication

Full genome-transgenic mice Whole HBV life cycle
Effective viral replication

Antiviral drugs interfering HBV replication No infection; No cccDNA
Self-tolerance; Not cytopathic

Liver humanized mouse model Susceptible to HBV infection
cccDNA formation

Study viral infection
Interaction between HBV and host

Immune deficient
High cost
Technical challenging

Immunocompetent human liver
chimeric mice

Immunocompetent
Susceptible to HBV infection
cccDNA formation

Study viral infection
Immune responses

High cost
Technical challenging
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considered. The AAV transduction-mediated replicon delivery
model can also establish persistent HBV replication and is used
to investigate antiviral compounds. However, due to the non-
HBV immunity elicited by the vector, it is still controversial
whether this model could be used to study HBV immunology.
The development of transgenic mouse models enables
elucidation of molecular virus-host interactions and the
biology of HBV-related immunology and pathogenesis. The
human liver chimeric mouse model also makes it possible to
study the entire infection process, but the high cost and technical
difficulties limit the wide applicability of this model. In summary,
the development of HBV mouse models has opened a new era in
HBV research. Together with in vitro cell culture models, these
mouse models will provide great insight for developing novel
therapeutic strategies to cure HBV.
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Gamma delta (gd) T cells play a key role in the innate immune response and serve as the
first line of defense against infection and tumors. These cells are defined as tissue-resident
lymphocytes in skin, lung, and intestinal mucosa. They are also relatively abundant in the
liver; however, little is known about the residency of hepatic gdT cells. By comparing the
phenotype of murine gdT cells in liver, spleen, thymus, and small intestine, a
CXCR3+CXCR6+ gdT-cell subset with tissue-resident characteristics was found in liver
tissue from embryos through adults. Liver sinusoidal endothelial cells mediated retention
of CXCR3+CXCR6+ gdT cells through the interactions between CXCR3 and CXCR6 and
their chemokines. During acute HBV infection, CXCR3+CXCR6+ gdT cells produced high
levels of IFN-g and adoptive transfer of CXCR3+CXCR6+ gdT cells into acute HBV-infected
TCRd−/− mice leading to lower HBsAg and HBeAg expression. It is suggested that liver
resident CXCR3+CXCR6+ gdT cells play a protective role during acute HBV infection.
Strategies aimed at expanding and activating liver resident CXCR3+CXCR6+ gdT cells
both in vivo or in vitro have great prospects for use in immunotherapy that specifically
targets acute HBV infection.

Keywords: liver, gdT cells, residency, liver-resident gdT cells, chemotaxis, HBV infection
INTRODUCTION

The liver is not only involved in regulating metabolism but also has important immunological
characteristics (1, 2). Liver tissue is enriched with innate immune cells that can effectively and
quickly defend against invading microorganisms and tumor transformation (3–5). Lymphocytes are
classically viewed as continuously circulating in peripheral organs; however, recent studies
demonstrate the existence of tissue-resident lymphocytes in the skin, lung, and intestinal mucosa
and other peripheral organs, where they exert protective immunity to infection and malignancy (6–
9). Notably, the liver contains multiple resident lymphocytes including memory CD8+ T (TRM) cells,
invariant natural killer T (iNKT) cells, mucosal-associated invariant T (MAIT) cells, and natural
killer (NK) cells (10, 11). Liver-resident lymphocytes have a similar distribution, phenotype, and
method of transcriptional regulation and function (12–15).
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gdT cells are a unique subset of innate-like T lymphocytes with
diverse structural and functional heterogeneity.UnlikeabTcells, gdT
cells recognize antigens independent of MHC restriction and do not
require antigen processing and presentation (16, 17). Murine gdT
cells constitute only a small proportion of lymphocytes in peripheral
organs—such as spleen and lymph nodes—but are abundant in the
liver, accounting for 3%–5% of all intrahepatic lymphocytes. In an
acute HBV infection model, the number of hepatic gdT cells
significantly increases and exhibits elevated expression of the
activation marker, CD69 (18). However, the role of gdT cells
during the early stages of acute HBV infection is not well defined.
gdT cells are present in high numbers in epithelial and mucosal
barriers and several gdT-cell subsets naturally establish residency at
barrier sites, as illustratedby thepresenceofVg5+andVg3Vd1+T-cell
subsets in the intestinal epithelium and epidermis, respectively (19–
22). Tian’s group reported a liver-resident gdT population
maintained by gut commensal microbes through CD1d/lipid
antigens. This liver-resident gdT-cell population predominantly
produced IL-17A and accelerated the progression of nonalcoholic
fatty liver disease (23). However, there is a limited understanding of
the resident characteristics of gdT cells in the hepatic immune
microenvironment. A deeper and more comprehensive
understanding of liver-resident gdT cells will inform the
development of novel treatments for diverse liver diseases.
MATERIALS AND METHODS

Animals
Five to 8-week-old male C57BL/6J, BALB/c, and nude mice were
purchased from Beijing Hua Fukang Bioscience Co., Ltd. (Beijing,
China). TCRd−/− mice were a gift from Dr. Zhinan Yin (Nankai
University). CD45.1+ mice were a gift from Dr. Zhigang Tian
(University of Science and Technology of China). All mice were
housed in a specific pathogen-free facility under ethical conditions.
Experiments were performed with age- and sex-matched animals
according to the guidelines for experimental animals from
Shandong University and were approved by the Committee on
the Ethics of Animal Experiments of Shandong University (Jinan,
China) (2017-D023).

