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In Brief

Tham et al. demonstrate that HDV
activates hepatocyte antigen processing
and presentation capacity, increasing
their activation of virus-specific T cells.
HDV, a defective RNA virus that relies on
HBV envelope proteins to infect
hepatocytes, exacerbates HBV-related
liver pathology. This immunological
adjuvant-like feature can increase the
anti-HBV efficacy of immunological
therapy.
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SUMMARY

Hepatitis delta virus (HDV) requires hepatitis B virus (HBV) to complete its infection cycle and causes severe
hepatitis, with limited therapeutic options. To determine the prospect of T cell therapy in HBV/HDV co-infec-
tion, we study the impact of HDV on viral antigen processing and presentation. Using in vitro models of HBV/
HDV co-infection, we demonstrate that HDV boosts HBV epitope presentation, both in HBV/HDV co-infected
and neighboring mono-HBV-infected cells through the upregulation of the antigen processing pathway medi-
ated by IFN-B/A. Liver biopsies of HBV/HDV patients confirm this upregulation. We then validate in vitro and in
a HBV/HDV preclinical mouse model that HDV infection increases the anti-HBV efficacy of T cells with engi-
neered T cell receptors. Thus, by unveiling the effect of HDV on HBV antigen presentation, we provide a
framework to better understand HBV/HDV immune pathology, and advocate the utilization of engineered

HBV-specific T cells as a potential treatment for HBV/HDV co-infection.

INTRODUCTION

The major etiological agent of chronic viral hepatitis worldwide is
hepatitis B virus (HBV), a hepatotropic non-directly cytopathic
DNA virus that establishes chronic infection in ~240 million peo-
ple. The pathological consequences of chronic HBV infection are
aggravated by co- or super-infection with the hepatitis delta vi-
rus (HDV), a defective RNA virus that relies on the envelope pro-
teins of HBV to infect human hepatocytes.! HDV is the only
known viroid infecting humans, and according to the World
Health Organization (WHO), ~20 million individuals are HBV/
HDV co-infected worldwide, while new epidemiological estima-
tions have suggested that the number of HDV* individuals may
be even substantially higher (70 million people worldwide).?
Patients with persistent HBV/HDV co-infection develop liver
cirrhosis at a younger age and are more likely to progress toward
hepatocellular carcinoma.® Conventional antiviral therapies used
in HBV mono-infection (nucleoside analogs and interferon [IFN]-
a) have low efficacy in HBV/HDV co-infection.”® Novel treat-
ments targeting different steps of HDV infection and replications
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are being tested, alone or in combination with IFN-«, with some
encouraging results.®® However, there is still ample space and
urgent need to develop new therapeutic approaches for the ma-
jority of HBV/HDV-co-infected patients.

We and others have advocated the use of strategies able to
boost virus-specific adaptive immunity for the treatment of
chronic HBV (CHB) infection.®'® HBV-specific CD8 T cells are
associated with the control of HBV replication in animal models "
and in patients.12 Furthermore, the demonstration that trans-
plantation of bone marrow containing HBV-specific T and B cells
into patients with CHB can lead to an HBV functional cure'®'*
highlights the therapeutic potential of HBV-specific immunity
reconstitution. The defect of HBV-specific B and T cell re-
sponses present in CHB patients'>~'® renders the restoration
of HBV immunity, through vaccine therapy or checkpoint inhibi-
tors, unlikely to succeed. However, reconstitution of HBV-spe-
cific immunity through the adoptive transfer of autologous
T cells engineered with chimeric antigen receptors (CARs) or
T cell receptors (TCRs) specific for HBV,?**! may bypass such
defects and could lead to specific targeting of HBV-infected
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hepatocytes.”” Recent studies in chimeric mice with HBV-in-
fected human livers have shown the efficacy of these specific
strategies.?’***° We reasoned that such approaches possess
therapeutic potential also in HBV/HDV co-infection. The demon-
stration that HDV can persist intracellularly in replicating human
hepatocytes despite blocking re-infection with Myrcludex B,*®
suggests that immune-mediated destruction of a substantial
fraction of HDV-infected cells is required to substantially lower
intrahepatic HDV infection. Targeting HDV/HBV-co-infected or
HDV-mono-infected cells with engineered HDV-specific T cells
is hindered, however, by the high mutation rate of HDV. Two
recent studies have shown that HDV generates a high frequency
of mutations leading to the selection of HDV variants able to
escape HDV-specific CD8 T cell recognition in HBV/HDV-co-in-
fected patients.?”-?® Thus, targeting directly the pool of HBV/
HDV-co-infected cells by transferring engineered T cells specific
to the more conserved HBV-derived CD8 T cell epitopes may
develop into a promising alternative strategy. However, this
approach can only be successful if HDV does not interfere with
the processing and presentation of HBV epitopes.

To answer this question, we established two in vitro HBV/HDV
co-infection models, based on HepG2 cells transduced with hu-
man NTCP (HepG2-hNTCP) cells®® and with normal primary hu-
man hepatocytes (PHHs). We quantified the expression of the
genes associated with antigen presentation in HBV-mono-in-
fected cells. Subsequently, we tested whether HDV co-infection
modulates the processing and presentation of two distinct HBV
CD8 T cell epitopes (one immunoproteasome-dependent [hu-
man leukocyte antigen {HLA}-A0201/HBs183-91] and one im-
munoproteasome-independent [HLA-A0201/HBc18-27]%%), us-
ing two readouts: (1) direct quantification of epitope complexes
with TCR-like antibodies and (2) testing the ability of HBV/
HDV-co-infected cells to activate HBV-specific CD8 T cells.
Finally, we used the human liver chimeric mouse model to test
directly in vivo whether HBV/HDV co-infection alters the antiviral
efficiency of adoptive T cell therapy.

RESULTS

Establishing In Vitro HBV/HDV Co-infection in Primary
Human Hepatocytes and in HepG2-NTCP Cell Lines

We used two in vitro models of HBV/HDV co-infection estab-
lished with PHHs or HepG2-hNTCP cells®® (Figure 1A). Briefly,
24 h after HBV infection (MOI 3,000 genome equivalents [GE]/
cell), HDV was added at an MOI of 500 GE/cell. Seven days
post-co-infection, HBV and HDV infections were tested by
measuring HBV and HDV mRNA levels using NanoString tech-
nology. Customized probe sets targeting 2 specific regions in
the HBV genome (genotype D) and 1 region in the HDV genome
(genotype 1) were used (Figure 1B).

