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redirected T cells in patients with chronic HBV infection.

Introduction

Adoptive T cell therapy with receptor-modified T cells is emerging as
apromising strategy to treat cancers (1). T cells are, however, not only
capable of killing cancer cells, but are also essential for the control
of viral infection. T cells can be engineered to express virus-specific
(human CMV [HCMV], EBV, HIV, hepatitis B virus [HBV], hepati-
tis C virus [HCV], SARS) T cell receptors (TCRs) (2-6). Virus-spe-
cific TCR-redirected T cells have shown protective capacity in ani-
mal models (7). In humans, the antiviral efficacy of virus-specific
TCR-redirected T cells has not yet been demonstrated, even though
adoptive transfer of in vitro-expanded autologous virus-specific T
cells has shown remarkable efficacy in EBV and HCMV reactivation
occurring in immunocompromised patients (8, 9).

Virus-specific T cells are known to also be protective in the
setting of HBV infection. Deletion of HBV-specific CD8* T cells
in HBV-infected chimpanzees blocks HBV clearance (10), and
in patients who resolve the infection (11), HBV control is asso-
ciated with the presence of polyfunctional CD8* and CD4* T
cell responses targeting multiple HBV antigens (11). Thus, HBV-
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Adoptive transfer of T cells engineered to express a hepatitis B virus-specific (HBV-specific) T cell receptor (TCR) may
supplement HBV-specific immune responses in chronic HBV patients and facilitate HBV control. However, the risk of
triggering unrestrained proliferation of permanently engineered T cells raises safety concerns that have hampered testing

of this approach in patients. The aim of the present study was to generate T cells that transiently express HBV-specific TCRs
using mRNA electroporation and to assess their antiviral and pathogenetic activity in vitro and in HBV-infected human liver
chimeric mice. We assessed virological and gene-expression changes using quantitative reverse-transcriptase PCR (qRT-PCR),
immunofluorescence, and Luminex technology. HBV-specific T cells lysed HBV-producing hepatoma cells in vitro. In vivo, 3
injections of HBV-specific T cells caused progressive viremia reduction within 12 days of treatment in animals reconstituted
with haplotype-matched hepatocytes, whereas viremia remained stable in mice receiving irrelevant T cells redirected toward
hepatitis C virus-specific TCRs. Notably, increases in alanine aminotransferase levels, apoptotic markers, and human
inflammatory cytokines returned to pretreatment levels within 9 days after the last injection. T cell transfer did not trigger
inflammation in uninfected mice. These data support the feasibility of using mRNA electroporation to engineer HBV TCR-

specific T cells are determinant to clear the virus. On the other
hand, patients with chronic HBV infection have severe quantita-
tive and functional defects in HBV-specific T cell response (12,
13), and current treatments are unable to resolve chronic HBV
infection. This is mostly due to the inability of treatments based
on polymerase inhibitors to target the HBV persistent form, the
so-called covalently closed circular DNA (cccDNA) in infected
hepatocytes. Thus, despite efficient suppression of viral replica-
tion, cccDNA persists within the hepatocyte nucleus, causing viral
relapse after treatment discontinuation. Complete elimination
of the cccDNA remains very challenging, and it may even be an
unrealistic goal, since low cccDNA amounts were shown to persist
even after resolution of acute infection (14). However, substantial
immune-mediated destruction of infected cells or the induction of
substantial cccDNA destabilization and silencing appears manda-
tory for achieving immune control and hence functional cure (15).
The reconstitution of HBV-specific CD8" T cell response
through HBV-specific TCR transfer can constitute an effective
therapy for functional HBV cure. Experimental evidence showing
that an adoptive transfer of HBV immunity can lead to an HBV
curative effect has already been reported in humans. Adoptive
transfer of bone marrow, previously primed with HBV vaccine
(16) or HBV infection (17), spawned HBV control in chronic HBV
patients. Similarly, liver transplantation of an HBV-infected liver
in an HBV-immune patient was followed by viral clearance (18).
Genetic modification of T cells to express HBV-specific recep-
tors, either a chimeric antigen receptor (CAR) (19, 20) or TCR
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(6), may supplement the deleted or functionally exhausted HBV-
specific T cells in chronic HBV patients and, after adoptive trans-
fer, achieve HBV control. T cells obtained from lymphocytes
derived from HBV chronically infected patients and engineered
to express HBV-specific receptors (6) were shown to produce anti-
viral cytokines and selectively eliminate HBV-expressing cells in
vitro and in animal models (6, 19, 20).

HBV-specific TCR redirected T cells have already been used
in a patient with HBV-related hepatocellular carcinoma (HCC)
(21), where they caused a substantial drop of HBsAg produced by
DNA integrated in HCC cells (22). However, despite this use, tox-
icity concerns have hampered their implementation in the therapy
of patients chronically infected with HBV. Of note, HBV-specific
T cells cannot only selectively lyse HBV-infected hepatocytes,
but can also trigger inflammatory events within the liver (23).
Since T cells transduced by viral vectors stably express TCR, their
unchecked expansion might lead to progressive liver toxicities dif-
ficult to clinically manage.

To bypass this problem, we engineered T cells that transient-
ly express HBV-specific TCRs for 3 to 5 days through messenger
RNA electroporation (24). These cells are not genetically modified,
and because of their limited life span, they can be adoptively trans-
ferred in escalating doses and their potential toxicities more easily
managed. We have demonstrated that such mRNA TCR-redirect-
ed T cells are still able, despite their transient expression of TCR,
to control the expansion of HBV-expressing hepatoma cells in mice
(24), though their potential antiviral activity was not tested.

In the present study, we aimed to test the antiviral and patho-
genetic activity of human T cells that transiently express HBV-
specific TCR in vitro and in HBV-infected human liver chimeric
uPA/SCID/ILyR2 (USG) mice (25). We demonstrate that engi-
neered T cells transiently expressing HBV-TCR are specifically
recruited to the liver of HBV-infected mice, harboring human
hepatocytes expressing HLA-A2-matched haplotype, and that
repeated administrations of these T cells induce a progressive but
timely controlled virus-specific immune-mediated reduction of
serological and intrahepatic HBV viral loads.

