
Gastroenterology 2019;156:1862–1876

BASIC
AND

TRANSLATIONAL
LIVER
Use of Expression Profiles of HBV-DNA Integrated Into Genomes
of Hepatocellular Carcinoma Cells to Select T Cells for
Immunotherapy

Anthony Tanoto Tan,1,* Ninghan Yang,2,* Thinesh Lee Krishnamoorthy,3,* Vincent Oei,1

Alicia Chua,4 Xinyuan Zhao,4 Hui Si Tan,4 Adeline Chia,1 Nina Le Bert,1 Diana Low,5

Hiang Keat Tan,3 Rajneesh Kumar,3 Farah Gillan Irani,6 Zi Zong Ho,4 Qi Zhang,7

Ernesto Guccione,5 Lu-En Wai,4,8 Sarene Koh,4,8 William Hwang,9 Wan Cheng Chow,3 and
Antonio Bertoletti1,8

1Emerging Infectious Diseases, Duke-NUS Medical School, Singapore; 2Genome Institute of Singapore, Agency for Science
and Technology (A*STAR), Singapore; 3Department of Gastroenterology and Hepatology, Singapore General Hospital,
Singapore; 4Lion TCR Pte Ltd, Singapore; 5Institute of Molecular and Cell Biology, Agency for Science and Technology
(A*STAR), Singapore; 6Department of Vascular and Interventional Radiology, Singapore General Hospital, Singapore;
7Department of Biotherapy, The Third Affiliated Hospital of Sun Yat-Sen University, Guandong, China; 8Singapore Immunology
Network, Agency for Science and Technology (A*STAR), Singapore; 9Department of Haematology, Singapore General Hospital,
Singapore
Manufacturing 

Redirect 
antigen 

specificity 
with TCR 

mRNA 
electroporation  

of TCR 

Viral vector 
encoding TCR 

Personalization 
HLA profile of 

patient and donor 
liver 

+ 
Detection of HBV 

integrations in HCC 
metastases 

T-cells from 
peripheral 

blood 

Metastases 

HBV-specific T-cell infusion Treatment 
BACKGROUND & AIMS: Hepatocellular carcinoma (HCC) is
often associated with hepatitis B virus (HBV) infection. Cells of
most HBV-related HCCs contain HBV-DNA fragments that do
not encode entire HBV antigens. We investigated whether these
integrated HBV-DNA fragments encode epitopes that are
recognized by T cells and whether their presence in HCCs can
be used to select HBV-specific T-cell receptors (TCRs) for
immunotherapy. METHODS: HCC cells negative for HBV anti-
gens, based on immunohistochemistry, were analyzed for the
presence of HBV messenger RNAs (mRNAs) by real-time
polymerase chain reaction, sequencing, and Nanostring
approaches. We tested the ability of HBV mRNA-positive HCC
cells to generate epitopes that are recognized by T cells using
HBV-specific T cells and TCR-like antibodies. We then analyzed
HBV gene expression profiles of primary HCCs and metastases
from 2 patients with HCC recurrence after liver transplantation.
Using the HBV-transcript profiles, we selected, from a library of
TCRs previously characterized from patients with self-limited
HBV infection, the TCR specific for the HBV epitope encoded
by the detected HBV mRNA. Autologous T cells were engi-
neered to express the selected TCRs, through electroporation of
mRNA into cells, and these TCR T cells were adoptively trans-
ferred to the patients in increasing numbers (1 � 104–10 � 106

TCRþ T cells/kg) weekly for 112 days or 1 year. We monitored
patients’ liver function, serum levels of cytokines, and standard
blood parameters. Antitumor efficacy was assessed based on
serum levels of alpha fetoprotein and computed tomography of
metastases. RESULTS: HCC cells that did not express whole
HBV antigens contained short HBV mRNAs, which encode
epitopes that are recognized by and activate HBV-specific T
cells. Autologous T cells engineered to express TCRs specific for
epitopes expressed from HBV-DNA in patients’metastases were
given to 2 patients without notable adverse events. The cells
did not affect liver function over a 1-year period. In 1 patient, 5
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

Most of the HBV-related HCCs contain short HBV-DNA
integrations that do not produce whole HBV antigens.

NEW FINDINGS

HCC cells that do not express whole HBV antigens
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of 6 pulmonary metastases decreased in volume during the 1-
year period of T-cell administration. CONCLUSIONS: HCC
cells contain short segments of integrated HBV-DNA that
encodes epitopes that are recognized by and activate T cells.
HBV transcriptomes of these cells could be used to engineer T
cells for personalized immunotherapy. This approach might be
used to treat a wider population of patients with HBV-
associated HCC.
contain short HBV DNA fragments which encode
epitopes that can be recognized by and activate T-cells.
Analysis of the HBV integrations in liver tumours can
guide the appropriate selection of HBV-specific TCR
used to engineer T-cells for adoptive immunotherapy of
HCC.
Keywords: Adoptive T-cell Transfer; TCR; TCR T-cell; HCC.

epatocellular carcinoma (HCC), the most common
LIMITATIONS

The work is an initial proof-of-concept of the approach
which will need to be validated in a larger cohort of
patients with comprehensive post-treatment follow-up.

IMPACT

A wider population of HCC patients than previously
estimated by serological analysis can exploit HBV
antigens as tumour-specific targets for T-cell
immunotherapy

*Authors share co-first authorship.

Abbreviations used in this paper: AFP, alpha fetoprotein; bp, base pair;
cDNA, complementary DNA; CT, computed tomography; Env/Pol, enve-
lope/polymerase; HBcAg, hepatitis B core antigen; HBsAg, hepatitis B
surface antigen; HBV, hepatitis B virus; HBV-HCC, HBV-related HCC;
HCC, hepatocellular carcinoma; HCV, hepatitis C virus; IFN, interferon;
mRNA, messenger RNA; qPCR, quantitative polymerase chain reaction;
TCR, T-cell receptor.
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Hform of liver cancer, is associated with chronic
hepatitis B virus (HBV) or hepatitis C virus (HCV)
infections.1 Unlike the RNA-Flavivirus HCV, HBV is a DNA
virus that can integrate, as early as 3 days post in vitro
infection,2 into the chromosome of infected hepatocytes, and
more than 90% of HBV-related HCC (HBV-HCC) contains
HBV-DNA integrations.3–5 The potentially curative therapies
for HCC are at the moment limited to surgical resection,
radiofrequency ablation, and liver transplantation,6 whereas
systemic therapies provide only a modest increase in overall
survival,7–9 so prognosis for these patients remains
extremely poor. For this reason, we and others have
developed immunotherapeutic approaches in which T cells
are redirected with chimeric10 or classical T-cell receptors
(TCRs)11,12 able to target HBV antigens/epitopes expressed
on normal HBV-infected hepatocytes or in HCC cells. These
TCR or chimeric antigen receptor redirected T cells have
been shown in animal models to have antiviral13 but also
anti-HCC efficacy.10,12 Furthermore, in a proof-of-concept
compassionate treatment of a patient with chronic HBV
with post liver transplant recurrence of HBV-HCC,14 we
demonstrated that HCC relapses can be targeted in vivo by T
cells engineered with a TCR specific for an HLA-class I
restricted epitope derived from whole HBV surface antigen
(HBsAg) expressed in the metastases.

