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BACKGROUND & AIMS: Strategies to develop virus-specific T
cells against hepatic viral infections have been hindered by
safety concerns. We engineered nonlytic human T cells to
suppress replication of hepatitis B virus (HBV) and hepatitis
C virus (HCV) without overt hepatotoxicity and investigated
their antiviral activity. METHODS: We electroporated resting
T cells or T cells activated by anti-CD3 with mRNAs encoding
HBV or HCV-specific T-cell receptors (TCRs) to create 2
populations of TCR-reprogrammed T cells. We tested their
ability to suppress HBV or HCV replication without lysis in 2-
dimensional and 3-dimensional cultures of HepG2.2.15 cells
and HBV-infected HepG2-hNTCP cells. We also injected
TCR-reprogrammed resting and activated T cells into HBV-
infected urokinase-type plasminogen activator/severe com-
bined immunodeficiency disease/interleukin 2g mice with
humanized livers and measured levels of intrahepatic
and serological viral parameters and serum alanine
aminotransferase. Livers were collected for analysis of
gene expression patterns to determine effects of the
TCR-reprogrammed T cells. RESULTS: TCR-reprogrammed
resting T cells produced comparable levels of interferon
gamma but lower levels of perforin and granzyme than
activated T cells and did not lyse HCV- or HBV-infected
hepatoma cells. Although T-cell secretion of interferon
gamma was required to inhibit HCV replication, the HBV-
specific TCR-reprogrammed resting T cells reduced HBV
replication also through intracellular activation of apolipo-
protein B mRNA editing enzyme, catalytic polypeptide 3
(APOBEC3). The mechanism of APOBEC3 intracellular acti-
vation involved temporal expression of lymphotoxin-b
receptor ligands on resting T cells after TCR-mediated
antigen recognition and activation of lymphotoxin-b recep-
tor in infected cells. CONCLUSIONS: We developed
TCR-reprogrammed nonlytic T cells capable of activating
APOBEC3 in hepatoma cells and in HBV-infected human
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hepatocytes in mice, limiting viral infection. These cells with
limited hepatotoxicity might be developed for treatment of
chronic HBV infection.
We engineered non-lytic human T cells to suppress
replication of hepatitis B virus (HBV), without overt
hepatotoxicity as a safer approach to adoptive T cell
therapy for chronic hepatitis B.

NEW FINDINGS
Keywords: Antiviral; Immune Response; Immune Therapy; LTB.

doptive T-cell therapy using autologous T cells
TCR-reprogrammed, non-lytic T cells produced lower
levels of perforin and granzyme than activated T cells
and activate APOBEC3 in HBV-infected hepatocytes
through temporal activation of lymphotoxin-b-receptor.

LIMITATIONS

Multiple treatments of TCR-reprogrammed T cells, in
combination with inhibitors of HBV infection might be
required to achieve control of HBV infection.

IMPACT

Adoptive T cell therapy using HBV TCR-reprogrammed,
non-lytic T cells could be a beneficial therapeutic
strategy for chronic hepatitis B without inducing
inflammatory pathologies.

Abbreviations used in this paper: 3-D, 3-dimensional; AE-T, activated T;
APOBEC3, apolipoprotein B mRNA editing enzyme, catalytic polypeptide
3; CAR, chimeric antigen receptor; cccDNA, covalently closed circular
DNA; E:T, effector cell–to–target cell; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; HBcAg, hepatitis B core antigen; HbsAg,
hepatitis B surface antigen; HBV, hepatitis B virus; HCC, hepatocellular
carcinoma; HCV, hepatitis C virus; hNTCP, human sodium taurocholate-
cotransporting polypeptide; IFNG, interferon gamma; LT, lymphotoxin;
LTB, lymphotoxin b; LTBR, lymphotoxin b receptor; mRNA, messenger
RNA; PBMC, peripheral blood mononuclear cell; pgRNA, pregenomic
RNA; RE-T, resting T; TCR, T-cell receptor.
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Agenetically modified to express a classical HLA class
I restricted T-cell receptor (TCR) or a chimeric antigen re-
ceptor (CAR) targeting tumor cells has generated impressive
results in treating some cancers.1,2 T cells are, however, also
essential for the control of chronic viral infections, and
virus-specific TCR-redirected T cells have been shown to
recognize viral-infected cells in culture and in animal
models.3 Persistent hepatitis B virus (HBV) and hepatitis C
virus (HCV) infections are 2 chronic viral diseases for which
virus-specific T-cell therapy has a strong rationale.4–6 Both
infections are characterized by defects of antigen-specific T
cells, and efficient viral control is associated with T-cell
functional recovery. However, because both viruses are not
directly cytopathic, the observed hepatitis during natural
infection is immune-mediated, and thus T cells can cause
liver damage.7

A rational approach to restoring the lack of virus-specific
T-cell response in patients with chronic hepatic viral in-
fections is to genetically engineer a patient’s own (autolo-
gous) T cells to express an HBV- or HCV-specific CAR or
TCR. Here, we engineered T cells with TCRs recognizing
HBV or HCV peptide–HLA complexes. This strategy can offer
an advantage over CAR-T cells,5 particularly in HBV infec-
tion. HBV-specific TCR-T cells are not suppressed by the
large quantity of circulating antigens (hepatitis B surface
antigen [HBsAg] and hepatitis B e antigen HBeAg) that are
present in chronic hepatitis B patients’ sera,8 nor could they
recognize circulating monocytes and B cells accumulating
HBsAg9 because they are specific for the HLA-class I/HBV
epitope complexes generated by the processing of HBV an-
tigens synthesized within the cells. Thus, HBV-specific TCR-T
cells only recognize HBV-infected hepatocytes or hepato-
cytes producing antigens from HBV-DNA integrations.4

In addition, to bypass safety concerns related to stable
genetic manipulation of T cells, we established a technically
simple platform using electroporation of messenger RNA
(mRNA) encoding TCR genes to produce TCR-T cells for
adoptive immunotherapy of HBV-related hepatocellular
carcinoma (HCC).10 The transient expression of TCR intro-
duced by mRNA electroporation in anti-CD3–activated T
cells generates HBV-specific T cells that lyse HCC cells10 and
HBV-infected hepatocytes11 within a limited time span and
induce transient liver inflammation, avoiding the persis-
tence and accumulation of TCR-T cells. However, because a
substantial number of hepatocytes could be infected in
chronic hepatitis B, T-cell therapy using cytolytic TCR-T
cells might still trigger severe liver pathology12 and hence
might be difficult to implement in the clinic.

We hypothesized that because mRNA can also be intro-
duced into nondividing unstimulated T cells,13 we could
engineer virus-specific human T cells with lower granzyme
B and perforin contents than activated T cells.14 These cells
should not trigger overt liver damage but maintain antiviral
activity when used for immunotherapy. We thus reprog-
rammed the antigen specificity of resting human T cells to
target HBV or HCV, tested their ability to suppress viral
replication in vitro and in HBV-infected human liver
chimeric urokinase-type plasminogen activator/severe
combined immunodeficiency disease/IL2g mice,15 and
further investigated their mechanism of nonlytic antiviral
suppression.
Materials and Methods
mRNA Electroporation of T Cells

The preparation of activated (AE-T) and resting (RE-T) T
cells from peripheral blood mononuclear cells (PBMCs) is
described schematically in Figure 1A and in the Supplementary
Materials. Ten million AE-T or RE-T cells were suspended in
100 mL of supplemented 4D-Nucleofector Solution (Lonza, Co-
logne, Germany), and TCR mRNA was added at 200 mg/mL. The
mixture was electroporated in a Nucleocuvette using preset
T-cell programs in the 4D-Nucleofector system (Lonza, Cologne,
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Germany). After electroporation, cells were resuspended in
AIM-V 10% human AB serum plus 100 IU/mL rIL-2, and
cultured at 37�C and 5% CO2 until analysis.

