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Immunological alterations after
immunotherapy with short lived HBV-
TCRT cells associates with long-term
treatment response in HBV-HCC

Anthony Tanoto Tan," Fanping Meng,>* Jichua Jin,** Ji-Yuan Zhang,”” Si-Yu Wang,” Lei Shi,” Ming Shi,* Yuanyuan Li,’
Yunbo Xie,? Li-Min Liu,> Chun-Bao Zhou,? Alicia Chua,* Zi Zong Ho,* Junqing Luan,? Jinfang Zhao,? Jing Li,? Lu-En Wai,*°
Sarene Koh,*’ Tingting Wang,* Antonio Bertoletti,* and Fu-sheng Wang®*

The application of hepatitis B virus (HBV)-T-cell receptor (TCR) T-cell immunotherapy in patients with HBV-related
hepatocellular carcinoma (HBV-HCC) has been apathetic, as the expression of HBV antigens by both normal HBV-
infected hepatocytes and HCC cells with HBV-DNA integration increases the risk of on-target off-tumor severe
liver inflammatory events. To increase the safety of this immunotherapeutic approach, we developed messenger RNA
(mRNA) HBV-TCR-redirected T cells that—due to the transient nature of mRNA—are functionally short lived and
can be infused in escalating doses. The safety of this approach and its clinical potential against primary HBV-HCC
have never been analyzed in human trials; thus, we studied the clinical and immunological parameters of 8 patients
with chronic HBV infection and diffuse nonoperable HBV-HCC treated at weekly intervals with escalating doses
(1 x 10% 1 x 10°, 1 x 10% and 5 x 10° TCR+ T cells/kg body weight) of T cells modified with HBV-TCR encoding
mRNA. The treatment was well tolerated with no severe systemic inflammatory events, cytokine storm, or neurotoxic-
ity observed in any of these patients throughout treatment. Instead, we observed a destruction of the tumor lesion
or a prolonged stable disease in 3 of 8 patients. Importantly, the patients without clinically relevant reductions of
HCC did not display any detectable peripheral blood immunological alterations. In contrast, signs of transient local-
ized liver inflammation, activation of the T-cell compartment, and/or elevations of serum chemokine (C-X-C motif)
ligand (CXCL) 9 and CXCL10 levels were detected in patients with long-term clinical benefit. Conclusion: We show
that despite the reduced in wvivo half-life (3-4 days), adoptive transfer of mRNA HBV-TCR T cells into patients with
HBV-HCC show long-term clinical benefit that was associated with transient immunological alterations. (Hepatology
Communications 2022;6:841-854).

epatitis B-related hepatocellular carcinoma present, approved systemic therapies are favorable
(HBV-HCC) remains a global issue with for early stages of the disease, while effective therapy
increasing cases particularly in Asia.) At options for advanced HBV-HCC cases are limited to

Abbreviations: AFB alpha-fetoprotein; ALT, alanine aminotransferase; CAR, chimeric antigen receptor; CHB, chronic HBV infection; CRE
C-reactive protein; CT, computed tomography; CXCL, chemokine (C-X-C motif) ligand; HBV, hepatitis B virus; HBV-HCC, HBV-related HCC;
HBV-TCR T cell, T cell engineered with HBV-specific T-cell receptors; HBV-Env, HBV envelope; HBsAg, HBV surface antigen; HCC, hepatocellular
carcinoma; HLA, human leukocyte antigen; IL, interleukin; LMR, lymphocyte/monocyte ratio; mRINA, messenger RNA; NLR, neutrophil/lymphocyte
ratio; PBMG, peripheral blood mononuclear cell; pgRNA, pre-genomic RNA; PLR, platelet/lymphocyte ratio; TBil, total bilirubin; TCR, T-cell
receptor.
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liver transplantations or the use of immune check-
point inhibitors alone or in conjunction with anti-
angiogenics, which has varying response rates and
survival benefits.?) We have pioneered a personalized
T-cell therapy that targets HBV antigens expressed
on HBV-HCC cells using T cells engineered
with HBV-specific T cell receptors (HBV-TCR T
cells).®™ These enginecered HBV-TCR T cells have
demonstrated the ability to recognize both HBV-
infected hepatocytes and HCC cells expressing HBV
antigens. Importantly, we showed that short HBV-
DNA integrations in HBV-HCC cells can generate
functional CD8 T-cell epitopes capable of activating
HBV-TCRT cells even in the absence of whole HBV
antigens detected through antibody-based assays.")
Furthermore, more than 90% of HBV-HCCs have
DNA integrations that are typically truncated frag-
ments of the cognate open reading frame,* 7 sug-
gesting the possibility of treating a large quantity of
patients with HBV-HCC. However, an important
drawback of such a strategy is that the HBV T-cell
epitopes derived from the processing of the whole or
truncated forms of HBV antigens within infected or
HBV-HCC cells are identical and may lead to off-
target effects. Of note, there are no experimental indi-
cations to support whether HBV-TCR T cells could
preferentially target either normal HBV-infected
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hepatocytes or HCC cells with HBV-DNA integra-
tions. To address the safety concerns related to the
possible targeting of large numbers of normal HBV-
infected hepatocytes, we test the efficacy of HBV-TCR
T cells in patients with HBV-HCC relapses after liver
transplant.<5’8) In these patients, tumor and liver-graft
human leukocyte antigen (HLA) haplotypes are mis-
matched, unlike in patients with primary HBV-HCC.
This specific patient-selection criterion minimizes
the occurrence of off-tumor inflammatory events by
allowing the engineered TCR T cells to be redirected
toward epitopes presented by HLA molecules only on
the tumor cells but not on the normal hepatocytes,
hence allowing us to demonstrate the ability of our
therapy in selected patients to target HCC cells with
HBV-DNA integration in vivo.