Results

MmRNA TCR-expressing T cells display antiviral efficacy in vitro.
HBV-specific T cells transiently expressing HLA-A0201-restricted
HBV-specific TCRs (HBV envelope s183-TCR and HBV core c18-
TCR) can be engineered in vitro through direct electroporation of
mRNA encoding for specific TCR variable o and p chains in activat-
ed human T cells (Figure 1, A and B). A detailed report of the meth-
od used has been previously published (24, 26). The HBV-specific
TCR mRNA-electroporated T cells acquire HBV specificity and
are activated only after incubation with target cells presenting the
specific HLA-class I/HBV viral peptide complex (ref. 24 and Fig-
ure 1B). Since mRNA does not integrate into the host cell genome,
the TCR expression and ability to be activated upon antigen recog-
nition declined with time and was lost after 96 hours (Figure 1B).
We then tested the cytotoxicity of HBV-specific TCR mRNA-elec-
troporated T cells against target cells that express HBV proteins
and compared their killing ability to that of retroviral transduced
T cells that permanently expressed HBV-specific TCR. At high
effector-to-target (E:T) ratios of 1:5 and 1:3, HBV-specific TCR
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mRNA-electroporated T cells efficiently lysed 70% and 98% of
the target cells, respectively, within 24 hours and their killing abil-
ity was similar to that of T cells stably expressing TCR within 24
hours, but less cytotoxic beyond that, as TCR expression declined
(Figure 1C). To mimic more closely the situation in vivo where few
T cells could encounter their targets, we tested a low E:T ratio of
1:100. Our results showed that HBV-specific TCR mRNA-electro-
porated T cells, similar to T cells stably expressing TCR, could still
recognize and kill few target cells even at a low E:T ratio (Figure
1C). To further characterize the TCR mRNA-electroporated T
cells, we tested their sensitivity to being activated at various pep-
tide concentrations compared with that of T cells stably express-
ing TCR. We found that the sensitivity of HBV s183-TCR mRNA-
electroporated T cells was similar to that of stably transduced T
cells and that activation could be observed at 1 pg/ml (Figure 1D).
The ability of HBV s183-TCR mRNA-electroporated T cells to rec-
ognize different viral mutants was also tested by stimulating elec-
troporated T cells with HBV s183-191 genotype B peptide (FLL-
TKILTI)- or HBV genotype A/C/D peptide (FLLTRILTI)-loaded
T2 cells, and similar frequencies of IFN-y-producing T cells were
detected (Figure 1D). The sensitivity of HBV c18-TCR-engineered
T cells (6) and the ability of HBV ¢18 CD8* T cell lines to recognize
variant epitopes (27) have been previously described.

We then investigated whether TCR mRNA-electroporated T
cells can recognize not only HBV peptide-pulsed target cells, but
hepatocyte-like cells producing HBV virions from stable HBV-DNA
integrations (HepG2.2.15) and in HBV-infected cells (HepG2-
NTCP), and whether these engineered T cells could suppress HBV
replication in vitro. The expression of HBV s183-TCR allows acti-
vation of HBV s183-TCR T cells when cocultured with HepG2.2.15,
while mock electroporated T cells were not activated and did not
produce any IFN-y (Figure 1E). Coculture of HBV s183-TCR T cells
with HepG2 cells (non-HBV producing) did not cause any level
of T cell activation (Figure 1E). This was further confirmed in an
HBV-infected HepG2-NTCP system in which significant IFNG gene
expression was measured in coculture of HBV s183-TCR T cells with
HBV-infected HepG2-NTCP, but not with mock electroporated T
cells (Figure 1F). Importantly, coculture of HBV s183-TCR T cells
with HepG2.2.15 at a 1:3 E:T ratio for 18 hours caused direct lysis
of about 69.5% and a 35% inhibition of HBV-DNA production in
HepG2.2.15, accompanied by an increase in aspartate aminotrans-
ferase (AST) detected in the supernatant (Figure 1G). Similar results
were obtained with T cells electroporated with a TCR specific for
the HLA-A0201/core 18-27 complex (HBV c18-TCR T cells) (Figure
1, C, E-G). Taken together, these data show that electroporation of
HBV TCR mRNA in T cells generates HBV-specific T cells able to
recognize, inhibit, and lyse HepG2 cells producing HBV virions.

mRNA HBV-specific TCR-electroporated T cells display antiviral
efficacy in vivo. To assess the in vivo antiviral effects of adoptively
transferred human T cells transiently expressing an HBV-specific
TCR, in a first set of experiments, peripheral blood mononuclear
cells (PBMCs) of an HLA-A201* healthy subject were used. Note
that human T cells and human hepatocytes were allogenic, but
shared HLA-A0201 expression. After being cultured for 1 week in
the presence of IL-2 and anti-CD?3 to enrich the fraction of T cells,
cells were electroporated with HBV s183-TCR as described in
Methods. After 24 hours, HLA-tetramer staining showed that the