Function of mRNA Electroporated T Cells
HLA-A2þ T2 cells were pulsed with 1 mg/mL of s183–191

peptide for 1 hour at 106 cells/mL and then washed twice. TCR-
T cells were cocultured with peptide-loaded T2 cells for 5
hours or 24 hours in the presence of 10 or 2 mg/mL brefeldin A,
respectively, and stained for CD8, interferon gamma (IFNG),
granzyme, and perforin.

Cytotoxicity Assays
Luciferase-expressing cell lines and TCR-T cells were co-

cultured as described in the Supplementary Materials.

Co-culture Experiments of mRNA
Electroporated T Cells With Targets

TCRHBVs183 T cells were co-cultured with either HepG2.2.15
or HBV-infected HepG2– human sodium taurocholate-
cotransporting polypeptide (hNTCP) for 24 hours, and
TCRHCV NS3 T cells were co-cultured with Huh7A2HCV cells for
18 hours. To determine target cell lysis, aspartate amino-
transferases were measured in supernatants or viability assays
were performed using the Cell Proliferation Kit II 2,3-Bis-
(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carbox-
anilide (XTT) (Roche Applied Science, Mannheim, Germany).
For blocking IFNG, 20 mg/mL purified anti-human IFNG or
isotype control mouse IgG1 (BioLegend) was added. To block
LTa1b2, LTa2b1, and CD258, 1 mg/mL recombinant human
lymphotoxin b (LTB) receptor (LTBR)-Fc chimera (R&D Sys-
tems, Minneapolis, MN) was used.

Three-Dimensional Microdevice-Based Assay
The seeding of HepG2 targets in microdevices was described

previously.16 TCR-T cells were labelled with 3 mmol/L of Cell-
Tracker Violet BMQC (Life Technologies Co., Carlsbad, CA) and
resuspended in T-cell media at 3 � 106 cells/mL; 30 mL was
added into 1 of the 2 media channels flanking the central gel
region of each device and incubated for 15 hours at 37�C before
image acquisitions. Details are described in the Supplementary
Materials.

HBV Infection of Humanized Mice and
T-Cell Administration

Animals were housed under specific pathogen-free condi-
tions according to institutional guidelines under authorized
protocols. All animal experiments were conducted in
=
Figure 1. Production of virus-specific TCR AE-T and RE-T cells u
AE-T and RE-T cells from PBMCs for mRNA TCR electroporatio
electroporated with TCRHBVs183, TCRHBVc18, or TCRHCV NS3 mR
poration. Mock electroporated T cells served as negative contr
were indicated in representative plots. (C) The mean frequenc
measured at indicated time points after electroporation. (D) The R
pulsed T2 cells for indicated times. Frequencies of IFNG, granz
were quantified. EP, electroporation; MACS, magnetic-activated
accordance with the European Communities Council Directive
(86/EEC) and approved by the City of Hamburg, Germany.

To establish HBV infection, animals received a single intra-
peritoneal injection of HBV-infectious serum (1 � 107 HBV DNA
copies/mouse, genotype D). HBV-infected mice displaying levels
of viremia between 1 � 106 to 3 � 108 HBV DNA copies/mL
were used for adoptive transfer of TCR-T cells. Then, 0.5 � 106

or 1 � 106 TCR AE-T or RE-T cells (normalized based on
frequency of CD8þTCRþ T cells) corresponding to an approxi-
mately 1:100 or 1:50 effector cell–to–target cell ratio, respec-
tively, were injected intraperitoneally per mouse. Blood was
withdrawn at indicated time points, and liver specimens
removed at day 12 were snap-frozen in 2-methylbutane for
molecular analyses.

Intrahepatic Virological and Gene
Expression Analyses

DNA was extracted from liver specimens using the Master
Pure DNA Purification Kit (Epicentre, Madison, WI), covalently
closed circular DNA (cccDNA) was isolated by Hirt extraction,17

and RNA was extracted from liver using the RNeasy RNA Pu-
rification Kit (Qiagen, Hilden, Germany). Intrahepatic total viral
loads were quantified using primers and probes specific for
total HBV DNA and cccDNA.18 Primers and probes specific for
HBV pregenomic RNA (pgRNA) were used for reverse tran-
scription and amplification, and the expression of the human
housekeeping gene for glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was used for normalization. Human apolipo-
protein B mRNA editing enzyme (APOBEC3) and LTB gene
expression levels were quantified by quantitative polymerase
chain reaction using specific primers from the TaqMan Gene
Expression Assay System (Thermo Fisher Scientific, Waltham,
MA) or custom designed primers (see Supplementary Tables 1
and 2).

Statistical Analysis
Statistical significance was evaluated with 2-tailed t test and

1-way analysis of variance with Dunnett’s multiple compari-
sons test using GraphPad Prism 7 software (GraphPad, La Jolla,
CA). Only P values of less than .05 were considered significant
and are displayed in the figures.

Results
TCR mRNA Electroporation in RE-T Cells

HBV-specific TCR-T cells transiently expressing HBV-
specific TCRs can be engineered in vitro through direct
electroporation of mRNA encoding for specific TCR variable
a and b chains in AE-T cells.10 We previously showed that
HBV-specific AE-T cells have antitumor and antiviral
sing mRNA electroporation. (A) A schematic of preparation of
n. (B) AE-T and RE-T cells from healthy donors (n ¼ 4) were
NA. TCR expression was determined 24 hours after electro-
ol. Percentages of dextramerþ, TCRVbþ CD8þ, or CD8– cells
ies of TCRHBVs183 CD8þ cells from 4 healthy donors were
E-T or AE-T cells were co-cultured with unpulsed or peptide-

yme B, and perforin-producing CD8þ cells out of total T cells
cell sorting.
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functions in 2 different animal models of HBV-related HCC
and HBV infection.10,11 In the present study, we investigated
whether we could directly express TCR in RE-T cells, which
were CD3þ T cells directly purified from PBMCs and left
overnight in culture before mRNA TCR electroporation. In
contrast, AE-T cells were T cells cultured in vitro for 8 days
with high IL-2 concentration after PBMC stimulation with
anti-CD3 antibody (Figure 1A). The origin, cell culture con-
ditions, and CD8þ and CD8– T cell compositions in the 2 cell
preparations are also summarized in Supplementary
Table 3. We electroporated mRNA encoding HLA-A2–
restricted TCRs specific for HBV envelope s183–191, HBV
core 18–27, or HCV NS3 1073–1081 into RE-T and AE-T
cells from different healthy individuals. At 24 hours after
electroporation, more than 20% of CD8þ and CD8– RE-T
cells expressed the introduced TCRs (Figure 1B). mRNA
electroporation is less efficient on RE-T than in AE-T cells
(Figure 1B and Supplementary Table 3), but the kinetics of
TCR expression in both T-cell populations appeared
similar10,11: they were detectable at 6 hours after electropo-
ration, peaked at 24 hours, and disappeared after 120 hours
(Figure 1C). More than 70% of CD8þ TCR-expressing RE-T
cells were CD45RAþCD62Lþ naïve-like and CD27þCD28þ