Acute HBV Infection Model
The pAAV plasmid and the pAAV-HBV1.2 plasmid containing
the full-length HBV DNA were kindly provided by Dr. Peijer
Chen (National Taiwan University College of Medicine, Taipei,
China). An acute HBV infection model was established by
hydrodynamic injection of 20 mg pAAV-HBV1.2 plasmid in
1× phosphate buffer solution (PBS) equivalent to 10% of the
mouse body weight by way of the tail veil into wild-type (WT)
C57BL/6J and TCRd−/− mice (24).

Parabiosis
Parabiosis was established as described previously (25). In brief,
5- to 6-week-old male CD45.1+ and CD45.2+ C57BL/6J mice
were matched for body weight and anaesthetized prior to
surgery. An incision along the lateral aspect was performed
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from 0.5 cm above the elbow to 0.5 cm below the knee joint,
and the skin was gently detached from the subcutaneous fascia.
The knee joints and skins of the paired mice were attached from
the elbow to the knee with nonabsorbable silk. Neomycin was
added to the drinking water for 7 days. Two weeks after
parabiosis, two mice shared the blood circulation.

Cell Isolation
Mice were sacrificed, and the bone marrow (BM), inguinal lymph
node (iLN), spleen, liver, thymus, intestine, and skin were collected.
MNCs from each organ were separated and mononuclear cells
(MNCs) were collected. In brief, iLN and thymus were passed
through a 200-gauge steel mesh and centrifuged at 400×g for 5 min
in 1 × PBS. Spleens were first passed through a 200-gauge steel
mesh, lysed with red blood cell (RBC) lysis buffer and washed with 1
× PBS. Bone marrows were washed by syringe, and MNCs were
harvested after RBC lysis and washing. Livers were passed through a
200-gauge steel mesh, and the cell pellets were collected. MNCs
were isolated by gradient centrifugation with 40% Percoll at 800×g
for 25 min and harvested after RBC lysis and washing. Skins were
excised and minced into small pieces, then digested with 0.04%
collagenase I (Gibco, Carlsbad, CA, USA) for 2 h at 37°C. The large
pieces were removed by filtration, and the MNCs were obtained by
gradient centrifugation with 40% and 70% Percoll. IELs were
isolated from the small intestine as previously described (26, 27).
Peyer’s patches (PP) were surgically removed from the intestines
and excised into small pieces. The specimens were then digested
with prewarmed IEL digestive juice and incubated with stirring for
40 min at 37°C and passed over two nylon wool columns to remove
undigested tissue debris. IELs were isolated by gradient
centrifugation with 40% and 70% Percoll (GE Healthcare,
Uppsala, Sweden).

The mice were anesthetized prior to a laparotomy to obtain
the LSECs. The liver was perfused with EGTA/HBSS solution
through the portal vein. The inferior vena cava was rapidly cut
after the liver turned completely pale. Next, the liver was
perfused with 37°C prewarmed Collagenase IV (Gibco)
solution for 5 min, excised, and digested in collagenase
solution for 15 min in a 37°C incubator. LSECs were obtained
by gradient centrifugation with 25% and 50% Percoll. The
cellular precipitate was resuspended in 1 ml DMEM+10% FBS
medium and seeded into 24-well plates at a density of 1 × 105

cells/well. After 4 h, the supernatant was gently removed and
replaced with 500 ml fresh DMEM medium.

Flow Cytometry
MNCs in a single-cell suspension were blocked with anti-CD16/
32 (eBioscience, San Diego, CA, USA) and stained with a cocktail
of antibodies specific for different cell types for 30 min at 4°C.
The foxp3 staining kit (eBioscience) was used to stain the nucleus
transcription factor. To detect expression of IL-17A and IFN-g,
the cells were stimulated with phorbol 12-myristate 13-acetate
(PMA, 30 ng/ml, Sigma-Aldrich Co., St. Louis, MO, USA) and
ionomycin (1 mg/ml, Sigma-Aldrich) for 4 h and treated with
monensin (1 mg/ml, Sigma-Aldrich) and brefeldin A (BFA, 1 mg/
ml, Biolegend, San Diego, CA, USA) after 1 h of stimulation.
After surface staining, cells were fixed, permeabilized, and
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stained with the indicated intracellular antibodies. Flow
cytometry was performed using a fluorescence-activated cell
sorter (FACS) Aria III (BD Biosciences, San Jose, CA, USA),
and data were analyzed with FlowJo software (TreeStar Inc.,
Ashland, OR, USA). At least 3 × 105 total events were needed for
the FACS analysis. Data are presented in Supplementary
Table S1.

