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Simple Summary: The mortality of hepatocellular carcinoma (HCC) is quickly increasing world-
wide. Immunotherapy enables the immune defense of the organism to target liver cancer cells.
Recent technologies enable engineering of immune cells, and notably T lymphocytes, to make them
more efficient against the tumor. These technics (called TCR engineered T cells and CAR-T cells)
are promising and are actually tested in clinical trials. This review explains the concept of TCR
modified and CAR-T cells in liver cancer (targets and mechanisms of action) and reports the results
from recent clinical trials.

Abstract: The mortality of hepatocellular carcinoma (HCC) is quickly increasing worldwide. In unre-
sectable HCC, the cornerstone of systemic treatments is switching from tyrosine kinase inhibitors to
immune checkpoints inhibitors (ICI). Next to ICL, adoptive cell transfer represents another promis-
ing field of immunotherapy. Targeting tumor associated antigens such as alpha-fetoprotein (AFP),
glypican-3 (GPC3), or New York esophageal squamous cell carcinoma-1 (NY-ESO-1), T cell receptor
(TCR) engineered T cells and chimeric antigen receptors (CAR) engineered T cells are emerging
as potentially effective therapies, with objective responses reported in early phase trials. In this
review, we address the biological rationale of TCR/CAR engineered T cells in advanced HCC,
their mechanisms of action, and results from recent clinical trials.

Keywords: hepatocellular carcinoma; immunotherapy; adoptive cell transfer; CAR-T cells;
engineered TCR

1. Introduction

Primary liver cancer, mainly hepatocellular carcinoma (HCC), is the second leading
cause of cancer deaths worldwide [1]. The incidence of HCC is increasing from 14 mil-
lion cases worldwide in 2012 to an expected 22 million cases in 2030 [2], mainly due to
the increasing incidence of chronic alcohol use and nonalcoholic steatohepatitis (NASH)
in Western countries [3] and the endemicity of viral hepatitis in African and Asian countries
leading to cirrhosis [4]. Liver transplantation is currently the optimal definitive treatment
for HCC [5,6] but is reserved for early stage cancers. If tumor resection, transarterial
chemotherapies, and percutaneous therapies are more commonly used in practice to cure
localized HCC, advanced HCC still has a fatal prognosis [7]. Systemic therapy is a key
treatment option in patients with portal vein involvement, extra-hepatic extension, disease
recurrence after surgery and in progressors after liver-directed therapy. Various systemic
therapies, including cytotoxic chemotherapy (doxorubicin), interferon-alpha, and hor-
monotherapy (tamoxifen, megestrol anti-androgens) have been tested with very limited
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clinical benefits and significant toxicities [8]. Indeed, HCC is classically considered as a
chemoresistant disease as the median overall survival (OS) of advanced HCC treated with
doxorubicin is 10.6 weeks [9]. In 2008, the SHARP trial showed encouraging results of
sorafenib, an oral tyrosine kinase inhibitor (TKI), with a median OS of 10.7 months vs.
7.9 months as compared to placebo; consequently sorafenib became the standard treatment
in first line advanced HCC [10]. Then there was a sad saga of a decade where no systemic
therapeutic agent showed OS benefits. However, other TKIs such as regorafenib [11],
cabozantinib [12], lenvatinib [13], and a vascular endothelial growth factor receptor 2
(VEGFR2)—such as the monoclonal antibody ramucirumab [14]—demonstrated improved
outcomes compared to placebo in first and second line of treatment.

Though immunotherapy with cytokines (interferon alpha-2b, interleukin-12) did not
yield in encouraging result, randomized controlled trial reported the benefit of immune
checkpoint inhibitors (ICI) in advanced HCC. In second line, nivolumab (CheckMate 040)
and pembrolizumab (Keynote 240) showed signs of activity (response rate of 14% and
17%, respectively) but without major clinical benefit [15,16]. Published in 2020, the phase
III combination atezolizumab plus bevacizumab in first line demonstrated a superiority
in OS compared to sorafenib (HR = 0.58, 95 CI 0.42-0.79, p < 0.001), leading to the FDA
approval of the association [17]. Despite this progress, the clinical outcomes in advanced
HCC remain very poor with an OS at 12 months of 67.2% with atezolimumab-bevacizumab.
As first evidences of immunotherapy are emerging, there is a need for additional immuno-
oncological options [18,19].