HBV replication was confirmed in both HBV-mono- and HBV/
HDV-co-infected HepG2-hNTCP cells and PHHSs, as seen from
the high levels of HBV RNA expression (Figure 1B, left and cen-
ter), while HDV infection was detected only in HBV/HDV-co-in-
fected HepG2-hNTCP cells and PHHSs (Figure 1B, right column).
Although HDV RNA levels differed dramatically between PHHs
and HepG2-hNTCP cells (4,425 mRNA counts in HepG2-hNTCP
versus 68,863 mMRNA counts in PHHs), HBV RNAs were only
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slightly higher in PHHs, showing that HBV infection was similar
in both cell types. To quantify HDV infection at a single-cell level
and determine the frequency of infected PHH-producing HDV,
PrimeFlow RNA assay, a flow cytometry-based method for de-
tecting HDV RNA, was applied. HDV RNA was detected in
~20% of HBV/HDV-co-infected PHHSs (Figure 1C), while no co-
infected cells were visualized with this technology in HepG2-
NTCP cells (Figure S1). Furthermore, we analyzed the expres-
sion of HBV antigens in HBV-mono- and HBV/HDV-co-infected
cultured HepG2-hNTCP cells and PHHs by staining with anti-
bodies specific for HBV surface antigen (HBsAg) and core anti-
gen (HBcAg). Flow cytometry analysis showed that HepG2-
hNTCP cells either HBV mono- or HBV/HDV co-infected were
on average 35% HBsAg* and 48% HBcAg*. HBV-mono-in-
fected PHH cultures were 90% HBsAg* and 80% HBcAg™,
which was reduced to 75% HBsAg* and 45% HBcAg™ in HBV/
HDV-co-infected PHHs, indicating that HDV infection lowers
HBV antigen expression, which was more evident for HBcAg
(Figure 1D).

HDV Activates the Antigen Processing and Presentation
Machinery of HBV-Infected Hepatocytes

The ability of HDV to trigger the expression of innate immune
genes has been shown in both in vitro®"*® and in vivo
models.**° To further characterize the transcriptional profile
of immune signaling in HBV/HDV infection, we comprehensively
evaluated the impact of HDV infection on HBV-infected cells us-
ing NanoString technology. The expression level of 579 human
immune-related genes was analyzed in HBV-mono-infected
and HBV/HDV-infected PHHs and HepG2-hNTCP cells. Glob-
ally, uninfected and HBV-mono-infected cells showed a very
similar gene expression profile, while HDV infection modified
profoundly the expression of immune genes. Figure 2A shows
the heatmap of immune genes expressed in cultured PHHs,
while Figures 2B and 2C display a pairwise comparison of
gene expression between the different infection statuses of
HepG2-hNTCP cells and PHHs, respectively. HBV RNAs were
detected exclusively in HBV-infected HepG2-hNTCP cells and
PHHs compared to uninfected cells, and the RNA of HDV antigen
(HDAg) was detected only in HDV-infected cells. Consistent with
the data in Figure 1B, the level of mRNA coding for HDAg was
lower in HepG2-NTCPs than in PHHs (4,425 mRNA counts in
HepG2-hNTCP versus 68,863 mRNA counts in PHHs).

HBYV infection alone did not induce any significant changes in
the immune gene expression in both cell types. In contrast, 30
and 78 immune-related genes were upregulated (>2-fold) in
HBV/HDV-co-infected HepG2-hNTCPs (Figure 2B) and PHHs
(Figure 2C), respectively. The immune-related gene expression
changes were more pronounced in PHH compared to HepG2-
hNTCP cells (the range of fold change in HBV/HDV-co-infected
HepG2-hNTCP cells was between 2- and 4-fold compared to
2-and 10-fold in co-infected PHHSs), reflecting the different infec-
tion rates and/or the lower integrity of immune response genes in
hepatoma cells.

A Gene Ontology analysis classifying all of the upregulated im-
mune-related genes in HBV/HDV-infected PHHs revealed that
the biological processes related to antiviral immunity, cytokine
production, and antigen processing and presentation pathways
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Figure 1. Establishment of an In Vitro HBV/HDV Infection System in HepG2-hNTCP Cells and PHHs

(A) Schematic of the experimental procedure. HepG2-hNTCP cells or PHHs were seeded and treated with 2% DMSO for 4 h. Cells were then inoculated with HBV
at a MOI of 3,000 genome equivalents (GE) per cell for 24 h and subsequently with HDV at a MOI of 500 GE/cell for another 24 h. Infection status of the cells was
analyzed 7 days post-infection.

(B) HBV and HDV mRNA expression in infected target cells (HepG2-hNTCP and PHH) analyzed using customized NanoString probes. The relative positions of
each NanoString probe targeting the HBV and HDV genome are annotated as probes 1 to 3. Bar graphs show the average normalized counts of probes 1 and 2
expressed on a log10 scale and probe 3 expressed on a linear scale (n = 2 for each cell type).

(C) Expression of HDV RNA was quantified by the PrimeFlow RNA assay. A representative dot plot is shown (left), and bars on the right show the average fre-
quency of HDV RNA* cells in infected PHH (n = 6; p = 0.0073).

(D) Quantification of HBsAg and HBcAg expression in infected HepG2-hNTCP cells (n = 5) and PHHs (n = 3) by flow cytometry. Bars indicate the average fre-

quency of HBsAg* and HBcAg™ cells in the respective infection, and each dot represents a single experiment.
*p = 0.01-0.05 and **p = 0.001-0.01. Non-significant p values are indicated as N.S.

See also Figure S1.

were activated upon HDV infection (Figure 2C, right panel). A
comparative analysis of the expression of individual genes in
PHHs is depicted in Figures 2D-2I. HDV activated a plethora of
IFN-stimulated genes such as Mx1, IRF7, STAT1, and STAT2,
as previously described®"**** (Figure 2D). The previously re-
ported ability of HDV to induce the production of IFN- and
IFN-A but not IFN-¢** was confirmed at the mRNA level (Fig-
ure 2E). We detected in HBV/HDV-co-infected PHHs a robust in-
crease in CXCL-10 and CXCL-11 (~104 normalized counts)
mRNA, chemokines involved in the recruitment of inflammatory
cells, and activated T cells®***® (Figure 2E). The expression of
genes coding for co-inhibitory and co-stimulatory molecules

was also analyzed. Most co-inhibitory molecules were not de-
tected, with only a minimal increased value (<500) of mRNA
levels of LAG3 and CD274 (programmed death-ligand 1 [PD-
L1]) in HBV/HDV-co-infected compared to HBV-mono-infected
PHH cultures (Figure 2G). Across the co-stimulatory molecules
analyzed, only CD40 mRNA expression was increased in HBV/
HDV-co-infected hepatocytes (Figure 2H).

Notably, all of the genes analyzed related to antigen presenta-
tion and processing were clearly upregulated upon HDV
infection in PHH (Figures 2F and 2lI). Beta 2 microglobulin
(B2M) and the proteasome subunits PSMB-8 and PSMB-9
reflected the largest mRNA count differences between
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Figure 2. Increased Expression of Immune Genes upon HDV Infection

Uninfected, HBV mono-infected-, and HBV/HDV-infected PHH and HepG2-hNTCP cells were lysed 7 days post-infection, and mRNA expression of 579 immune-
related genes was analyzed using NanoString.

(A) Heatmap showing immune gene expression in uninfected, HBV mono-infected-, and HBV/HDV-infected PHH cultures.

(B and C) A side-by-side comparison of immune genes differentially expressed in HBV mono-infected- and HBV/HDV-infected HepG2-hNTCP cells (B) and in
PHHs (C). The number of genes that are differentially expressed (> 2-fold) between either uninfected and HBV mono-infected- or HBV mono-infected- and HBV/
HDV-infected cells are depicted with yellow bars at the top of each panel. Inmune-related genes that are upregulated in HBV/HDV-infected PHHs are clustered
by their involvement in different biological processes, using Gene Ontology (C, right panel).