The feasibility of such T-cell immunotherapy in this
specific patient was because the whole HBsAg was
expressed and secreted only by the HCC metastases and
not by the transplanted liver. In the absence of detectable
HBV replication, the expression of HBsAg was due to the
integration of HBV-DNA coding for the whole HBV enve-
lope in the HCC cells. However, unlike in this specific pa-
tient, HBV viral integrations do not often encompass the
complete open reading frame of HBV antigens. Most of the
integrated HBV-DNA are incomplete and the insertion into
the human genome results in the generation of HBV-human
chimeric proteins.15,16 When assayed by antibody-based
techniques that depend on recognition of conformational
epitopes, HBV-HCC cells with these chimeric proteins
would appear negative for HBV antigens, and this explains
the fact that HBV-HCC tumors are often indicated as
negative for HBV antigens.17–20 As such, the utilization of
HBV viral antigens as an HCC-specific tumor antigen has
been highly controversial and thought to be only feasible
for a small minority of patients with HCC with whole HBV
antigens detected.
Here, we first hypothesized that HBV-specific CD8 T-cell
epitopes canbederived fromshort translationally activeHBV-
DNA integrations present in natural HBV serologically nega-
tive HCC cells. This would constitute the rationale of selecting
HBV antigens as a robust tumor-associated antigen for HCC,
in addition to the demonstration that single-cell genome
sequencing of HBV-HCC cells showed remarkable homology
of HBV integrations across multiple single tumor cells21

despite high overall genetic diversity.22,23 Using
HBV-specific CD8 T cells and antibody specific for HLA-class
I/HBV epitopes we demonstrated that production and
presentation of HBV-specific CD8 T-cell epitopes can take
place in naturally HBV serologically negative HCC cells with
HBV integration and that their HBV-transcript profile can
predict targetability byHBV-specific CD8Tcells.Wenext used
the HBV-transcript profile of HBV-HCC metastases present in
2 patients with HCC relapses after liver transplantation to
select the HBV-specific TCRs for personalized TCR T-cell
immunotherapy. The functionality of the engineered TCR T
cells and their safety and efficacy profile in the treatment of
the 2 patients with HBV-related HCC relapses are reported.
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Materials and Methods
Intracellular HBV Antigen Stain by
Immunofluorescence Assay

HCC adherent lines were plated on 24-well plate coverslips
overnight, washed once with 1x phosphate-buffered saline and
fixed with 4% formaldehyde for 20 minutes, followed by per-
meabilization with 0.1% Triton X-100 for 20 minutes and
blocking with 0.2% bovine serum albumin/0.01% Triton X-100
for 1 hour at room temperature. Cells were then incubated with
primary antibody of rabbit anti–hepatitis B core antigen
(HBcAg) at 1:200 (#7841; Abcam, Cambridge, MA) or mouse
anti-HBsAg at 1:300 (#MD050186; Raybiotech, Peachtree Cor-
ners, GA) overnight at 4�C, followed by secondary antibodies
goat anti-rabbit CF-555 at 1:800 (#SAB4600068; Sigma-
Aldrich, St Louis, MO) and goat anti-mouse CF-633 at 1:800
(#SAB4600333; Sigma-Aldrich) for 1 hour at room tempera-
ture, before counterstaining with 40,6-diamidino-2-
phenylindole (DAPI) at 1:5000. Data acquisition was done
using Zeiss (Oberkochen, Germany) LSM710 upright micro-
scope at �40 and data were analyzed in Zeiss ZEN software.

Sequencing of HBV-specific Transcripts
HBV-specific probes were designed in 50–base pair (bp)

regions that were approximately 80 bp apart across the entire
HBV genome (genotype D consensus from HBV-DB); 200 ng of
ribosomally depleted RNA was used as input for HBV-HCC
patient samples, reverse transcribed into complementary DNA
(cDNA) and sequencing library prepared according to manu-
facturer’s instructions (NUGEN [Redwood City, CA] Ovation
cDNA module for target enrichment # 9103–32, and NUGEN
Ovation customized Target Enrichment System #0400–32).
cDNA libraries were quantitatively and qualitatively assessed
by Bioanalyzer HiSense DNA Chip, followed by 150-bp single
end sequencing with Illumina (San Diego, CA) MiSeq.

Reverse-Transcription Quantitative Polymerase
Chain Reaction

Quantitative polymerase chain reaction (qPCR) was per-
formed with 2 to 20 ng of reverse-transcribed cDNA per re-
action, 0.2–0.7 mM each of forward and reverse primers specific
for HBV fragments of interest, and the universal Express SYBR
GreenER qPCR supermix (#11784-200; Invitrogen/Life tech-
nologies, Carlsbad, CA) or the PowerUp SYBR Green Master Mix
(Applied Biosystems, Foster City, CA). b-actin was amplified as
an internal control. Cycling conditions were as follows: 95�C for
10 minutes, followed by elongation for 45 cycles at 95�C for 15
seconds, 55�C for 45 seconds or 1 minute, 72�C for 5 seconds.
=
Figure 1. HBV-HCC lines negative for HBV antigens can contain
HBV-HCC lines with HBsAg- (red), HBcAg-specific antibody (blu
bars are 15 mm in length and the images are representative of
HBcAg expression in HBV-HCC lines by flow cytometry. Bars sh
and each circle denotes a single experiment. A representative
ferences with P < .05 are indicated. (C) HBV-transcript profile
targeted sequencing using probes spanning across the entire H
reads mapped per nucleotide. (D) HBV-transcript profile of HBV-
the HBV genome. Radar plot shows the normalized counts of ea
from HepG2 is overlaid in each radar plot (red). The open read
probe are annotated in a similar fashion to Supplementary Figu
Melt curve analysis was done to verify the specificity of the
reaction. Primer sequences are detailed in the Supplementary
Materials.
Nanostring nCounter RNA Quantification
Probesets tiling across the HBV genotype D genome were

custom designed by Nanostring (Seattle, WA) based on the
consensus sequence of genotype D obtained from the HBV
database (https://hbvdb.ibcp.fr/HBVdb/); 100 ng of total RNA
was used for each analysis and gene expression was quantified
using the customized probes and nCounter Standard master kit
(NAA-AKIT-048) according to manufacturer’s protocol.
xCelligence Real-Time Cytotoxicity Assay
For interferon (IFN)-g stimulated conditions, 1000 IU/mL

of recombinant human IFN-g was added overnight before being
washed 3 times with 1x phosphate-buffered saline. All HCC
adherent lines were then trypsinized and seeded in xCELLi-
gence E-Plate VIEW 16 (#06324746001; ACEA Biosciences, San
Diego, CA) for 16 to 18 hours and impedance was monitored
using the xCELLigence RTCA DP instrument (#00380601050;
ACEA Biosciences). CD8þ T cells were then incubated with HCC
lines at effector:target 1:1 ratio and impedance was monitored
continuously across 3 to 5 days.
Intracellular HBV Antigen/Cytokine Staining by
Flow Cytometry

HCC adherent lines were trypsinized, quenched with media,
and followed by live/dead Aqua staining (#L34957; BD Hori-
zon, San Jose, CA). Cells were fixed and permeabilized using BD
Cytofix/Cytoperm (BD Biosciences, San Jose, CA), followed by
primary antibody of rabbit anti-HBcAg (#7841; Abcam) or
mouse anti-HBsAg (#MD050186; Raybiotech) for 30 minutes
on ice, followed by secondary antibodies goat anti-rabbit–
CF555 (#SAB4600068; Sigma-Aldrich) and goat anti-mouse-
APC (#A865; Life technologies) for 30 minutes on ice. For
intracellular cytokine staining, CD8þ T cells were incubated
with HCC lines at 1:2 effector to target ratio for 5 hours, fol-
lowed by live/dead, surface and intracellular stains
(Supplementary Materials and Methods).
HBV-specific T-cell Immunotherapy of Patients
With HCC Relapses Post Liver Transplantation

The treatment protocol was approved by the SingHealth
Centralised Institutional Review Board of the Singapore Gen-
eral Hospital where the patients were admitted, and informed
fragments of HBV mRNA. (A) Immunofluorescence staining of
e), and 40,6-diamidino-2-phenylindole (DAPI) (white). The scale
2 independent experiments. (B) Quantification of HBsAg and
ow the average geometric mean fluorescence intensities (MFI)
experiment is shown in the histogram insert. Significant dif-
of HBV-HCC lines obtained from Illumina high-throughput
BV genome. Expression levels are shown as the number of
HCC lines (black) obtained using Nanostring probes covering
ch HBV-specific probe expressed on a Log10 scale. The profile
ing frames of HBV and relative positions of each Nanostring
re 1.