In addition, to translate this therapy into patients
with primary HBV-HCC, we developed a strategy of
HBV-TCR T-cell production based on the transient
expression of HBV TCRs obtained through messen-
ger RNA (mRNA) electroporation. This approach
has two advantages. First, multiple infusions of func-
tionally short-lived mRNA HBV-TCR T cells could
provide better antitumor effects. Using a murine
xenograft model, it was recently demonstrated that
the continuous activation of adoptively transferred

chimeric antigen receptor (CAR) T cells by signaling
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through the stably expressed CARs induced exhaus-
tion that requires transient cessation of CAR signal-
ing in order to restore functionality.”) This implies
that the adoptive transfer of TCR T cells engineered
to stably express the exogenous TCR—and hence
proliferate and engraft in the patient—might only
provide an antitumor function that eventually wanes
with the development of exhaustion. Instead, an
approach that relies on multiple infusions of short-
lived mRNA-electroporated TCR T cells would
in effect refresh this effector T-cell population and
potentially enhance the antitumor efficacy. Second,
short-lived HBV-TCR T cells have a better safety
profile that should not perpetuate on-target off-
tumor adverse events if it occurs. We showed that
multiple adoptive transfers of such short-lived (3-4
days) mRNA HBV TCRs into HBV-infected chime-
ric mice engrafted with human hepatocytes triggered
only a transient and reversible liver inﬂammation,(w)
so it is reasonable for us to presume that multiple
infusions of optimal quantity of short-lived mRNA
HBV-TCR T cells in patients with chronic HBV
(CHB) with primary HBV-HCC could be tolerated.

From a different perspective, the induction of
immune-related events after mRNA HBV-TCR
T-cell immunotherapy might also be indicative of a
less-compromised immune system rather than a mere
undesirable adverse event. This can have important
implications in the establishment and maintenance
of the cancer immunity cycle that can perpetuate a
long-term antitumor effect. For example, patients
with non-small cell lung cancer who experienced
treatment-related adverse events following therapy
with anti-programmed death 1 (PD1) checkpoint
inhibitor (Pembrolizumab; KEYNOTE-001 trial) had
an increased objective response rate, progression-free
survival, and overall survival compared with patients
who did not."" Similarly, a meta-analysis of clinical
trials with another anti-PD1 checkpoint inhibitor
(Nivolumab) also found a positive correlation of the
incidence rate of immune-related adverse events with
the objective response rate of patients with advanced
12 Tt would then be important to under-
stand whether immunological alterations can be
induced by the transiently functional mRNA HBV-
TCR T cells in patients with primary HBV-HCC
and its association with antitumor response.

To address these issues, we first tested the safety
of escalating doses of mRNA HBV-TCR T-cell

solid tumors.
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immunotherapy in patients with CHB with diffused
unresectable HCC. We also longitudinally moni-
tored the biochemical, radiological, and immuno-
logical alterations to better understand the potential

efficacy of HBV-TCR T-cell immunotherapy in

these patients.