(D-I) Normalized counts of MRNA expression of genes related to (D) interferon; (E) chemokines or cytokines; (F) antigen presentation; (G) co-stimulatory; (H) co-
inhibitory and (l) antigen processing in uninfected, HBV mono-infected-, and HBV/HDV-infected PHHs. Normalized counts are expressed on a log10 scale, and
bars represent the mean normalized count. Each dot represents a single experiment (n = 2). Probes with no detected counts are labeled as not detected (N.D.).
See also Figure S2.

HBV/HDV-co-infected and HBV-mono-infected PHHSs. Differen- Increased Expression of Antigen Processing and

tial upregulation in these 3 genes ranged between 4- and Presentation Genes in HBV/HDV-Co-infected Human
7-fold. A similar pattern of gene expression changes was also Liver Biopsies

confirmed in HepG2-hNTCP HBV/HDV-co-infected cells, To confirm our in vitro findings, we analyzed the liver biopsies of
although at a lower level (Figure S2). patients with hepatic diseases presenting different etiologies
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Figure 3. Expression Profile of Antigen Processing and Presentation
Genes in Liver Biopsies

(A) Schematic experimental procedure of liver biopsy samples obtained from
non-HBV-related (n = 3), HBV mono-infected- (n = 5), or HBV/HDV-co-infected
patients (n = 2) stored under optimal cutting temperature (OCT) compound.
OCT sections were subsequently cryosectioned, and RNA was extracted for
analysis by NanoString.

(B) Bar graphs show the mean normalized counts of the indicated NanoString
probes, including customized probes 1, 2 (HBV RNA), and 3 (HDV RNA), as
annotated in Figure 1B, IFN-stimulated genes (bottom left panel), or genes
involved in antigen processing and presentation (right panel). Normalized
counts are expressed on a log10 scale, and each dot represents a single liver
biopsy.

(HBV, hepatitis C virus [HCV], HDV chronic infection, and non-
viral related alcoholic and non-alcoholic steatohepatitis [NASH]
pathologies). Liver biopsy samples from 10 patients with chronic
hepatitis/cirrhosis (3 without viral hepatitis, 5 HBV, and 2 HBV/
HDV) that were previously embedded in an optimal cutting tem-
perature (OCT) compound, were cryosectioned and tissues were
extracted for RNA analysis using the NanoString human immu-
nology panel supplemented with HBV and HDV RNA-specific
probes (Figure 3A). The presence of HBV RNA in the HBV-in-
fected livers and of HDV RNA in the two HDV/HBV-co-infected
livers confirmed the ability of our method to assess the mRNA
expression profile in cryopreserved liver specimens. Despite
the fact that all of these hepatic tissues are derived from the liver
biopsies of patients with ongoing inflammatory events (chronic
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active hepatitis or cirrhosis), the two HBV/HDV-infected livers
displayed a pattern of gene expression showing a superior acti-
vation of type I IFN genes in comparison to non-HDV-infected
livers. The level of HLA class | molecules did not differ between
HDV- and non-HDV-infected livers. In contrast, the expression
of genes involved in antigen processing (TAP1, TAP2, PSMB-
8, and PSMB-9) were upregulated in HBV/HDV livers in compar-
ison to MRNA levels detected in the liver biopsies of different eti-
ologies (Figure 3B), even though the limited number of samples
did not allow us to perform any statistical analysis.

HBV/HDV Infection Increases HBV-Epitope Presentation
Next, we investigated whether the increased expression of
genes associated with antigen processing and presentation
had functional consequences. We quantified HBV-epitope/HLA
class | complexes on HBV-mono-infected and HBV/HDV-in-
fected PHHs by using antibodies specific for two HLA-A0201/
HBV epitope complexes, HLA-A0201/HBc18-27 (HBc18 TCR-L
monoclonal antibody [mAb]) and HLA-A0201/HBs183-91
(HBs183 TCR-L mAb) that were previously used in the liver
biopsies of HLA-A0201* CHB patients®” and in HBV-mono-in-
fected hepatocytes in vitro.>°*” Notably, we recently demon-
strated that the processing and presentation of these two
different HBV epitopes is differentially regulated.>® While the
HBc18 epitope was constitutively presented in HBV-infected he-
patocytes, HBs183 epitope processing and presentation appear
to require the induction of the immunoproteasome within the in-
fected cells, since IFN-y treatment of HBV mono-infected hepa-
tocytes was required for its visualization.®® Here, we stained
HBV-mono-infected and HBV/HDV-co-infected HLA-A0201 he-
patocytes (Figures 4B and 4C) with the two TCR-L antibodies
and HDV PrimeFlow RNA probes. Single-cell analysis performed
with flow cytometry allowed us to decipher whether the HBV epi-
topes presentation was incremented preferentially by HDV repli-
cation within the HBV/HDV-infected cells or by the effect of cy-
tokines released by HDV-infected cells in the cell culture
media. Presentation of both HBV epitopes was clearly boosted
by HDV infection; however, it was detected not only on HBV/
HDV-infected hepatocytes but also on hepatocytes that were
negative for HDV RNA (Figure 4B). A more robust effect was
observed for the presentation of the HBs183 epitope (p =
0.001), even though HBc18 epitope presentation was also
increased (p = 0.03). Direct visualization of HDV-infected cells
confirmed the boosting of HLA-A0201/HBs183 complexes on
HBV/HDV-infected cells appearing as punctuated structures lin-
ing the infected cells (Figure 4C). Thus, HDV infection boosts the
presentation of HBV epitopes on HBV/HDV-co-infected hepato-
cytes and neighboring HBV-mono-infected cells.

HDV Infection of HBV-Infected Hepatocytes Increases
the Activation of HBV-Specific CD8 T Cells

To test directly the effect of HDV infection on HBV-specific CD8
T cell function, we co-cultured previously characterized®® HLA-
A0201 restricted HBc18 and HBs183-specific CD8 T cells with
the HBV-mono- and HBV/HDV-co-infected HLA-A0201™" target
cells. After a 5 h incubation, T cell function was measured by
intracellular cytokine staining (ICS) of T cells using anti-IFN-vy-
and anti-TNF-a-specific antibodies (Figure 4A, right panel). The
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Figure 4. Quantification of HBV Epitope Presentation and HBV-Specific CD8 T Cell Activation

(A) Schematic of HBV epitope visualization using TCR-like antibodies (left) and of HBV-specific CD8 T cell activation (right).

(B) Representative dot plots of infected PHHSs stained with antibodies specific for HLA-A0201/HBc18-27 (HBc18 TCR-L) and HLA-A0201/HBs183-91 (HBs183
TCR-L) complexes and with HDV PrimeFlow RNA probes. Bar graph below shows the frequency of indicated TCR-L Ab* cells out of total PHHs. Each dot
represents a single experiment (n = 3 for mock and HBV infected, n = 4 for HBV/HDV-infected PHHSs).

(C) PHHs were stained with TCR-like mAb and HDV PrimeFlow RNA probes and then analyzed using ImageStream. Representative bright-field (left), yellow
fluorescent (indicated TCR-L antibody, center), and red fluorescent (anti-HDAg RNA probes, right) images of respective PHHs (uninfected, HBV mono-infected,
and HBV/HDV co-infected) are shown. The histograms below show the average geometric mean fluorescence intensities (MFls) of the TCR-like mAb staining for
the HBV- and HBV/HDV-infected PHHSs.