The liver is an organ with a very specific immune system [20]. First, HCC is considered
as an immunogenic tumor because of his anatomic position allowing the detection of
pathogens entering by the gut, processing by many phagocytic cells (e.g., Kupffer cells)
and innate immune cells (e.g., NKT and iNKT cells). Besides, the liver also has multiple
subtypes of CD4" T cells with immunomodulatory functions and cytotoxic CD8" T cells.
However, even if these memory cells can help eradicating the tumor [21], they are rarely
able to control advanced HCC by themselves. Second, the cirrhosis around HCC cells is
also an unique background. The liver continuously removes a large spectrum of pathogens
from the circulation while ensuring organ protection by maintaining immunotolerance [22].
However, in chronic liver disease (necroinflammation), proinflammatory signals (IL-2, IL-7,
IL-12, IL-15, and IFN-vy) break this tolerance leading to continuous cell death, compensatory
regeneration, and liver fibrosis, which collectively induce tumorigenesis. The immune
system is also dysregulated due to anti-inflammatory cytokines (IL-10, IL-13, and TGF-3)
leading to the suppression of effective anti-tumor immune responses [22].

Consequently, driven by the success observed in hematology, researchers engineered
cytotoxic cells (mainly CD8" and rarely NK cells) targeting HCC to increase their cytotoxic
properties [23]. Up to date, adoptive cells transfer (ACT) success in solid tumors was
exceptional [24,25]. Due to the presence of tumor associated antigens (TAA) with an
acceptable specificity, HCC in one of the most promising organ for ACT in solid tumors [26].
In this report, we will review the biological rationale of adoptive cell transfer in advanced
HCC, the results of ACT published clinical trials and the setting of the ongoing trials.
Finally, we will discuss the main concerns and perspectives of this emerging field.

2. Biological Rationale of Adoptive Cell Transfer in Hepatocellular Carcinoma
2.1. Concept of CAR/TCR Engineered T Cells

After decades of relatively low success rates when trying to convert immunological
concepts in efficacious immunotherapeutic tools—with the possible exception of allogeneic
hematopoietic cell transplantation that was empirically developed as a cellular immunother-
apy to treat mostly hematological malignancies—recent years have witnessed the introduc-
tion of several practices changing medicinal products. In particular, the remarkable success
rates and improvement in outcome seen with the introduction of immune-checkpoint
inhibitors for the treatment of malignant melanoma and lung cancers has heralded a rush
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among biotech and pharma companies to develop new tools to activate or expand the
abilities of the patient immune system to control tumor growth.

Further progress in the engineering of monoclonal antibodies lead to the development
of BITE® or bispecific T cell engager; the first BITE® to reach the market was blinatunomab
that targets CD19 and is indicated for the treatment of relapsed/refractory (r/r) adult acute
lymphoblastic leukemia (ALL) since 2015. BITE© antibodies have two arms, one that binds
a membrane antigen expressed at the surface of the targeted (tumor) cell such as CD19
and the other that binds T cells leading to their activation and cytotoxic effect in the close
vicinity of the tumor cells [27].

Another important and more recent avenue is the development of hematopoietic
cellular therapies (Figure 1) manufactured from or made of immune effector cells (IECs),
the most publicized of which being CAR-T Cells [28,29]. CAR stands for ‘Chimeric Antigen
Receptor’ a synthetic protein encoded by a DNA sequence that juxtaposes the extracellular
domain of a single chain immunoglobulin, the intracellular domain of the Zeta chain of the
T-Cell Receptor (TCR) with a hinge region and one or several domains from costimulatory
molecules such as CD28 or 4.1 BB in between [30]. The extracellular domain targets a
membrane antigen expressed at the surface of targeted cells such as CD19 for lymphoid
malignancies (ALL, non-Hodgkin’s lymphoma, etc.) or B Cell Maturation Antigen (BCMA)
expressed on malignant plasma cells in patients affected with multiple myeloma. Recogni-
tion of the target antigen is not restricted by the Major Histocompatibility Complex (MHC)
molecules, allowing for wide clinical applications. Binding of the cognate ligand triggers
T-cell activation and cytotoxicity through the TCR domain. The nature of the co-stimulatory
domain(s) has important implications for in vivo amplification and persistence of CAR-T
cells after their infusion.
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Figure 1. Schematic representation of T cell receptor (TCR) engineered T cells and chimeric antigen receptors (CAR) engi-