(Supplementary Figure 1A), and CD8þ TCR-expressing AE-T
cells comprised 39% CD45RAþCD62Lþ naïve-like, 45%
CD45RA–CD62Lþ central memory-like, and 15%
CD45RA–CD62L– effector memory-like phenotypes and were
CD27þCD28þ (Supplementary Figure 1B). CD8– TCR-
expressing RE-T and AE-T cells comprised a mixture of all 3
phenotypes (Supplementary Figure 1). We have consistently
observed bias of CD8þ T cells toward a more naïve-like
phenotype in RE-T cells in all healthy donors tested (age
range, 25–55 years), as has been reported in a previous
study.19 No difference was detected in the phenotypes of
non–TCR-expressing compared with TCR-expressing cells
within RE-T or AE-T cells, indicating that mRNA electropora-
tion does not alter T-cell phenotype or preferentially transfect
cells of particular differentiation status (data not shown).
Functional Characterization of RE-T Cells
Because the immunological control of HBV and HCV does

not necessarily require the direct lysis of infected hepato-
cytes and can also be achieved through nonlytic mecha-
nisms triggered by antiviral cytokines,7,20,21 we analyzed
the ability of RE-T and AE-T cells to produce cytolytic
granules and IFNG. Both CD8þ RE-T and AE-T cells
produced IFNG upon 5 hours and 24 hours of stimulation
with HBV peptide–pulsed T2 cells, but not in the absence of
peptide. A higher frequency of IFNG-producing AE-T cells
was determined because of their higher transfection effi-
ciency (Figure 1C). Furthermore, 50%–60% of unstimulated
CD8þ AE-T cells produced granzyme B and perforin, and
these frequencies were slightly increased after 24 hours of
stimulation (Figure 1C). In contrast, only 10%–15% of
unstimulated CD8þ RE-T cells produced granzyme B and
perforin, with frequencies similar after 5 or 24 hours of
stimulation (Figure 1C).
This characterization suggests that RE-T cells would
have lower cytolytic capacity than AE-T cells. We tested the
killing abilities of both TCR-T cells in a 3-dimensional (3-D)
microfluidic device whereby TCR-T cells are interacting
with hepatoma cells overexpressing green fluorescent pro-
tein covalently linked to HBV envelope protein (HepG2-
Env)16 (Figure 2A). AE-T cells (mean ± standard error of
the mean, 40.40% ± 1.32%) killed more HepG2-Env cells
than RE-T cells (mean ± standard error of the mean, 17.54%
± 1.55%) (Figure 2B and Supplementary Figure 2A).
Although RE-T cells showed reduced ability to migrate to-
ward the HepG2-Env cells (Supplementary Figure 2A), the
difference in cytotoxicity was not due to lack of
target recognition, because there were no significant dif-
ferences in the proportion of IFNG-secreting cells within the
total HBV-specific TCR-expressing RE-T or AE-T cells
(Supplementary Figure 2B). The reduced lytic ability of RE-T
cells was confirmed in 2-dimenional plate-based cytotox-
icity assays where RE-T cells, despite being in direct contact
with the HepG2-Env cells, did not show substantial killing at
various E:T ratios (Figure 2C). Co-culture of AE-T cells with
the HepG2-Env cells in the microdevices resulted in a
distinct elevation of inflammatory factors (RANTES, MIP1A,
MIP1B, CCL-22, IL-13, IFNG, sCD40L, and IL-5) (Figure 2D).
In contrast, co-culture with RE-T cells caused a significant
elevation of only IFNG, comparable to that produced by AE-
T cells, and most other soluble factors remained unchanged
(Figure 2D). These data indicate that RE-T cells, after
recognition of the specific viral antigen, could concurrently
induce significant IFNG production with limited generation
of inflammatory chemoattractants and could inhibit hep-
atotropic viruses without causing overt inflammation and
liver damage.

RE-T Cells Inhibit Virus Replication
Without Hepatotoxicity

We tested this hypothesis by co-culturing TCRHBVs183

RE-T cells with HBV-replicating HepG2.2.15 hepatoma cell
line at E:T 1:3 for 24 hours. Intracellular HBV DNA was
reduced by 31% within 24 hours (Figure 3A), similar to
that obtained with AE-T cells. However, unlike AE-T cells,
aspartate aminotransferase, a marker of hepatocyte injury,
remained unchanged when RE-T cells were used as effec-
tors, confirming their reduced lytic ability (Figure 3A).
Similar levels of antiviral activity without lysis could also
be achieved when HepG2.2.15 cells were co-cultured with
either engineered naïve CD8þ or central memory
CD8þCD62Lþ resting T cells (Figure 3B). The nonlytic
antiviral capability of RE-T cells was further confirmed
when TCRHCV NS3 T cells were co-cultured with HLA-A2–
expressing Huh7 cells transduced with a subgenomic
luciferase replicon (Huh7A2HCV).

22 A strong inhibition of
HCV replication in Huh7A2HCV cells was observed at all E:T
ratios in a dose-dependent manner without target
cell lysis, as shown by XTT assay, an alternative method to
quantify viable cells based on metabolic activity
(Figure 3C).



Figure 2. The RE-T cells are nonlytic and noninflammatory. (A) A representative 11-hour live-imaging timeline where
TCRHBVs183 AE-T cells were co-cultured with GFP-expressing HepG2-Env cells in a 3-D microfluidic device. The AE-T cells are
displayed as blue cells, and dead cells are labeled red. The magnified maximum-intensity projections of a single HepG2-Env
cell are shown at the indicated times. The 10-mm scale bars are included in each image. (B) Representative maximum intensity
projections of a collagen gel region showing HepG2-Env cells (green) at 0 hours and after overnight co-culture with TCRHBVs183
RE-T or AE-T cells. Dead cells are labeled red. The MFIs of GFP (green) and DRAQ7 (red) of each HepG2-Env cell were plotted
at 0 hours and after overnight co-culture. Bar chart shows the mean percentage of killed HepG2-Env cells, and each dot
represents a single experiment. Devices without T cells or co-cultured with non-electroporated T cells were included as
controls. (C) Two-dimensional cytotoxicity assay performed using TCRHBVs183 RE-T or AE-T cells and HepG2-Env or HepG2-
Core cells. The mean percentages of killing obtained with different E:T ratios from 3 independent experiments are shown. (D)
Heatmap of the relative mean concentration of soluble factors detected in the supernatants collected from microdevices, with
indicated engineered T cells (n ¼ 5 each). Factors with concentrations less than 10 pg/mL in all samples were removed from
analysis. The bar chart shows the mean concentrations ± standard error of the mean of the top 8 secreted factors, and asterisk
indicates statistically significant difference between RE-T and AE-T cells. EP, electroporation; GFP, green fluorescent protein;
MFI, mean fluorescence intensity.
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We then sought to confirm our findings in an infection
system. HepG2 cells stably transduced with the HBV en-
try receptor hNTCP23 were infected with HBV and, at day
7 after infection, were either left untreated or were
treated for 24 hours with TCRHBVs183 RE-T cells or non-
electroporated RE-T cells. The T cells were removed
and, after an additional 48 or 96 hours culture, cyto-
plasmic HBV DNA, hepatitis B core antigen (HBcAg,
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pgRNA, and HBV cccDNA) were measured. Treatment
with RE-T cells at E:T 1:1 resulted in 50% reduction in
cytoplasmic HBV DNA at day 10 after infection, which
increased to 64% by day 12 (Figure 3D). The reduction in
HBV DNA at day 12 was accompanied by a 27% decrease
in the frequency of HBcAgþ HepG2-hNTCP (Figure 3E)
and a 78% reduction in pgRNA normalized to glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) compared
with untreated HepG2-hNTCP (Figure 3F and G). Notably,
cccDNA decreased to less than 5% compared with un-
treated HepG2-hNTCP (Figure 3H). Less pronounced
antiviral effects were observed at E:T 1:3 (Figure 3D–H),
and similar reductions in viremic parameters were
observed using RE-T cells expressing TCRHBVc18 (data not
shown). Taken together, our data show that RE-T cells
mediate a rapid inhibition of HBV and HCV replication in
targets with minimal cytolysis.