(D) HBs183- and HBc18-specific CD8 T cells were tested against the indicated target cells (HepG2-NTCP and PHH) uninfected, infected with HBV, or infected
with HBV/HDV. Frequency of IFN-y* CD8*, and TNF-o.* CD8* T cells out of the total live T cells were determined by flow cytometry analysis after 5 h of incubation
at an effector:target (E:T) ratio of 1:2.

(legend continued on next page)
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frequency of IFN-y and TNF-a producing HBs183-specific CD8
T cells was significantly higher (p = 0.03) upon co-culture with
HBV/HDV-infected PHHs or HepG2-hNTCP cells compared to
HBV-mono-infected cells (Figure 4D, left panel). HBc18-specific
CD8 T cell activation by HBV/HDV-infected cells was instead
not significantly augmented in all of the experiments in compar-
ison with HBV-mono-infected cells (Figure 4D, right panel).
HDV infection of HBV-infected PHHs and HepG2-hNTCP cells
does not suppress the activation of HBV-specific CD8 T cells,
and in addition, could enhance the ability of specific CD8
T cells to recognize the immunoproteasome-dependent
HBs183 epitope.

IFN-B Increases HBV Epitope Presentation

HDV infection triggers the production of IFN-f and IFN-A in hepa-
tocytes.®'° The direct quantification of HBV epitopes on cells
infected with HBV and HDV (Figures 4B and 4C) showed an
increased HBV epitope presentation not only on co-infected he-
patocytes but also on mono-infected cells. This suggests that
antiviral cytokines triggered by HDV infection can boost the pre-
sentation of some HBV epitopes in a bystander fashion on HBV-
mono-infected cells. To assess this possibility, we measured
directly the ability of IFN-B and IFN-A to boost HBV-specific
CD8 T cell recognition of HBV-infected HLA-A0201" hepato-
cytes and HepG2-hNTCP cells (Figure 4E). A titration assay us-
ing recombinant human IFN-a, IFN-B, and IFN-A was performed
on HepG2-hNTCP cells to gauge their ability to increase HLA
class | expression (Figure S3). The doses of cytokines able to
maximally increase HLA class | expression on HepG2-hNTCP
cells (100 IU/mL IFN-a, 5 ng/mL IFN-B, and 100 ng/mL IFN-})
were thereafter selected for use in CD8 T cell-recognition exper-
iments. After the respective cytokine incubation, HBV-mono-in-
fected PHHs and HepG2-hNTCP cells were co-cultured with
HBc18- and HBs183-specific T cells. Their ability to produce
IFN-y or TNF-a was analyzed by ICS. Incubation of HBV-
mono-infected PHHs and HepG2-hNTCP cells with all 3 types
of IFNs had minimal effect on HBc18-specific CD8 T cell activa-
tion (Figure 4E, upper panel). In contrast, IFN-B- but not IFN-a.- or
IFN-A-treated cells increased the activation of HBs183-specific
CD8 T cells (Figure 4E, lower panel). These data confirmed pre-
vious evidence showing that HBs183 epitope processing is
dependent on the activation of immunoproteasomes mediated
by type | and Il IFNs®° and show that IFN-B can boost the antigen
presentation of selected HBV epitopes.

T Cells of Patients Chronically Co-infected with HBV/
HDV Can Be Efficiently Used to Engineer HBV-Specific
TCR-Redirected T Cells

To test whether the reconstitution of HBV-specific T cell re-
sponses through the adoptive transfer of HBV-specific TCR-re-
directed T cells could have therapeutic potential, we tested the
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ability of T cells obtained from 6 chronic HBV/HDV-co-infected
patients to expand in vitro, express the HBs183 TCR, and pro-
duce cytokines after antigen-specific recognition (Figure 5A).
These were compared with the T cells of 6 healthy individuals.
Our results show that T cells of healthy controls and of chroni-
cally HBV/HDV-co-infected patients expressed the introduced
TCRs at the same frequency and displayed similar levels of
activation and cytokine production after antigen-specific recog-
nition. The ability of T cells from HBV/HDV patients to be engi-
neered into efficient HBV-specific TCR-redirected T cells was
confirmed also with a different TCR specific for the HBs370-
379 (HBs370) epitope (Figure 5B).

Antiviral Efficacy of TCR-Redirected T Cells In Vivo

We then tested in an animal model of HBV infection whether HDV
modulates the antiviral efficacy of adoptive T cell therapy. We
generated humanized chimeric mice reconstituted with HLA-
A0201 hepatocytes and infected them with HBV and HDV
viruses.®® The humanized mice were infected with HDV after
having established stable HBV viremia titers (8—-10 weeks post-
HBYV inoculation) (Figure 6A). T cell therapy was performed using
TCR-redirected T cells engineered from T cells of a healthy indi-
vidual, expanded in vitro with anti-CD3 and interleukin-2 (IL-2),
and electroporated with mRNA coding for the HBs183-specific
TCR or with the EBV-LMP2A 426-34 (EBV)-specific TCR. Both
HBs183-TCR and EBV-TCR recognize their cognate epitope
(HBs183-91 and LMP2A426-34) in association with HLA-A0201
molecules. A detailed description of the production of mRNA
TCR-redirected T cells is described in the STAR Methods and
was previously published.?’*° Note that due to ethical and prac-
tical restrictions, human hepatocytes and lymphocytes used to
reconstitute the mice were not derived from the same donor
but were matched based on presenting an HLA-AO2 haplotype.
HBV/HDV-infected mice received 3 doses of 0.5 million
HBV-specific TCR T cells (n = 3) or EBV-specific TCR T cells
(n = 3) at the indicated intervals (0, 4, and 8 days), while mice
that were infected in parallel with similar viral titers were left un-
treated and served as controls (Figure 6B). A progressive reduc-
tion in HBV DNA was observed after the infusion of HBs183-spe-
cific TCR T cells with a mean reduction in HBV viremia of 1.9log
at day 12 (Figure 6B). Notably, this was a 10-fold greater reduc-
tion in HBV viremia than what was observed in HBV-mono-in-
fected mice (Figure 6C).?" Adoptive transfer of HBs183-specific
TCRT cells in HBV/HDV-infected mice also caused a substantial
reduction in intrahepatic covalently closed circular DNA
(cccDNA) (mean 1.1log), HBV pregenomic RNA (pgRNA)
(mean 1.3log), and total HBV RNA levels (mean 1.0log) in only
12 days of treatment (Figure 6E). We also observed a moderate
decrease in circulating HBsAg levels in 3/3 mice receiving 3 infu-
sions of HBs183-specific TCR T cells (0.3log decrease; Fig-
ure 6E). The antiviral effect of HBs183-specific TCR T cells in

(E) HBV-mono-infected PHHs were treated with 100 IU/mL IFN-a, 5 ng/mL IFN-B, or 100 ng/mL IFN-A for 48 h and co-cultured for 5 h with HBc18- or HBs183-
specific T cell clones and then stained for intracellular cytokines. Representative histogram plots of IFN-y expression in CD8* T cells co-cultured with uninfected,
HBV-mono-infected, HBV/HDVco-infected, and IFN-treated HBV-mono-infected cells are shown.

The average frequency of IFN-y* CD8*T cells out of the total live T cells are shown in the bar graphs. Each dot represents a single experiment (n = 2 per cell type).
*p = 0.01-0.05 and **p = 0.001-0.01. Non-significant p values are indicated as N.S.

