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Abstract
Although therapy for chronic hepatitis C virus infection has delivered remarkable cure rates, curative therapies for hepatitis
B virus (HBV) may only be available in the distant future.The possibility to eliminate or at least stably maintain low levels
of HBV replication under the control of a functional anti-host response has stimulated the development of specific immu-
notherapies for HBV infection. We reviewed the development of T-cell therapy for HBV, highlighting its potential antiviral
efficiency but also its potential toxicities in different groups of chronic HBV patients.

Hepatitis B virus (HBV) and hepatitis C virus (HCV) infections are the only two communicable diseases in which there
have been increases in related morbidity and mortality over the past 20 years [1]. Both viruses are chronically infecting
about 500 million people (HBV ~350 million, HCV ~150 million) and represent the seventh most frequent cause of death
worldwide [1]. HBV and HCV are hepatotropic, non-cytopathic viruses able to establish persistent infections that cause
different degrees of hepatic inflammation (chronic hepatitis), leading to the development of liver cirrhosis and hepatocel-
lular carcinoma (HCC).

The two viruses are unrelated and virologically different. HCV remains prevalent in North America and Europe, whereas
chronic hepatitis B is prevalent in Asia and sub-Saharan Africa [1,2]. HCV is an RNA virus belonging to the Flaviviridae
family, and HBV is a DNA virus of the Hepadnaviridae family and uses reverse transcriptase to synthesize its DNA from a
pre-genomic RNA form [3]. HCV is able to activate in the infected host a classical type I interferon (IFN)-mediated innate
response [3], whereas HBV generally escapes innate immune recognition and does not activate type I IFN-mediated im-
munity. Chronic HBV and HCV infections are both characterized by quantitative and functional defects of virus-specific
T-cell response [4,5]. The frequency of virus-specific T cells is extremely low, and virus-specific T cells show features of
exhaustion in both chronic HBV and HCV patients [6]. However, the quantitative and functional defects are more pro-
nounced in HBV infections, with T cells virtually undetectable in the blood of many chronic HBV patients by ex vivo analysis
[7–9]. In addition, while frequency and impact of viral mutations in T cell epitopes are frequently detectable in HCV in-
fections [10], viral mutations affecting CD8 T-cell epitopes are scarcer in chronic HBV patients [6,11,12].

Of extreme practical importance in relation to the potential impact of T-cell therapy for HBV and HCV are the
efficacies of currently available treatments. New therapies for HCV have delivered remarkable cure rates, with more than
90% of patients achieving viral clearance with all oral direct-acting antivirals [13]. In contrast, curative therapies for HBV
will not be available until the distant future (14). Thus, although it is difficult to see a possible therapeutic advantage of a
new T-cell-based therapy in chronic HCV patients, the fact that current therapies for HBV only partially suppress but do
not eliminate HBV from the infected host has encouraged research for new and more radical therapies designed to
eliminate or at least stably maintain low levels of HBV replication under the control of a functional anti-host response. For
these reasons, in this review, we concentrate on the development of T-cell therapy for HBV.T-cell therapy for HCV chronic
infection is certainly important for understanding the mechanisms of T-cell antiviral control [15,16], but their use for
therapy appears unlikely.
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The clinical need for T-cell therapy for chronic
HBV infection

Current treatments for HBV include pegylated inter-
feron alpha (Peg-IFNα) and nucleos(t)ide analogues
(NAs), but neither are suitably efficient in providing