IFNG Produced by RE-T Cells Does
Not Inhibit HBV Replication

Because T cell–derived cytokines IFNG and tumor ne-
crosis factor a can control HBV and HCV replication20,24,25

and were also shown to degrade HBV cccDNA in infected
hepatocytes,26 we investigated whether RE-T cells might
mediate antiviral effects through a similar mechanism. Using
IFNG-blocking antibodies, we showed that TCRHCV NS3 RE-T
cell–mediated antiviral effect against Huh7A2HCV cells re-
quires IFNG (Figure 4A). Surprisingly, inhibition of HBV
replication in transfected (HepG2.2.15) or HBV-infected
(HepG2-hNTCP) cells by TCRHBVs183 RE-T cells was not
reduced by addition of IFNG-blocking antibodies
(Figure 4A), suggesting that IFNG produced by RE-T cells
was not mediating the rapid nonlytic antiviral effect against
HBV.

RE-T Cells Activate APOBEC3 Antiviral
Pathway for Rapid HBV Inhibition

We explored other possible mechanisms of the rapid
nonlytic anti-HBV activity. Up-regulation of APOBEC3 cyti-
dine deaminases A3A, A3B, and A3G through interferon
alfa27 and LTBR activation28 have been shown to
inhibit HBV replication by the induction of HBV-DNA
=
Figure 3. The RE-T cells mediate rapid antiviral effects without
DNA ± standard deviation and means of AST ± standard deviat
4) or AE-T (n ¼ 3) cells co-cultured with HepG2.2.15 at 1:3
CD62L–CD8þ memory cells were isolated from RE-T cells and
pendent experiments are shown. (C) Mean percentage reductio
viability) from 3 independent experiments of TCRHCV NS3 RE
Huh7A2HCV at indicated E:T ratios for 24 hours. (D) Mean perc
viation and (E) mean percentage reductions in HBcAgþ HepG2-h
co-cultured for 24 hours with HepG2-hNTCP infected for the
pgRNA normalized to GAPDH in HepG2-hNTCP at day 12 af
symbol represents a single experiment. (G) Representative con
day 12 after treatment with RE-T or non-electroporated T cells.
(H) Mean percentage HBV cccDNA in HepG2-hNTCP at day
compared with untreated HepG2-hNTCP. Each dot represents
transferase; Eff, effect; EP, electroporated; XTT, 2,3-Bis-(2-Met
hypermutations and might degrade cccDNA without
causing hepatotoxicity.28,29 Thus, we first quantified A3A,
A3B, and A3G mRNA expression in HepG2.2.15 after 24 and
48 hours of treatment with RE-T cells, compared with IFN
alfa or LTBR agonist (LTa1/b2) treatment (Figure 4B and
C). Treatment with RE-T cells (able to reduce intracellular
HBV DNA by 31%) for 24 or 48 hours induced a 20%–40%
increase in A3 and A3B relative mRNA, respectively, and a
450% increase in A3G relative mRNA (Figure 4C). Similar
viral load reductions could be achieved using LTBR agonist
(Figure 4B), concomitant with significant increase in A3A
and A3G relative mRNA (Figure 4C). Treatment with IFN-
alfa for a short duration of 24 to 48 hours, however,
decreased A3A relative mRNA and caused a less robust in-
crease in A3B and A3G relative mRNA. These data suggest
that RE-T cells, like LTBR agonist, might be capable of
rapidly activating the APOBEC3 innate antiviral pathway by
interaction with LTBR on infected targets.

We then investigated if RE-T cells could activate APO-
BEC3 in other physiological cells. We co-cultured RE-T cells
with different immune cell subsets (T cells, B cells, and
monocytes) for 24 and 48 hours and quantified A3A, A3B,
and A3G mRNA. Significant increases in A3B relative mRNA
could be detected in peptide-pulsed T cells, B cells, or
monocytes at 48 hours (Supplementary Figure 3), showing
that specific activation by RE-T cells can also trigger intra-
cellular the APOBEC3 innate pathway in different primary
human cells other than HepG2.2.15.

To confirm the importance of LTBR activation, we
blocked the physiological LTBR expressed on HepG2.2.15
with a competing soluble LTBR Fc chimera antibody in the
co-culture assay. This blocking resulted in only 8% reduc-
tion in intracellular HBV DNA compared with 31% and 41%
reduction, respectively, in the co-cultures with or without
IgG Fc antibody (Figure 4D). In addition, CRISPR/Cas9-
mediated knockout of LTBR, but not HPRT (a house-
keeping gene) in HepG2.2.15 followed by co-culture with
RE-T cells for 24 hours could not inhibit intracellular HBV
DNA (Figure 4E), providing the final confirmation that LTBR
activation is essential for RE-T cell–mediated antiviral
activity.

The natural ligands of LTBR are LTB heterotrimers and
CD258 (or LIGHT), and they can be expressed on activated
cytolysis. (A) Mean percentage reductions in intracellular HBV
ion from 3 independent experiments of TCRHBVs183 RE-T (n ¼
E:T ratio for 24 hours. (B) Naïve CD8þ, CD62LþCD8þ and
co-cultured with HepG2.2.15 as in (A). Results from 2 inde-
ns in HCV replication and mean XTT relative absorbance (cell
-T (n ¼ 3) or non-electroporated T cells co-cultured with
entage reductions in cytoplasmic HBV DNA ± standard de-
NTCP ± standard deviation induced by TCRHBVs183 RE-T cells
indicated time (10 and 12 days). (F) Mean percentage HBV
ter treatment with RE-T or non-electroporated T cells. Each
focal images of HBV pgRNA (pink dots) in HepG2-hNTCP at
Nuclei were stained with 40,6-diamidino-2-phenylindole (blue).
12 after treatment with RE-T or non-electroporated T cells
a single experiment. Act, Activated; AST, aspartate amino-

hoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide.
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lymphocytes.30 Therefore, we investigated whether RE-T
cells expressed these ligands on their cell surface. Non-
electroporated or unstimulated RE-T cells did not express
LTB or CD258, but their expression increased only upon
antigen-specific TCR recognition (Figure 4F). Taken
together, these data show that RE-T cells can inhibit HBV
replication through activation of the LTBR/APOBEC3
pathway in infected target cells and that this is mediated by
up-regulation of LTBR ligands on RE-T cells after TCR-
mediated antigen recognition.

RE-T Cells Transiently Express LTBR Ligands
Despite having the desired antiviral effects, chronic

activation of LTBR has also been shown to induce carcino-
genesis and inflammation.31 It is therefore pertinent to
know the kinetics of LTB and CD258 expression on RE-T
cells. We measured these ligands on RE-T cells longitudi-
nally after antigen-specific activation and found that their
expression remained stable from 24 to 120 hours, then
decreased progressively with time as TCR expression
declined and disappeared after 216 hours (Figure 4G).
Therefore, in addition to a self-limited expression of virus-
specific TCR, RE-T cells can activate the LTBR antiviral
pathway in a temporal fashion, minimizing the risk of trig-
gering chronic inflammation or cancer.