See also Figure S3.
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Figure 5. Function and TCR Expression of HBV-Specific TCR-Redirected T Cells of Healthy and HBV/HDV Chronically Infected Subjects
(A) Schematic illustrating HBV-specific TCR T cells produced in vitro from HBV/HDV patient (PTX) PBMCs.

(B) Dot plots show the representative expression of indicated TCR on T cells of HBV/HDV-co-infected patients measured with the respective dextramers (left
panel). The frequency of dextramer* CD8* T cells are indicated in the center panel. Graph bars depict the mean frequency of IFN-y* and TNF-o* CD8" cells out of
the total CD8" T cells obtained by ICS. HBV-TCR T cells were incubated with HLA-A02* HepG2 cells pulsed or unpulsed with the corresponding peptide (HBV

peptide 183-91 and HBV peptide 370-79).

Each dot represents a single individual (6 donors from each group; healthy control and HBV/HDV patients tested for HBs183 TCR-T cells and 2 donors from each

group tested for HBs 370-TCR). Non-significant p values are indicated as N.S.

HBV/HDV-co-infected mice was linked with a mild elevation in
ALT (up to 3-fold) in comparison to ALT levels determined over
time in untreated matched control mice (Figure 6D).

Adoptive transfer of EBV-specific TCR-T cells also exerted a
degree of antiviral effect against HBV. While the reduction of
cccDNA (0.15log) was not triggered by the adoptive transfer of
EBV-TCR T cells (Figure 6E), we observed a moderate decrease
in HBV viremia (mean 0.5log), intrahepatic HBV RNA (0.4log),
and HBsAg in 2/3 HBV/HDV-co-infected mice (mean 0.48log
reduction; Figures 6B and 6E). HDV viremia was also lowered
by TCR T cell transfer, but without a substantial difference be-
tween the adoptive transfer of HBV-TCR T cells and EBV-TCR
T cells (mean 0.6 and 1.0log, respectively; Figure 6F). This anti-
viral effect of adoptively transferred T cells independent of TCR
specificity was unexpected and likely due to an alloreactive
T cell activation that is detected only in HBV/HDV-co-infected
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mice. The adoptive transfer of T cells engineered with a non-
HBV-specific TCR did not cause any alteration in HBV virological
parameters in comparison to non-treated mice in HBV-mono-in-
fected mice (Figure 6C).”"

The differential effect of activated T cells engineered with a
non-HBV-specific TCR confirmed the ability of HDV to modify
the liver environment and to increase, through the upregulation
of inflammatory chemokines, the intrahepatic recruitment and
activation of specific and also alloreactive T cells. This was
confirmed using RNA in situ hybridization technology showing
a more pronounced enhancement of human chemokines such
as CXCL10 (Figure 6G) in human hepatocytes of HBV/HDV-in-
fected mice in comparison to HBV-mono-infected mice. These
in vivo data corroborate the findings observed in our NanoString
analysis, which showed a robust upregulation of CXCL10 tran-
scripts in HBV/HDV-infected hepatocytes (Figure 2E). These
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Figure 6. HDV/HBV Infection Increases the Antiviral Efficacy of HBs183-Specific TCR-Redirected T Cells In Vivo

(A) Schematic representation of the experimental design: human liver chimeric mice were stably infected with HBV and 10 weeks after with HDV. After 8 weeks of
double infection, mice were treated with the indicated number of TCR T cells or left untreated.

(B) Median HBV viremia changes relative to baseline levels in HBV/HDV-co-infected mice at days 4, 8, and 12 after the first injection of HBs183-specific TCR
T cells (n = 3), EBV-specific TCR T cells (n = 3), or untreated animals (n = 6).

(C) Bars represent the fold changes of HBV DNA viremia in the HBV-mono-infected or HBV/HDV-infected mice observed at day 12 (4 days after the last TCR-T cell
infusion).

(D) Changes in ALT levels in HBV/HDV-co-infected mice after treatment with indicated TCR T cells in relation to day 0 levels (BL, baseline) (n = 3 mice per group).
(E) Fold changes of cccDNA, HBV pgRNA, total RNA, and HBsAg in the HBV/HDV-infected mice (n = 3 per group) observed 4 days after the last infusion of the

indicated TCR-T cells.
(F) Median HDV viremia changes relative to baseline levels in HBV/HDV-co-infected mice after 3 injections of the indicated TCR T cells (n = 6 for untreated, n=3

for both EBV- and HBs183-specific T cells).
(G) RNA in situ hybridization in liver tissues of humanized mice chronically infected with HBV (left) or HBV/HDV (right). HBV pgRNA (left) and antigenomic HDV RNA
(right) are depicted in red and hCXCL10 is shown in green. Nuclei are stained with DAPI (blue).

strategy. In addition to its known ability to activate IFN re-
sponses,®'™*° we demonstrated here that HDV increases the ef-
ficiency of the antigen processing and presentation machinery of
the infected and neighboring hepatocytes. By collecting data in
in vitro HDV infection systems, liver biopsies, and mice with
humanized livers, we showed that HDV infection not only en-

hances the gene expression of HLA class | molecules, B2M,

data show that HDV co-infection in vivo increases the function of
adoptively transferred engineered T cells.

DISCUSSION

Viruses that establish chronic infection usually develop strate-
gies to dampen host immunity. HDV appears to use a different
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immunoproteasome, and co-stimulatory molecules genes but it
also increases the presentation of viral epitopes, and as a direct
consequence, the efficiency of T cell recognition of infected
hepatocytes.

The enhanced HLA class | presentation of viral epitopes could
explain the high incidence of escape mutations found in HDV
epitopes,”® but it can have a different effect in HBV. The compact
nature of the HBV DNA genome poses a limit on the generation of
mutated HBV viruses, and this makes HBV unlikely to generate
virus progeny able to escape HBV-specific CD8 T cells. This
can therefore increase the chances to control HBV in HBV/
HDV-co-infected individuals. Epidemiological evidence sup-
ports this hypothesis: a longitudinal study of HBV-mono- and
HBV/HDV-infected patients demonstrated that within 4 years,
10% of the dual-infected patients became HBsAg~, a much
higher rate than in HBV-mono-infected patients, in whom
only 3% lost serum HBsAg."' Furthermore, HBV clearance
in HBV/HDV-co-infected patients was associated with an
increased number of HDV antigen-expressing hepatocytes,** a
historical observation that supports the concept that HDV can
act as an adjuvant for the immunological control of HBV. Never-
theless, this positive outcome occurs only in a minority of HBV/
HDV-co-infected patients,*® since most adult CHB patients
have severe functional impairment of HBV-specific adaptive
immunity.®

Consequently, in the presence of a low frequency of HBV-spe-
cific CD8 T cells, the increased activation of intrahepatic T cells
would not result in more chances of HBV clearance, but only in
increased liver inflammation. This scenario explains the higher
intrahepatic inflammatory levels and more severe liver pathology
frequently present in patients with HDV/HBV co-infection in
comparison to those harboring only HBV.® We think, however,
that the ability of HDV to boost hepatic antigen presentation
could, apart from the described pathogenic effects, be used to
increase the therapeutic efficacy of T cell-based therapies in
HBV/HDV-co-infected patients. T cell therapy with lymphocytes
modified with CAR or with HLA class I-restricted TCR is starting
to be considered as a therapeutic option not only for cancer but
also for chronic viral diseases.** We have recently shown that the
adoptive transfer of HBV-specific TCR-redirected T cells in a pa-
tient with HBsAg* HCC relapses drastically reduced the HBsAg
values.”® The data provided in this work, showing that HDV infec-
tion of HBV-infected humanized chimeric mice increased the
anti-HBV activity of adoptively transferred HBV-TCR redirected
T cells, encourage the use of HBV-TCR T cells in HBV/HDV-
co-infected patients. This possibility is further supported by the
demonstration that the T cells of HBV/HDV chronically co-in-
fected patients are amenable to TCR-T cell engineering and
can be expanded in vitro to reach a functionality that is identical
to that of healthy subjects.