Cell Sorting and Adoptive Transfer
Hepatic MNCs were stained with anti-CD3e, anti-TCRg/d, anti-
CXCR3, and anti-CXCR6 antibodies to sort CXCR3+CXCR6+

gdT cells using a FACS Aria III (BD Biosciences). The purity of
the sorted cell populations was >95%. Approximately 50,000
purified CXCR3+CXCR6+ gdT cells in 200 ml 1 × PBS were
intravenously injected into sublethally irradiated TCRd−/− mice
(6.5 Gy given 1 day before adoptive transfer). An acute HBV
infection model was established in WT, TCRd−/−, and TCRd−/−

mice after adoptive transfer of CXCR3+CXCR6+ gdT cells.

RNA Isolation and Real-Time PCR
Total gdT-cell RNA from the indicated tissues was extracted
using TRIZOL reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. The RNA
concentration was quantified using Nanodrop 2000 (Thermo
Fisher, Waltham, MA, USA). cDNA was generated using a
FastQuant RT Kit (Tiangen Biotech Co. Ltd., Beijing, China)
and real-time polymerase chain reaction was performed using a
SYBR Green SuperMix (Roche, Basel, Switzerland) on a
LightCycler 480 platform (Roche). Relative mRNA levels were
normalized to b-actin mRNA levels. The primers are described
in Supplementary Table S2.

Transwell Assay
Hepatic MNCs were seeded at 5 × 105 in 100 ml serum-free
RPMI-1640 media in the above inserts with a pore size of 0.4 mm.
The lower chamber contained 500 ml DMEM medium with
untreated LSECs or LSECs incubated with neutralizing
chemokine-targeting antibodies at 37°C for 2 h. After a 2-h
incubation, absolute numbers of the migrated cells were detected
by FACSAria III.

Chemokine Detection by ELISA
The LSECs were inoculated into 24-well plates (1 × 105 cells/
well). After culturing for 4 h, the supernatant was absorbed,
washed three times with 1 × PBS, and replaced with fresh DMEM
medium (500 ml). Cell culture supernatants were collected at 24
h. CXCL9, CXCL10, CXCL11, and CXCL16 chemokine levels
were detected in the LSEC culture supernatants by ELISA
(PeproTech, East Windsor, New Jersey, USA) according to the
manufacturers’ instructions.

Serum HBV Ag Assays
Serum hepatitis B surface Ag (HBsAg) and hepatitis BeAg
(HBeAg) from mice with acute HBV infection were assayed
using the HBsAg and HBeAg detection kits (Autobio,
Zhengzhou, China) according to the manufacturer’s instructions.
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HBV DNA Detection
Serum HBV DNA copies were extracted from 50 ml serum and
detected by quantitative PCR using a diagnostic kit for HBV
DNA (Da An Gene, Guangzhou, China) according to the
manufacturer’s instructions.

Statistical Analysis
The data were analyzed using GraphPad Prism 7 software
(GraphPad Software Inc., San Diego, CA, USA). Data are
presented as the mean ± standard error of the mean (SEM).
Differences between more than two groups were statistically
analyzed by one-way analysis of variance (one-way ANOVA). A
two-way ANOVA test was used to determine differences in HBsAg,
HBeAg, and HBV DNA tests. A p-value <0.05 was considered
statistically significant (*p < 0.05; **p < 0.01; ***p < 0.001).
RESULTS

CXCR3+CXCR6+ gdT Cells Only Exist
in Liver
IELs and skin are rich in gdT cells, where they regulate
inflammation, pathogen invasion, and tumor surveillance (22,
28, 29). In this study, the liver also had a higher proportion of
gdT cells than other immune organs and tissues, including the
BM, inguinal LN, spleen, and thymus (Supplementary Figure S1
and Figures 1A, B). This finding correlates with results from a
recent study (23).