Materials and Methods

PATIENTS

Patients with primary HBV-HCC (n = 8) were
recruited at the Fifth Medical Center of Chinese
PLA General Hospital, Beijing, China, for an open-
label, phase 1 dose-escalation study (NCT03899415).
None of the patients had a decompensated disease
and were at least Child-Pugh grade B at the start of
therapy. All patients had a history of chronic HBV
infection and received nucleotide analog treatment. In
addition to patients BOO3 and B006, all other patients
received Sorafenib before TCR T-cell therapy.
Patients B0O01, B002, B0O03, B004, BO05, B007, and
B008 also received Sorafenib treatment in combina-
tion with TCR T-cell infusion. None of the patients
received immunotherapy before this study. This study
was approved by the Ethics Committee of the Fifth
Medical Center of Chinese PLA General Hospital
and was conducted according to the principles of
the Declaration of Helsinki with informed consent
obtained from all patients involved.

HBV-TCR T CELLS

All of the patients were HLA-typed to determine
whether they were expressing either HLA-A0201 or
HLA-Cw0801. HBV envelope (HBV-Env)-specific
TCRs restricted by the respective HLA molecules
were then selected accordingly.

Production of HBV-specific TCR T cells for infu-
sion is similar to that described previously.(s) In brief,
peripheral blood mononuclear cells (PBMCs) from
the patient were isolated by Ficoll density gradi-
ent centrifugation, followed by activation for 8 days
with 600 IU/mL of GMP-grade interleukin (IL)
2 (Miltenyi, Germany) and 50 ng/mL of GMP-
grade muromonab-CD3 (Miltenyi, Germany) in cell
therapy—grade AIM-V (Invitrogen, Carlsbad, CA)
supplemented with 5% CTS Serum Replacement
(Invitrogen, Carlsbad, CA). Activated T cells were
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then electroporated using the AgilePulse Max system
(BTX, Holliston, MA) according to the manufactur-
er’s recommended protocol.

QUALITY CONTROL OF
ENGINEERED HBV-SPECIFIC T
CELLS

Electroporation efficiency of TCR-redirected
T cells was characterized for every infusion in all
patients. Electroporation efficiency was quantified
by staining with the appropriate TCR-Vf antibodies
(Beckman Coulter, Pasadena, CA).

INFUSION PROTOCOL

All patients started the experimental therapy with a
planned dose-escalation phase, in which increasing num-
bers of TCR T cells (10* to 5 x 10° TCR+ T cells / kg)
were infused every week (total of four infusions). This
was followed by a monitoring period of at least 1 month
before infusions of high numbers (maximum 5 x 10°
TCR+ T cells/ kg) of TCR T cells were given when
indicated. Serum alanine aminotransferase (ALT) and
total bilirubin (TBil) levels were monitored regularly.
Infusions were temporarily suspended, as determined
by the primary physician if patients experienced clin-
ically significant adverse events and the doses were
reduced for subsequent infusions if applicable.

IMMUNOPHENOTYPING OF
ACTIVATED AND PROLIFERATING
T CELLS

To detect activated and proliferating T cells, the
following antibodies (abs) were used: anti-CD3-
APC-Cy7 (clone SK7), anti-CD8-BV510 (clone
SK1), anti-Ki67-AF488 (clone ki67), and anti-
CD39-APC (clone Al). All abs were purchased from
BioLegend (San Diego, CA). PBMCs were labeled
with the previously mentioned Abs on ice for 30 min-
utes and then thoroughly washed and fixed for further
analysis by flow cytometry.

SERUM CYTOKINE/CHEMOKINE
ANALYSIS

Serum levels of IL-6, 1L-10, IL-18, interferon
gamma (IFN-y), tumor necrosis factor alpha (TNF-a),
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chemokine (C-X-C motif) ligand (CXCL) 9, and
CXCL10 were evaluated using a Luminex-procartaplex
7 plex kit (PPX-07; eBioscience, Waltham, MA) fol-

lowing the manufacturer’s instructions.

HEMATOLOGICAL,
BIOCHEMICAL, AND IMAGING
ANALYSIS OF TREATED PATIENTS

All hematological, biochemical, and imaging anal-
ysis was performed by the Fifth Medical Center of
PLA General Hospital in accordance with their stan-
dard operating procedures for each assay requested.