Although the overall decrease in HBV and HDV viral loads
observed in our experiments was objectively limited, we used
a low number of human T cells (only 0.5 milion HBV-TCR
T cells per mouse) that only transiently expressed the virus-spe-
cific TCRs. This strategy was selected to limit inflammatory re-
sponses in the liver.?’ Nevertheless, increasing the number of
infused lymphocytes or using treatment strategies that combine
the use of TCR T cells with a blocker of re-infection, such as
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neutralizing antibodies or entry inhibitors (i.e., Myrcludex B),
could increase the antiviral efficacy of such therapies.*

A caveat of using a T cell therapy-targeting HBV to address the
problem of HDV co-infection is the fact that HDV can persist in
non-HBV-infected hepatocytes*® and endure cell division.?®
Therefore, HDV-mono-infected cells will not be targeted by
HBV-specific TCR T cells, unless HBV envelope proteins are
produced from HBV DNA integrations into the host genome.
However, the pathological impact of the presence of clusters
of HDV-only-infected cells in the natural history of HBV/HDV
chronic infection is still unknown.

In summary, by demonstrating that HDV acts as an immuno-
genic adjuvant in HBV-infected hepatocytes, we unveil a previ-
ously unknown feature of HDV that can explain its ability to in-
crease liver inflammation in HBV/HDV-co-infected patients. In
addition, we show that its ability to boost HBV epitope presenta-
tion increases the efficacy of T cell-based therapy in a in vivo
mouse model of HBV/HDV infection. We believe that our findings
broaden the therapeutic strategies that can be applied to HBV/
HDV-co-infected patients, who are still the only patients with
hepatotropic infections without any US Food and Drug Adminis-
tration (FDA)-approved therapy.®

Limitations of Study

This work describes experiments done in vitro and in humanized
chimeric mouse models that demonstrate the ability of HDV to
increase the antigen presentation of HBV epitopes and HBV-
specific T cell activation. Whether HDV could enhance the effi-
cacy of HBV-specific TCR T cells in the treatment of chronic
HBV/HDV infection needs to be directly tested in patients. The
humanized chimeric mouse model has limitations in the mea-
surement of the efficacy of TCR T cell therapy: there is a partial
HLA match between human hepatocytes and human T cells, a
situation that is different from the proposed therapy in which pa-
tients will be treated with autologous lymphocytes.

STARXMETHODS

Detailed methods are provided in the online version of this paper
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Pacific Orange live/dead stain Invitrogen L34959
Anti-human HBcAg Abcam #7841
Anti-human HBsAg Raybiotech #MDO050186
Goat-anti-rabbit CF555 Sigma Aldrich SAB46000068
Goat-anti-mouse APC Life Technologies AB_2536211
Goat-anti-mouse PE Life Technologies AB_2539848
HBs183-191 TCR-like antibody Sastry et al., 2011 N/A
HBc18-27 TCR-like antibody Sastry et al., 2011 N/A
Anti-human CD107a FITC BD Biosciences 560949
Anti-human CD8 V500 BD Horizon 560774
Anti-human IFN-y PeCy7 eBiosciences AB_469682
Anti-human TNF-a PE BD Bioscience 559321
HBs183-191 PE pentamer Prolmmune WB3290-PE
HBs370 PE pentamer Prolmmune WB4073-PE
EBV PE pentamer Prolmmune WB2144-PE

Biological Samples

Human pathological liver tissue

Human HBV/HDV patient blood

Human healthy blood

Asian American Liver Centre,
Gleneagles Hospital

Fonsazione IRCCS Ca’Granda
Ospedale Maggiore Policlinico

Health Sciences Authority

https://www.aamg.co/liver/

https://www.policlinico.mi.it/

https://www.hsa.gov.sg/

Chemicals, Peptides, and Recombinant Proteins

Recombinant Human IL-2 R&D systems 202-1L-050
Anti-CD3 eBioscience AB_468854
Ficoll-Paque PLUS GE Healthcare 17-1440-02
BD Cytofix/Cytoperm Fixation BD Bioscience 51-2090 KZ
Recombinant Human IFN-a2a PBL 11100-1
Recombinant Human IFN-f Peprotech 300-02BC
Recombinant Human IL-29/IFN-A1 R&D systems 1598-1L-025
Critical Commercial Assays

Primeflow assay with customized probeset Invitrogen EB 16488

Nanostring human immunology version 2 and
customized probes assay

FASER PE amplification kit

One Shot Top10 E. coli kit

QlAamp minELute virus spin kit

Rneasy Mini kit

MMESSAGE mMACHINE T7 Ultra kit
Nucelofactor kit

Human serum albumin ELISA quantification kit
RNAScope Fluorescent Multiplex kit

HBV Artus kit

Quantitative HBsAg kit

Nanostring technologies

Miltenyi

Invitrogen

QIAGEN

QIAGEN

Ambion

Lonza

Bethyl Laboratories
Advanced Cell Diagnostics
QIAGEN

Abbott Architect Platform

XT-CSO-HIM2-12

130-091-764
C404003
57704w
74004
AM1345
V4XP-3024
E88-129
320850
4506265
6C36
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental Models: Cell Lines

Primary human hepatocytes (Fresh) Invitrocue 5M-000S
Primary human hepatocytes (Cryopreserved) Lonza HUM4012
HepG2-hNTCP cells Laboratory of Stephan Urban N/A
HepG2 cells ATCC HB-8065
Huh7-hNTCP cells Laboratory of Camile Sureau N/A
HepAD38 cells Laboratory of Christoph Seeger N/A

HBV HBc18-27 and HBs183-191 T cell clones 8 N/A
Experimental Models: Organisms/Strains

UPA/SCID/ILYR2 (USG) mice 21 N/A
Oligonucleotides

HDV forward and reverse primers 49 N/A

RNA in situ primers 4 N/A

Recombinant DNA

pSVLD-3 plasmid
pT7HB2.7 plasmid
pVAC-HBs183 and -HBs370

Laboratory of Camile Sureau

50,51

Addgene: #29335
N/A
N/A

Software and Algorithms

FACSDiva

GraphPad Prism 8

IDEAS software

Kaluza software

nSolver version 4.0

BD Bioscience

GraphPad

Amnis

Beckman Coulter

Nanostring techonologies

https://www.bdbiosciences.com/
en-us/instruments/research-
instruments/research-software/
flow-cytometry-acquisition/
facsdiva-software
https://www.graphpad.com/
scientific-software/prism/

https://www.luminexcorp.com/
imagestreamx-mk-ii/
https://www.beckman.com/flow-
cytometry/software/kaluza

https://www.nanostring.com/
products/analysis-software/nsolver

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Antonio

Bertoletti (antonio@duke-nus.edu.sg).