RE-T Cells Activate LTB and APOBEC3B in
HBV-Infected Primary Human Hepatocytes
Without Inducing Liver Inflammation

To assess the antiviral effects of adoptively transferred
RE-T cells in vivo, HBV-infected human liver chimeric mice
(baseline viremia, 1 � 106 to 3 � 108 HBV DNA copies/ml)
previously reconstituted with HLA-A2þ human hepatocytes
were used. In the first set of experiments, each HBV-infected
human liver chimeric mouse was adoptively transferred
with 3 doses of 0.5 million TCRHBVs183 RE-T (at 4-day in-
tervals, n ¼ 3), or with TCRHBVs183 AE-T cells (n ¼ 3), which
were already shown to lyse HBV-infected hepatocytes and
cause liver inflammation,11 or with TCRHCV NS3 AE-T cells
(n ¼ 3). Furthermore, 3 untreated HBV-infected mice served
=
Figure 4. Increased expression of LTBR ligands on RE-T cells
APOBEC3. (A) Mean percentage reductions in HCV or HBV repl
Huh7A2HCV and HepG2.2.15 treated with TCR–RE-T or non-
presence of 10 mg/mL anti-IFNG antibodies or 200 IU/mL rhIF
intracellular HBV DNA ± standard deviation of 2 independent exp
agonist for 48 hours. (C) Percent change of A3A, A3B, and A
treated with RE-T or non-electroporated T cells at a 1:3 E:T rat
indicated times compared with treatment with non-electropora
DNA ± standard deviation of 2 independent experiments of Hep
1:3 E:T ratio for 24 hours in the absence and presence of solub
Frequency of cells expressing LTBR and the MFI of LTBR expre
HepG2.2.15. Bar chart shows mean percent reductions in intra
periments of knockout clones co-cultured with TCRHBVs183 R
electroporated T cells were co-cultured with unpulsed or peptid
cells expressing LTB and CD258 from one representative expe
cells (bars) and LTB- and CD258-expressing T cells out of total
stimulated (red line) RE-T cells were determined longitudinally at
fluorescent intensity.
as controls (Figure 5A). The antiviral effect of RE-T cells was
measured in the serum of treated animals after single (day
4) or multiple T-cell injections (days 8 and 12). A single
injection of 0.5 million RE-T cells caused a 20% mean
decrease of serum HBV DNA from baseline at day 4
(Figure 5B). Although mean HBV DNA viremia further
increased to 128% from baseline to day 12 in untreated
mice, multiple injections of 0.5 million RE-T cells could
inhibit viral replication and so lower viremia or restrain
further increase (Figure 5B). To determine if we could
enhance the antiviral efficacy with a higher T-cell dose, we
adoptively transferred 3 doses of 1 million RE-T cells at 4-
day intervals into a second group of mice (baseline
viremia 3 � 107 to 9 � 107 HBV DNA copies/mL)
(Figure 5A). This treatment also restrained the increase of
viremia from baseline (mean 78% versus 210% increase in
untreated mice at day 4) until day 12 (mean 10% reduction
versus 1706% increase in untreated), with 1 mouse
showing more than 80% reduction (Figure 5B). Lower
amounts of intrahepatic HBV cccDNA per hepatocyte (mean
50%) were determined in mice treated with 1 million, but
not 0.5 million, RE-T cell doses when compared with the
matched untreated controls (Figure 5C). Such reduced
cccDNA amount was also determined in mice treated with
AE-T cells. Intrahepatic pgRNA copies relative to GAPDH
were also lower in RE-T and AE-T cells treated mice
compared with untreated mice (Figure 5D). No increase in
serum alanine transaminase (Figure 5E) or reduction in
human serum albumin levels (Figure 5F) were determined
after multiple injections of RE-T cells. By contrast, multiple
injections of AE-T cells increased alanine transaminase
values (1500 IU/mL) concomitant with an average 24%
reduction in human serum albumin levels (Figure 5E and F).
Despite the lack of induction of inflammatory events,
intrahepatic PD-1 and PD-L1 expression levels increased
after 3 injections of RE-T cells, showing that RE-T cells were
activated in the liver after encountering HBV-infected he-
patocytes. High levels of PD-1 and PD-L1 were detected in
mice treated with 3 doses of 0.5 million, but not with 1
million, RE-T cells (Figure 5G). Circulating hepatitis B e
antigen and HBsAg levels remained relatively stable after 2
after antigen-specific TCR recognition activates intracellular
ication ± standard deviation of 2 independent experiments of
electroporated T cells at a 1:3 E:T ratio in the absence or
NG alone for 24 hours. (B) Mean percentage reductions in
eriments of HepG2.2.15 treated with indicated doses of LTBR
3G mRNA ± standard deviation of triplicates in HepG2.2.15
io or 1000 IU/mL IFN-alfa or 400 IU/mL LTBR agonist for the
ted T cells. (D) Mean percent reductions in intracellular HBV
G2.2.15 treated with RE-T or non-electroporated T cells at a

le LTBR Fc chimera antibody or a control IgG Fc antibody. (E)
ssion in LTBR-knockout (clones 1 and 2) and HPRT-knockout
cellular HBV DNA ± standard deviation of 3 independent ex-
E-T cells at a 1:3 E:T ratio for 24 hours. (F) RE-T or non-
e-pulsed T2 cells for 24 hours, and the frequencies of RE-T
riment are shown. (G) The frequencies of CD8þdextramerþ T
lymphocytes in unstimulated (dotted black line) and peptide-
indicated times. EP, electroporated; KO, knockout; MFI, mean
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injections of RE-T cells compared with untreated mice and
increased after the third injection (Supplementary Figure 4).

To determine which intracellular antiviral pathway was
activated, we performed a transcriptomic analysis of im-
mune genes in the mice livers. We detected up-regulation of
genes related to the interferon response pathway (MX1,
STAT1, STAT2, STAT6, JAK2, GBP1, TLR3, IRF1, IRF8, IFITM1)
in mice treated with multiple injections of 1 million RE-T
cells (Supplementary Figure 5A). Interestingly, we
measured increased expression of apoptosis-related genes
(BAX, BCL10, BCL2L11) and of protein kinase genes
(MAP4K4, CHUK, MAPK1, MAPKAPK2) involved in LTBR
signaling leading to downstream nuclear factor kB activa-
tion pathways (Supplementary Figure 5A). A slight increase
(3-fold) of human ki67 and caspase 3 transcripts were
determined in the livers of mice treated with RE-T cells
(Supplementary Figure 5B), suggesting that apoptosis and
some compensatory cell proliferation may have occurred.

To confirm the activation of the LTBR/APOBEC3 anti-
viral pathway, we measured LTB and A3B and A3G mRNA in
the mice livers at day 12. Multiple injections led to a 9-fold
and 19-fold increase in LTB mRNA in mice treated with 0.5
million and 1 million RE-T cells, respectively, but not in
untreated or HCV AE-T cell–treated mice (Figure 5H). A3B
but not A3G mRNA increased 45-fold in mice treated with 1
million RE-T cells (Figure 5I), confirming that activation of
APOBEC3B by RE-T cells in HBV-infected hepatocytes can
inhibit HBV replication.
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Discussion
In this study, we show that antiviral nonlytic T cells

can be engineered through the transfer of virus-specific
TCR mRNA on resting primary human T cells without
the requirement for extensive pre-activation and culture
in vitro or selection of particular T-cell subsets. These
TCR-reprogrammed RE-T cells specifically direct their
antiviral effect on infected cells through the activation of
the intracellular LTBR/APOBEC3 antiviral pathway. This
modality is masked on classical effector CD8 T cells that
preferentially lyse their targets but is clearly detectable
on RE-T cells that have low lytic contents. We propose
that this feature, combined with the inability to activate
liver inflammatory events, can be exploited for new
therapeutic modalities for the treatment of persistent
hepatic viral infections, in particular because induction of
APOBEC3B activity in hepatocytes has been proposed as a
=
Figure 5. RE-T cells activate APOBEC3B in HBV-infected primar
experiments performed in HBV-infected human liver chimeric m
cells or AE-T cells on days 0, 4, and 8. HBV-infected human live
AE-T cells as controls. The total number of cells injected for eac
T cells. (B) Viremia changes in the blood expressed as a percent
indicated times upon multiple injections of TCR-T cells. (C) Intr
patocyte (b-globin) at day 12. (D) Intrahepatic HBV pgRNA amou
were analyzed at day 12. (F) Percentage change in human se
multiple injections of TCR-T cells or untreated. Transcript lev
APOBEC3B and APOBEC3G mRNA in treated mice at day 12 no
as fold change compared with untreated mice. ALT, alanine am
strategy to inhibit HBV replication29 and destabilize HBV
cccDNA.28