Results

MRNA HBV-TCR T-CELL
IMMUNOTHERAPY OF
PATIENTS WITH CHB WITH
PRIMARY HBV-HCC DID NOT
CAUSE FREQUENT LIVER
INFLAMMATORY EVENTS

We recruited 8 patients with CHB with diffused
nonoperable HBV-HCC. The HLA class I hap-
lotype of all patients was defined, and HBV-Env-
specific TCRs restricted by either HLA-A0201 or
HLA-Cw0801 were used to engineer the respec-
tive mRNA HBV-TCR T cells (Table 1). All of the
patients were scheduled to receive four escalating
doses of mRNA HBV-TCR T cells (10* to 5 x 10°
TCR+ T cells/kg) infused weekly (Fig. 1A). Quality
control experiments aimed at evaluating the mRNA
electroporation efficiency (by antibody staining of the
appropriate TCR-Vp chain) were performed for every
production cycle of mRNA HBV-TCRT cells (Fig. 1B).
Electroporation efficiency varies for each patient and
typically ranges between 30% and 60% of live cells
recovered after electroporation (Fig. 1B).

None of the treated patients experienced an imme-
diate systemic adverse event after any infusion, even
at the maximum dose of 5 x 10° TCR+ T cells/kg.
Vital signs of all patients remained stable after every
infusion (Fig. 1C), and markers of systemic inflam-
mation (lymphocyte/monocyte ratio [LMR]; platelet/
lymphocyte ratio [PLR]; and neutrophil/lymphocyte
ratio [NLR]) fluctuated without any dose-dependent
patterns (Fig. 1D). These observations indicate that
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FIG. 1. HBV-specific TCR T-cell therapy of patients with CHB with primary HBV-HCC did not induce an acute systemic inflammatory
reaction. (A) Schematic representation of the infusion protocol. Patients with CHB primary HBV-HCC (n = 8) were given four infusions
of autologous mRNA electroporated HBV-specific TCR T cells at increasing doses (1 x 10* to 5 x 10° CD8+Vp+ T cells/Kg) 1 week apart.
Subsequent infusions were given with variable number of escalating doses, with a maximum of 5 x 106/kg TCR T cells. (B) CD8+Vp+
T-cell frequency of all TCR T-cell productions were quantified. The frequency before and after HBV-TCR mRNA electroporation is
shown. (C) Systolic and diastolic blood pressure of all treated patients before and 3 days after each infusion. (D) Differential blood counts
were performed for all patients during the course of therapy, and markers of systemic inflammation are shown. The shaded regions demarcate
the reference ranges of each parameter derived from the mean + SD observed in healthy individuals."® Abbreviation: EP, electroporation.

infusions of mRNA HBV-TCR T cells into patients
with CHB and primary HBV-HCC were generally
well tolerated and did not induce an acute systemic
inflammatory reaction.

Focusing on liver inflaimmatory events, 2 of 8
patients developed liver inflammation upon receiving a
low dose of HBV-TCR T cells (5 x 10* to 10° TCR+
T cells/kg) (Fig. 2A). BOO1 tolerated the first dose of
10* TCR+ T cells/kg without changes in any clinical/
virological parameters. In contrast, a second dose of 10°
TCR+ T cells/kg induced a large and rapid elevation
of serum ALT and TBil levels evident 3 days after the
infusion (Fig. 2A,B), accompanied with nausea and the
development of jaundice for about 25 days. Despite the
transient expression of HBV-TCR by the engineered T
cells, serum ALT, and TBil levels progressively increased,
peaking at about 16 days after the second infusion (Fig.
2A,B). Clinical symptoms and liver function gradually
improved without clinical intervention, and a full recov-
ery was made about 80 days from the onset of inflam-
mation. On the other hand, patient 2 (B002) tolerated
the first dose and only had a mild and gradual increase
of serum ALT levels after receiving the second infusion
of 5 x 10° TCR+ T cells/kg without accompanying ele-
vations of TBil (Fig. 2A,B). Serum ALT levels returned
to baseline in about 35 days from the second infusion.
In both patients, serum C-reactive protein (CRP) lev-
els remained stable throughout the liver inflamma-
tory event (Fig. 2B). Interestingly, when both patients
resumed therapy thereafter, subsequent infusions at
even higher doses (maximum of 5 x 10°TCR+T cells/kg)
did not cause any observable liver inflammation
(Fig. 2B). Based on these observations, the occurrence
of the localized liver inflammation appears to be dose-
independent (Fig. 2), and the pretreatment serum levels
of hepatitis B surface antigen (HBsAg), ALT, and CRP
also do not predict the induction of liver inflamma-
tion (Table 1). At the moment, a clear cause for these
adverse events remains to be determined.