The Journal of Clinical Investigation RESEARCH ARTICLE

A Mock HBV s183-TCR B m-w 100 100 e
[m— O —
0.0 o3 8o 0=
L g%
E = 60 0 -
. 0.0 s S 40 0 gg
o mITTTaT ] Ll | T 7] TIT T L] L] nq-;g 20 20 ag
8| HLA-A2/S183 pentamer — g e 3 0 ;,'ﬁ =1
O ) T 0 =
Mock HBV ¢18-TCR 24 48 72 96
P : Time (h)
] ’ 0.1 24.2 200 200
1 8 250 Mock | @o Diso| M
g 0.0 L 0.0 % = - +TCR mRNAEP 1:5 % z f ATCR mRNAEP 1:5
B o e e TR L E g 10044 ATCR mRNAEP 1:3 E E 100 +TCRRV 15
HLA-A2/C18 pentamer — ERi 2 O 50
D 120 0 30 40 50 o 30 40 50
-6 TCR mRNA EP Time (h) Time (h
21004 -m- TCR retroviral
Ec 200 )
S5 S 80 :
EZ 0 Dis ey ™ TCR mRNA EP 1:100
X o 60 %'E 4 TCR RV 1:100
= 5 © 100 <
ez 9 2 E
oL 20 2L s
0 1 7 % T o2 5 % 2 0 30 40 50
1 o o o
doeobe2k2® Time (h)
[HBs183-191] ng/ml
Stim S183-191 Stim S183-191 E
Unstim genotype A/C/D genotype B
- { o vl o
0.3 27.4 I
4
© 8
o s
(@]
0.8
1 e 15 o
e i aall e o ™ E
IFN-y > 8le
l_
13
F 800 G 5 200 w
c . W HEV DNA
S I Experiment 1 -
‘? ‘D 600 W Experiment 2 § < 40 st 150 2 o
25 B O 30- b w
a2 400 S > F100 o . "
s g Eg 201 @ gL . .
50 = © :
%52"0‘ 2 £ 10- i 50 = G : ] . .
= o- ) S Lo IFN-y >
& & & & Noeff Mock EP TCREP
& \‘?5} &8 \‘Z'oé'
4 Aty (S
& ‘2@ ‘b‘b!@o g x‘\

Figure 1. Lytic and antiviral function of mRNA HBV-specific TCR-electroporated T cells in vitro. (A) Activated T cells were electroporated with HBV s183-
TCR or c18-TCR mRNA, and TCR expression was determined 24 hours after electroporation. Mock electroporated T cells served as negative control. Shown
are representative plots. The percentages of HLA-A2/pentamer* cells out of CD8* or CD8" T cells are indicated. (B) TCR expression on electroporated cells
was measured longitudinally from 24 hours to 96 hours. Electroporated T cells were cocultured with their respective peptide-pulsed T2 cells for 18 hours,
and the frequencies of IFN-y-producing CD8* T cells out of total lymphocytes were quantified. (C) The ability of mRNA TCR-electroporated T cells to lyse
HepG2.2.15 HBV-producing cells at 1:3, 1:5, and 1:100 E:T ratios within 24 hours after T cell addition was compared with that of retroviral transduced (TCR
RV) T cells. (D) Sensitivity of T cell activation, displayed as percentage of maximum IFN-y response using mRNA TCR-electroporated T cells compared
with retroviral-transduced T cells (upper panel). MRNA HBV s183-TCR-electroporated T cells were cocultured with HBV s183-191 genotype B (FLLTKILTI) or
genotype A/C/D (FLLTRILTI) peptide-loaded T2 cells. The percentages of CD8* or CD8" T cells producing IFN-y are indicated (lower panel). (E) Mock, mRNA
HBV s183-TCR, or c18-TCR-electroporated T cells were cocultured with either HepG2 or HepG2.2.15 cells for 24 hours. The percentages of CD8* or CD8™ T cells
producing IFN-y are indicated. (F) mRNA HBV s183-TCR or c18-TCR-electroporated T cells were cocultured with mock or HBV-infected HepG2-NTCP for 24
hours, and IFNG gene expression was determined using NanoString analysis. (G) Mock or mRNA HBV s183-TCR-electroporated T cells were cocultured with
HepG2.2.15 cells at a 1:3 E:T ratio for 24 hours, and intracellular HBV DNA was quantified by real-time quantitative PCR (qPCR). AST levels were determined
in coculture media. Shown are means of percentage reduction in intracellular HBV DNA + SD (black bars) and means of AST + SD (gray bars) from 3 inde-
pendent experiments (right panel).
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Figure 2. mRNA HBV-specific TCR-electroporated T cells show antiviral efficacy in vivo. (A) Schematic representation of the experiment performed

to assess the effect of 1single injection of electroporated effector T cells in high viremic mice reconstituted with haplotype-matched hepatocytes. (B)
Viremia changes relative to baseline levels determined after 4 and 6 days in individual mice upon 1injection of MRNA HBV s183-TCR T cells (n = 5) and

in untreated controls (n = 2). (C) ALT levels determined in HBV-infected and uninfected mice receiving a single injection of effector T cells. (D) Schematic
representation of the experiment performed to assess the antiviral effect of multiple injections of electroporated effector T cells in high viremic mice
reconstituted either with haplotype-matched (n = 3) or -mismatched (n = 3) human hepatocytes and in comparison with mice that were left untreated

(n = 3). (E) Median viremia changes determined within each group depicted in D and relative to baseline levels determined in individual mice upon 3 injec-
tions of MRNA HBV s183-TCR T cells. Blood was taken 4, 8, and 12 days after the first T cell injection. (F) Median changes in levels of circulating HBeAg

were determined by ELISA in all animal groups. BL, baseline.

frequency of pentamer-positive CD8" T cells ranged between 20%
and 25% (data not shown) and that 0.5 million effector HBV s183-
TCR T cells were adoptively transferred in each viremic mouse
(=10° HBV-DNA copies/ml) reconstituted with HLA-A2" hepato-
cytes (HBV*A2" mice). As shown in Figure 2, A and B, already 1
single i.p. injection of mMRNA HBV s183-TCR T cells caused a drop
of viremia in all 5 mice (median AO.5 log), which was detected at
day 4. However, HBV-DNA values returned to the levels deter-
mined in the same animals before treatment at day 6. No decrease
of viremia was determined in untreated controls (n = 2). Of note,
although relatively high and variable levels of alanine aminotrans-
ferase (ALT) are present in this model of liver regeneration, ALT
levels appeared exclusively elevated in HBV-infected mice receiv-
ing the activated T cells (Figure 2C), since ALT measured in unin-
fected animals also receiving haplotype-matched T cells remained
comparable to levels determined in untreated controls.