https://hbvdb.ibcp.fr/HBVdb/
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consent was obtained from both patients. Detailed clinical
history of the patients is found in the Supplementary Material.
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Results
HBV mRNA Fragments Are Present in HBV-HCC
Cells With Undetectable HBV Antigens

To determine whether specific T-cell recognition of HBV-
HCC cells could occur independently of the serological
positivity of HBV antigens, we analyzed the expression of
HBV antigens in HBV-HCC cell lines. Immunohistochemical
visualization (Figure 1A) and flow cytometric detection
(Figure 1B) of HBsAg and HBcAg confirmed the expression
of both antigens in HepG2.215, a cell line constitutively
expressing HBV genotype D virus,24 and their absence in the
parental HBV-negative HepG2 cells. Recapitulating previous
reports, PLC/PRF5-(A2) expresses solely the HBsAg,
whereas Hep3B-(A2) and SNU354-(A2) were negative for
both HBV antigens tested (Figure 1A and 1B).11,25–27

We next characterized the HBV-specific transcriptomic
profile of the HBV-HCC cell lines by RNA sequencing, by
qPCR with HBV-specific primers, and by custom-designed
HBV-specific Nanostring assay and compared them with
their antigen expression. The relative positions of the
primers and Nanostring probes in relation to the open
reading frames of HBV are depicted in Supplementary
Figure 1. As expected, sequencing reads mapped to the
entire HBV genome was detected in HepG2.215, whereas no
significant quantities of HBV-specific mRNA were detected
in HepG2 (Figure 1C). In line with the expression of HBsAg
detected with antibodies (Figure 1A and 1B), large quanti-
ties of transcripts were mapped to the envelope/polymer-
ase overlapping coding region of the HBV genome in PLC/
PRF5-(A2) (Figure 1C). On the contrary, although HBsAg
was not expressed in both Hep3B-(A2) and SNU354-(A2)
(Figure 1A and 1B), HBV-specific mRNA mapping to the
envelope/polymerase (Env/Pol) coding region were detec-
ted by sequencing, qPCR, and Nanostring (Figure 1 and
Supplementary Figure 2). Thus, using 3 independent
detection approaches, we show that HBV-HCC cells can
=
Figure 2. Functional HBV epitopes are generated by HBV-HCC
lines to activate epitope-specific T-cell clones were assayed
assay. (A) Representative normalized cell index curves are shown
of Core18–27 (green), Env183–191 (brown), Pol455–463 (pink),
normalized to the time when T cells were added. (B) Killing of
marized. Target killing was normalized to the wells with only HB
the average normalized killing and each dot represents a single
mL of IFN-g were added in the experiment. Significant differenc
lines were stained with TCR-like antibody specific for the HLA
column), fluorescent (TCR-like antibody; center column), and m
are shown. Bars show the average geometric MFI of the TCR-l
represents a single experiment and significant differences with P
A2 expressing SNU354 were co-cultured with Env183–191 (b
presence of brefeldin-A. SNU354-(A2) was also pulsed with the
cell clones as a positive control. Representative contour plots
CD8þ T cells are indicated. A summary of these frequencies is
CD8þ cells are indicated and each dot represents a single exp
express short HBV-specific mRNA without antibody detec-
tion of HBV antigens.

Translation of HBV mRNA Fragments Generates
Functional T-cell Epitopes

Because these short HBV mRNA fragments can result in
the formation of HBV/host chimeric proteins,15,28 the
presence of such transcripts in HBV antigen negative HCC
cells might be sufficient to generate functional HBV T-cell
epitopes on the cell surface, resulting in their recognition by
HBV-specific T cells. We evaluated this possibility using the
xCelligence impedance-based cytotoxicity assay.29 HBV
mRNA-positive HBV-HCC cell lines were cultured as targets
alone, or co-cultured with previously characterized HLA-A2
restricted HBV Core18–27, Env183–191, Pol455–46311 or
influenza M1-specific T-cell lines. Nonspecific target lysis
was further controlled using the corresponding non-HLA-A2
HBV-HCC cell lines. As expected for HBV-HCC cells with
detectable HBV antigens, only the 3 HBV-specific T-cell lines
were able to lyse almost all HBV-expressing HepG2.215 cells
within 48 hours of co-culture (Figure 2A and B). Similarly,
lysis of HBsAg expressing PLC/PRF5-(A2) was observed
only with the Env183–191 T cells (Figure 2A and B).
However, HBV-specific T-cell lines were also able to lyse
SNU354-(A2) and Hep3B-(A2) cells (Figure 2A and B) where
only fragments of HBV mRNA were detectable without the
presence of the corresponding HBV antigen (Figure 1).
Consistent with the presence of the HBV envelope coding
mRNA in SNU354-(A2), only the Env183–191 T cells were
able to lyse this target (Figure 2A and B), whereas lysis of
Hep3B-(A2) was instead mediated by the Pol455-463 T cells
(Figure 2A and B). This is not surprising because the HBV
Env and Pol coding regions are shared (Supplementary
Figure 1) and the translated protein sequences are
discriminated only by the different reading frames. Com-
bined with the random integrations into the host genome,
the same fragment of HBV mRNA could be translated to
amino acids matching either HBV Env or Pol.

To confirm that the envelope coding transcript positive
SNU354-(A2) cells can indeed generate the Env183–91
cells with fragments of HBV mRNA. The ability of HBV-HCC
by the xCelligence impedance-based real-time cytotoxicity
. HBV-HCC lines were cultured forw18 hours before addition
or Influenza M1 58–66 (blue) T-cell clones. Cell indexes were
HBV-HCC lines at 48 hours post T-cell addition were sum-
V-HCC lines cultured (spontaneous target death). Bars show
experiment. Gray dots indicate experiments in which 1000 IU/
es with P < .05 are shown. (C) SNU354-(A2) and SNU354 cell
-A0201/Env183–191 complex. Representative brightfield (left
erged (right column) images of the respective HBV-HCC cells
ike antibody staining for the HBV-HCC lines tested. Each dot
< .05 are indicated. (D) HepG2, SNU354-(A2), and non-HLA-
rown) or Pol455–463 (pink) T-cell clones for 5 hours in the
corresponding HBV peptides before co-culturing with the T-
are shown and the frequency of IFN-gþ CD8þ cells of total
shown in the dot plot where the average frequency of IFN-gþ
eriment. Significant differences with P < .05 are indicated.



1868 Tan et al Gastroenterology Vol. 156, No. 6

BASIC
AND

TRANSLATIONAL
LIVER
epitope, we first treated the cell line with IFN-g, a cytokine
known to activate intracellular immunoproteasomes and
boost HLA-class I presentation. Treatment of SNU354-(A2)
cells with IFN-g (1000 IU/mL) dramatically increased their
recognition by Env183–191 T cells. IFN-g treated SNU354-
(A2) cells were completely lysed in less than 6 hours of co-
culture in comparison with the approximately 48 hours
necessary for the complete killing of untreated SNU354-
(A2) cells (Supplementary Figure 3).