In all, these results demonstrate that infusions of

as little as 6 million HBV-specific T cells (frequency

in total T cells approximately 0.000003%) can trigger
a localized liver inflammation in some patients with-
out systemic involvement. Liver damage, however, was
well tolerated and fully reversible despite the advanced
pathological liver condition present in the patients.

MRNA HBV-TCR T-CELL
INFUSIONS INDUCE
IMMUNOLOGICAL ALTERATIONS
IN THE PERIPHERAL BLOOD

We next analyzed whether mRNA HBV-TCR
T-cell infusions can induce detectable immuno-
logical alterations in the peripheral blood of the
patients. The frequencies of activated and prolifer-
ating CD8 and CD4 T cells (Ki67+ CD39+/CD8
or CD4 T cells) were quantified before and after
every TCR T-cell infusion to determine whether
an activation of the T-cell compartment could be
induced. Serum from peripheral blood was also col-
lected at regular intervals and the levels of IFN-y,
TNF-a, IL-6, IL-18, IL-10, CXCL9, and CXCL10
were quantified. Only CXCL9 and CXCL10 exhib-
ited significant fluctuations after HBV-TCR T-cell
infusions, while the other measured analytes remain
stable in all patients.

Immune-related alterations were induced in 3
of 8 HBV-TCR T cell-treated patients (Fig. 3). A
transient increase in Ki67+ CD39+ CD8 and CD4
T-cell frequencies, indicative of an activated T-cell
compartment, was observed in patient BOO8 without
the induction of liver inflammation (Fig. 3A). These
changes peaked as early as 3 days after infusion and
subsided in the next 4 days (Fig. 3A). Activation
of peripheral blood T cells was also accompanied
with the transient elevation of serum CXCL9 and
CXCL10 levels (Fig. 3B). This increase was more
rapid, peaking 1 day after mRNA HBV-TCR T-cell
infusion and subsiding 2 days later. Both immuno-
logical alterations were observed only after high-

dose HBV-TCR T-cell infusions (5 x 10°® TCR+
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FIG. 2. HBV-specific TCR T-cell therapy can cause a self-limiting and reversible liver-specific adverse event in some patients. (A)
Occurrence of adverse events in relation to the dose of HBV-specific TCR T cells infused into the patient (left). Table summarizes the
adverse events that occurred during the course of the therapy, and the liver-specific parameters recorded at baseline and the maximum
levels achieved during treatment. (B) Longitudinal levels of liver inflammation markers ALT (red) and TBil (blue) of all patients treated
with HBV-specific TCR T cells. CRP levels (green) of patients with documented adverse events are shown in the respective inserts. The
number of HBV-specific TCR T cells infused are indicated in gray. *Patients with reported adverse events.

T cells/kg) and not at the lower doses (Fig. 3). In  at lower levels and without detectable liver inflam-
a similar fashion, induction of serum CXCL9 and mation or activation of the T-cell compartment
CXCL10 was also observed in patient B00S5, albeit (Fig. 3).
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FIG. 3. HBV-specific TCR T-cell therapy induced observable immunological alterations in the peripheral blood. (A) Longitudinal
frequencies of peripheral blood activated and proliferating (Ki67+ CD39+) CD8 and CD4 T cells. (B) Serum concentrations of CXCL9
and CXCL10 of all patients treated with HBV-specific TCR T cells. Serum ALT levels and the number of HBV-specific TCR T cells
infused are indicated as before. *Patients with reported adverse events.

the frequencies of activated T cells in the periph-
eral blood (Fig. 3A). The kinetics, however, were
slightly different. Ki67+ CD39+ CD8 and CD4

In patient BO01 who developed severe liver inflam-
mation, there was a temporal association between the
induction of liver inflammation and the increase in
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T-cell frequencies were only elevated 10 days after
the development of liver inflammation before the fre-
quencies returned to baseline levels upon resolution
(Fig. 3A). Serum levels of CXCL9 were elevated in
the first 28 days of treatment when liver inflamma-
tion occurred, and gradually declined with time (Fig.
3B). Unfortunately, the serum sampling time points
tor B0O1 did not allow us to track the levels of both
chemokines with high resolution during liver inflam-
mation. Both T-cell activation and serum chemokine
changes were no longer observed after subsequent
higher-dose infusions in which liver inflammation
was not triggered (Fig. 3). Unlike patient B001, the
mild liver inflaimmation induced in B002 was not
associated with a concomitant increase in the fre-
quency of activated T cells or CXCL9 and CXCL10
levels in the peripheral blood (Fig. 3).