a functional cure for chronic HBV infection [14]. Peg-
IFNα can achieve sustained off-treatment control, but
its success is limited to a small proportion of pa-
tients; approximately 10% of those treated achieve
functional cure, defined as sustained loss of serum
viremia and surface antigen of HBV (HBsAg) but not
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complete HBV elimination because HBV always per-
sists in few hepatocytes [17]. Peg-IFNα is primarily
effective younger people with a moderate viral load.
However, it has low applicability and is associated with
side effects, leading to treatment discontinuation. In
addition, Peg-IFNα can only be used in patients
without contraindications to its use, such as those with
mild/moderate disease/compensated cirrhosis, and not
in contraindicated in decompensated patients with cir-
rhosis. Although NAs sufficiently suppress the
production of new virions, reducing HBV DNA to un-
detectable levels in the serum and normalizing
transaminases, which may in turn reduce fibrosis and
the development of cirrhosis, HBsAg loss is rarely
achieved. NAs directly target HBV DNA synthesis only
and thus are ineffective in eradication of the cova-
lently closed circular DNA (cccDNA), the episomal
form of HBV from infected cells [18].Treatment with
NAs is thus considered lifelong, but this has poten-
tial risk of long-term toxicity [19], with limited data
on treatment discontinuation; this results in reactiva-
tion of HBV in the majority of patients. For these
reasons, new curative therapeutic options for chronic
HBV infection are urgently needed, and the strate-
gies can be divided into those that directly target HBV
replication or those that target the host immune
system—in particular,T cells that are considered es-
sential for HBV control.

Why use T cell therapy in chronic HBV
infection

The importance of T cells in establishing a function-
al cure of chronic HBV infection is derived from data
obtained in patients and animal models. In chimpan-
zees acutely infected with HBV, deletion of CD8 T

cells causes chronic HBV infection [20]. Patients with
acute HBV infection mount a cellular anti-HBV
immune response that is temporally correlated with
serum HBV clearance [21–24]. However, HBV-
specific T cells are quantitatively and functionally
defective in chronic HBV patients [6]. On the other
hand, immunosuppressive treatments targeting cel-
lular immunity in anti-HBV core-positive subjects often
trigger rapid HBV reactivation [25]. These data
therefore indicate that virus-specific T cells have the
capacity to maintain HBV infection under tight rep-
licative control.

As a direct consequence, immunotherapies de-
signed to augment HBV-specific T-cell responses in
chronic HBV patients might achieve the level of HBV
control present in subjects who resolve acute infec-
tion, who may not fully eradicate HBV, as the covalently
closed circular DNA (cccDNA) can remain in some
hepatocytes [17,26]. However, HBV antigens and DNA
are undetectable, and their risk of developing severe
liver pathology, such as HCC, is extremely low [26].
The therapeutic strategies designed to boost HBV-
specific T-cell responses in chronic HBV patients can
be divided into strategies designed to boost the de-
fective HBV-specificT cells still present in some chronic
HBV patients or the ones designed to produce new
HBV-specific T cells that can be adoptively trans-
ferred in patients (Figure 1).

Therapies based on the concept of boosting HBV-
specific T cells present in limited numbers in patients
with chronic HBV infection are primarily repre-
sented by therapies with checkpoint inhibitors (anti-
PD-1, anti-CTLA-4, etc.) or therapeutic vaccines.
Experimental data have shown that the function of
peripheral and intrahepatic exhausted HBV-specific
T cells [27,28] can be partially restored in vitro by
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Figure 1. Strategies to boost HBV-specific T cells.
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anti-PD1/PDL-1 blockade. However, at present,
therapies with checkpoint inhibitors have been
used with success only in some solid malignancies
such as lung cancer, renal cell carcinoma and mela-
noma [29,30], with limited data in HCC and reports
of only limited efficacy in chronic HCV patients
[31]. No data are available thus far in chronic HBV
patients.

On the other hand, vaccine therapies have already
been used in several trials in chronic HBV patients.
Attempts to boost the quantity and function of anti-
viralT cells using different HBV vaccine compositions
or activation of professional antigen presenting cells
naturally loaded with HBV antigens [32] have shown
some efficacy in vitro and in animal models [33].
However, initial trials with the use of classical pro-
phylactic vaccines show suboptimal and conflicting
results [34–36]. Moreover, attempts to use new vaccine
formulations or combination therapies with antivirals
have demonstrated only limited effect [37–39].

The extreme rarity of HBV-specific immune cells
in chronic HBV patients, their exhausted phenotype
[5,27,40,41], metabolic alterations [42,43] and in
consequence the difficulty in boosting HBV-specific
immunity have, however, stimulated the develop-
ment of strategies of immune restoration based on
adoptive transfer of engineered HBV-specific T cells
[44]. The rationale of modified T-cell therapy is cen-
tered on the concept that HBV-specific T cells in
patients with chronic HBV infection are so heavily
compromised (quantitatively, functionally, and meta-
bolically) or even deleted due to lifelong contact
with viral antigens presented by hepatocytes, that
their rescue through checkpoint inhibitors or vac-
cines would be unlikely, and thus interventions to
directly replenish the deleted virus-specific T-cell rep-
ertoire are required.