Furthermore, we directly analyzed the quantity of
Env183–191/HLA-A0201 complexes presented on the sur-
face of SNU354-(A2) cells using a previously developed
Env183–191/HLA-A0201 complex specific TCR-like anti-
body capable of specifically binding the HBV epitope/HLA-
class I complexes on HBV-infected hepatocytes.30 From the
single-cell images of SNU354-(A2), we observed the pres-
ence of the Env183–191/HLA-A0201 complexes on the cell
surface, whereas it was absent in both Hep3B-(A2) and non-
HLA-A2 expressing SNU354 cells (Figure 2C). Finally, the
specific activation of Env183–191 and Pol455–463 T cells
by SNU354-(A2) (Figure 2D) and Hep3B-(A2)
(Supplementary Figure 4) cells, respectively, was recon-
firmed through the flow cytometric detection of intracellular
IFN-g in T cells on co-culture. Hence, we demonstrated that
the presence of short HBV mRNA in HCC cells is sufficient to
generate functional T-cell epitopes capable of activating
HBV-specific T cells.
HBV-HCC Tissues Contain Short HBV mRNA
Fragments Without HBsAg or HBcAg Expression

With the demonstration of HBV mRNAþ antigen- HBV-
HCC cell line recognition by HBV-specific T cells, we wan-
ted to assess whether fragmented HBV mRNA are indeed
expressed in HBV-HCC tissues classified histologically
negative for both HBsAg and HBcAg. We analyzed tumor
tissues from 20 patients with HBV-HCC by qPCR using the
Env/Pol 1 primer pair and with HepG2 and HepG2.215
cells as the negative and positive control, respectively; 15 of
20 HBV-HCC tissues showed detectable quantities of the
Env/Pol 1 amplicon (Figure 3A). Although it is not sur-
prising to detect the presence of HBV Env/Pol coding mRNA
in the HCC cells of patients with a background of chronic
HBV infection, we were also able to detect these mRNA in 8
of 9 HBV-HCC samples that are histologically negative for
both HBsAg and HBcAg (Figure 3A; black bars). Using the
Nanostring assay, we detected the presence of HBV mRNA
from the Env/Pol coding region in 6 of 9 HCC tissues
tested, and in these 6 HCC tissues, 4 of them were histo-
logically negative for HBsAg and HBcAg (Figure 3B;
red bars). Interestingly, we observed a preferential
expression of mRNA from the Pre-S2/S (probes 1–3) and
the 3ʹ-polymerase/X (probes 4–7) regions (Figure 3C). This
preferential distribution of HBV transcripts would suggest
that they were likely generated from HBV integrations and
not from episomal HBV-DNA, which should generate mRNA
detectable by all the HBV-specific Nanostring probes. Note
that because the analyzed HCC tissues were derived from
archival samples, experiments of T-cell recognition or TCR-
like antibody staining could not be performed because long-
term preservation alters the conformation of HLA-class I
epitope complexes.
Profiling of HBV mRNA in Tumor Cells Guides
Personalized T-cell Immunotherapy of HBV-HCC

We applied the HBV mRNA profiling approach to
determine the suitability of autologous HBV-specific T-cell
immunotherapy in 2 patients with HBV-HCC who were
diagnosed with HBV-related HCC metastases after liver
transplantation. A detailed clinical history is described in
the Materials and Methods and schematically represented in
Figure 4A and B. Briefly, the 2 patients received allogeneic
liver transplantation as a treatment for HBV-related HCC
and both patients were serologically negative for HBsAg
posttransplant despite the progressive enlargement of the
HCC metastases (even with multikinase inhibitor treat-
ment). This differentiates them from the first patient with
HCC treated with HBV-specific TCR T cells in whom the
whole HBsAg was secreted by the HCC metastases and was
detectable in the patient’s sera, and in whom HBV epitope/
HLA-class I complexes were detected on the HCC.14 Note
that, in these 2 new patients, the biopsy material of the
primary HCC and their immunohistology reports did not
allow us to define whether the primary HCC lesions were
positive for HBV antigens.

The HLA-class I profile of the 2 patients and their
respective transplanted livers (shown in Figure 4C and D)
indicated that HLA-A0201 and HLA-B5801 restricted TCRs
could potentially be used31 because they were available in
our HBV-TCR library and their mismatch with the HLA-class
I haplotype of the transplanted livers would avoid the po-
tential recognition of HBV-infected hepatocytes and thus
risk of liver damage.32 We then obtained tumor cells from
computed tomography (CT)/ultrasound-guided needle bi-
opsies performed respectively in metastasis located in the
retroperitoneum (patient 1) and in the iliac bone (patient 2).
Note that the selection of the anatomic locations of the 2
biopsies were based only on their surgical accessibility. The
expression profile of mRNA in the envelope and core re-
gions of HBV containing HLA-A0201- (Core18–27 and
Env183–191) and HLA-B5801- (LTHB007) restricted T-cell
epitopes are shown in Figure 4C and D. The results were
compared with the profile obtained in HBV-producing
HepG2.215 cells. Different from the HepG2.215, both me-
tastases were negative for core mRNA but expressed enve-
lope mRNA (Figure 4C and D) coding for epitopes that can
be recognized by the HLA-A0201- (Env183–191) and HLA-
B5801- (LTHB007) TCRs. Interestingly, we were also able
to recapitulate the results using archival formalin-fixed,
paraffin-embedded sections of the primary HCC of patient
1 (Figure 4C).

This HBV mRNA profile shows that the HCC cells
present in both patients are not infected by HBV and/or do
not carry full viral DNA, but instead present integrations
of HBV-DNA of the Env region (whole or fragmented),
which can potentially lead to the generation of HBV T-cell
epitopes. Based on the presence of the HBV Env mRNA



Figure 3. HBV mRNA fragments were found in tumor tissues of patients with HBV-related HCC. HBV envelope-specific mRNA
transcripts were quantified in tumor tissues of patients with HBV-related HCC using, (A) qPCR primer pair Env/Pol 1 (n ¼ 20)
and (B) HBV-specific Nanostring probes (n ¼ 9). Each analyzed patient is numbered and solid bars indicate HCC tissue
samples that are HBsAg and HBcAg negative by immunohistochemistry. qPCR data were normalized to actin housekeeping
controls. Normalized counts of HBV envelope-specific Nanostring probes (probes 1, 2, 3, and 12) were summed and shown in
(B). HepG2 and HepG2.215 cells were also analyzed as controls and each dot represents a single experiment. (C) HBV-
transcript profile of HCC tissues (black) obtained using Nanostring probes covering the HBV genome. Radar plots were
annotated similar to Figure 1.
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transcripts and the discordant HLA-class I molecules of the
patient and his donor liver, we selected the HLA-B5801 TCR
able to recognize a HBsAg-derived epitope (LTHB007)
located in the Env344–377 region for TCR T-cell therapy in
both cases.
Production Efficiency of HBV-specific
TCR T Cells From Liver-Transplanted Patients
Under Immunosuppressive Treatments

The liver is a poorly immunogenic organ. This is why full
or partial HLA matching between organ recipient and the



Figure 4. Clinical history of both liver-transplanted HBV-HCC patients treated with autologous HBV-specific TCR T-cells. (A
and B) Clinical history of the treated patients indicating the major clinical events and the start of the T-cell immunotherapy.
Schematic representation of the primary HCC and metastatic lesions detected posttransplant in patient 1 (C) and patient 2 (D).
Anatomic location of the tumor metastases and the HLA-haplotype of both patients and donor livers are listed. The relative
quantities of HBV mRNA detected in the tumor tissue obtained from the metastatic nodules and the primary HCC explant were
quantified by qPCR using the Core18 and Env/Pol1 primers (Supplementary Materials) and primers specific for the sequence
coding the HBV epitope LTHB007. Samples in which no detectable qPCR signals were observed are labeled as “Neg.”
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donor is not strictly required for liver transplantation,33 and
why the aim of immunosuppression following liver trans-
plantation has switched from a complete suppression of
acute rejection to minimizing the immunosuppression-
related side effects by lowering the drug dose.34 However,
because the alloreactive autologous T cells were not nega-
tively selected during development,35 T cells specific for the
allogeneic-HLAs of the transplanted livers can be present in



Figure 5. No therapy-related adverse events were observed in both patients treated with HBV-specific TCR T cells. Serum
concentrations of albumin (blue), bilirubin (red), alanine aminotransferase (orange), and C-reactive protein (green) during the
course of the T-cell immunotherapy in patient 1 (A) and patient 2 (C). Day 0 refers to the day of the first infusion. The colored
areas represent the reference ranges for each parameter. Vertical dotted lines denote each TCR T-cell infusion and the
different phases of the treatment are indicated. (B) Serum concentrations of cytokines, chemokines, and other soluble factors
previously associated with severe cytokine release syndrome were analyzed in patient 1. The levels of these analytes were
quantified during phases 1 and 2 of the treatment.
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the adoptively transferred T cells. Furthermore, growing
evidence has shown that allogeneic-HLA reactivity is often
mediated by virus-specific TCRs,36 leading to the suggestion
that adoptive transfer of virus-specific T cells might mediate
transplant rejection.