To confirm the specificity of HBV s183-TCR T cell treatment
and to assess whether multiple adoptive transfer of mRNA TCR-T

jci.org  Volume127  Number8  August 2017

cells might have an additive antiviral effect, we designed a 3-dose
(4-day interval) treatment (Figure 2D). HBV s183-TCR T cells
were transferred to HBV-infected mice (0.5 million effector cells
for each injection) previously reconstituted with either HLA-A2*
hepatocytes (A2"HBV") or with HLA-A1* hepatocytes (A1*"HBV?).
As shown in Figure 2E, multiple transfers of HBV s183-TCR
T cells caused a progressive and substantial decrease of serum
HBV-DNA (median 1 log reduction) in A2*HBV* mice (n = 3) in
only 12 days. No reduction of viremia was detected in mismatched
A1*/HBV' mice (n = 3) treated in parallel with the same effector
T cells. A light reduction of circulating hepatitis B viral protein
HBeAg levels could already be determined in two-thirds of mice
exclusively upon transfer of matched HBV s183-TCR T cells (Fig-
ure 2F), whereas HBeAg concentrations remained comparable
or even further increased in mismatched AI"HBV* mice and in
infected untreated controls. Conceivably, the rather long half-life
(28) and the high amounts of circulating HBsAg present in these
animals (median 2.2 x 10* IU/ml; range from 1.1 x 10* to 4.7 x 10*
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Figure 3. mRNA HBV-specific TCR-electroporated T cells are specifically recruited and activated in livers of haplotype-matched HBV-infected mice. (A)
Liver tissues of humanized HBV-infected mice and uninfected mice that underwent 3 injections of HBV s183-TCR T cells and were sacrificed 4 days after
the third T cell transfer were used for immunofluorescence. Human hepatocytes were identified using human-specific CK18 Abs (red). Transferred human
immune cells were visualized using human-specific CD45 Abs (green). (B) Liver tissues of HBV-infected mice adoptively transferred with either HLA-A2-
or HLA-A1-presenting human hepatocytes were costained with HBV core-specific Ab (green) and human CD45-specific Ab (red). (C) Transcript levels of
human T cell response-related genes (GZMB and IFNG) and human ISGs (MxA, STAT1, TAP1, and HLA-A) were measured by quantitative reverse-transcrip-
tase PCR (gRT-PCR) and normalized against human housekeeping transcripts. Statistical analysis was performed with GraphPad Prism 6 software.

IU/ml) did not enable us to note clear HBsAg changes in only 12
days of treatment (data not shown). Lack of antiviral effects in
mice reconstituted with HLA-A1* hepatocytes that were injected
with the same electroporated HBV s183-TCR T cells proved that

recognition of infected hepatocytes was essential for activating

HBV-specific TCRs and promoting their antiviral activity.
Analysis of intrahepatic events. To analyze the intrahepatic

immunological and virological events occurring in mice receiving
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multiple infusions of activated effector T cells, animals were sac-
rificed 4 days after the third T cell injection. A clear engraftment
and enrichment of human CD45'CD8* T cells could be deter-
mined in the livers of A2"HBV* mice (Figure 3, A and B), whereas
very few T cells were detected in HBV-infected mice reconstituted
with mismatched hepatocytes (HLA-A1) or in uninfected animals
repopulated with HLA-A2* matched hepatocytes. The specific
recruitment of human redirected T cells was accompanied by the
increase of serum protein levels of migration, maturation, and
differentiation factors exclusively in HBV-infected mice receiv-
ing haplotype-matched HBV-specific TCRs, as shown in Sup-
plemental Figure 1 (supplemental material available online with
this article; https://doi.org/10.1172/JC193024DS1 for IL-5; gran-
ulocyte-macrophage CSF [GM-CSF] and MDC). Briefly, a strong
increase in GM-CSF was determined only in the serum of treated
A2*HBV* mice (>3 log), while the IL-5 increase appeared mild (to
50 ng/ml) and was comparable to the increase also determined
in vitro by culturing activated T cells with hepatocyte-like cells
infected with HBV (65-71 pg/ml IL-5).

As shown in Figure 3C, multiple injections of activated
HBV-restricted T cells led to a clear enhancement of T cell activity
markers, such as IFNG (IFN-y), which appeared to be the major
cytokine produced, and granzyme B (GZMB), in the liver of hap-
lotype-matched HBV-infected mice. Either much weaker or no
enhancement of expression of the same genes was determined
in uninfected mice that had also received multiple injections of
haplotype-matched activated T cells and in HBV-infected mice
repopulated with mismatched human hepatocytes, respectively.
A similar pattern of induction of human IFN-stimulated genes
(ISGs), such as MX dynamin like GTPase 1 (MxA) and STATI, and
of genes involved in antigen presentation (HLA-I and TAPI) could
be determined in A2"HBV* mice that received HBV-specific T cells
(Figure 3C). Enhancement of HLA-I could also be confirmed at
the protein level by immunofluorescence (data not shown).

Gene expression was also analyzed in animals that received a
single injection of T cells and were sacrificed after either 4 or 6 days
as well as in control mice (which did not receive T cells) and com-
pared with levels induced after 3 T cell injections. As shown in Sup-
plemental Figure 2, human genes related to T cell activity (GZMB,
IFNG), antigen presentation (HLA-A, TAPI), and ISGs (MxA, STATI)
appeared increased already 4 days after 1 single T cell transfer, while
levels remained in the same range or slightly decreased 2 days later
(day 6) if no further T cells were injected. However, enhancement
of genes related to T cell responses was highest after multiple T cell
injections. These analyses support the notion that RNA-electropo-
rated T cells trigger a transient induction of immune markers in the
infected livers and that repeated injections are needed to maintain
and further enhance such induction.