This study also assessed the phenotype of gdT cells in liver,
first by analyzing molecules associated with gdT-cell-induced
cytokine production. Hepatic gdT cells expressed low levels of
CD27, which is a fate determinant of gdT cells to express IFN-g
but not IL-17A. The expression was similar in gdT cells from the
IEL but significantly lower than gdT cells from the spleen and
thymus (30) (Figure 1C). Hepatic gdT cells also expressed higher
levels of IL-2 receptor beta CD122, which is expressed on IFN-g+

gdT cells, compared with gdT cells from other immune organs
and tissues (31) (Figure 1C). Hepatic gdT cells exhibited higher
NKG2D expression, indicating that these cells may be involved
in immune defense and tissue protection in the liver
(Figure 1D). gdT cells induce effector−target cell apoptosis
through the Fas–FasL pathway (32, 33). Hepatic gdT cells have
a higher expression of Fas (CD95) than intestinal epithelial gdT
cells but lower expression than thymic gdT cells (Figure 1D).
Importantly, hepatic gdT cells expressed a high level of the
adhesion and retention molecule, CD44, and a low level of the
lymph node homing molecule, CD62L (Figure 1E). Overall,
these data indicate that hepatic gdT cells exhibited a unique
phenotype that was distinct from gdT cells found in other organs.

Chemokines and chemokine receptors regulate the trafficking
and accumulation of lymphocytes in homeostasis and disease.
The mRNA level of chemokine receptors in gdT cells was
measured in multiple organs. As shown in Figure 2A, CXCR3,
CXCR6, and CCR2 mRNA levels were higher in hepatic gdT cells
than in other tissues and organs. Hepatic gdT cells from nude
mice still retained high CXCR3 and CXCR6 expression
January 2022 | Volume 12 | Article 757379

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Wang et al. CXCR3+CXCR6+gdT-Cell Subset Resides in Liver
(Figure 2B), indicating that thymus deficiency did not impact
expression. CXCR3 and CXCR6 expression was further
examined by flow cytometry. Results showed that hepatic gdT
Frontiers in Immunology | www.frontiersin.org 4175
cells expressed higher levels of CXCR3 and CXCR6 than those
from spleen, IEL, and thymus in C57BL/6J mice (Supplementary
Figure S2 and Figure 2C). Furthermore, the CXCR3+CXCR6+
A

C

D

E

B

FIGURE 1 | Liver contains abundant gdT cells that exhibit a unique phenotype. (A) Representative FACS plots of gdT cells (CD3+TCRgd+) in BM, IEL, iLN, liver, skin,
spleen, and thymus of C57BL/6J mice. (B) Statistical analysis of gdT-cell percentages in the indicated organs. (C–E) Representative FACS plots (left) and percentage
(right) of gdT surface markers on cells in indicated organs. Each dot represents a mouse. Data are shown as mean ± SEM. (*p < 0.05; **p < 0.01; ***p < 0.001. One-
way ANOVA with post-hoc test). BM, bone marrow; IEL, intraepithelial lymphocyte; iLN, inguinal lymph node; NS, not significant.
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gdT-cell subset was found in liver but not in the spleen, IEL, or
thymus (Figure 2C). These data indicate that hepatic gdT cells
exhibited a unique phenotype and the CXCR3+CXCR6+ gdT
subset specifically exists in liver.
CXCR3+CXCR6+ gdT Cells Have
Tissue-Resident Characteristics
and Specifically Reside in Liver
Tissue-resident lymphocytes often express CD103, CD69, CD44,
and CD49a, which mediate adhesion and retention, and lack the
lymphoid homingmarkers, CD62L andCCR7 (6, 34). In this study,
hepatic CXCR3+CXCR6+ gdT cells expressed high levels of CD69,
Frontiers in Immunology | www.frontiersin.org 5176
CD103, CD44, and CD49a (Figure 3A) and low levels of CD62L
and CCR7 (Figure 3B and Supplementary Figure S3). These cells
also expressedahigh level of the transcription factor, PLZF,which is
important for innate tissue-resident lymphocytes like iNKT cells
and MAIT cells (35), and a low level of BlIMP1, which correlates
with diverse tissue-resident lymphocyte populations such as TRM

and NKT cells (Figure 3C). These data indicate that hepatic
CXCR3+CXCR6+ gdT cells have tissue-resident characteristics.

To further confirmwhether these cells specifically reside in liver,
CD45.1+ and CD45.2+ mice were surgically joined by parabiosis
(Figure 3D). After 2weeks, the percentages ofCD45.1+ orCD45.2+

cells in peripheral blood lymphocytes (PBLs) were equivalent,
indicating that the parabiosis models were successfully established
A