To reduce the risk of liver graft rejection, we used a
simple strategy of adoptively transferring escalating
numbers of HBV-specific TCR-redirected T cells that were
engineered through mRNA electroporation. This procedure
limits the expression of the HBV-specific TCR on activated
T cells to approximately 1 week12 and allows us to incor-
porate an initial dose-escalation treatment phase (Phase 1)
for added safety (Supplementary Figure 5), which cannot
be implemented with TCR T cells produced through
stable viral vector transduction. In the absence of clinical
signs of liver damage, treatment is continued after 1 month
with consecutive doses of 5 to 10 � 106 TCRþ T cells/kg
(Phases 2 and 3). The detailed schedule of TCR T-cell
infusions in both patients is displayed in Supplementary
Figure 5.
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Because the treatment requires the production of large
numbers of activated T cells for TCR mRNA electroporation,
we tested the ability of the T cells of both patients to expand
in vitro (Supplementary Figure 6A). Despite the ongoing
immunosuppressive treatment, T cells of both patients
expanded in vitro (w5-fold expansion) even though it was
on average lower than T cells isolated from healthy in-
dividuals (Supplementary Figure 6A). TCR expression and
the function of the TCR mRNA electroporated T cells engi-
neered for the 2 patients were also monitored. Data from 19
distinct T-cell preparations of patient 1 and from 8 prepa-
rations of patient 2 are shown in comparison with data
obtained from T cells of 7 different healthy subjects
(Supplementary Figure 6B). Despite some variability of TCR
expression and IFN-g production, the data show that we can
produce large numbers of functionally active HBV-specific
TCR T cells from the peripheral blood mononuclear cells
of liver-transplanted patients under immunosuppressive
treatments.
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Safety of the Autologous HBV-specific
TCR T-cell Immunotherapy

We closely monitored the liver function and enzymes
throughout the entire course of infusions to determine
whether the HBV-TCR T-cell infusion was well tolerated
(Figure 5A and C). Note that the data shown have been
locked to approximately 1 year of treatment for patient 1
(Phases 1, 2, and 3) and 112 days (Phases 1 and 2) for
patient 2 because these are the available data at the time of
writing. Both patients are still under treatment at the time
of submission of the manuscript. Although alanine amino-
transferase levels remain largely unremarkable in both pa-
tients, a spike was observed after the third injection (1 �
106 TCRþ T cells/kg) and at the start of phase 3 (10 � 106

TCRþ T cells/kg) in patient 1, but these spikes were
concurrent to an episode of deep vein thrombosis and
pulmonary embolism event deemed to be unrelated to the
TCR T-cell infusions (Figure 5A). Monitoring of C-reactive
protein37 and proinflammatory cytokines/chemokine
(interleukin-1/interleukin-6)38 levels did not indicate any
cytokine release syndrome events (Figure 5). We also
examined whether adoptive T-cell transfer triggered a
modification of the immune profile. Phenotypic analysis of T
cells performed at day 6 and 14 after infusion shows an
increase in the frequency of activated (HLA-DRþ) and
proliferating (Ki67þ) CD8 T cells to approximately 10% of
total CD8 T cells within 1 week of infusion. These numbers
returned to preinfusion levels after 14 days. Whether such
modification of the immunological profile was induced on
=
Figure 6.Monitoring of treatment response in both TCR T-cell–
and patient 2 (C) from before treatment until the end of the indic
each TCR T-cell infusion and the different phases of the treatm
tumor nodules detected in the lungs of patient 1 (Supplement
therapy and 3 representative nodules are shown. Gray-shaded
the corresponding tumor nodules at 3 indicated time points (red
the red arrow. (C) CT images of 2 representative tumor nodules
cyan) are shown and the lesions are indicated by the red arrow
T-cell infusion or that the adoptively transferred T cells are
proliferating in the treated patients remains to be investi-
gated (Supplementary Figure 7).

Last, every CT brain scan performed till date did not
detect any intracranial abnormality. All these results show
that the therapy is well tolerated and did not pose any
significant safety issues in both patients.
Efficacy of the Autologous HBV-specific
TCR T-cell Immunotherapy

Finally, we report the assessment of the antitumor effi-
cacy of the treatment through the regular monitoring of the
tumor marker alphafetoprotein (AFP) and by CT imaging of
the metastatic lesions. In patient 1, both the primary HCC
and the posttransplant metastases were overexpressing AFP
as evidenced by its elevation at the initial HCC diagnosis, the
normalization immediately after liver transplantation, and
the reelevation at the time of metastases detection
(Figure 6A). On receiving infusions of TCR T cells, serum
AFP levels decline and this was consistent across all 4
treatment phases, even for the dose-escalation phase in
which doses as low as 104 TCRþ T cells/kg were adminis-
tered (Figure 6A). When infusions were halted during the
observation period, AFP levels started to rebound
(Figure 6A). This on-therapy decline and off-therapy
rebound of AFP levels is expected when mRNA electro-
porated TCR T cells with transient antitumor function were
used.12 However, such AFP fluctuations were not observed
in patient 2 (Figure 6C). To gather direct evidence of the
antitumor effects, we quantified the maximum cross-
sectional area of the metastatic lesions (patient 1: 6 pul-
monary lesions and 1 retroperitoneal lesion; patient 2: 2
pulmonary lesions) using the CT images obtained at regular
intervals (Figure 6B and C and Supplementary Figure 8).
Five of 6 pulmonary lesions in patient 1 decreased in size
while the last pulmonary and retroperitoneal metastasis
remained largely stable (Figure 6B and Supplementary
Figure 8). One of the pulmonary lesions (Figure 6B, mid-
dle row) has completely disappeared without recurrence till
date. Interestingly, reduction of tumor size occurred only
between 5 and 60 days after the seventh infusion (Figure 6B
and Supplementary Figure 8A), at a period in which mRNA
electroporated TCR T cells would have little or no expres-
sion of the introduced HBV-specific TCR. On the other hand,
the metastatic lesions present in patient 2 (Figure 6C)
showed instead a robust enlargement 20 days after infusion
of the last TCR T-cell dose. However, because reduction in
tumor size occurred only approximately 90 to 140 days
after therapy initiation for patient 1, the antitumor effects
treated patients. Serum concentrations of AFP in patient 1 (A)
ated treatment phases are shown. Vertical dotted lines denote
ent are indicated. (B) The largest cross-sectional area of all
ary Figure 8) were measured at specific intervals during the
areas represent the serum AFP concentrations. CT images of
, blue, and orange) are shown and the lesions are indicated by
in the lungs of patient 2 at the indicated time points (red and
.
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that could be present for patient 2 are too early to be
determined.
Discussion
We previously used HBV-TCR-redirected T cells in a

patient who presented HBsAgþ HCC relapses after liver
transplantation,14 demonstrating that HBV antigens can
indeed function as tumor-associated antigens. However, the
use of HBV proteins as tumor antigens for HCC immuno-
therapy has been criticized because of their frequent lack of
expression in HCC.17–20

In this work, we wanted to challenge this concept
because of the inherent differences between classical
antibody-based assays used in clinics to detect HBV antigens
and T-cell recognition of HBV-HCC cells through TCR and
HLA/epitope complex interactions. Although the former
recognizes the conformationally intact HBV antigens per se,
T-cell recognition of HCC cells requires only the presenta-
tion of an internally processed epitope complexed with the
appropriate HLA-class I molecules. These epitopes could
potentially be derived from short translationally active HBV
integrations that are known to be commonly present in
HBV-HCC. Thus, the absence of antibody-detectable HBV
antigens in HBV-HCC cells should not exclude them from
being targeted by HBV-specific T cells. This was demon-
strated by comparing the antigen expression with the
presence of HBV-specific mRNA in HBV-HCC cell lines
in vitro and in archived HBV-HCC tissues from patients, and
by showing that HBV-specific T-cell recognition of HBV-HCC
cells could occur in the presence of short HBV-specific
mRNA independent of the antibody detection of HBV anti-
gens. These data imply that HBV mRNA expression profile
can predict, with greater accuracy than HBV protein detec-
tion by antibodies, the potential generation of HBV epitopes
recognized by HBV-specific TCR in HCC.