Taken together, we demonstrate that mRNA
HBV-TCR T-cell treatment of patients with primary
HBV-HCC can induce detectable immune-related
alterations with differing magnitude in the periph-
eral blood with or without the occurrence of liver
inflammation.

IMMUNOLOGICAL ALTERATIONS
INDUCED BY MRNA HBV-TCR T-
CELL THERAPY IS POSITIVELY
ASSOCIATED WITH TREATMENT
RESPONSE

The association between immune-related alter-
ations induced by mRNA HBV-TCR T-cell therapy
and anti-tumor response was then evaluated by mon-
itoring the tumor growth during treatment. In addi-
tion, because the treatment targets HBV antigens,
HBV-related parameters could also be used to mon-
itor treatment response. These patients with chronic
HBV-HCC are under nucleoside analogue (NA)
therapy for HBV infection; hence, their serum HBV-
DNA load is well suppressed and not useful for mon-
itoring purposes. However, serum HBV pre-genomic
RNA (pgRNA) have been shown to be more read-
ily detected in NA-treated patients with CHB, and
also have good correlation with HBV-DNA load in
untreated patients with CHB or during acute infec-
tion.1? Hence, to supplement the radiological eval-
uation, we also quantified the serum levels of HBV
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pgRNA, which were above the limit of detection only
in patient BO02.

The severe liver inflammation, together with an
activation of the T-cell compartment and subse-
quent elevation of CXCL9 after HBV-TCR T-cell
infusion in patient BOO1, was temporally associated
with tumor destruction (Fig. 4A). One hundred
and sixty-five days after treatment commencement
and after the liver inflammation has subsided, we
observed a dramatic necrosis of the liver tumor
through contrast computed tomography (CT) imag-
ing (Fig. 4A). Follow-up CT imaging at day 425
showed a clear reduction of the tumor size that was
maintained until day 520, over 3 months after the last
infusion. In patients in whom immune-related alter-
ations were less pronounced, like in patient B0OS,
in whom T-cell activation and elevation of serum
chemokines were observed, or in patient B00S5, in
whom only serum chemokines were elevated, both
without detectable liver inflammation, the total
tumor load remained relatively stable with some
liver lesion decreasing in size (Fig. 4B,C). Instead,
in all other patients in whom immune-related alter-
ations were undetectable, tumor load continued
to increase (Fig. 4B,C). Interestingly, even though
radiological imaging did not detect reduction of the
tumor load of patient B002 after treatment despite
the mild liver inflammation, analysis of the serum
HBV-pgRNA levels showed a clear decline follow-
ing treatment, which was indicative of treatment
response (Fig. 4D).

Recently, pretreatment levels of systemic inflam-
mation markers have been shown to have a negative
association with the survival outcome of Nivolumab
monotherapy. ™ To further support our observa-
tions, we segregated the treated patients based on
their pretreatment levels of several inflammatory
biomarkers (PLR, NLR, LMR, CRP, and ALT)
and the HCC-associated antigen alpha-fetoprotein
(AFP). Consistent with their findings, all of the
treatment responders (B001, B002, BO005, and
B008) had lower pretreatment NLR and PLR lev-
els compared with the nonresponders, whereas other
inflammatory markers like ALT, CRP, LMR, and
AFP showed no discernible association (Table 1;
Fig. 4E).

These data demonstrate the positive association
between the induction of immune-related events
after HBV-TCR T-cell immunotherapy of patients
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FIG. 4. Immunological alterations in the peripheral blood correlate with observable antitumor response. The longest diameter of the
target lesions in the liver was monitored throughout the treatment. The number of HBV-specific TCR T cells infused are indicated as
before. *Patients with reported adverse events. (A) Changes in the longest diameter (compared with baseline) of the liver target lesion
in patient BOO1. Representative CT images of the liver target lesion at different time points are shown and indicated in the graph. (B)
Changes in the longest diameter (compared with baseline) of the target lesion in the liver of patients B002-B008. Each line represents a
single liver target lesion. (C) Summary of the reduction in the longest diameter (compared with baseline) of individual liver target lesions
in all treated patients analyzed from radiological imaging performed before treatment and within 3 months of the last infusion. (D) Levels
of serum HBV pgRNA were analyzed in all patients. Only patient BO02 (shown here) had detectable serum HBV pgRNA at baseline
and was followed throughout treatment. (E) Baseline pre-infusion neutrophil/lymphocyte and platelet/lymphocyte ratio of patients who
exhibited immunological alterations after receiving HBV-specific TCR T cells (responders) and those who do not (nonresponders). Box
plot overlay shows the median and interquartile range of both parameters, as observed in the total population analyzed in Sangro et al.™¥