neered T cells in hepatocellular carcinoma. Main tumor associated antigens (TAA) are represented in green. Abbreviations:
AFP = alpha-fetoprotein, Co-stim = co-stimulation molecules (mainly CD28, ICOS, 41 BB, OX40), MHC Class 1 = major
histocompatibility complex class I, TAA = tumor associated antigens.

Currently, three autologous CAR-T cells—all targeting CD19—have been approved by
health authorities in the USA and Europe, as well as in many other countries: these include
tisagenlecleucel for the treatment of relapsed/refractory ALL under the age of 25 [31]
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as well as for the treatment of relapsed /refractory diffuse large B-cell Lymphomas (DL-
BCL) [32,33], axicabtagene ciloleucel for the treatment of r/r DLBCL and primary mediasti-
nal NHL [34] and brexucabtagene autoleucel for the treatment of r/r mantle cell NHL [35].
Two autologous CAR-T Cells targeting BCMA, idecabtagene vicleucel [36] and ciltacabta-
gene autoleucel [37], are likely to be soon approved by the FDA, the EMA, and Chinese
health authorities for the treatment of patients affected with advanced multiple myeloma.

Numerous developments are underway with the evaluation of novel tumor targets to
treat new categories of diseases such as Hodgkin’s disease [38], myeloid malignancies [39]
or solid tumors, strategies to overcome resistance, largely due to the loss of the targeted
tumor antigen [40], strategies to mitigate side-effects associated with CAR-T cells adminis-
tration such as the cytokine release syndrome (CRS) or immune effector cells associated
neurological syndromes (ICANS) [41-43] improved and more complex CAR structures
designed to counteract the immune suppressive environment that characterizes many
tumor types, support in vivo persistence of CAR-T cells and recruit endogenous immune
effectors [44]. In addition, CAR-technologies are now combined with gene editing as a
substitute to retroviral or lentiviral vector transduction [45] with the use of allogeneic cells
that hold the promise of off-the-shelf medicines [46] and the genetic engineering of other
immune cell subsets such as natural killer (NK) cells [47], v/ T cells, or macrophages.
The field is thus blooming with expectations.

In addition to the excitement raised by the first approved CAR-T Cells, the field of
IECs is also pursuing developments with TCR transgenic T-Cells (also called engineered
T-cells). In this context, recognition of the targeted tumor cells is not limited to membrane
antigens but allows for the recognition of MHC-restricted peptides and may thus be more
adapted to the treatment of solid tumors (Figure 1). Nevertheless, MHC restriction limits
the application to subsets of patients that share the most frequent HLA types in a population
of common ancestry. Editing of the endogenous TCR to be replaced by the transgenic TCR
is likely to improve biological activity in the future, but similar to CAR-T cells, the issues of
T-cell exhaustion in an immune suppressive tumor micro-environment and of trafficking
of the genetically modified T-cells to the tumor site needs to be tackled before consistent
clinical efficacy can be demonstrated and the first medicinal products in this category are
approved and reach the market. Both for TCR-T cells and CAR-T cells, the choice and
validation of the target antigen is of utmost importance for optimal clinical efficacy and
minimization of on-target/off-tumor side-effects.