B

C

FIGURE 2 | Liver contains a specific CXCR3+CXCR6+ gdT subset. (A) CXCR3, CXCR6, CCR2, and CCR6 mRNA expression in gdT cells from indicated organs of
C57BL/6J mice. (B) CXCR3, CXCR6, and CCR2 mRNA expression in gdT cells from IEL, liver, spleen, and iLN of BALB/c and nude mice. (C) Representative FACS
plots and percentage of gdT cells expressing CXCR6 or CXCR3 in liver, spleen, IELs, and thymus of C57BL/6J mice. Each dot represents a mouse. Data are shown
as mean ± SEM. (***p < 0.001. One-way ANOVA with post-hoc test).
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FIGURE 3 | CXCR3+CXCR6+ gdT cells have tissue-resident characteristics and specifically reside in liver. (A–C) FACS analysis of CD69, CD103, CD44, and CD49a
(A), CD62L and CCR7 (B), and PLZF and Blimp1 (C) expression on hepatic CXCR3+CXCR6+ gdT cells from C57BL/6J mouse livers. (D) Parabiotic joining of
CD45.1 and congenic CD45.2 mice led to the development of a shared circulatory system 2 weeks after surgery. (E) The percentages of CD45.1+ and CD45.2+

cells in peripheral blood lymphocytes (PBLs) in parabiosis models. (F) Gating strategy of CD45.1+ or CD45.2+ expression on hepatic CXCR3+CXCR6+ gdT cells. (G)
The host origin (CD45.1+ or CD45.2+) of hepatic CXCR3+CXCR6+ gdT cells was identified by FACS analysis in each mouse in the CD45.1/CD45.2 parabiotic mouse
pairs at 14 days postsurgery. (H) The percentage of CD45.1+ or CD45.2+ conventional T cells (CD3+TCRgd-NK1.1−), gdT cells (CD3+TCRgd+), and CXCR3+CXCR6+

gdT cells from the liver of CD45.1/CD45.2 parabiotic B6 mouse.
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(Figure 3E). The redistribution of gdT cells in each mouse in the
CD45.1/CD45.2 parabiotic mouse pairs was assessed (Figure 3F).
While conventional T cells were mutually exchanged, hepatic
CXCR3+CXCR6+ gdT cells from the CD45.1+ parabiont mice
were almost entirely CD45.1+, with very few CD45.2+, while
CXCR3+CXCR6+ gdT cells from the CD45.2+ parabiont mice
were primarily CD45.2+ (Figures 3G, H). These data suggest that
hepatic CXCR3+CXCR6+ gdT cells were seldom exchanged
between CD45.1+ and CD45.2+ parabiont mice. In addition,
70%–80% CXCR3+CXCR6− gdT cells and CXCR3−CXCR6+ gdT
cells were CD45.1+ in CD45.1+ parabiontmice, whereas the reverse
was observed in CD45.2+ parabiont mice (Supplementary Figure
S4). In summary, the parabiosis assay indicated that
CXCR3+CXCR6+ gdT cells were predominantly retained in the
liver, while CXCR3+CXCR6− gdT cells and CXCR3−CXCR6+ gdT
cells have less liver-resident features.

Liver-Resident CXCR3+CXCR6+ gdT Cells
Exist in Liver From Embryo to Adulthood
In general, gdT cells are exported from the thymus at defined
periods of fetal and neonatal development, and then migrate to
and populate different peripheral tissues in adult animals (36).
However, intestinal gdT cells can also develop in intestinal crypts
and reside in the gut (37). To explore whether the existence of
hepatic gdT cells was dependent on the thymus, the proportion
of gdT cells in athymic nude and WT BALB/c mice were
assessed. The proportion of intestinal gdT cells in nude mice
was nearly identical to the proportion of intestinal gdT cells in
WT BALB/c mice. Importantly, the liver still contained gdT cells
in athymic nude mice despite the lack of gdT cells in the spleen
(Supplementary Figures S5A, B). These data suggest that some
hepatic gdT cells are not dependent on the thymus. Assessment
of gdT cells during different stages of growth showed that they
are found in liver and thymus from embryo to adulthood. As the
mice grew, the percentage of gdT cells decreased in the thymus
and increased in the liver (Figure 4A and Supplementary Figure
S6). More importantly, CXCR3+CXCR6+ gdT cells were present
in the liver from embryo to adulthood and the proportion
increased as the mice aged; however, they were absent in the
thymus during particular stages of growth (Figure 4B).

CXCR3+CXCR6+ gdT cells expressed high levels of the IFN-g-
associated transcriptional factor, T-bet, from embryo to
adulthood, while rarely expressing the IL-17A-associated
transcriptional factor, RORgt (Figure 4C). In addition, hepatic
CXCR3+CXCR6+ gdT cells expressed a high level of tissue-
resident-associated molecules like CD103 and CD69 and the
transcription factor, PLZF, but rarely expressed CD62L during
development (Figure 4D and Supplementary Figure S7).

In summary, these data collectively indicate that CXCR3+CXCR6+

gdT cells are retained in liver from embryo to adulthood and have
tissue-resident characteristics during mouse development.