were induced, suggesting that such alterations are
prognostic of the antitumor effects of HBV-TCR
T-cell immunotherapy.

with primary HBV-HCC and treatment response
(Table 1). A better treatment response was also
observed when stronger immune-related alterations
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Discussion

Immune therapy with mRNA HBV-TCR T
cells of patients with HBV-HCC with HCC recur-
rence following liver transplantation have shown
good safety profile without occurrences of adverse
events.”) However, in patients with primary HBV-
HCC, HBV-TCR T-cell killing of infected and trans-
tormed hepatocytes can no longer be segregated by
the expression of mutually exclusive HLA molecules,
leading to a concern of on-target off-tumor toxicity.
Here we report evidence regarding the safety profile
of short-lived mRNA HBV-TCR T-cell therapy of
patients with CHB with primary diffused nonoper-
able HBV-HCC.

Multiple infusions of escalating numbers of short-
lived mRNA HBV-TCR T cells was safe with no
occurrences of severe cytokine storms, neurotoxic-
ity, or systemic inflammation detected in any of the
patients throughout treatment. Nevertheless, some
patients developed liver inflaimmation that was self-
limiting and fully reversible, even with their existing
liver pathology. However, while it is not entirely sur-
prising that the hepatitis following HBV-TCR T-cell
infusion was occurring in 2 of 8 patients, it notewor-
thy that we did not detect any correlation among the
triggering of liver inflammation, the quantity of adop-
tively transferred mRNA HBV-TCR T cells (specific
for HBV-Env), or the pretreatment levels of HBsAg
in the serum (Table 1). For example, the high levels
of ALT were induced in patient B001 by the adoptive
transfer of only 100,000 TCR+ T cells/kg (approxi-
mately 6 million cells in total). Given that the total
number of lymphocytes in a healthy human is approx-
imately 1-2 x 10", the final frequency of HBV-TCR
T cells infused in this patient is approximately 3 of
100 million T cells. It appears completely implausi-
ble that such low quantities of T cells could be able
to sustain a direct lysis of hepatocytes, causing altered
levels of ALT and TBil that lasted for approximately
80 days observed in this patient. HBV-specific T cells
capable of proliferating and cytokine production (thus
not completely exhausted) can be detected in so-called
immune-tolerant patients with CHB characterized by
normal levels of ALT. Even though the frequency of
these T cells has not been directly quantified ex vivo
in these patients, the fact that we can expand HBV-
specific T cells from 0.5 x 10° PBMCs indicated that
HBV-specific T cells circulating in these patients are
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at frequencies superior to the one achieved in patient
B001, and yet with no occurrences of hepatitis in such
patients.