Important clinical implications can be derived by the
experimental evidence that HBV antigen negative but HBV
mRNA-positive HCC can be recognized by HBV-specific
TCRs. First, because the analysis of HBV-specific mRNA
transcripts in HCC cells can be performed in both fresh bi-
opsy material or in archived tissues that are unsuitable for
immunohistological analysis of whole HBV antigen expres-
sion, it facilitates the evaluation of potential candidates for
HCC T-cell therapy. Second, as shown in this work, it allows
us to test the suitability of HBV serologically negative liver-
transplanted patients with relapses of HBV-related HCC for
HBV-specific TCR T-cell immunotherapy. However, other
categories of patients with HCC might also benefit from T-
cell therapies relying on HBV epitopes derived from short
integrated HBV-DNA fragments. Frequent HBV-DNA in-
tegrations due to occult HBV infection have been detected in
a large proportion of HCCs occurring in HBV serologically
negative patients with HCV chronic hepatitis and even
alcoholic hepatitis.39 Theoretically, the detection of HBV-
specific mRNA in the tumors of patients with HCC diag-
nosed with non–HBV-related etiologies, might allow the
inclusion of these patients for possible HCC immunotherapy
with HBV-TCR-redirected T cells. The low frequency of
HBV-infected nonmalignant hepatocytes in the occult HBV
patients might also allow the treatment of patients with
primary HCC without an overt risk of on-target off-tumor
effects.

The treatment of HCC in these “occult HBV” patients is
still a hypothesis, but we had the opportunity to directly test
the translational utility of our in vitro findings in 2 patients
who were chronically infected with HBV before liver
transplantation but remain HBV serologically negative
despite the development of HCC relapses. We used the in-
formation obtained by the HBV mRNA profile present in
their metastasis to select the appropriate HBV-specific TCR
for their personalized immunotherapy treatment. We
detected a significant volume reduction of several pulmo-
nary HCC metastases, linked with a temporal drop of AFP
after TCR T-cell infusion in 1 of the 2 patients. These data
suggest that the T cells engineered with the selected HBV-
TCR do recognize in vivo the HCC relapses, a finding that
indirectly supports the rationale of using the HBV mRNA
transcript profile present in HCC cells for the appropriate
selection and personalization of patients with HCC and the
related T-cell immunotherapy, respectively. Instead, we
could not observe any clear signs of therapy efficacy in the
second treated patient, even though the robust volumetric
expansion (pseudo progression) of the lesion observed after
the second cycle of TCR therapy (day 112) was similar to
the volumetric changes observed in patient 1. This expan-
sion was, however, not followed by any volumetric reduc-
tion of the lung metastases of patient 2. It is clear that
treatment efficacy cannot be evaluated in only 2 subjects.
However, this initial trial of escalating doses of mRNA
electroporated HBV-specific TCR T cells provided several
important indications. First, we demonstrated that it is
possible to expand and produce HBV-TCR-redirected T cells
using peripheral blood mononuclear cells isolated from
liver-transplanted patients under immunosuppressive
treatment. Preliminary data also showed an elevation of the
frequency of activated and proliferating CD8 T cells in the
peripheral blood of patient 1 within a week of TCR T-cell
infusion (Supplementary Figure 7), indicating that activa-
tion and proliferation could occur even in the presence of
immunosuppression. We also showed that the adoptive
transfer of HBV-specific TCR T cells exhibited excellent
safety with no treatment-related adverse events observed
throughout the course of 19 infusions in patient 1 and 8
infusions in patient 2, supporting further deployment of T-
cell–based immunotherapy in liver-transplanted patients.

Interestingly, the observed reduction pattern of the size
of the pulmonary metastases in patient 1 is peculiar,
because in an HBV-HCC mouse model, the adoptive transfer
of mRNA electroporated TCR T cells exerted only a transient
antitumor effect.12 Here, not only is the reduction of the size
of almost all pulmonary lesions (Figure 6B and
Supplementary Figure 8A) durable, it was observed during
the second observation period, between 5 and 60 days after
the last infusion (seventh infusion). Taken together with the
transient HBV-specific TCR expression of the TCR T cells, it
is unlikely that the tumor regression was solely mediated by
the cytotoxic activity of the adoptively transferred T cells.
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Instead, the data suggest that the HBV-specific TCR T-cell
infusions might have induced a secondary tumor-specific
immune response that mediated the reduction of the me-
tastases, a concept frequently described in the cancer-
immunity cycle.40

In conclusion, we think that the data present in this work
supports the rationale of considering HBV antigens as a
specific tumor antigen for T-cell immunotherapy in all the
patients with HCC in whom integration of fragments of
translationally active HBV-DNA are the only evidence of
HBV involvement. These results, together with the safety
profile offered by the utilization of T cells transiently
expressing TCR through mRNA electroporation in liver
transplant patients will allow us to properly analyze in a
large patient population, the clinical efficacy and mecha-
nisms of action of HBV-specific TCR T cells that have been at
the moment only relegated to the treatment of few selected
cases of HCC.
Supplementary Material
Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://doi.org/10.1053/
j.gastro.2019.01.251.
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Supplementary Material and Methods

Cell Culture Maintenance
HepG2 cells were cultured in Dulbecco’s modified Ea-

gle’s medium (DMEM) supplemented with 10% heat-
inactivated fetal bovine serum, 100 IU/mL penicillin, 100
mg/mL streptomycin, and Glutamax (Invitrogen, Carlsbad,
CA). HepG2.2.15 cells were cultured in DMEM supple-
mented as described previously with additional minimum
essential medium nonessential amino acids (Invitrogen),
sodium pyruvate (Invitrogen), and selected using 150 mg/
mL of G418 (Sigma-Aldrich, St. Louis, MO).

T2, Epstein-Barr virus (EBV) B cells, PLC/PRF5, PLC/
PRF5-(A2) (transduced with HLA-A0201), SNU354,
SNU354-(A2) (transduced with HLA-A0201), and SNU cell
lines (SNU368, SNU387, SNU398, SNU475) were main-
tained in RPMI 1640 supplemented with 10% heat-
inactivated fetal bovine serum, 20 mM HEPES, 0.5 mM
sodium pyruvate, 100 IU/mL penicillin, 100 mg/mL strep-
tomycin, minimum essential medium essential and nones-
sential amino acids (Invitrogen), and Glutamax. Hep3B and
Hep3B-(A2) (transduced with HLA-A0201) were main-
tained in DMEM supplemented as described previously.

Cell lines that were transduced with HLA-A0201 were
selected with 2 mg/mL puromycin. For the IFN-g treatment
conditions, hepatocellular carcinoma lines with HBV DNA
integration were treated with IFN-g (R&D systems, Min-
neapolis, MN) at 1000 IU/mL for 16 to 24 hours prior.