Liver Sinusoidal Endothelium Cells
Mediate Retention of Liver-Resident
CXCR3+CXCR6+ gdT Cells
LSECs secrete a variety of chemokines that promote the
recruitment of immune cells (38, 39). Results from the present
Frontiers in Immunology | www.frontiersin.org 7178
study showed that the liver-resident gdT-cell subset specifically
expressed the chemokine receptors, CXCR3 and CXCR6. Thus,
we hypothesized that chemotaxis may play an important role in
the recruitment and retention of CXCR3+CXCR6+ gdT cells in
the liver. LSECs were isolated and chemokines, including the
ligands of CXCR3 (CXCL9, CXCL10, CXCL11) and the ligand of
CXCR6 (CXCL16), were measured in the culture supernatants.
LSECs produced high levels of CXCL9, CXCL11, and CXCL16
(Figure 5A). To further demonstrate the recruitment function of
LSECs, a transwell assay was performed to test the chemotactic
ability of chemokines secreted by LSECs on CXCR3+CXCR6+

gdT cells (Figure 5B). When the lower chamber contained
untreated LSECs, CXCR3+CXCR6+ gdT cells were recruited
from the above inserts. Chemotaxis was significantly reduced
when CXCL9 and CXCL11 were neutralized, indicating that the
chemokines, CXCL9 and CXCL11, play important roles in the
retention of CXCR3+CXCR6+ gdT cells (Figure 5C). When
CXCL16 was neutralized, the level of chemotaxis between the
LSECs and CXCR3+CXCR6+ gdT cells was also weakened
(Figure 5C). These findings indicate that the chemokines,
CXCL9, CXCL11, and CXCL16, are all required for the
retention of CXCR3+CXCR6+ gdT cells. Taken together, these
results indicate that LSECs play an important role in retaining
liver-resident CXCR3+CXCR6+ gdT cells through the interaction
between the chemokine receptors, CXCR3 and CXCR6, and
their ligands.
Liver-Resident CXCR3+CXCR6+ gdT
Cells Play a Protective Role During
Acute HBV Infection
Liver-resident CXCR3+CXCR6+ gdT cells produced high levels of
IFN-g and expressed a high level of the IFN-g transcription factor, T-
bet (Supplementary Figure S8 and Figures 6A, B). However, these
cells produced very little IL-17A and expressed low levels of the IL-
17A transcription factor, RORgt (Figures 6A, B). The production of
IFN-g indicated that liver-resident CXCR3+CXCR6+ gdT cells may be
involved in protective immunity against viruses and intracellular
pathogens. In an acute HBV infection model, the proportion and
absolute numbers of CXCR3+CXCR6+ gdT cells increased on day 7
and returned to normal levels as the infection progresses (Figure 6C).
The expression of Ki67 was measured at different time points. On the
third day after infection, CXCR3+CXCR6+ gdT cells showed
significantly higher expression of Ki67, indicating that the
proliferative capacity of CXCR3+CXCR6+ gdT cells was enhanced
postinfection (Figure 6D). Notably, IFN-g levels increased after 7
days postinfection (Figure 6E). These results indicate that liver-
resident CXCR3+CXCR6+ gdT cells proliferate during acute HBV
infection and IFN-g from these cells may be involved in eliminating
HBV. IL-17A secretion increased at the early stage of infection, and
decreased after 10 days, and was then maintained at a low
level (Figure 6E).

To further investigate the role of CXCR3+CXCR6+ gdT cells
during HBV infection, the acute HBV infection model was
established in WT, TCRd−/− mice, and TCRd-/- mice that were
adoptively transferred with CXCR3+CXCR6+ gdT cells. HBsAg,
HBeAg, and HBV DNA levels were measured in serum at
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different time points. TCRd−/− mice that had received
CXCR3+CXCR6+ gdT cells exhibited markedly lower serum
HBsAg, HBeAg, and HBV DNA levels than TCRd−/− mice that
did not receive CXCR3+CXCR6+ gdT cells (Figure 6F). These
data suggest that liver-resident CXCR3+CXCR6+ gdT cells may
be involved in the clearance of HBV. Interestingly, TCRd−/−mice
had lower serum HBsAg, HBeAg, and HBV DNA thanWTmice,
suggesting that other subsets of gdT cells may have different or
even opposing effects during acute HBV infection. The roles of
other subsets of gdT cells in acute HBV infection deserved
further research.
Frontiers in Immunology | www.frontiersin.org 8179
These findings demonstrate that liver-resident CXCR3+CXCR6+

gdT cells exert a protective role during acute HBV infection through
production of IFN-g.
DISCUSSION

In the present study, a unique gdT-cell subset characterized by
CXCR3+CXCR6+ expression was specifically found to reside in
murine liver. Moreover, these cells existed from embryo to adult
and exhibited tissue-resident characteristics. LSECs promoted
A
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D

FIGURE 4 | CXCR3+CXCR6+ gdT cells exist in liver and express tissue-resident markers from embryo to adulthood. (A) FACS analysis of gdT cells in thymus (top)
and liver (bottom) at different developmental stages of C57BL/6J mice. (B) FACS analysis of CXCR3+CXCR6+ gdT cells in the thymus and liver at the different
developmental stages of C57BL/6J mice. (C, D) FACS analysis of T-bet and RORgt (C) and CD103, CD69, CD62L, and PLZF expression (D) in hepatic
CXCR3+CXCR6+ gdT cells at the indicated ages over time.
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the recruitment and retention of CXCR3+CXCR6+ gdT cells by
secreting CXCL9, CXCL11, and CXCL16. Importantly, liver-
resident CXCR3+CXCR6+ gdT cells secreted high levels of IFN-g
and provided protection against acute HBV infection.

