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Abstract

Hepatocellular carcinoma (HCC) is a deadly malignancy which typically occurs in the context of chronic liver
inflammation. Chronic hepatitis B virus (HBV) infection is considered a major global cause of HCC development.
At the moment, liver transplantation is the only curative modality for HBV-associated HCC. However, some
patients develop HBV-HCC recurrence after liver transplantation, leaving them with very limited therapeutic
options. Adoptive cell therapy with HBV-specific T cell receptor (TCR) that redirects T cells against HCC relapses
has shown promising results in such HBV-HCC patients. In this mini-review, we discuss the application of this
personalized T cell therapy, and highlight mRNA electroporation as an efficient tool for engineering safe and
efficient TCR-redirected T cells for the treatment of liver transplant patients with HBV-HCC metastasis.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the most common form of adult liver cancer and third leading cause
of cancer-related mortality globally. Different etiological factors are involved in the pathogenesis of HCC
and hepatotropic viruses like hepatitis B (HBV) and C (HCV) represent the major cause™”. In regions with
a high incidence of HBV (i.e., South East Asia, China, and Sub-Saharian Africa), chronic HBV infection
accounts for 80% of HCC™. A peculiar feature of HBV-related HCC is the HBV DNA integration which
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can be detected as early as 3 days post hepatocyte infection™". As such, HBV-HCC nodules can express
either all or a portion of HBV antigens which can then be employed as a tumor-specific antigen to develop
HBV-redirected T cells. We and other groups have recently developed immunotherapeutic approaches by
engineering T cells equipped with chimeric antigen receptor (CAR)™ or classical T cell receptors (TCRs)"*”
against HBV antigens/epitopes expressed on healthy HBV-infected hepatocytes, or in HCC cells with HBV-
DNA integration. Engineered TCRs or CAR redirected-T cells are able to lyse HCC cells expressing HBV-
specific antigens in vitro, and showed anti-viral and anti-tumor activity in animal models®™”*. In this mini-
review, we will discuss the use of such immunotherapies in the treatment of HBV-HCC relapses occurring
post curative liver transplantation (LT). These patients will be under lifelong immunosuppressive regimens
which in turn, create both obstacles and opportunities for the use of T cell therapy.

LIMITATIONS OF EXISTING THERAPEUTIC MODALITIES FOR HBV-HCC RELAPSES

Recurrent HCC after LT is deadly and difficult to manage. Treatment options include resection,
radiofrequency ablation, percutaneous ethanol injection and transarterial chemoembolization in LT
cases with solitary, intrahepatic HBV-associated HCC recurrence”'”. However, most of these HBV-HCC
recurrences post-LT are systemic[“'“], which limits treatment options. In such a scenario, currently available
therapies are ineffective and first-line systemic treatment with the tyrosine kinase inhibitor, Sorafenib, can
only increase survival by a few months"”. As a new form of systemic immunotherapy, checkpoint inhibitors
have shown promising outcomes in the treatment of primary HCC". Checkpoint inhibitors are designed to
rejuvenate immune cell function through blocking co-inhibitory receptors (e.g., PD-1, CTLA-4) expressed
on exhausted immune cells. In transplant patients, this strategy can lead to undesirable and uncontrollable
immune responses against the transplanted organ[”]. Indeed, attempts to use PD-1 inhibitors for the
treatment of HCC relapses in LT patients led to graft rejection”. Therefore, at present, checkpoint inhibitors
are contraindicated in LT patients with HBV-HCC.