RNA Isolation
A total of 500,000 cells were harvested from the HCC

cell lines, and total RNA was isolated using the Qiagen
RNAeasy Micro Kit with DNAse treatment, according to the
manufacturer’s instructions (#74004; Qiagen). The quantity
and quality of RNA was assessed by Nanodrop (Thermo
Scientific). Tissue samples from HBV-HCC patient samples
were either stored at �80�C in RNAlater or as formalin-
fixed paraffin-embedded (FFPE) tissue. Total RNA was iso-
lated from FFPE tissue using the AllPrep DNA/RNA FFPE kit
(Qiagen) according to the manufacturer’s instructions. For
tissue samples stored in RNA later, tissue sections were
sliced and harvested using Tissuelyser LT, followed by RNA
extraction using the Qiagen RNAeasy Micro Kit with DNAse
treatment according to the manufacturer’s instructions.
RNA concentration was determined using a Nanodrop, and
a minimum of 50 ng was reverse transcribed using the
iScript Select cDNA Synthesis Kit (Bio-Rad).

qPCR Primer Sequences
b-actin forward: 5ʹ-CACCATTGGCAATGAGCGGTTC-3ʹ
b-actin reverse: 5ʹ-AGGTCTTTGCGGATGTCCACGT-3ʹ
Core forward: 5ʹ-GGCATGGACATTGACCCTTA-3ʹ
Core reverse: 5ʹ-CACCCACCCAGGTAGCTAGA-3ʹ
Env/Pol 1 forward: 5ʹ-TAGGACCCCTGCTCGTGTTA-3ʹ
Env/Pol 1 reverse: 5ʹ-CCCCTAGAAAATTGAGA-

GAAGTCCA-3ʹ
Env/Pol 2 forward: 5ʹ-ATCCTGCTGCTATGCCTCAT-3ʹ

Env/Pol 2 reverse: 5ʹ- GTCCGAAGGTTTGGTACAGC-3ʹ
Core18 forward: 5ʹ-AAGAATTTGGAGCTACTGTGGA-3ʹ
Core18 reverse: 5ʹ-TTCCCGATACAGAGCTGAGG-3ʹ
LTHB007 forward: 5ʹ-CAGTGGTTCGTAGGGCTTTC-3ʹ
LTHB007 reverse: 5ʹ-GCGGTAAAAAGGGACTCAAG-3ʹ

Bioinformatic Analysis of HBV-specific High-
Throughput Sequencing

Illumina sequenced reads were first adapter-trimmed
using cutadapt (parameters: –minimum-length 50 -q 10
–overlap 25 –no-indels). Potential human ribosomal RNA
reads were removed using bowtie2 with default parame-
ters. Reads were then aligned both to the human genome
(hg19) and the HBV genome using STAR v2.4.2a (parame-
ters: –twopassMode Basic –chimSegmentMin 15 –alignSJD-
BoverhangMin 10 –alignMatesGapMax 200000
–alignIntronMax 200000 –chimOutType SeparateSAMold
–outSAMstrandField intronMotif). Pileup read counts for
reads aligning to the HBV genome were generated with
samtools mpileup.

Intracellular HBV Antigen/Cytokine Staining by
Flow Cytometry

HCC adherent lines were trypsinized, quenched with
media, and followed by live/dead Aqua staining (#L34957;
BD Horizon). Cells were fixed and permeabilized using BD
Cytofix/Cytoperm (BD Biosciences), followed by primary
antibody of rabbit anti-HBcAg (#7841; Abcam) or mouse
anti-HBsAg (#MD050186; Raybiotech) for 30 minutes on
ice, followed by secondary antibodies goat anti-rabbit
–CF555 (#SAB4600068; Sigma-Aldrich) and goat anti-
mouse APC (#A865; Life technologies) for 30 minutes on
ice.

For intracellular cytokine staining, CD8þ T cells were
incubated with HCC lines at 1:2 effector to target ratio in the
presence of CD107a-FITC (#555800; BD Pharmigen, San
Jose, CA) for 5 hours, followed by live/dead NIR (#L10119;
Invitrogen) staining and by surface staining for CD8-V500
(#560774; BD Horizon). T cells were then fixed and per-
meabilized using BD Cytofix/Cytoperm (BD Biosciences)
and subjected to intracellular cytokine staining using TNF-
PE (#559321; BD Pharmigen) and IFN-g -PE-Cy7 (#25–
7319–82; eBioscience) for 30 minutes on ice. In the peptide
pulsed control, HCC cells were pulsed with 1 mg/mL of the
indicated peptides for 1 hour at 37�C. CD8þ T cells were
then co-cultured with the pulsed HCC cell lines for 5 hours
in the presence of 10 mg/mL of Brefeldin A before intra-
cellular staining was performed as described previously.

All acquisitions were done using BD LSR-II flow Cy-
tometer and data were analyzed in Kaluza (Beckman
Coulter, Brea, CA).

TCR-like Antibody Staining
HLA-A0201þ TCR-like antibody specific to HBV Env183–

1911 was used to quantify the cell surface expression of
HLA-A0201/HBV-peptide specific complexes. HCC lines
were pretreated with 1000 IU/mL of recombinant human
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IFN-g for 16 to 24 hours before harvest. As a positive
control, HCC lines were pulsed with Env183–191 peptide at
1 mg/mL for 1 hour at 37�C. Harvested cells were stained
with the TCR-like antibodies at 1:100 for 1 hour on ice,
followed by secondary staining with goat anti-mouse APC at
1:200 (#A865; Life technologies). This was followed by 2
rounds of APC amplification using the APC FASER amplifi-
cation kit (Miltenyi, Bergisch Gladbach, Germany) and cells
were fixed in 1% formaldehyde. Data acquisition was per-
formed using the Amnis ImageStream MKII (Luminex,
Austin, TX) and data were analyzed in the IDEAS (Luminex,
Austin, TX).

HBV-specific CD8þ T-cell Clones
Four HLA-A0201 CD8þ T-cell lines specific for HBV

epitopes Core 18–27, Envelope 183–191, Polymerase 455–
463, or the influenza M1 58–66 were generated from HLA-
A0201þ patients with acute hepatitis infection or from
healthy donors as described previously.2 T-cell lines were
grown for 10 to 20 days in AIM-Vþ2% human AB serum
(Sigma-Aldrich) supplemented with 20 IU/mL recombinant
human interleukin (IL)-2 and 10 ng/mL IL-7 and IL-15
(Miltentyi Biotech).

HBV-specific T-cell Immunotherapy of Patients
With HCC Relapses Post Liver Transplantation:
Clinical History of Patients Treated With HBV-
specific TCR T Cells

Patient 1. The patient at the time of liver trans-
plantation was a 56-year-old Chinese man with chronic HBV
infection and Child’s A liver cirrhosis complicated by a right
liver lobe HCC. There was no evidence of extrahepatic
spread and he underwent living donor liver transplantation
in December 2015 (Figure 4A). His postoperative course
was uneventful and in July 2016, surveillance imaging
revealed multiple pulmonary and abdominal metastases
while his liver graft remain cancer free till date (Figure 4A).
He was placed on Sorafenib treatment but repeat imaging in
September and December 2016 demonstrated a worsening
disease with rapidly enlarging pulmonary metastases and
rising AFP levels (Figure 4A and 4C). The patient remained
on Tacrolimus and mycophenolate mofetil immunosup-
pression for the entire duration of the therapy. He is also on
long-term Entecavir treatment to suppress HBV replication
and HBsAg was not detected in the serum before start of T-
cell immunotherapy.

Patient 2. The patient at the time of liver trans-
plantation was a 45-year-old Chinese man with chronic
HBV infection. He underwent deceased donor liver
transplantation in December 2013 and presented with
multifocal HCC recurrence in December 2014 (Figure 4B).
From the first presentation of HCC recurrence at the right
iliac bone till date, he has received a series of radio-
therapy, transarterial chemoembolization, FOLFOX
chemotherapy, and multikinase inhibitors Lenvatinib and
Regorafenib (Figure 4B). Even with the aggressive treat-
ments, his disease continued to worsen with multiple new
metastases detected in the lung, liver, bone, rectum,

adrenal gland, and peritoneum (Figure 4B and D). The
patient remained on Sirolimus immunosuppression for
the entire duration of the therapy and he is on long-term
Entecavir treatment to suppress HBV replication. HBsAg
was also undetectable in the serum before T-cell
immunotherapy.