All currently available and investigational IECs represent a new category of medicinal
products that require a very specific organization for the manufacturing process in the
context of newly defined regulatory frameworks, as well as a very specific organization
for hospitals that provide access to these treatments [48]. The complex, sophisticated,
and largely manual logistics—that involves shipment of viable cells over long distances—
partly explains the high price tag of these innovative gene therapy or cell therapy medicinal
products. It also implies a significant turnaround time before the (autologous) therapy
becomes available to the candidate patient, raising significant issues in terms of disease
control during this period, with the need for bridging therapy in a proportion of patients,
and patients with fast progressive tumors remaining ineligible for such approaches. Despite
these uncertainties, the field is quickly moving forward and the potential for combinations
with other forms of immunotherapies such as immune checkpoint inhibitors or with
targeted therapies/chemotherapies fuels high expectations in the patients’ community
and their families. Thorough evaluation of the safety profile and efficacy profile of these
medicinal products that are mostly authorized on the basis of phase 1/1I registration trials,
will require the collection of data over extended period of time in real-world conditions
in the post-authorization era [49]. This will also help define the role of these IECs in the
treatment of various categories of neoplastic diseases, in particular in comparison with
other immunotherapeutic agents such as BITE© [50].
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2.2. Targets in Hepatocellular Carcinoma Adoptive Cell Transfer

Like other immunogenic tumors, subjects undergoing hepatic resection for HCC with
prominent lymphocyte infiltration are associated with reduced recurrence and better prog-
nosis as compared with those without prominent lymphocyte infiltration [51,52]. Moreover,
recurrence after liver transplantation for HCC is related to immunosuppression [53] as well
as the presence of T regulatory cells (Tregs) in the infiltrate [52].

In the next section, we are listing the main targets used in ACT for HCC. None of
these antigen are tumor-specific antigens (expressed by the tumor with minimal to no
expression in normal tissue) [54]. They mainly belong to three categories of tumor antigens:
(i) tumor-associated antigens: antigens whose expression is enriched but not specific to
cancer cells (e.g., AFP, GPC-3); (ii) cancer—testis antigens: antigens whose expression is
limited to cancer cells and reproductive tissues but not adult somatic tissue (e.g., NY-ESO-1,
MAGE); (iii) viral-derived cancer antigens: antigens expressed by cancer cells derived from
an oncogenic viral origin (VHB, VHC).

(1) Alpha-fetoprotein (AFP) is a 70-KDa glycoprotein found in serum of early mam-
malian embryos, synthesized at the site of embryonal hematopoiesis: the yolk sac [55].
After birth, the levels drop off rapidly, and by the second year only trace amounts are
detectable in serum. The normal adult levels typically range between 1 and 40 ng/mL.
Reappearance or high serum levels are observed in several conditions: pregnancy, hepatic
disorders, and malignancies such as hepatocellular carcinomas, germ cell tumors (especially
with yolk sac tumor components), breast, esophagus, cervical, pancreatic, endometrial,
gastric, lung, and rectum cancers [56]. Up to 50% of HCC tumors express AFP [57]. Tu-
mor AFP expression generally correlates with serum AFP, although this correlation is not
absolute. Expression of AFP in nonmalignant liver can occur, particularly in a subset of pro-
genitor cells and during chronic inflammation, at levels typically lower than in HCC [58].
Pre-clinical studies demonstrated the potential of AFP for cellular immunotherapies [59].
It has been reported that malignant liver cells produce AFP-L3, even when HCC is at its
early stages, and especially when the tumor mass is supplied by the hepatic artery.

(2) Glypican-3 (GPC-3) is a member of the heparan sulfate proteoglycan family con-
trolling cell division and growth regulation. GPC-3 is an antigen expressed in over 70% of
HCCs but rarely in non-malignant tissues. Indeed, GPC-3 positive immunostaining can
differentiate hepatocellular carcinoma (HCC) from dysplastic changes in cirrhotic livers.
Recent studies demonstrated that greater GPC-3 expression in tumor cells was associated
with a worse prognosis for HCC [60]. Glypican-3 antibodies are investigated as a therapeu-
tic option for HCC, either alone or as a drug carrier [61-63]. Numerous pre-clinical studies
support the evidence of GPC-3 targeting with adoptive cell therapies [64,65].