Over the past few years, new forms of immunotherapy have been developed to specifically target HCC
relapses”””. In such strategies, T cells are engineered to express TCRs or CARs that are able to recognize
HBV epitopes in an human leukocyte antigen (HLA)-restricted manner, or detect hepatitis B s antigen
(HBsAg) respectivelym. We focused our efforts on engineering TCR-redirected T cells as a potential
treatment for HBV-associated HCC patients. The unique features of HBV-HCC metastasis render TCR
modified-T cells a better option than CAR engineered T cells"**". In particular, HLA matching is rarely
taken into consideration for liver transplantation, hence engineered TCR-T cells could only be employed to
target HBV-specific antigens associated with HLA-class I molecules expressed on HCC relapses but not on
the transplanted liver'”. As a result, engineered TCR-T cells will not recognize HBV peptides present on the
transplanted liver that has been re-infected by HBV and therefore, reduce the risk of possible graft rejection.
Furthermore, HLA-restricted TCR-T cells would not bind to circulating soluble HBV antigens, which may
instead, occur with HBV-specific CAR T cells'. However, in animal models, which are characterized by
lower quantities of serum HBsAg than in HBV infected patients, HBsAg did not suppress the ability of
CAR-T cells to recognize HBV-producing hepatocytes™'**”.

TREATMENT OF HBV-RELATED HCC RELAPSES WITH HBV-SPECIFIC TCR-REDIRECTED T
CELLS

The feasibility of utilizing HBV-TCR-redirected T cells for treating HBV-associated HCC was first shown in
a patient who had widespread extrahepatic HBsAg+ HCC relapse[“]. In this scenario, HBV-specific TCR-T
cells were engineered to recognize HBV-specific epitopes obtained from HBsAg+ HCC nodules. This patient
was an ideal candidate for HBV-TCR T therapy due to multiple clinical features™. In this unique scenario,
HBsAg was secreted exclusively by the HCC metastasis while the transplanted liver was HBsAg negative.
HBsAg expression in the HCC relapses was due to integration of HBV-specific envelope DNA into the



Hafezi et al. Hepatoma Res 2020;6:23 | http://dx.doi.org/10.20517/2394-5079.2020.02 Page 3 of 7

LT with HBV-HCC systemic metastasis Engineering HBV-specific TCR-Redirected T cells using IVT m-RNA

@ HBV- specific Ag detection In vitro expansion of autelogous Tcells  (C) Tn vitro HBV-specific TCR production
/ SUR IVIR
% A A A
3 (A @ AAA A —
EEEE—— A A A A
O A,
3 af L\ o
K @ Metastatic HCC ‘ k
=
\
AN @ m-RNA electroporation

MHC-Dextramer HBV- specific TCR

©
| < :
(F) TCRT cell recognition % & /C’BNZS‘P'M‘ 8 @% <

Q. .

©

L)

o Immunosuppressant

(E) Quality Control

D
HLA-mismatch HLA-match .1 MEHC-HBV peptide
: f 2 sapadsonpane il electroporation
co & Granules
o & 0 v
(¢} & mBvvins
HBV-infected hepatocyte HBV-infected HCC * -
Intrahepatic HCC
Liver graft Metastatic HCC nodule M Extrahepatic HCC

(R

Figure 1. Schematic illustrating the development of mMRNA electroporated HBV-specific TCR redirected T cells. A: identification of HBV-
specific antigens expressed on metastatic tumor through molecular approaches; B: activation and expansion of autologous T cells for T
cell engineering; C: /n vitro production of MRNA encoding HBV-specific TCRs; D: developing HBV-specific TCR-redirected T cells through
electroporation activated T cells with desired mRNA,; E: evaluation of TCR expression and functionality of modified T cell using tetramer
staining and immune assays; F: modified TCR-T cells reinfused back to LT patient to specifically target and lyse HBV-infected HCC in
a HLA restricted manner with no off-tumor side effects on the HBV-infected graft. TCR: T cell receptor; HBV: hepatitis B virus; LT: liver
transplantation; HCC: hepatocellular carcinoma; HLA: human leukocyte antigen; MHC: major histocompatibility complex