Materials availability

This study did not generate new, unique reagents but other specific reagents used in this study are available from the Lead Contact

with a complete Materials Transfer Agreement.

Data and code availability

This study did not generate any unique datasets or code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

HepG2-hNTCP cells (HepG2 cells transduced with human NTCP (a gift from Dr Stephan Urban, Heidelberg) were cultured in DMEM
medium supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 IU/ml penicillin, 100 png/ml streptomycin, Glutamax
(Invitrogen). HepG2-hNTCP cells were selected using 5mg/ml puromycin (BD Biosciences). Huh7 cells overexpressing hNTCP used
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for HDV viral production were cultured in William’s medium E supplemented with 10% FBS and selected using 250ug/ml gentamicin
(Sigma-Aldrich). HepAD38 cells used for HBV viral production were cultured in DMEM with 10% tetracycline-free FBS, 100U/ml peni-
cillin/streptomycin. 2mM L-glutamine and 0.4mg/ml doxycycline. Two HLA-A0201 CD8 T cells specific for HBc18-27 and HBs183-
191 were generated from HLA-A0201+ patients with acute hepatitis infection as described previously”’. CD8+ T cell lines were
cultured for 10 to 15 days in AIM-V+2% human AB serum supplemented with 20 IU/ml recombinant human IL-2 and 10ng/ml IL-7
and IL-15 before functional test against different targets.

Human subjects and primary cell cultures

Peripheral blood mononuclear cells (PBMCs) from chronic HBV/HDV infected patients (average age: 55.5 + 14.8 years old, 33% fe-
males and 67% males) and were collected under informed consent from Fondazione IRCCS Ca’Granda Ospedale Maggiore Policli-
nico at the University of Milan. PBMCs from healthy donors were reviewed and approved for use by the institutional review board of
the Health Sciences Authority. PBMCs were isolated by gradient centrifugation using Ficoll-plaque and frozen in FBS (Life Technol-
ogies) supplemented with 10% DMSO (Sigma Aldrich) until analysis.

Pathological human liver biopsy samples from patients with different advanced cirrhosis and/or HCC etiologies were kept frozen in
OCT (VWR chemicals) before RNA extraction. Tissues were obtained from living donor liver transplantations (Asian American Liver
Centre, Gleneagles Hospital, Singapore). All clinical samples were collected with patient consent under the Declaration of Helsinki
and local research ethics committee approval. Tissues were sectioned (5mm), and OCT was removed as much as possible before
lysis in buffer RLT following manufacturer’s instructions for RNA extraction (QIAGEN). 100ng of total RNA was used for Nanostring
analysis.

Primary human hepatocyte (PHH) culture. Fresh HLA-A0201 PHH were obtained from humanized FRG mouse (Invitrocue). PHH
were cultured in Hepacur media containing 2% DMSO, according to the commercial vendor’s instructions.

Animals

Human liver chimeric uPA/SCID/ILyR2 (USG) mice were generated by transplanting 1 million thawed human hepatocytes from one
donor with haplotype HLA-A0201(Lonza) into 3 to 4 week-old mice anesthetized with isofluorane. Mice were housed under specific
pathogen-free conditions in accordance with the European Communities Council Directive (86/EEC) and protocols approved by the
Ethical Committee of the city and state of Hamburg. Levels of human liver chimerism were determined 8-10 weeks after transplan-
tation by measuring human serum albumin (HSA) levels in mouse serum using the human serum albumin ELISA quantification kit ac-
cording to manufacturer’s recommendations.

METHOD DETAILS

HBYV Virus production

HBV (genotype D) was derived from HepAD38 cells, which harbor a tetracycline (tet)-inducible more-than-genomic-length genomic
integrate®®. Cell culture supernatants without antibiotic selection were collected for virus precipitation beginning on day 20 after the
removal of tetracycline. Virus supernatants were concentrated as described using a commercial polyethylene glycol kit (Abcam).
HBV viral titers were quantified using HBV DNA. HBV DNA was extracted from viral supernatants using the QlAamp minElute virus
spin kit according to the manufacturer’s instructions. HBV titers were then measured using the QIAGEN HBV Artus PCR kit.

HDV virus production

HDV was produced in HUH7-hNTCP cells by transfection of two plasmids pSVLD3 (HDV genotype 1) and pT7HB2.7 (HBV genotype
D) to produce infectious HDV particles. Virus supernatants were collected from day 13 post-transfection and clarified by centrifuga-
tion. HDV viral titers were measured using HDV RNA extracted first using the QlAamp viral RNA mini kit then quantified by reverse
transcription and quantitative real-time PCR. Briefly, 5 ul RNA was denatured at 95°C for 10 min, immediately cooled down at —20°C
and reverse transcribed at 50°C for 5 min with HDV specific primers and probes. After inactivation of the reverse transcriptase at 95°C
for 20 s, amplification was performed under the following conditions: 40 cycles at 95°C for 3 s and 60°C for 30 s HDV viremia was
measured using the Superscript Ill One-step RT-PCR system (Invitrogen), published HDV specific primers and probes on a Lightcy-
cler 480 (Roche)*®. Known amounts of HDV containing plasmids were used as standards for quantification.

HBV/HDV viral infection

PHH were treated with 2% DMSO 24 hours prior to HBV infection. After DMSO treatment, approximately multiplicities of genome
equivalents (GE) of 3000/well HBV in medium containing 2% DMSO and 4% PEG for 24 hours. After which the infection inoculum
was removed, cells were washed three times with PBS. For HDV infection, HBV infected cells were then inoculated with approximate
multiplicities of genome equivalent of 500/well, 2% DMSO and 4% PEG. After 24 hours, the HDV inoculum was removed and washed
as mentioned above. Infected hepatocytes were then cultured for 7 days, with media change every other day. HepG2-hNTCP cells
were infected in the same manner, without DMSO pre-treatment.
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Nanostring

Custom probesets specific to two regions across the HBV genotype D genome and one region in the HDV antigen were designed by
Nanostring. 20,000 cells were harvested from the respective infected PHH and lysed using RLT buffer and f-mercaptoethanol for
each analysis. Gene expression was quantified together with the nCounter Human Immunology panel V2 and customized probes
according to the manufacturer’s instructions. Raw data were then analyzed using the nSolver version 4.0.

IFNs treatment of PHH and HepG2-hNTCP cells
For interferon treatment conditions, mono-HBYV infected PHH were treated as follows: IFN-o (100 IU/ml), IFN-B (5ng/ml) and IFN-A
(100ng/ml) for 48 hours. Cells were then washed 3 times with 1x PBS before co-culture experiments.

Intracellular HBV antigen staining

Infected PHH and HepG2-hNTCP cells were trypsinized, quenched with media followed by live/dead Pacific Orange (Invitrogen)
staining. Cells were fixed and permeabilized using BD Cytofix/Cytoperm, then stained with primary antibody of rabbit anti-HBcAg
or mouse anti-HBsAg for 30 minutes on ice, followed by secondary antibodies goat anti-rabbit-CF555 and goat anti-mouse-APC
for 30 minutes on ice. All acquisitions were made using BD LSR-II flow cytometer and data analyzed in Kaluza (Beckman Coulter)
software unless otherwise stated.