Furthermore, clinical evidences have suggested
that adoptive transfer of HBV-specific T cells might
lead to successful HBV control. For example, treat-
ment of patients with leukemia and chronic HBV
infection with bone marrow transplant from sub-
jects with an HBV-specific T-cell response (subjects
vaccinated with HBV or subjects who have sponta-
neously controlled HBV infection) [45,46] leads to
HBV clearance. Similarly, transplantation of an HBV-
positive liver in a subject with HBV-specific adaptive
immunity resulted in subsequent HBV clearance [47]
associated with an increase in HBV-specific cellular
and humoral responses. Taken together, these data
support the hypothesis that direct adoptive transfer
of HBV-specific T cells in patients with chronic HBV
infection might lead to HBV control.

For these reasons, design and expansion of dif-
ferent engineered HBV-specific T cells for adoptive
T-cell transfer have been attempted.T cells able to rec-

ognize HBV-infected cells have been constructed using
a chimeric antigen receptor made of an anti-HBV-
specific antibody or using canonical human leukocyte
antigen class I restricted HBV-specific T-cell recep-
tors [48–50]. These cells are able to recognize HBV-
infected targets in vitro while data in animal models
[50] or in selected clinical situations [51] have been
encouraging, showing the ability of these cells to rec-
ognize HBV-expressing hepatocytes or HCC cells with
HBV DNA integrations in vivo and their ability to
induce a substantial reduction of HBsAg. Further-
more, new unpublished data in humanized chimeric
mice carrying HBV-infected human hepatocytes dem-
onstrated the ability of T-cell receptor (TCR)-redirected
T cells to recognize HBV-infected hepatocytes and
cause a significant drop of HBV DNA (Kah et al.,
manuscript in revision).

A major problem of adoptive T-cell therapy is the
practical difficulty in implementing them for clinical
use [52]. The production of large quantity of engi-
neered T cells is still cumbersome, strictly regulated
and necessitates a laboratory with highly skilled per-
sonnel. New technology and methods are likely to
progressively overcome these practical problems, but
at present, such therapies remain possible in only a
few laboratories [53].

For these reasons, strategies that use antibodies with
TCR-like specificities [54] or soluble TCR [55] able
to redirect endogenousT cells against their targets have
been proposed.The advantages of these strategies are
that they do not require manipulation ofT cells outside
the patient’s body.The antibodies or the solubleTCR,
designed to induce specific accumulation and trig-
gering of endogenousT cells in close contact with their
specific targets, can be injected directly to the pa-
tients. Currently such a strategy has been used with
success in HIV infection (soluble TCR) [56], whereas
TCR-like antibodies have only been used to deliver
cytokine payloads directly toward HBV-infected targets
[57].

Controlling hepatic toxicity in HBV-specific
T-cell therapy

Therapeutic strategies designed to boost HBV-
specificT cells in patients with chronic HBV infection
carry the inherent risk of inducing severe liver inflam-
matory events and because the liver is an organ
indispensable for life, such risk needs to be carefully
managed.