genome of HCC cells. Since the patient was HLA-A0201 positive, autologous T cells were engineered with
a HLA-Ao0201-restricted TCR specific for an envelope epitope (HBs183-91). These HBV-specific TCR-
redirected T cells can specifically recognize the HBsAg+ HCC relapses, thereby reducing the risk of affecting
healthy hepatocytes during treatment [Figure 1]. Using retroviral gene editing, the coding sequences of
alpha and beta TCR were introduced to the T cells in vitro. Following infusion of a single dose of autologous
retroviral transduced TCR-T cells (~2 x 10" TCR-T cells/kg), HBV-specific T cells expanded efficiently,
reaching up to ~2% of blood-circulating CD8 T cells and reduced serum HBsAg levels by up to 90% within
30 days post-infusion without notable side effects. Unfortunately, the patient’s treatment started at a very late
stage when there were already multiple metastases in the lungs, bones and neck. The patient was monitored
for ~8 months post-T cell infusion and despite reduction of HBsAg levels, the patient’s general medical
condition subsequently declined and he succumbed to his medical complications. The reduction of serum
HBsAg together with the expansion of the infused HBV-specific TCR-redirected T cells strongly suggest that
HCC relapses expressing HBV antigens can be targeted by HBV-redirected T cells.

We therefore expanded our research efforts to better understand the treatability of HBV-related HCC
relapses with this new form of immunotherapy.
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ABILITY OF HBV-SPECIFIC TCR REDIRECTED T CELLS TO RECOGNIZE HCC CELLS WITH
SHORT HBV-DNA INTEGRATION

As described above, the feasibility of T-cell immunotherapy was first demonstrated in the scenario wherein
HBsAg was expressed and secreted only by the HCC metastases and not by the transplanted liver. However,
unlike that patient, HBV-DNA integrations in HCC cells do not always involve the complete open reading
frame of HBV antigens. Although HBV-DNA integration could be seen in 60%-80% of HCC cases, most
HCC cells appear HBsAg negative when tested with antibodies targeting the whole HBsAgm’m. This is easily
explained by the detection of HBV-DNA integration that is often incomplete in normal and transformed
hepatocytes and hence generate HBV-human chimeric protein[“%] and not whole HBV proteins.

Antibody-based techniques, which depend on the recognition of conformational epitopes, are unable
to detect these chimeric proteins and therefore these HBV-HCC tumours are often negative for HBV
antigens["’”]. This explains why utilizing HBV-related antigens as a tumor-specific antigen was highly
controversial and thought to be applicable only for a minority of HCC patients presenting whole HBV
antigens in their HCC relapses. However, unlike antibodies, TCRs detect short linear sequences of
HBYV antigens (9-10 amino acid long) that can be derived from HBV-human chimeras present in HBV
serologically negative HCC cells. We have recently tested this possibility in vitro utilizing HCC cells negative
for HBV antigens when assayed using antibody based techniques”. We utilized HBV-specific CDs T cells
and antibody specific for HLA-class I/HBV epitopes and were able to demonstrate that the production and
presentation of HBV-specific CD8 T cell epitopes can take place in naturally HBV serologically negative
HCC cells with short HBV-DNA integrationm]. This in vitro demonstration showed the possibility of
utilizing short sequences of HBV-DNA integration present in the majority of HBV-related HCC as a robust
tumor-associated antigen which can then be applied for HBV-specific T cell engineering. Furthermore,
despite the high genetic diversity between HCC cells in the same patient™”, single-cell genome sequencing
of HBV-HCC cells showed remarkable homology of HBV integration across multiple single tumor cells™".
This suggests that TCR-redirected T cells specific for single epitopes should be able to target the majority of
HCC cells present in a patient.

To show feasibility of this strategy, HBV integration profiles of HCC metastases from two LT patients with
undetectable HBsAg in the serum were analyzedm]. HBV-specific TCR-redirected T cells targeting the
epitope encoded by the detected HBV integrations were engineered. Following adoptive T cell therapy,
significant volume reduction of several pulmonary metastases has been seen in one patient.