The direct antiviral efficacy of our TCR-reprogrammed
RE-T cells in limiting HBV infection is quite remarkable.
Robust HBV DNA suppression (64%) accompanied by more
than 80% reduction in pgRNA and cccDNA could be
detected in HBV-infected HepG2-hNTCP after 24 hours of
treatment with RE-T cells at a 1:1 effector cell–to–target
cell (E:T) ratio. Less pronounced antiviral effects were
induced at a 1:3 E:T ratio, but nonetheless, this treatment
resulted in 50% reduction in pgRNA and cccDNA. In high-
viremic humanized mice, 3 injections of 1 million RE-T
cells each resulted in HBV viremia reduction and up to
50% reduction in intrahepatic HBV cccDNA without trig-
gering unspecific liver damage. A lower dose of RE-T cells
(0.5 million/injection) reduced HBV viremia initially at day
4, but the antiviral effect was transient and could not be
incremented with the subsequent 2 injections. An expla-
nation is that RE-T cells have lower cell motility than AE-T
cells, as has been observed in the 3-D microfluidic model,
and in addition, a significant number of RE-T cells were
trapped in the spleens of the chimeric mice, and thus fewer
RE-T cells than AE-T cells could traffic to the livers of these
mice. Consequently, a higher T-cell dose is required to
achieve similar antiviral effects, at least in this chimeric
model. The observed increased expression of programmed
death-ligand 1 on HBV-infected hepatocytes could also
limit subsequent activation of RE-T cells and incremental
inhibition of HBV replication with repetitive injections. The
human liver chimeric mouse model is immune deficient.
Thus, the potential suppressive effect on the adoptively
transferred T cells exerted by immune cells present in a
chronically infected liver might not be measured here.
Nonetheless, compared with antiviral treatment with
nucleoside analogues that requires in the same mouse
system approximately 1 month to achieve a 2-log decrease
of viremia,32 mice receiving RE-T cells displayed substan-
tially lower levels of viremia and of HBV RNA amounts, and
pathways with the potential to lower cccDNA had been
activated. We also showed that APOBEC3B activation in
HBV-infected hepatocytes, a mechanism that was already
been shown to promote partial cccDNA degradation,28 is
associated with lower intrahepatic cccDNA loads. However,
a slightly increased rate of apoptosis and human prolifer-
ation markers (3-fold increase of caspase 3 and hKi67
expression) was measured in RE-T cell–treated mice
compared with untreated mice, suggesting that hepatocyte
y human hepatocytes in mice. (A) Schematic of 2 independent
ice treated with 3 doses of 0.5 or 1 million TCRHBVs183 RE-T
r chimeric mice were left untreated or treated with TCRHCV NS3
h TCR-T cells was normalized to the frequency of CD8þTCRþ

age relative to baseline levels at day 0 were determined at the
ahepatic levels of cccDNA copies expressed per human he-
nts relative to GAPDH at day 12. (E) Serum ALT levels (IU/mL)
rum albumin at day 12 relative to day 8 after treatment with
els of (G) PD-1 and PD-L1 mRNA, (H) LTB mRNA, and (I)
rmalized to GAPDH and ribosomal protein L30 and expressed
inotransferase; M, mol/L.
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division could also contribute to cccDNA reduction.17 Even
though RE-T cells will not be able to provide a virus-
specific memory T-cell response, infusions of RE-T cells,
in combination with inhibitors of HBV infection, like anti-
bodies or Myrcludex-B33,34 (a lipopeptide that blocks HBV
entry) can possibly purge HBV cccDNA from the large
number of infected hepatocytes present in chronic hepatitis
B patients and progressively lead to a control of the chronic
viral infection.

In addition, the antiviral effect detected in HBV-infected
cells at high E:T ratio is rapid and specific, occurring 1–3
days after RE-T cells contact their specific targets. The
combined rapid down-regulation of the introduced TCR,
LTB, and CD258 molecules on the membrane of antigen-
stimulated RE-T cells at 5– days after TCR-mRNA electro-
poration temporally restrict the antiviral action of RE-T
cells but at the same time limit their potential off-target
effects. We clearly showed here the complete absence of
inflammatory phenomena observed in HBV-infected cells
and, most importantly, in human liver chimeric mice using
RE-T cells, despite the distinct up-regulation of APOBEC3
proteins in liver cells. The absence of inflammatory phe-
nomena contrasts with the clear induction of liver inflam-
mation observed in different experimental systems in
which LTBR activation was not temporally or anatomically
restricted, for example, by constitutive overexpression of
LTB on hepatocytes35 or by adenovirus-mediated LIGHT
expression36 and concavalin A-induced expression of
LIGHT37 in the liver. Because sustained LTB/LIGHT-LTBR
signaling is critically involved in the pathogenesis of
chronic liver inflammation,31,38 modulating LTB/LIGHT-
LTBR signaling in infected hepatocytes to control viral
infection and limit excessive inflammation could be bene-
ficial to the host.

The restricted temporal activation of RE-T cells is also
the likely cause for the inability to detect, in our experi-
mental system, a HBV antiviral effect of IFNG. Inhibition of
HBV replication in an HBV transgenic mouse model by
secretion of antiviral cytokines (IFNG and tumor necrosis
factor a) was achieved with classical effector CD8þ cytotoxic
T cells that persisted in mice25,39 and were sequentially
activated in the HBV-expressing liver.40 Similarly, loss of
HBV cccDNA mediated by IFNG was shown in vitro after
prolonged stimulation of up to a week with high-dose
IFNG.26 In contrast, even though our RE-T cells were able
to produce IFNG and they inhibited HCV replication with
high efficiency in the IFNG-sensitive HCV replicon system,
the temporal limited production of IFNG appeared unable
not only to inhibit HBV replication but also to stimulate high
levels of inflammatory cytokine/chemokine production
from the hepatic cells.

In conclusion, our work highlights an approach to
reprogramming resting primary human T cells through TCR
mRNA transfer to specifically recognize viral-infected cells
and suppress viral replication without lysis. Their ability to
selectively activate LTBR signaling and APOBEC3 upon an-
tigen recognition in a temporal fashion and without trig-
gering inflammatory events could be a beneficial
therapeutic strategy for chronic hepatitis B.
Supplementary Material
Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://doi.org/10.1053/
j.gastro.2018.03.027.
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Supplementary Materials and Methods

Preparation of Activated and Resting T Cells
The present study using human peripheral blood

mononuclear cells (PBMCs) was reviewed and approved by
the institutional review board of the National University of
Singapore. For activated (AE) T cells, PBMCs were collected
after we received informed consent from healthy donors
and were stimulated with 600 IU/mL IL-2 (rIL-2; R&D
Systems, Minneapolis, MN) and 50 ng/mL anti-CD3 (OKT-3;
eBioscience, San Diego, CA) in AIM-V þ 2% human AB
serum and expanded in vitro for 8 days, and rIL-2 was
increased to 1000 IU/mL 1 day before electroporation.
Resting (RE) T cells were isolated from PBMCs using the
pan T cell isolation kit (Miltenyi Biotec, GmbH, Germany)
and cultured overnight in 100 IU/mL rIL-2 before
electroporation.