Of note, in line with the reduction of viremia, lower levels
of intrahepatic HBV DNA loads (median -0.8 log relaxed circu-
lar DNA [rcDNA]/cell and -0.85 log cccDNA/primary human
hepatocyte [PHH]) (Supplemental Figure 3A) and of viral tran-
scripts (median -0.6 log total HBV RNA and -0.9 log pgRNA/
human GAPDH, respectively) (Supplemental Figure 3B) were
determined in mice that had received multiple injections of hap-
lotype-matched activated T cells in comparison with the haplo-
type- and viremia-matched animals that had been infected in
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parallel and mock treated. Intrahepatic viral loads remained com-
parable between mice that were repopulated with mismatched
human hepatocytes, had been infected in parallel (A1*HBV?),
and received either 3 injections of A2 effector T cells or remained
untreated (Supplemental Figure 3, A and B). Individual changes of
HSA levels correlated with ALT induction and HBeAg reduction
in A2*HBV* mice (n = 3) receiving s183 redirected T cells (Supple-
mental Figure 3C), indicating that the most pronounced HBeAg
decrease (46%) was determined in the animal displaying the high-
est ALT level (2555 IU/1) and the strongest HSA reduction (54%).

Together, these results indicate that multiple injections of T
cells temporarily expressing HBV-specific TCR via mRNA elec-
troporation are able to lower both the amount of intrahepatic
cccDNA loads and to transiently suppress HBV activity in vivo.

In vivo antiviral effect of human T cells redirected with different
HBV-specific TCRs. In a different set of experiments, we also tested
the in vivo antiviral efficacy of T cells electroporated with a differ-
ent HBV-specific TCR expressing the HLA-A2 /core 18-27 complex
(HBV c18-TCR T cells) (n = 3). Furthermore, as a negative control
for functional analysis, a similar quantity of human T cells was also
electroporated with mRNA coding for an irrelevant HCV-specific
HLA-A2-restricted TCR (NS3) and injected in A2*HBV' mice
(n = 3). As shown in Figure 4, A and B, 3 sequential injections of
0.5 million effector T cells temporarily expressing either the HBV-
specific envelope or core TCR complex provoked 80% to 90% vire-
mia reduction in only 12 days, while viral titers remained unchanged
or even increased further in mice that had been infected in parallel
and left untreated or received the irrelevant NS3 TCR.

Enhancement of human GZMB and IFNG expression in the
liver (Figure 4, C and E) as well as the increase of ALT and IFN-y
protein concentrations in serum (Figure 4, D and F) was also exclu-
sively determined in the 2 animal groups receiving multiple injec-
tions of T cells expressing HBV-specific TCRs, thus demonstrating
the specificity of the antiviral effect induced by redirected T cells.
In agreement with the increase of serological markers of liver dam-
age, an increase of caspase 3-positive hepatocytes (2.7%-3%) was
determined in the liver of infected mice treated with HBV-specif-
ic T cells (Supplemental Figure 4, A and C), while in liver tissues
of the control groups, less than 1% of the cells appeared positive
for active caspase 3. The immune-mediated destruction of HBV-
infected cells was accompanied by human hepatocyte prolifera-
tion that increased to 1.8% in mice receiving 3 injections of c18 T
cells and to 2.3% in animals similarly treated with the s183-pre-
senting T cells. In comparison, 0.5% of the PHH appeared Ki67
positive in mock-treated and untreated HBV-infected mice (Sup-
plemental Figure 4, B and D).

To test whether even stronger antiviral effects could be
achieved in mice with lower levels of infection, 2 mice display-
ing baseline viremia levels (10’ HBV DNA/ml) and slightly low-
er amounts of human hepatocytes (baseline HSA = 0.8 mg/ml)
received T cells (3 times in 12 days) electroporated with HBV-spe-
cific TCRs expressing the HLA-A2/s183-191 and core 18-27 com-
plex (s183-TCR + c18-TCR) and were treated in parallel with mice
(n = 2) displaying higher levels of viremia and human hepatocyte
repopulation (n = 2; >1 x 10° HBV DNA/ml; HSA = 2.6 mg/ml). As
shown in Supplemental Figure 5, A and B, a more profound reduc-
tion of viremia and HBeAg was determined in mice displaying
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Figure 4. Antiviral and inflammatory events after in vivo multiple injections of different mRNA HBV-specific TCR-electroporated T cells. (A) Median
viremia changes relative to baseline levels were determined as indicated after 4, 8, and 12 days upon multiple injections of mRNA HBV s183-TCR T cells

(n =3), mRNA c18-TCR T cells (n = 3), and mRNA mock TCR T cells (n = 3) as well as in untreated controls (n = 6). (B) Individual reduction (shown as per-
centages) of viremia relative to baseline levels determined on days 4, 8, and 12 upon transfer of mMRNA s183-191 T cells and mRNA c18 T cells. Transcrip-
tional changes of human T cell response-related genes (C, GZMB; E, IFNG) were measured by gRT-PCR and normalized against human housekeeping
transcripts. (D) ALT levels were determined in uninfected (n = 3) and HBV-infected mice receiving multiple injections of effector T cells presenting s183
(n=3), 18 (n = 3), or HCV NS3 as mock control (n = 3) in comparison with HBV-infected control mice (n = 6). (F) Median changes in human IFN-y serum pro-
tein levels were determined by multiplex measurement in HBV-infected (s183 median = 1280 ng/ml or c18 median = 160 ng/ml) as well as uninfected (s183
median = 3.6 ng/ml) mice that received 3 injections of HBV-specific effector T cells relative to HBV-infected control mice (n = 4; median = 0.53 ng/ml).

lower baseline viremia in comparison with mice displaying higher
baseline infection loads (up to 1.5 log vs. A0.7 log viremia reduc-
tion, respectively). Similar effects were also determined at the
intrahepatic level (A0.5 log vs. A0.25 log median cccDNA, respec-
tively) (Supplemental Figure 5C), while ALT elevation was similar
in both groups (Supplemental Figure 5D).