Tissue-resident lymphocytes share similar phenotypes,
functional properties, and transcriptional regulation (10, 34).
CXCR3 and CXCR6 are present in liver-resident NK cells and
CD8+ T cells (40–42). The engagement of chemokines and
chemokine receptors is required for lymphocyte trafficking and
retention in the liver. CXCR3 and its ligands mediate T-cell and
TRAIL+ liver-resident NK cell chemotaxis toward the liver (43, 44).
Liver-resident NK cells, NKT cells, and CD8+ T cells are selectively
retained in liver in response to the chemotactic stimuli provided
through the CXCR6 and CXCL16 interaction (45–47). Results from
the present study provide the first evidence that CXCR3, CXCR6,
and their ligands are critical for the accumulation and residency of
gdT cells. Hepatic CXCR3+CXCR6+ gdT cells express PLZF, which
is involved in a transcriptional network that promotes liver
residency of human NK cells (48). A parabiosis model, one of the
most commonmethods for assessing tissue residency (25), was used
to further verify that CXCR3+CXCR6+ gdT cells specifically reside in
the liver.
Frontiers in Immunology | www.frontiersin.org 9180
Similar to the intestine, the liver still contained gdT cells in
athymic nude mice (Supplementary Figure S5), indicating that
hepatic gdT cells do not dependent on the thymus. Furthermore,
CXCR3+CXCR6+ gdT cells were not present in the thymus at all
stages of growth, these cells were present in the liver from
embryo to adulthood and the percentage increased as mice
aged (Figure 4). These findings indicated that liver-resident
CXCR3+CXCR6+ gdT cells may have a unique development
pathway. While the thymus provides an inductive environment
for the development of T cells from hematopoietic progenitor
cells, prior studies have shown that gdT cells can develop
extrathymically. Intestinal gdT cells, for example, can develop
in intestinal crypts and reside in the gut (37, 49, 50). In addition,
the adult liver contains hematopoietic stem and progenitor cells
(HSPCs) and is believed to be an extramedullary hematopoietic
organ (51–53). Hepatic heterogeneous Lin−Sca-1+c-Kit+ (LSK,
contains hematopoietic stem cells and multipotent progenitors)
cells can differentiate into both myeloid cells and lymphocytes,
including gdT cells, and type 1 innate lymphoid cells (ILC1s)
(54–56). Our recent findings showed that liver hematopoietic
progenitor Lin−Sca-1+Mac-1+ (LSM) cells can differentiate into
gdT-cell precursor (pre-gdT) cells and functionally mature IFN-
A
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FIGURE 5 | LSECs promote the recruitment of CXCR3+CXCR6+ gdT cells to the liver. (A) Freshly isolated LSECs (1 × 105 per well) were seeded into 24-well plates and
incubated at 37°C. The culture supernatant of each well was collected at 24 h and CXCL9, CXCL10, CXCL11, and CXCL16 levels in the culture supernatant were
detected by ELISA. (B) Transwell was performed to test the chemotactic effect of LSECs to CXCR3+CXCR6+ gdT cells. The inserts were seeded with 5 × 105 liver
mononuclear cells in 100 µl serum-free RPMI-1640 media. The lower chamber contained 500 µl DMEM medium with untreated LSECs or LSECs incubated with
neutralizing antibodies specific for indicated chemokines at 37°C for 2 h. (C) FACS analysis (left) and absolute numbers (right) of CXCR3+CXCR6+ gdT cells in the lower
chamber migrated from the upper insert after a 2-h incubation. Data are shown as mean ± SEM. (**p < 0.01; ***p < 0.001. One-way ANOVA with post-hoc test).
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FIGURE 6 | Liver-resident CXCR3+CXCR6+ gdT cells contribute to the clearance of HBV. (A) IFN-g and IL-17A expression on PMA/ionomycin-stimulated
CXCR3+CXCR6+ gdT cells in the liver of C57BL/6J mice. (B) T-bet and RORgt expression in hepatic CXCR3+CXCR6+ gdT cells. (C) An acute HBV infection model
was established by hydrodynamic injection of pAAV-HBV1.2 plasmid into the tail veil. The absolute numbers (left) and percentages (right) of liver-resident
CXCR3+CXCR6+ gdT cells after acute HBV infection at the indicated time points. (D) FACS analysis (left) and statistical analysis (right) of Ki67 on CXCR3+CXCR6+