Flow Cytometry
Antibodies for cell surface staining were obtained from

BD Biosciences (Franklin Lakes, NJ) (anti-human CD8-PE-
Cy7, CD8-V500, CD45RA-APC, and CD62L-PECy7), eBio-
science (San Diego, CA) (anti-human CD45RO-eFluor650),
Immudex (Copenhagen, Denmark) and Proimmune (Ox-
ford, UK) (HLA-A201-HBs183-191-PE, HLA-A201-HBc18-
27-PE, and HLA-A201-NS3 1073-1081-PE dextramer or
pentamer), and R&D Systems (human LTb receptor-Fc
chimera). Antibodies for intracellular cytokine staining
were obtained from BD Biosciences (anti-human IFNG-APC,
TNFA-Alexa488, IL-2-PE, and Granzyme-APC) and Diaclone
(Besancon, France) (anti-human perforin-FITC). Intracel-
lular cytokine staining was performed by fixing and per-
meabilizing cells with Cytofix/Cytoperm (BD Biosciences).
Flow cytometry was performed using a FACS Canto flow
cytometer or LSRII (BD Biosciences) and data was analyzed
with FACS Diva program (BD Biosciences).

Production of TCR mRNA
The HBV envelope s183–191 TCR (s183-TCR) and HBV

core 18–27 (c18-TCR) cloned in pVAX1 were made in house.
The HCV NS3 1073–1081 TCR cloned in pVAX1 was a gift
from Margaret Sällberg Chen (Karolinska Institutet, Solna,
Sweden). The plasmids were propagated purified from
Escherichia coli using the One Shot Top10 E. coli kit (Invi-
trogen), purified using Qiagen Endo Free Plasmid Maxi Kit
(Qiagen, Valencia, CA) and linearized using the XbaI restric-
tion enzyme. TCR mRNA was produced the TCR using the
mMESSAGE mMACHINE T7 Ultra kit (Ambion, Austin, TX).

Cytotoxicity Assays
HepG2-Core–, HepG2-Env–, and Huh7A2HCV–expressing

luciferase cell lines were plated overnight in 96-well flat
bottom plates to permit adherence. Luciferase-expressing
cell lines were cocultured with TCR–AE-T or RE-T cells
(calculated based on frequency of CD8þdextramerþ cells)
at indicated E:T ratios in triplicate in AIM-V þ 2% human
AB serum for 24 hours. Cytotoxicity was measured by

quantifying luciferase expression in remaining cell lines.
Briefly, culture medium was discarded and 100 mL of
Steady-Glo reagent (Promega, Madison, WI) was added to
each well and incubated for 5 minutes to allow cell lysis.
Luminescence was measured with a microplate reader
(Tecan, Männedorf, Switzerland). Cell lines without effec-
tors were used as a reference for maximum luminescence.
Results were expressed as percent reduction in viral
replication ¼ 100% – (luminescence remaining/maximum
luminescence)% and calculated as the mean of triplicate
measurements ± standard deviation.

3-D Microdevice Assay and Imaging
Microdevices with empty gel regions (control) were

prepared by adding collagen gel solution without HepG2
targets. The cell impermeable nuclear dye DRAQ7 (Bio-
legend, San Diego, CA) was added in R10 media at a con-
centration of 3 mmol/L to discriminate between live and
dead cells. The devices were incubated for 24 hours to
permit the interaction of the HepG2 cells with the collagen
matrix. Before injecting TCR-T cells in the devices, R10
media was replaced with AIM-V 2% human AB serum þ
100 IU/mL rIL-2 þ DRAQ7. The frequency of TCR-
expressing AE-T cells was normalized to that of RE-T cells
using activated nonelectroporated T cells such that the
same total number of T cells were injected.

Live imaging (time-lapse) experiments were per-
formed using either the LSM7800 confocal microscope
(Zeiss, Oberkochen, Germany) or FV1200 confocal mi-
croscope (Olympus, Tokyo, Japan) equipped with an
environmental chamber set at 37�C and 5% CO2. The
microscope was programmed to acquire Z stacks of the
selected regions at the stated time intervals. For static
imaging experiments, confocal images of the same region
of interest were acquired before T-cell addition and after
15 hours of incubation. All images acquired from the
confocal microscope systems (live and static imaging)
were visualized and analyzed using Imaris (Bitplane,
Zurich, Switzerland).

HBV Infection of HepG2-hNTCP
Approximately 80- to 100-fold concentrated supernatant

of HepAD38 cells was used as HBV inoculum. HepG2-hNTCP
cells seeded overnight in 24-well plates were inoculated for
24 hours with approximately multiplicities of genome
equivalents of 3000/well HBV in medium containing 4%
polyethylene glycol (Sigma Aldrich). After infection, cells
were washed with phosphate buffered saline (PBS) 3 times,
and culture medium with DMSO was added and changed
every 2 days.

Quantigene View RNA In Situ Hybridization Cell
Assay for HBV pregenomic RNA

Cells were fixed with 4% formaldehyde, washed with
1� PBS and rehydrated with ethanol at decreasing con-
centrations (100%, 70%, and 50%). In situ hybridization
(ISH) was performed using Quantigene View RNA ISH Cell
Assay (Affymetrix, San Diego, CA). Cells were permeabilized
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with working Detergent QC (Affymetrix), digested with
Protease (Affymetrix) 1:4000 dilution in PBS, and then hy-
bridized with custom-designed Quantigene View RNA
probes against conserved regions of HBV pregenomic RNA
among genotypes, for 3 hours at 40�C. The unbound probes
were washed away, and bound probes were amplified
through PreAmp (Affymetrix) hybridization for 1 hour at
40�C, followed by Amp (Affymetrix) hybridization at 40�C
for 1 hour. Label probes (Affymetrix) targeting pgRNA
probe type was added for 1 hour at 40�C. Cell nuclei were
stained for 40,6-diamidino-2-phenylindole, and images were
acquired at 40� magnification using Carl Zeiss confocal
laser scanning upright microscope. Images were analyzed
using Imaris (Bitplane).

Quantification of HBV Genome Equivalent
Copies

RLT buffer with b-mercaptoethanol or lysis buffer con-
taining 50 mmol/L Tris, 140 mmol/L NaCl, 1.5 mmol/L
MgCl, and 0.5% NP-40 at pH 8 was added to lyse
HepG2.2.15 or HepG2-hNTCP cells for isolation of intracel-
lular viral nucleic acids using QIAamp MinElute Virus Spin
kit (Qiagen, Valencia, CA). Viral DNA were extracted from
mouse serum samples (5 mL) using the QiAmp MinElute
Virus Spin kit and quantified against a HBV DNA standard.
HBV DNA was quantified by quantitative polymerase chain
reaction (qPCR) using the artus HBV RG PCR kit in a Rotor-
Gene Q 2-plex instrument (Qiagen).