HBV epitope/HLA-A0201 complex coupled with PrimeFlow RNA staining

HLA-A0201 TCR like (TCR-L) monoclonal antibody specific to HBs183 or HBc18 were used to quantify the cell surface expression of
HBV peptide/HLA-A0201 specific complexes®’. PHH were first stained using live/dead Pacific Orange followed by HBV TCR-L an-
tibodies at 1:100 for 1 hour on ice then secondary staining with goat anti-mouse PE at 1:100 dilution. After this staining step, FASER
PE amplification was carried out; three rounds of amplification for HBs183 and four rounds of amplification for HBc18. Cells were then
prepared according to the manufacturer’s instructions for the PrimeFlow RNA assay. Briefly, cells were fixed and permeabilized, fol-
lowed by target probe hybridization. The signal of the target probe was amplified using type | probes to be acquired. Data acquisition
was performed using the Amnis Imagestream and BD LSR-Il flow cytometer. Data were analyzed in the IDEAS and Kaluza software,
respectively.

Intracellular cytokine staining

HBV specific CD8+ T cells were incubated with infected PHH at 1:2 effector to target ratio in the presence of 10mg/ml Brefeldin-A and
CD107a-FITC for 5 hours. Following which T cells were stained for live/dead Pacific Orange, surface stained for CD8-V500 then fixed
and permeabilized using BD Cytofix/Cytoperm. Intracellular cytokine staining using IFN-y-PE-Cy7 and TNF-o-PE was then carried
out for 30 minutes on ice. HepG2 cell positive controls were peptide-pulsed with 1 pg/ml of the respective peptide for 1 hour at 37°C
prior to the co-culture with T cells.

Production of TCR mRNA

Virus-specific TCRs were cloned in pVAX1 and propagated from Escherichia coli using the One Shot Top10 E. coli kit purified using
the QIAGEN Endo Free plasmid maxi kit (QIAGEN). TCR Plasmids were linearized using the Xbal restriction enzyme (ThermoFisher).
TCR mRNA was then produced in vitro using the MMESSAGE mMACHINE T7 Ultra kit as previously described®’.

Preparation of engineered T cells via mRNA electroporation

HBs183-191 and HBc18-27 TCR mRNA as well as EBV-specific TCR mRNA were produced using in vitro transcription. A detailed
report describing the selection of HBV-specific T cells and the cloning of their corresponding TCRs is described®'. Activated T cells
for mMRNA TCR electroporation were derived from PBMCs stimulated with 600 IU/ml IL-2 and 50 ng/ml anti-CD3 in AIM-V supple-
mented with 2% human AB serum for 8 days, and rlL-2 was increased to 1000 IU/ml 1 day before electroporation. For mRNA elec-
troporation 1 x 107 activated T cells were suspended in 100ul Cell Line Nucleofector Solution V and TCR mRNA was added at 20ug.
The mixture was placed in a certified cuvette and electroporated using the transduction program “X-001" present in the nucleofector
device 2B. After electroporation, cells were resuspended in AIM-V supplemented with 10% human AB serum and 100 IU/ml IL-2 at
37°C and 5% CO, until analysis. T cells expressing the introduced TCR were quantified by flow cytometry using the specific HLA
class | pentamers (HLA-A0201/HBs183-PE pentamer, HLA-A0201/HBs370-PE pentamer or HLA-A0201/EBV LMP2a426-34-PE
pentamer).

In vivo HBV infection and T cell administration

Generation of stably HBV-infected human liver chimeric mice was performed as previously reported”’. Briefly, animals received a
single intraperitoneal injection of HBV-infectious serum (1 x 107 HBV DNA copies/mouse; genotype D). HBV-infected mice display-
ing high levels of viremia (>1 x 10° HBV DNA copies/ml) were used for the adoptive transfer of engineered human T cells. To estab-
lish HBV/HDV infection, animals received one single intraperitoneal injection of serum obtained from mice stably infected with HBV
(1x107 HBV DNA genome equivalents, genotype D) and 10 weeks later they were superinfected with HDV (1x10® genome equiva-
lents/mouse, genotype 3, cell culture-derived).
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Human T cells isolated from PBMCs (HLA-A0201) were expanded in vitro and electroporated as described in the previous section.
After analysis of TCR expression on T cells, 0.5 x 10° activated HBs183 specific T cells, corresponding to an approximately 1:40 E:T
ratio, were injected in the HBV/HDV co-infected mouse three times at 4 days intervals. Blood was withdrawn at indicated times. Liver
specimens removed at sacrifice (12 days after the first T cell injection) were snap-frozen in 2-methyl butane for histological and mo-
lecular analyses.

Analysis of biochemical and virological parameters

ALT was measured using the Roche Cobas c111 System (Roche). Due to the limited amount of serum that can be obtained from the
mouse model during the treatment phase, 5ul of serum was used for the longitudinal measurement. DNA was extracted from liver
specimens using the Master Pure DNA purification kit (Epicenter) and RNA was isolated using the RNeasy RNA purification kit. Intra-
hepatic virological parameters (HBV DNA and HDV RNA) were quantified using specific primers and probes as previously
described®®*°. Briefly, viral nucleic acids were extracted from mouse serum samples using the QiAmp MinElute Virus spin kit and
liver tissue by using the RNeasy Micro and Mini RNA purification kit (QIAGEN), respectively. HDV viremia was determined via reverse
transcription and gRT-PCR using the ABI Fast 1-Step Virus Master (Applied Biosystems) on an ABI Viia7 (Applied Biosystems)*®->2,
The plasmid pBluescript Il SK(p), containing one copy of the HDV genome, was used as a standard for HDV cDNA quantification®®.
cccDNA levels were determined in the whole cell liver DNA extracted by Hirt, after digestion with plasmid-safe ATP-dependent
DNase (PSD), T5 exonuclease or a combination of Exonuclease | and Il as previously described®®.

RNA in situ hybridization

RNA in situ hybridization was performed on paraformaldehyde-fixed, cryo-preserved liver sections using the RNAScope Fluorescent
Multiplex Kit according to the manufacturer’s instructions. Briefly, liver sections were dehydrated and pretreated with Pretreat 4 (Pre-
treatment Kit, ACD) for 30 min. Samples were incubated with pregenomic HBV RNA (GT-D, assay number 442741), antigenomic HDV
RNA (assay number 433471) and hCXCL10 RNA (assay number 311851-C2) specific target probes for 2 h at 40°C (HybEZ oven,
ACD). DAPI staining was performed to visualize nuclei. Stained sections were analyzed by fluorescence microscopy using a 60 x
/1.40 NA oil objective. Merged z stack images were prepared using the same settings for all groups.

QUANTIFICATION AND STATISTICAL ANALYSIS
Analysis of the Amnis Imagestream and BD LSR-II flow cytometer data were analyzed in IDEAS and Kaluza software respectively.
Statistical significance were determined by paired, two-tailed, parametric Student’s t test for Figures 1, 2, 3, 4, and 5. Figure 6

was analyzed using non-paired, two tailed, parametric Student’s t test. P values of < 0.05 were considered statistically significant.
Data was plotted using Graphpad Prism 8 software as mean values. Asterisks indicate * p = 0.01-0.05 and ** p = 0.001-0.01.
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