Transient expression of HBV-specific TCRs leads to short-lasting
liver inflammation and cell damage. Prolonged T cell response can
result in uncontrolled liver damage. Thus, having confirmed that
T cells expressing TCRs specific for HLA-2-restricted envelope
and core epitopes are both able to recognize HBV-infected PHHs
in vivo and to produce proinflammatory cytokines and specific

cell killing, we wanted to assess whether their antiviral and cyto-
toxic activity were also timely limited. Mice that had received 3
injections of T cells expressing the HBV-specific TCRs were sac-
rificed 9 days after the last T cell infusion (day 21 after treatment
begin) to assess the effect of immune cell therapy at a time when
HBV-specific TCRs were no longer expressed (Figure 5A).
Despite the clear induction of transaminases and inflamma-
tory cytokines determined during therapy, serological analyses
performed 9 days after treatment cessation revealed that liver
damage occurred only transiently. As shown in Figure 5, B and C,
both levels of ALT and chemokines (i.e., CCL2) returned to base-
line. Accordingly, gene expression levels of granzyme f, human
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Figure 5. Adoptive transfer of mMRNA
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caspase 1, IFNG, and caspase 8 also returned to baseline in mice
after long-term treatment (data not shown).

Because of the transient antiviral effect induced by the
HBV-specific T cells and the high amount of infected human
hepatocytes still present in this immune-deficient chimeric mouse
model, virological parameters also rebounded after treatment ces-
sation (Figure 5, D and E).

Discussion
Immunotherapy using T cells with redirected specificities has
favored strategies that lead to the production of cells with stable
expression of the introduced TCR. Such engineered T cells can
persist in the host and establish a memory-like T cell immunity
with therapeutic advantages. The expansion and long-term pres-
ence of antigen-specific T cells can, however, result in severe side
effects due to off-target activation of T cells or to the massive
uncontrolled lysis of the targeted cells and severe liver damage.

To reduce such safety concerns, we have previously shown
that direct electroporation of mRNA coding HBV-specific TCR
allows the production of large quantities of TCR-redirected T cells
expressing the introduced TCR only transiently (24). Although
the functional efficiency of such cells is limited to 72 to 96 hours,
mRNA TCR-redirected T cells were shown to possess antitumor
activity in a xenograft model of HCC (24).

In this study, we tested the antiviral efficacy of mRNA HBV-
TCR-electroporated human T cells in vivo, using mice harboring
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livers reconstituted with PHHs. Despite the high levels of human
chimerism achieved in these immune-deficient animals, where
HBV inoculation leads to infection persistence in nearly all human
hepatocytes and production of high levels of viremia (>10° HBV
DNA/ml serum) and circulating viral antigens, we demonstrate
here that transient expression of TCRs did not affect the anti-HBV
efficacy of our engineered T cells. The effect induced already after
1single i.p. injection of effector T cells is remarkable, considering
the low ratio of E:T cells (approximately 1:100) used in our exper-
imental setting, where 0.5 million effector T cells were inoculat-
ed i.p. in mice harboring almost 50 million HBV-infected human
hepatocytes (median 4.7 x 107 hepatocytes per liver).

Adoptive transfer of mRNA HBV-specific TCR redirected T
cells resulted in an intrahepatic accumulation of inflammatory
cells, increased expression of genes related to T cell activation
(IFNG, GZMB), and a clearly quantifiable decrease of HBV viremia
(median 1 log reduction) and HBeAg as well as lower intrahepatic
viral loads, including cccDNA and viral transcripts in comparison
with matched controls. Furthermore, an even stronger viremia
decrease (up to 1.5 log) was achieved in only 12 days when mice
displaying lower baseline viremia received 3 injections of HBV-
specific T cells. Moreover, the recruitment of HBV-specific
TCR-redirected T cells and inflammatory modifications were
observed only in HBV-infected mice receiving HBV-specific
TCR-redirected T cells, but not in uninfected mice also reconstitut-
ed with hepatocytes matched for the HLA-A2 haplotype. In addi-
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tion, no viremia decrease could be determined in similarly treated
HBV-infected animals harboring HLA-mismatched hepatocytes.
Adoptive transfer of T cells engineered with an irrelevant TCR,
in this case specifically recognizing HCV-infected cells, also did
not provoke T cell recruitment and reduction of HBV viremia.
In sum, these in vivo experiments show that off-target cytotoxic
effects related to HBV-specific redirected T cells did not occur in
any of the control experiments, supporting the hypothesis that this
approach should not trigger unspecific liver damage. Of note, the
antiviral and inflammatory events were temporally limited, since
viremia levels and inflammatory events returned to baseline levels
9 days after treatment cessation. Together, these results demon-
strate the ability of human T cells transiently expressing HBV-spe-
cific TCRs to reach the intrahepatic environment, to recognize the
infected human hepatocytes, and to initiate a pathway of viral con-
trol exclusively mediated by antigen-specific T cell recognition.

The antiviral efficacy of the adoptively transferred TCR-redi-
rected T cells in these chimeric mice was already detectable 4 days
after 1 single infusion. Single injection of about 0.5 x 10° cells per
mouse achieved about a 0.5 log reduction of HBV viremia, while
multiple injections (n = 3) were able to induce progressive decrease
of viremia (up to 1.5 log) in only 12 days. Such fast reduction of
viremia is quite remarkable and comparable to the kinetic of vire-
mia reduction often achieved in this animal model using approved
antiviral drugs such as polymerase inhibitors (nucleotide analogue
[NA] therapy) (29-31). Note that a central point of this work was
to test the ability of mRNA TCR-redirected T cells to recognize
infected human hepatocytes in vivo and to provoke only tempo-
rary immune-mediated killing of the infected cells. The reversion
of ALT values detected 9 days after the last T cell infusion shows
that the bulk of intrahepatic inflammatory reaction induced by
HBV-TCR-redirected T cells activated in vivo vanished with the
loss of the TCR from the activated T cells. Thus, mRNA TCR-redi-
rected T cells exerted a finite therapeutic and inflammatory effect
in vivo. Previous studies based on a xenograft model of HBV-HCC
(24) indicated that viral vector-transduced T cells eliminated all
the HBV-expressing targets, while the mRNA-electroporated T
cells had a more limited effect. Thus, it may be that T cells stably
expressing HBV-TCR would wipe out HBV-infected hepatocytes
with higher efficiency. However, such an approach would bear
the risk of causing severe and difficult to control viral hepatitis.
Because of the absence of genetic modification, the transient TCR
expression, and the subsequent short lifetime of such redirected
T cells, mRNA-electroporated T cells are more likely to be used in
patients with chronic hepatitis B. This has important implications
for the possible clinical translation of T cell therapies, since it will
allow a safe implementation of dose-escalating regimens of HBV-
TCR T cell transfer, an approach that cannot be performed with
viral vector-transduced T cells.