APOBEC3 and LTB Gene Expression Analyses
Intrahepatic RNA was extracted from liver specimens or

HepG2.2.15 cells using the RNeasy RNA purification kit

(Qiagen), transcribed to cDNA using iScript cDNA synthesis
kit (Bio-Rad, Hercules, CA) and used as template for real-
time qPCR. Human APOBEC3- and LTB-specific primers
from the TaqMan Gene Expression Assay System or custom-
designed primers (see Supplementary Tables 1 and 2) were
used, and expression levels were quantified by qPCR per-
formed using the ViiA 7 Real-Time PCR system (Life Tech-
nologies, Carlsbad, CA) or LightCycler system (Roche
Diagnostics, Risch-Rotkreuz, Switzerland) and analyzed us-
ing the second derivative maximum method that includes
both normalization to the reference genes and primer effi-
ciency. Relative mRNA expression levels of all target genes
were normalized to the mean of at least 2 housekeeping
genes (actin, GAPDH, or ribosomal protein L30). Negligible
mRNA was extracted from the same number of T cells alone,
indicating that changes in mRNA expression were measured
in hepatic cells.

Generation of Humanized Mice
Primary human hepatocytes were isolated from rejected

explant livers using protocols approved by the Ethical
Committee of the City and State of Hamburg (OB-042/06)
and according to the principles of the Declaration of Hel-
sinki. Human liver chimeric uPA/SCID mice were generated
by transplanting 1 million thawed human hepatocytes in 3-
week-old mice anesthetized with isofluorane. Generation of
stably HBV-infected human liver chimeric mice was per-
formed as previously described. Levels of human liver
chimerism were determined by measuring HSA levels in
mouse serum using the human albumin ELISA quantitation
kit (Bethyl Laboratories, Biomol GmbH, Hamburg,
Germany).
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Supplementary
Figure 1. CD8þ TCR-
expressing RE-T cells are
CD45RAþCD62Lþ naïve-
like and CD27þCD28þ,
whereas CD8þ TCR-
expressing AE-T cells
comprise CD45RAþ

CD62Lþ naïve-like,
CD45RA–CD62Lþ central
memory-like and
CD45RA–CD62L– effector
memory-like phenotypes
and are CD27þCD28þ.
The percentages of
CD45RAþ/–, CD62Lþ/–,
CD27þ/–, and CD28þ/– T
cells within the gated
CD8þ dextramerþ or CD8-
TCRVbetaþ populations in
(A) RE-T (n ¼ 4) and (B)
AE-T (n ¼ 3) cells were
determined by flow
cytometry. T cells were
classified into different
subsets: naïve-like
(CD45RAþCD62Lþ), cen-
tral memory (CM)-like
(CD45RA–CD62Lþ),
effector memory (TM)-like
(CD45RA–CD62L–) and
terminally differentiated
effector memory (TEM)-
like (CD45RAþCD62L–).
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Supplementary Figure 3. APOBEC3 proteins can be activated in other immune cells. TCRHBVs183 RE-T cells were co-cultured
with HBV envelope peptide-pulsed primary human T cells, monocytes, or B cells for indicated times at an E:T ratio of 1:3.
Expression of APOBEC3 family members were normalized to GAPDH and actin, and results were expressed as percent
change of APOBEC3 relative mRNA expression compared with untreated targets ± standard deviation of triplicates. Negligible
mRNA was extracted from the same number of RE-T cells alone, indicating that changes in mRNA expression were measured
in peptide-pulsed immune cells.
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Supplementary Figure 2. AE-T cells kill HepG2-Env cells, but RE-T cells are non-cytolytic. (A) TCRHBVs183 AE-T (blue line) or
RE-T cells (red line) were seeded into separate microfluidic devices, and the percentage of live HepG2-Env was quantified over
time by live imaging. The percentage of live HepG2-Env was normalized to the highest quantity of live HepG2-Env measured
for the duration of the live imaging. Shaded areas of the corresponding colors show the total number of AE-T or RE-T cells
invading the gel region. (B) TCRHBVs183 AE-T or RE-T cells were co-cultured with peptide-pulsed T2 cells in a 2-D 96-well
based assay. The percentages of interferon gamma–producing CD8þ T cells out of dextramerþ CD8þ T cells are shown.
The TCR-T cells were concurrently used for 3-D microdevice assays shown in (A).

July 2018 Engineered Antiviral Nonlytic T Cells 193.e4



B

0 4 8 12
0

500

1000

1500

Day

H
B

sA
g

in
IU

/m
l HBV RE-T

Untreated

0 4 8 12
0

100

200

300

400

500

H
B

eA
g

in
S/

C
O

Day

HBV RE-T
Untreated

A
Supplementary
Figure 4. Circulating
HBeAg and HBsAg levels
remained relatively stable
in RE-T cells treated mice.
(A) Longitudinal changes
in levels of circulating
HBeAg and (B) HBsAg
were determined by ELISA
in HBV-infected untreated
mice and mice treated
with 3 doses of 1 million
TCRHBVs183 RE-T cells.
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Figure 5. Intracellular
antiviral pathways are
activated in RE-T cell–
treated mice. (A) Nano-
String nCounter Human
Immunology Profiling
(NanoString Technologies,
Inc., Seattle, WA) of im-
mune genes in livers of
HBV-infected untreated
mice and mice treated
with 3 doses of
TCRHBVs183 RE-T cells. (B)
Expression of human Ki67
and caspase 3 transcripts
normalized to GAPDH in
livers of HBV-infected un-
treated mice and mice
treated with 3 doses of
TCRHBVs183 RE-T or AE-T
cells.
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Supplementary Table 3.Distinct features of mRNA TCR electroporated AE-T and RE-T cells

Features AE-T cells RE-T cells

Origin PBMCs T cells purified from PBMCs
In vitro culture 10 days Overnight rest
Culture conditions Stimulation with anti-CD3 and IL-2 No stimulation
T-cell composition, mean % ± SD of CD8þ and CD8– cellsa CD8þ ¼ 74.8 ± 9.7

CD8– ¼ 25.2 ± 9.7
CD8þ ¼ 32.2 ± 6.4
CD8– ¼ 67.8 ± 6.4

TCR expression, mean MFI ± SDa 2295 ± 193 2401 ± 1179
Mean % ± SD of CD8þTCRþ cellsa 33.4 ± 20.1 17.5 ± 10.4
Mean % ± SD of CD8–TCRþ cellsa 17.4 ± 8.7 23.4 ± 7.6

MFI, mean fluorescent intensity; SD, standard deviation.
aValues expressed are the mean ± SD of 4 healthy donors.

Supplementary Table 1.Genes Analyzed Using TaqMan
Gene Expression Assay

Gene Array number

GAPDH Hs03929097_g1
RPL30 Hs00265497_m1
LTB Hs00242739_m1
APOBEC3B Hs00242340_m1
APOBEC3G Hs00222415_m1

Supplementary Table 2.Sequences of custom-designed
primers

Oligonucleotide name Sequence (50 / 30)

APOBEC3A fwd GAGAAGGGACAAGCACATGG
APOBEC3A rev TGGATCCATCAAGTGTCTGG
APOBEC3B fwd GACCCTTTGGTCCTTCGAC
APOBEC3B rev GCACAGCCCCAGGAGAAG
APOBEC3G fwd CCGAGGACCCGAAGGTTAC
APOBEC3G rev TCCAACAGTGCTGAAATTCG
GAPDH fwd AGGGCTGCTTTTAACTCTGGT
GAPDH rev CCCCACTTGATTTTGGAGGGA
Actin fwd CACCATTGGCAATGAGCGGTTC
Actin rev AGGTCTTTGCGGATGTCCACGT

fwd, forward; rev, reverse.
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