HBV is a non-cytopathic virus; CD8 T cells are
essential for viral control, but in addition to lysing
HBV-infected hepatocytes, they can trigger liver in-
flammatory events [58,59]. It is, however, difficult
to predict the extent of liver damage that a specific
number of HBV-specific CD8 T cells can induce.
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Liver inflammation is related not only to the number
and fitness of restored HBV-specific CD8 T cells
(i.e., by checkpoint inhibitor therapy) or adoptively
transferred engineered HBV-specific T cells but
also to the modification of the liver environment
induced by the chronic infection. Human studies
performed to quantify the number of HBV-specific
CD8 T cells in different clinical situations have, for
example, clearly demonstrated that a direct propor-
tionality between HBV-specific CD8T cells and extent
of liver damage is observed only in acute hepatitis
patients [23]. Such direct proportion does not exist
in chronic HBV patients where liver damage is related
to the ability of HBV-specific CD8 T cells to trigger
the recruitment of inflammatory cells [60]. Further-
more, it has recently been shown that similar number
of HBV-specificT cells can be demonstrated in chronic
HBV patients with active hepatitis or in those with a
complete absence of liver inflammatory events [61,62].
The causes of these different liver inflammatory pat-
terns are still not completely understood, but many
other variables have been shown to modulate liver
inflammatory events and T-cell fitness. For example,
release of arginase directly from hepatocytes or from
myeloid suppressor cells has been shown to dampen
T-cell function [63–65]. Equally, NK cells [66] or
regulatory cells [67] present in the liver might inhibit
T-cell function or suppress inflammatory events,
whereas chronic liver inflammation might block the
access ofT cells to their targets by altering the normal
anatomy of liver endothelial cells. On the other hand,
liver inflammatory events can profoundly alter the
population of intrahepatic myeloid cells.The recruit-
ment of inflammatory monocytes might alter the
normal liver tolerogenic environment, characterized
by the presence of Kupffer cells with tolerogenic
and anti-inflammatory features [68], to a more pro-
inflammatory environment. Similar levels of CD8
T-cell response in different liver microenvironments
would trigger different degree of liver inflammation
(Figure 2).

To reduce the risk of inducing severe liver damage,
research efforts have been focused on developing T
cells with reduced ability to trigger inflammatory events.
Indeed, if the restoration of HBV-specific T-cell re-
sponse in chronic HBV patients through checkpoint
inhibitors or vaccines is difficult to modify or predict
and would be related to the quantity of exhausted T
cells present in the distinct groups of patients, adop-
tive T-cell transfer can be performed with engineered
HBV-specific CD8 T cells with reduced ability to
trigger inflammatory events.

One of these strategies is based on the use of T
cells engineered to transiently express HBV-specific
TCRs through nonviral gene transfer systems. T
cells transduced by viral vectors stably express the

TCRs, and their unchecked expansion might lead to
progressive liver toxicities that is difficult to manage
clinically.To bypass this problem, we implemented a
strategy in which T cells are engineered through
messenger RNA (mRNA) electroporation, and they
express HBV-specific TCRs transiently for only 3–5
days (Figure 2) [69]. In addition, to circumvent
safety concerns related to stable genetic manipula-
tion of T cells induced by viral vectors, these cells
with limited life span can be adoptively transferred
in escalating doses, and their potential toxicities are
more easily managed than stably transduced TCR-
redirected T cells. Despite their transient expression
of TCRs, mRNA TCR-redirected T cells control the
expansion of HBV-expressing hepatoma cells in mice
[69]. Furthermore, the antiviral activity of mRNA
TCR-redirected T cells was also recently tested in
an HBV-infected human liver chimeric uPA/SCID/
ILγR2 (USG) mouse model. These mRNA TCR-
redirected T cells were shown to preferentially home
to the liver of HBV-infected mice and induced a
progressive but timely controlled virus-specific immune-
mediated reduction of serological and intrahepatic
HBV viral loads (~1–1.5 log reduction of HBV-DNA
after three doses of 0.5 million T cells).

It is important to point out that the antiviral ef-
ficacy of mRNA TCR-redirected T cells was already
detectable 4 days after T-cell infusion and multiple
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injections (n = 3) were able to induce progressive de-
crease of viremia (median 1 log) in only 12 days (Kah
et al., manuscript in preparation). Such rapid reduc-
tion of viremia in high viremic humanized mice is quite
remarkable and comparable to the kinetics of viremia
reduction often achieved in this model using ap-
proved antiviral drugs such as polymerase inhibitors
(NAs therapy) or IFN-alpha [70]. Most impor-
tantly, mRNA TCR-redirected T cells trigger only a
temporary immune-mediated killing of the infected
hepatocytes 8–10 days after infusion and the treated
mice show a reversion of transaminase (an enzyme re-
leased by dying hepatocytes) levels identical to the ones
detected before therapy. Such data are important for
the clinical translation of T-cell therapy into patients
because the temporary effect of mRNATCR-redirected
T cells will allow a safe implementation of dose es-
calating regimes.This could allow the optimization of
dose and therapy length required to achieve substan-
tial reduction of HBV-infected hepatocytes pool without
triggering severe inflammatory events that should
subside when the expression of HBV-specific TCRs
disappear from the adoptively transferred T cells.
The flexibility of such cell preparation will also allow
the study of possible combination therapy with drugs
suppressing HBV replication (NAs) or blocking he-
patocyte reinfection and intrahepatic HBV spreading
(Myrcludex-B) [71].