Our chimeric mice received about 0.5 million effector T cells
per injection, which corresponds to approximately 15 million HBV-
TCRT cells per kg. This is a quantity of HBV-specific T cells that is
achievable using our mRNA TCR T cell strategy. However, it may
be possible to lower the quantity of HBV-specific T cells in patients
receiving NA therapy or that are expected to harbor low amounts
of infected cells (i.e., HBeAg negative, refs. 32, 33). In this regard,
treatment with redirected HBV-TCR T cells appeared even more
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effective in mice harboring slightly lower levels of infection.
The flexibility of using repeated injections of autologous T cells
transiently expressing virus-specific mRNA TCRs might allow
the optimization of dose and therapy length required to achieve
substantial reduction of the pool of HBV-infected hepatocytes.
Furthermore, it could be envisaged that the implementation of
strategies aiming at preventing viral rebound either by blocking
hepatocyte reinfection and intrahepatic HBV spreading (Myrclu-
dex B) (34, 35) and/or by suppressing viral replication (NA thera-
py) could contribute substantially to achieving control of the infec-
tion and hence functional HBV cure.

The lower amounts of HBV transcripts, rcDNA, and even ccc-
DNA determined per human hepatocyte were accompanied by an
increased rate of cell death and human hepatocyte proliferation
as well as transient production of cytokines, in particular, IFN-y.
Together, these events also suggest that antiviral effects occurring
beyond the direct elimination of infected cells took place in the set-
ting of adoptive T cell transfer. Since both cytolytic and noncytolytic
immune-mediated antiviral effects, such as suppression of cccDNA
transcription (36) and destabilization due to compensatory cell
growth (37) as well as cytokine-mediated events (38) may be essen-
tial to achieving control of HBV infection, future studies need to be
designed to dissect the contribution of these different mechanisms.

A note of caution about the efficacy of adoptive T cell thera-
py in the real-world clinical setting should, however, be pointed
out, since the in vivo antiviral activity of HBV-specific CD8" T cells
(murine or HBV-TCR-human T cells) has so far been assessed in
models that are devoid of chronic liver inflammatory events and
fibrosis. Unfortunately, chronic liver inflammation can reduce the
accessibility of HBV-specific CD8" T cells to HBV-infected hepato-
cytes through the modification of the sinusoidal fenestration that
allows T cells to directly recognize HBV-infected hepatocytes
without proper extravasation (22). As such, the antiviral effect of
TCR-redirected T cell therapy could be compromised in patients
with marked chronic liver inflammatory events. Such a possibili-
ty needs to be taken into account by the selection of chronic HBV
patients that might be more likely to respond to such immunolog-
ical therapies. Thus, patient populations with chronic active liver
inflammation might not necessarily be the ones in which immu-
nological therapies should be applied. Nevertheless, one other
possibility could be to engineer T cells through introduction of
functional modifications that allow a better migratory capacity in
the fibrotic microenvironment.

On the other hand, it should also be pointed out that this study
shows that TCR-redirected human T cells are also able to recog-
nize HBV-infected allogenic human hepatocytes in a milieu in
which very high levels of HBV and circulating viral antigens are
produced. Moreover, keeping also in mind that these immune
cells acted in a very peculiar immune-deficient murine environ-
ment with limited cytokine crosstalk, it is probable that we may
have underestimated the in vivo antiviral efficacy of autologous
TCR-redirected T cells if applied in humans.

It seems clear that new analysis in animal models and patients
will be necessary to carefully design experimental and clinical tri-
als in which such variables should be taken into account. Despite
all the odds, we think that the demonstration of the antiviral effect
of mRNA-HBV-TCR T cells constitutes a first important step in
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the development of therapies designed to overcome the deficient
HBV-specific immunity status of chronic hepatitis B-infected
(CHB-infected) patients.

Methods

Preparation of engineered T cells via electroporation. HBV envelope s183-
191 TCR, HBV core 18-27 TCR mRNA, and HCV NS31073-1081 TCR
were produced using in vitro transcription, as previously described (24,
26). A detailed report describing selection of HBV-specific T cells and
cloning of their corresponding TCRs has been previously described
(3). The HCV NS3 1073-1081 TCR cloned in pVAX1 was a gift from
Margaret Sillberg Chen (Karolinska Institutet, Department of Dental
Medicine, Huddinge, Sweden). To produce activated T cells for elec-
troporation, PBMCs were stimulated with 600 IU/ml IL-2 (rIL-2; R&D
Systems) and 50 ng/ml anti-CD3 (OKT-3; eBioscience) in AIM-V plus
2% human AB serum for 8 days, and rIL-2 was increased to 1000 IU/
ml 1 day before electroporation. For electroporation with the nucleo-
fector device II (Lonza), 1 x 107 activated T cells were suspended in
100 pl of Cell Line Nucleofector Solution V (Lonza) and TCR mRNA
was added at 200 pg/ml. The mixture was placed in a certified cuvette
(Lonza) and electroporated using program X-001. After electropora-
tion, cells were resuspended in AIM-V 10% human AB serum plus 100
IU/ml rIL-2, and cultured at 37°C and 5% CO, overnight until analysis.
T cells expressing the introduced TCR were quantified by flow cytom-
etry using the specific HLA class I pentamers (HLA-A201-HBV enve-
lope 183-91-PE pentamer, HLA-A201-HBV core 18-27-PE pentamer,
HLA-A201-HCV NS31073-1081-PE pentamer) from Prolmmune.