gdT cells after acute HBV infection at the indicated time points. (E) FACS analysis (left) and statistical analysis (right) of IFN-g (top) and IL-17 (bottom) secreted by
PMA/ionomycin-stimulated CXCR3+CXCR6+ gdT cells after acute HBV infection at the indicated time points. (E) HBsAg, HBeAg, and HBV DNA detection in serum at
the indicated time points of an HBV acute infection model in WT, TCRd−/−, and TCRd−/− mice after adoptive transfer of CXCR3+CXCR6+ gdT cells. Data are shown
as mean ± SEM. [*p < 0.05; **p < 0.01; ***p < 0.001. One-way ANOVA with post-hoc test (C–E), two-way ANOVA test (F)]. NS, not significant.
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g+ gdT cells but not IL-17a+ gdT cells in a thymus-independent
manner. This research suggests that gdT cells are involved in a
distinct developmental pathway that is independent of the
thymus (57). More evidence is required to better understand
how liver-resident CXCR3+CXCR6+ gdT cells develop.

gdT cells can establish long-lived memory and resident
populations in response to local inflammation or pathogen
invasion and exert long-term protective roles (19–21, 58).
Circulating gdT cells participate in lymphoid stress surveillance
during HBV infection with differential activation and
differentiation (59). However, the role of liver-resident gdT cells
during acute HBV infection remains unknown. In the current study,
CXCR3+CXCR6+ gdT cells produced more IFN-g and were
associated with reduced disease severity after adoptive transfer into
HBV-infected TCRd−/−mice (Figure 6). These findings suggest that
liver-resident CXCR3+CXCR6+ gdT cells inhibit acute HBV
infection; however, the precise mechanism and memory
characteristics of these cells require further study. In recent years,
gdTcells have attractedmoreattention forpotential useduring tumor
immunotherapy because of their strong cytotoxic effect on tumor
cells, lack of MHC restriction on antigen recognition, and easy
expansion both in vitro and in vivo (60–62). gdT cells are used for
immunotherapy through in vivo stimulation with synthetic
phosphoantigens like BrHPP, aminodicarbonates such as
zoledronate, and glycolipid antigens presented by CD1d or
adoptive transfer after expansion ex vivo (63–65). Current research
is focused on combining direct antiviral agents and immunotherapy
to treat HBV infection. Targeting the host immune system to
strengthen innate and specific adaptive immune responses may
help to eliminate this virus. DC vaccines, cytokine-induced killer
(CIK) cells, immune checkpoint inhibitors, and genetically edited T
cells (CAR/TCR-T) are used in the treatment of chronic viral
infections and related cancers (66–68). In view of the antiviral effect
of liver-residentCXCR3+CXCR6+ gdTcells, stimulationof these cells
in vivo or adoptive transfer of liver-resident CXCR3+CXCR6+ gdT
cells after ex vivo expansion may be a new therapeutic strategy for
acute HBV infection.

Similar to mice, human livers also contain a liver-resident
CD27loCD45RAlo subset of Vd1+ gdT cells expressing high levels
ofCXCR3 andCXCR6. Theyproduce significantlymore of the pro-
inflammatory cytokines, IFN-g andTNF-a, andmaybe involved in
responding to CMV infection (69). It is also worth noting that
serumHBsAg,HBeAg, andHBVDNAlevels are significantly lower
in TCRd−/−mice thanWTmice (Figure 6F). Thismay be related to
the heterogeneity of gdT cells. gdT cells are a heterogeneous
population and consist of different subsets including IFN-g-
producing gd T cells, IL-17-producing gd T cells, gd NKT cells,
and so on (57, 70). The TCRd−/− mice were systemic TCRd gene
deletion, and all gdT-cell subsets are deficient. Other gdT-cell
subsets in liver may have different, even opposite, effects during
acuteHBV infection. The roles of other subsets of gdT cells in acute
HBV infection deserved further research.

In summary, the current study was the first to demonstrate that
CXCR3+CXCR6+ gdT cells are a liver-resident gdT-cell subset with
a unique phenotype and tissue-resident characteristics. LSECs
mediated the retention of CXCR3+CXCR6+ gdT cells through the
Frontiers in Immunology | www.frontiersin.org 11182
interaction between the chemokine receptor, CXCR3, and its
ligands, CXCL9 and CXCL11, as well as CXCR6 and its ligand,
CXCL16. Liver-residentCXCR3+CXCR6+ gdT cells were protective
against acute HBV infection. While additional research is required
to better define the exact mechanism by which CXCR3+CXCR6+

gdT cells exert their protective role, findings from the current study
provide more insight into liver-resident lymphocytes and provide
novel strategies for the treatment of diverse liver diseases.
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