Production of antiviral non-cytolytic HBV-
specific T cells

The immunological control of HBV and HCV viruses
does not necessarily require the direct lysis of in-
fected hepatocytes but can also be achieved through
non-cytopathic mechanisms triggered by antiviral
cytokines [72,73]. In addition, up-regulation of the
nuclear APOBEC3 cytidine deaminases A3A, A3B and
A3G in HBV-infected hepatocytes through interferon-α
and lymphotoxin-β-receptor activation have been shown
to inhibit HBV replication by the induction of HBV-
DNA hyper-mutations [74–76] and even possibly
degrade cccDNA without causing hepatotoxicity [77].
Following this line of thought, research efforts have
been channeled to produce HBV-specific TCR-
redirected T cells able to inhibit HBV replication
with limited lytic and pro-inflammatory activity.Two
strategies have been proposed. One possibility is to
down-regulate the production of Granzyme B and
perforin on activated T cells with specific anti-sense
oligonucleotides and thus produce HBV-specificTCR-
redirected T cells with low lytic ability to be used for
adoptive T-cell transfer. The other alternative is to
exploit one characteristic of mRNA electroporation
that, in contrast to viral vectors, can also be applied
to non-dividing cells.This could allow the introduction

of TCR-mRNA in non-activated resting primary
human T cells, which have lower Granzyme B and
perforin contents than activated T cells [78]. Prelim-
inary results have shown that it is possible to engineer
non-cytolytic human T cells that suppress HBV and
HCV replication without overt hepatotoxicity and pro-
inflammatory cytokine release (Figure 3) (Koh et al.,
manuscript in preparation). Inhibition of viral repli-
cation was mediated not only by release of IFN-
gamma but also by activation of the APOBEC3
pathway in HBV-infected cells.These “resting mRNA-
TCR electroporatedT cells” will need to be first tested
in animal models but could present a novel immu-
notherapeutic strategy to reduce the bulk of viral-
infected hepatocytes without causing severe liver
damage.

Conclusions

In this short review, we have summarized why T-cell
therapy in chronic HBV infection has a strong ratio-
nale and could potentially achieve sustained HBV
control in most patients.We must, however, point out
that although these immune therapies currently in the
pipeline show promise, their efficacy in the real-
world setting remains to be seen. At the moment,
immune therapies based on vaccines have failed in
humans, and data with anti-PD1 in patients with
HBV-related HCC have also shown sparse results in
terms of HBV control.

We have recently argued (Upkar Gill and Bertoletti,
Seminars in Liver Disease [79]) that the low efficacy
of such new immune therapeutic interventions might
be dependent on the criteria of chronic HBV pa-
tients selection, that until today, have selected only adult
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chronic HBV patients with chronic active hepatitis.
NewT-cell therapies designed to boost exhausted virus-
specificT cells might be better suited for treating young
patients in the so-called immune-tolerant phase of
disease, more so than older subjects with chronic active
hepatitis B. In immunological terms, younger sub-
jects have less compromised HBV-specific T-cell
function and a lower “pro-inflammatory response” than
older subjects; thus, they might be more likely to
recover HBV-specific T-cell immunity and less likely
develop a severe inflammatory liver reaction (see also
[80,81]). Similar arguments can be used for thera-
pies based on adoptive transfer of engineered T cells
that are likely to be more efficient and less danger-
ous in a liver environment devoid of inflammatory
infiltrate. Selecting chronic HBV patients for these
novelT-cell therapies will be challenging and will likely
require the acceptance of new paradigms of patients
selection. We are however, confident that the poten-
tial efficacy of T-cell therapy for the cure of chronic
HBV infection will further stimulate research in this
field and allow immunotherapy to be considered a real
therapeutic option in chronic HBV infection.
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