Importantly, in these patients, TCR-T cells were engineered through mRNA electroporation and not virally
transduced. This approach offers inherent safety features due to the labile nature of mRNA [Figure 1].
Unlike viral DNA, mRNA transfection has no risk of causing random integration in the human genome.
More importantly, controlled pharmacokinetics of the therapy allows for dose escalation by multiple repeat
injections which can be personalized for each patient. Multiple infusion of mRNA TCR-T cells (~up to
600 million TCR-T cells) showed no significant increase in serum cytokine levels as well as no evidence
of graft inflammation in both patients after receiving this therapy"”
to completely eliminate HCC relapses in both patients, one had a dramatic reduction in size of multiple

. Although this therapy was not able

metastatic lesions in the lung without the detection of new lesions and he was clinically well for almost 2 years
during treatment"”. Unfortunately, abdominal and retroperitoneal HCC relapses that were already present
in the patient at the time of TCR therapy did not show any response, progressively expanded and ultimately
led to the patient’s death (Personal communication). Even though we were unable to investigate the real
cause of the unresponsiveness of HCC relapses in different anatomical locations, such data suggests that
a tumor’s anatomical location together with its inflammatory status, could have a negative impact on
TCR-T therapy outcome.
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FUTURE DIRECTIONS IN HBV-HCC T CELL THERAPY

Despite encouraging results from the initial trials of TCR-redirected T cell therapy in LT patients with HCC
relapses, there is still a clear need for improvement of such therapies. Multiple factors present in the LT
sera could have an impact on the outcome of TCR-T immunotherapym]. The impact of such variables also
remains largely unexplored and needs to be addressed. One of the main obstacles of T cell therapy post-LT
is the pharmacological immunosuppression started after transplantation to prevent graft rejection[“]. Long-
term maintenance immunosuppression typically achieved by Tacrolimus alone, or in combination with
mycophenolate mofetil continues throughout the patient’s life. These drugs were designed to broadly impair
T effector function, therefore potentially impacting the adoptively transferred HBV-specific TCR-T cells
in vivo. With regard to that, in vitro experiments in a 3D model clearly showed that the mTOR inhibitor,
Rapamycin, could impair TCR-redirected T cell migration and cytotoxicity”"". Engineering T cells to be
resistant to such drugs or using different subsets of T cells with inherent resistant features could allow
engineered TCR-T cells to function effectively even in the face of strong immunosuppression. For instance,
knock-down of FK506-binding protein 1a, tacrolimus-specific binding protein, markedly recovers T cell
function in the presence of clinically-relevant concentrations of Tacrolimus, therefore the same strategy
could be employed to develop drug-resistant TCR T cells for the treatment of LT with HBV-HCC relapses[ss].
Furthermore, at this moment, only ap TCR T cells are used to engineer therapeutic HBV-specific TCR T
cells. Alternatively, the desired af TCR can also be introduced into other immune cells to provide extra
benefits. For example, mucosal-associated invariant T cells are non-conventional T cells representing 20%-
45% of the liver T cell repertoire[“’m. These cells express a high level of multi-drug resistant pump called
ATP-Binding cassette subfamily b member 1 (ABCB1) which allows mucosal-associated invariant T cells to
retain their function in the face of chemotherapeutic intervention"***", This drug-resistant feature, together
with liver specificity make these cells a highly promising candidate for developing new therapeutic T cells for
the treatment of liver associated cancers. Altogether, developing drug-resistant therapeutic TCR T cells could
have the potential for clinical application in the treatment of HBV-HCC relapses after curative LT, where
immunotherapeutic TCR T-cell function can still be exerted in the presence of obligate immunosuppression.
In our opinion, implementing these immunosuppressive drug resistant armored -TCR T cells could improve
current immunotherapy outcomes in HBV-associated HCC relapses and would most likely increase survival
rates by slowing down tumor progression.
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