In vitro function of TCR mRNA-electroporated T cells. To test the
functionality of TCR mRNA-electroporated T cells, HLA-A2* T2
cells were pulsed with 1 pg/ml of HBV envelope 183-191 peptide or
HBV core 18-27 peptide for 1 hour at 10° cells/ml and then washed
twice. TCR mRNA-electroporated T cells were cocultured with pep-
tide-loaded T2 cells overnight in the presence of 2 pg/ml brefeldin A
and stained for CD8 and IFN-y as previously described.

Coculture with HBV-producing hepatoma cell line. 1 x 10° HBV-pro-
ducing HepG2.2.15 hepatoma cells per well were seeded overnightina
96-well plate to permit adherence. TCR mRNA-electroporated T cells
were added at a 1:3 E:T ratio for 24 hours. Supernatants from coculture
experiments were collected for measurement of ALT after 24 hours.
RLT buffer with f-mercaptoethanol was added to lyse the HepG2.2.15
cells for isolation of intracellular viral nucleic acids using the QIlAamp
MinElute Virus Spin Kit (QIAGEN), and HBV DNA was quantified by
real-time PCR. Real-time PCR was performed using the artus HBV RG
PCR kit following the manufacturer’s instructions in a Rotor-Gene Q
2-plex instrument (QIAGEN).

xCELLigence real-time cell analysis of target cell lysis by TCR-express-
ing T cells. 1 x 10° HBV-producing HepG2.2.15 hepatoma cells per well
were seeded overnight in 96-well electronic microtiter plates (ACEA
Biosciences). TCR mRNA-electroporated T cells were added at a 1:3,
1:5, or 1:100 E:T ratio at 24 hours after electroporation, and target cell
lysis was monitored in real time for up to 24 hours following the addi-
tion of T cells. The impedance, which reflects adherence of the target
cells to the bottom of the plate, was measured every 15 minutes using
an XCELLigence RTCA MP (ACEA Biosciences).

Generation of humanized mice, infection, and T cell administration.
Human liver chimeric uPA/SCID/ILyR2 (USG) mice were generated
by transplanting 1 million thawed human hepatocytes in 3-week-old
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mice anesthetized with isofluoran. Generation of uninfected and stably
HBV-infected human liver chimeric mice was performed as previously
reported (29). Human hepatocytes obtained from 2 donors, one with hap-
lotype HLA-A2 and one with HLA-A1, were used as indicated in Results.

Levels of human liver chimerism were determined by measuring
HSA in mouse serum using the HSA ELISA Quantitation Kit (Bethyl
Laboratories, Biomol GmbH). To establish HBV infection, animals
received a single i.p. injection of HBV-infectious serum (1 x 10 HBV
DNA copies/mouse; genotype D). Both naive and HBV-infected mice
displaying high levels of viremia (=1 x 10° HBV DNA copies/ml) were
used here for adoptive transfer of engineered human T cells. Human T
cells isolated from PBMCs were expanded in vitro and electroporated
following the same procedure as described for the in vitro experiments.
0.5 x 10¢ activated effector T cells, corresponding to an approximately
1:40 E:T ratio, were injected per mouse. Blood was withdrawn at indi-
cated times. Liver specimens removed at sacrifice were snap-frozen in
2-methylbutane for histological and molecular analyses.

Virological and human gene expression analyses. DNA was extract-
ed from liver specimens using the Master Pure DNA Purification Kit
(Epicentre), and cccDNA was isolated by Hirt extraction (37). RNA
was extracted from liver using the RNeasy RNA Purification Kit (QIA-
GEN) (29). Intrahepatic total viral loads were quantified using primers
and probes specific for total HBV DNA and cccDNA (39). Primers and
probes specific for total HBV RNA and pgRNA were used for reverse
transcription and amplification, while the expression of the human
housekeeping gene GAPDH was used for normalization (39).

HBsAg and HBeAg quantification were performed on the
Abbott Architect platforms (Quantitative HBsAg Kit and HBeAg Kit,
Abbott, Diagnostic Division) after diluting the mouse serum (1:40
for HBsAg and HBeAg) in the manual dilution serum (Abbott) as
recommended by the manufacturer. HBeAg results were displayed
as signal versus noise (SC/O).

To determine gene expression levels, human- and mouse-spe-
cific primers from the TagMan Gene Expression Assay System were
used and samples analyzed in the ViiA 7 Real-Time PCR System
(both Life Technologies). The mean of the human housekeeping
genes GAPDH and ribosomal protein L30 was used to normalize
human gene expression levels.

Protein analysis by immunofluorescence and Luminex technologies.
Human hepatocytes were identified in frozen mouse liver sections
using a human cytokeratin-18 monoclonal mouse Ab (Dako Diag-
nostika). HBcAg staining was detected with a polyclonal rabbit
anti-HBcAg Ab (Dako), and specific signals were visualized with
Alexa Fluor 488- or 546-labeled secondary Abs (Invitrogen) or
the TSA Fluorescein System (PerkinElmer). Nuclear staining was
achieved by Hoechst 33258 (Invitrogen). Human CDS8 staining was
performed using a mouse monoclonal anti-CD8 Ab (Dako). Prolif-
eration of human hepatocytes and immune cells was determined
using Abs to human Ki-67 (Dako). To detect active caspase 3, mouse
livers were costained with mouse monoclonal anti-human cytoker-
atin 18 Ab and rabbit anti-human active caspase 3 (BD Transduc-
tion Laboratories). Stained sections were analyzed by fluorescence
microscopy (Biorevo BZ-9000, Keyence).

Levels of human cytokines in the serum of humanized mice were
determined using the MILLIPLEX MAP Human Cytokine/Chemo-
kine Magnetic Bead Panel according to the manufacturer’s instruc-
tions (Merck Millipore).
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Study approval. PHHs 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 Dec-
laration of Helsinki. Animals were housed under specific pathogen-
free conditions according to institutional guidelines under authorized
protocols by the Ethical Committee of the city and state of Hamburg.
All animal experiments were conducted in accordance with the Euro-
pean Communities Council Directive (86/EEC) and were approved by
the city of Hamburg, Germany.
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