Engineering and Infusion of HBV-specific TCR T
Cells

Production of HBV-specific TCR T cells for infusion is
similar to that described previously.3 In brief, the required
mRNA was in vitro transcribed using the mMessage mMa-
chine T7 Ultra Kit (Ambion, Austin, TX) according to the
manufacturer’s instructions. The resulting product was
concentrated by lithium chloride precipitation and re-
dissolved in T4 buffer (BTX, Holliston, MA). Peripheral
blood mononuclear cells (PBMCs) from the patient were
isolated by Ficoll density gradient centrifugation, followed
by activation for 8 days with 600 IU/mL of GMP grade IL-2
(Miltenyi) and 50 ng/mL of GMP grade OKT-3 (Miltenyi) in
cell therapy grade AIM-V (Invitrogen) supplemented with
5% CTS Serum Replacement (Invitrogen). Activated T cells
were then electroporated using the AgilePulse Max system
(BTX) according to the manufacturer’s recommended pro-
tocol. After electroporation, cells were left to rest overnight
in AIM-Vþ5% CTS Serum Replacement þ 100 IU/mL IL-2 at
37 �C and 5% CO2. Quality control experiments were then
performed to characterize HBV-specific TCR expression
levels and function of the engineered T cells before infusion
into the patient in 5% Albutein (Grifols, Barcelona, Spain).

Quality Control of Engineered HBV-specific T
Cells

T-cell growth, electroporation efficiency, and function of
TCR-redirected T cells were characterized for every infusion
in both patients. T-cell growth was monitored by quanti-
fying the T-cell numbers at the beginning of the in vitro
expansion and after 8 days of activation by the trypan blue
exclusion assay. Electroporation efficiency was quantified
by staining with the appropriate TCR-Vb antibodies (Beck-
man Coulter). To characterize the TCR T-cell function, EBV B
cells expressing the appropriate HLA molecules were first
pulsed with 1 mg/mL of the corresponding peptides for 1
hour at 37�C. The TCR T cells were then co-cultured with
the pulsed EBV B cells overnight in the presence of 2 mg/mL
Brefeldin A before intracellular staining was performed as
described previously.

Biochemical, Virological, Imaging, and Serum
Cytokine/Chemokine Analysis of Treated Patients

All biochemical, virological, and imaging analysis was
performed by the Singapore General Hospital in accordance
to their standard operating procedures for each assay
requested. For serum cytokine/chemokine analysis, serum
from patients was collected and analyzed using the 41-plex
human cytokine bead-based assay (Millipore) according to
the manufacturer’s instructions.
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Phenotypic Analysis of PBMCs
PBMCs of the patient were obtained before and on day 6

and 14 postinjection of 10 � 106/kg of TCR-redirected T
cells and were cryopreserved. For phenotypic analysis by
mass cytometry (CyTOF), purified antibodies lacking carrier
proteins were conjugated with heavy metals according to
the protocol provided by Fluidigm. PBMCs were thawed and
washed in RPMI, 10% fetal calf serum. Cells were stained
with cisplatin for viability in phosphate-buffered saline for 5
minutes as described previously.4 Cells were then incubated
with a surface marker antibody cocktail including the acti-
vation marker HLA-DR for 15 minutes on ice. Subsequently,
cells were fixed and permeabilized with the FoxP3 staining
kit (eBioscience) for intranuclear staining of Ki67 (30 mi-
nutes in perm buffer). After 2 washing steps, cells were
stained for barcoding, fixed in phosphate-buffered saline 2%
paraformaldehyde overnight, and stained for DNA.

Data Analysis
After CyTOF acquisition (Helios, Fluidigm, South San

Francisco, CA), an R script was applied to randomize any
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Supplementary Figure 2. Detection of HBV mRNA in HBV-HCC lines by qPCR. qPCR primer pairs specific to different parts of
the HBV genome (Core, Env/Pol 1, and Env/Pol 2; see Figure 1) were used to quantify the relative expression of HBV mRNA in
different HBV-HCC lines. Quantified values were normalized to actin housekeeping control. HepG2.215 and PLC/PRF5-(A2),
both with higher relative quantities of HBV mRNA, were plotted in (A), whereas other HBV-HCC lines with lower relative
quantities are shown in (B).

Supplementary Figure 1. Circular map of the overlapping open reading frames of HBV and the relative positions of the
custom Nanostring probes, HBV epitopes, and qPCR amplicons. The open reading frames of HBV are shown in the corre-
sponding colors. Custom-order Nanostring probes were designed to cover the entire HBV genome, but probes recognizing the
w2400–2800-bp region could not be produced within the manufacturer’s specifications and are omitted. Black segments
denote the region of the HBV genome that encodes for HBV epitopes recognized by the Core18–27, Env183–191, and Pol455–
463 TCRs. qPCR amplicons generated by the corresponding HBV-specific qPCR primer pairs are denoted in blue.
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Supplementary Figure 3. xCelligence
impedance-based cytotoxicity assay
of IFN-g pretreated SNU354-(A2) HBV-
HCC lines. (A) Representative normal-
ized cell index curves are shown.
SNU354-(A2) lines were left untreated
(middle) or pretreated with 1000 IU/mL
IFN-g overnight (bottom) before co-
culturing with the Env183–191
(brown), Pol455–463 (pink), or Influenza
M1 58–66 (blue) T-cell clones. Wells
without T-cell lines (black) were
included as controls. Normalized cell
index curves obtained from control
non–HLA-A2 expressing SNU354 lines
are also shown (top). Cell indexes were
normalized to the time when T cells
were added and shaded areas indicate
a 48-hour duration post T-cell addition.
(B) Normalized cell index curves from
the first 10.5 hours of co-culture with T
cells (left). Each red line represents in-
dependent experiments with IFN-g
pretreated SNU354-(A2) lines, and ex-
periments with untreated SNU354-(A2)
lines are shown in gray. Killing of HBV-
HCC lines at 10 hours post T-cell
addition were summarized (right).
Target killing was normalized to the
wells with only SNU354 lines cultured
(spontaneous target death). Bars show
the average normalized killing and
each dot represents a single
experiment.
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Supplementary Figure 4. Intracellular IFN-g staining of
Pol455–463 T cells activated by Hep3B-(A2) cells. Activation
of Pol455–463 T cells was evaluated in the presence (right)
and absence (left) of 1000 IU/mL of IFN-g. Non–HLA-A2
expressing Hep3B cells are shown as controls. Each dot
represents a single experiment.
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Supplementary Figure 5. Infusion schedule for both HBV-HCC patients treated with HBV-specific TCR T cells. The TCR T-cell
infusion schedules for patient 1 (A) and patient 2 (B) are shown.
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Supplementary Figure 6. In vitro expansion characteristics and function of TCR T cells engineered from both patients. (A)
In vitro growth of T cells required for every infusion in both patients was monitored after 8 days of in vitro activation. The fold
change in cell numbers are shown in the right-most panel. (B) TCR expression and function of the TCR-redirected T cells were
also quantified before each infusion in both patients. Each dot represents data obtained from T cells associated with a single
infusion. Data from the engineering of T cells expanded from healthy donors (n ¼ 7) were also included for comparison. Each
dot represents a single donor.
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Supplementary Figure 7. Temporary elevation of proliferating and activated CD8þ T cells in the circulation post TCR T-cell
injection. PBMCs of the patient were obtained before and on days 6 and 14 post injection of 10 � 106/kg of TCR-redirected T
cells and analyzed for expression of markers of T-cell proliferation (Ki67) and activation (HLA-DR). Live CD8þ T cells were
gated and the percentage of Ki67þ (top) and HLA-DRþ (bottom) cells is shown.
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Supplementary Figure 8. Cross-sectional area of the tumor nodules detected in the lungs and the retroperitoneal nodule in
patient 1. The largest cross-sectional area of all tumor nodules in the lungs (A) and a single retroperitoneal nodule (B) were
measured at specific intervals during the therapy. Vertical dotted lines denote each TCR T-cell infusion and the different
phases of the treatment are indicated. Gray shaded areas represent the serum AFP concentrations.
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