We think that the only possible explanation of the
ability of the limited quantity of HBV-TCR T cells
to trigger a prolonged inflammatory event is the fact
that the immunological environment of the liver in a
patient with advanced liver disease differs from that
of a patient with CHB. In particular, we have demon-
strated that an enrichment of pro-inflammatory
myeloid cells is present in patients with advanced liver
disease.™ Therefore, it seems plausible to hypoth-
esize that the quantity of such cells and their abil-
ity to respond to minimal quantity of cytokines or
damage signals induced directly by the lysis of few
HBV-expressing hepatocytes by HBV-TCR T cells
is responsible for driving the prolonged liver inflam-
mation detected in some patients. Further support of
this hypothesis can also be derived by the lack of any
correlation between the induction of liver inflamma-
tion and the pretreatment serum HBsAg quantity
(Table 1). Even though the serum HBsAg quantity
is only a generic proxy of the number of hepatocytes
expressing HBsAg, as high amounts of HBsAg can
be released by few hepatocytes, we should theoreti-
cally expect that patients with higher quantities of
serum HBsAg might be at higher risk of liver inflam-
mation due to the increased availability of the T-cell
trigger. This was also not observed in our cohort. On
the other hand, our observations support the idea that
the liver environment composition, and not the num-
ber of available targets nor the dose of HBV-TCR
T cells infused, drives the triggering of the inflam-
matory events. In addition, subsequent infusions
of higher numbers of HBV-TCR T cells in patient
B0O01 after resolution of the first episode of hepatitis
did not result in any peripheral signs of liver damage,
suggestive of the induction of unknown regulatory
mechanisms within the liver environment. Hence,
while mRNA HBV-TCR T-cell therapy in patients
with primary HBV-HCC can be well tolerated, the
inability to detect a relation between liver inflamma-
tion triggering and dose of HBV-TCR T-cell or HBV
virological parameters highlights the importance of
carefully dosing the quantity of adoptively transferred
mRNA HBV-TCR T cells and supports the imple-
mentation of a cautious approach to mitigate poten-
tial liver inflammation occurring unpredictably even
at low doses.
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The immune-related changes induced by the infu-
sion of short-lived mRNA HBV-TCR T cells have
also provided important insights. In a previous anal-
ysis of patients with post-liver-transplant recurrence
of HBV-HCC who were treated with mRNA HBV-
TCR T cells, we observed an increased frequency of
activated T cells in the peripheral blood within 5 days
after the T-cell infusions without triggering hepati-
tis.®® Such changes were detected even in the pres-
ence of the immunosuppressive drugs Tacrolimus
and Mycophenolate Mofetil, which suppress T-cell
function to prevent liver graft rejection. This ele-
vated frequency was also only seen in patients who
exhibited antitumor response either through radiolog-
ical imaging or from the reduction of serum tumor
markers AFP, providing initial evidence of the asso-
ciation between the antitumor effects and the activa-
tion of the T-cell compartment. In the current work,
the increase in T-cell activation following mRNA
HBV-TCR T-cell infusions was still associated with
treatment response, and the alterations could occur
in association with liver inflammation or be inde-
pendent of acute hepatitis without the presence of
confounding immunosuppressive drugs. Importantly,
we expanded the analysis to include the detection of
serum CXCL9 and CXCL10 in the peripheral blood.
Because CXCL9 and CXCL10 are not produced by
T cells directly and are instead secreted by other cells
secondary to T-cell activation, the increase of these
chemokines is suggestive of a successful antigen-
specific stimulation of the mRNA HBV-TCR T cells
through engagement with HBV-HCC cells. The rapid
kinetics of the chemokine elevations was also consis-
tent with the transient expression of the HBV-TCR
on the adoptively transferred mRNA HBV-TCR T
cells. Although both chemokines increase in response
to the HBV-TCR T-cell infusions in some patients,
elevations of CXCL9 levels were generally higher and
could represent a better prognostic marker of efficacy
than CXCL10. This would have to be investigated in
a larger cohort of mRNA HBV-TCR T cell-treated
patients.

Combining the incidence of all immune-related
events (liver inflammation, T-cell activation, and
serum chemokine increase), only patients with detect-
able immunological alterations had subsequent treat-
ment response, whereas those without any detectable
immune-related changes after treatment had a progres-
sive disease. It was also interesting that the treatment
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responders had a lower baseline systemic inflamma-
tion, as evidenced by the pretreatment NLR and PLR
values compared to the patients with no treatment
response. Although speculative, a lower inflammatory
state could allow for the activation of the patient’s
immune system following treatment, leading to tumor
destruction, whereas a persistently inflamed situation
would prevent the successful induction of antitumor
immune response, possibly through multiple immu-
noregulatory processes that try to limit inflammation.
Collectively, all of the evidence supports an alternate
interpretation of immunological events, including
adverse events, following mRNA HBV-TCR T-cell
therapy of patients with CHB with HBV-HCC, in
whom such inductions are prognostic of successful
treatment.

The limitation of this study is its small sample size;
therefore, future trials with a larger cohort of patients
with CHB with HBV-HCC will be required to validate
the association of treatment-induced immunological
alterations and antitumor response. Nevertheless, the
data presented here show that despite the reduced in
vivo half-life (3-4 days), repetitive infusions of mRNA
HBV-TCRT cells into patients with CHB with HCC
can trigger long-term clinical benefits that were associ-
ated with transient immunological alterations, further
supporting the potential of such an immunotherapeu-
tic strategy in the treatment of advanced HCC.
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