(3) Melanoma antigen gene family (MAGE) consists of 12 members and is expressed
almost exclusively in cancer tissues in a wide variety of malignant tumors [66—69]. In RNA
expression in HCC, MAGE-1 and -3 were expressed in approximately 68% of the tumors;
MAGE-8 was expressed in 46%; and MAGE-2, -6, -10, -11, and -12 were expressed in
approximately 30% [70,71]. Several MAGE peptides have been shown to induce a strong
cytotoxic T-lymphocyte (CTL) response in patients with melanoma [72,73].

(4) New York esophageal squamous cell carcinoma 1 (NY-ESO-1) is a protein consisting
of 180 amino acids. As a member of the cancer testis antigen (CTA) family, NY-ESO-
1 has been shown to be expressed in spermatogonia, primary spermatocytes, oogonia,
and placenta and in a variety of cancers, such as melanoma, ovarian cancer, cervical cancer,
gastric cancer, and HCC. [74]. In Nakamura et al., NY-ESO-1 mRNA was detected in 18 of
41 (43.9%) hepatocellular carcinomas [75].

(5) Human telomerase reverse transcriptase (h\TERT) plays a key role in conferring
immortality to cancer cells through the regulation of telomere length. It has been reported
that 80% to 90% of hepatocellular carcinomas (HCCs) express hTERT [76]. Additionally,
peptides containing hTERT epitopes are able to induce hTERT-specific cytotoxic lympho-
cytes [77].
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(6) NK group 2 member D ligand (NKG2DL) is a type Il transmembrane-anchored
C-type lectin-like protein receptor expressed on natural killer (NK) cells, CD8* T cells,
subsets of v T cells, and some autoreactive CD4* T cells. The Cancer Genome Atlas and
microarrays of HCC samples showed NKG2DL are generally absent on the surface of
normal cells but are overexpressed on malignant cells, offering good targets for CAR-T
therapy. [78]. Recently, in vitro studies reported that NKG2D CAR-T cells efficiently killed
the HCC cell lines.

(7) Epithelial cell adhesion molecule (EpCAM) is a type I membrane protein of 314
amino acids (aa) of which only 26 aa are facing the cytoplasm [79,80]. EpCAM has onco-
genic potential and is activated by release of its intracellular domain, which can signal into
the cell nucleus by engagement of elements of the wnt pathway [81]. EpCAM was found
to be frequently over-expressed in a wide variety of carcinomas, including HCC, colon,
gastric, pancreas, and breast cancers [82,83].

(8) Mucinl glycoprotein 1 (MUC1) belongs to the family of human epithelial
mucins [84] Its expression on normal cells is hidden from the immune system, and its
aberrant glycosylation (large number of O-glycosylated tandem repeat) on tumors creates
new epitopes recognized by the immune system [85]. Pre-clinical studies in vitro and in
xenograft models validated MUCT1 target for CAR-T therapy [86,87].

(9) Viral antigens: viral surface proteins are not controlled by available antiviral
agents and are usually maintained in HCC with integrated viral genomes [88]. In vitro
and in mice [89], CAR-T cells directed against the HBV surface proteins enabled human
T cells to kill HBV-infected human hepatocytes and to eliminate viral DNA. Interestingly,
TCR gene-modified T cells (T cells genetically engineered with a high-affinity, HLA-A2-
restricted, HCV NS3:1406-1415-reactive TCR) mediated regression of established HCV*
HCC in xenograft model [90,91].

3. Results of Adoptive Cell Transfer Trials in Hepatocellular Carcinoma

We are reporting here only human clinical trials (no pre-clinical trials). At the date of
the review, only early phase studies (I/1I) are available.

3.1. TCR Engineered T Cells

In 2015, a case report of TCR engineered T cells against viral antigens (HBsAg) de-
scribed that modified T cells survived expanded and mediated a reduction in HBsAg levels
without exacerbation of liver inflammation or other toxicity. However, no efficacy was
observed in this patient with end-stage metastatic disease [92].

At the International Liver Congress 2020 (LBO12), Sangro et al., presented inter-
esting data about genetically engineered affinity-enhanced autologous SPEAR T-cells
(AFPc332T-cells) [93]. In this first-in-human study in HCC (NCT03132792), patients must
be HLAA*02:01+ or 02:642+ and had AFP expression by immunohistochemistry (IHC) at
>1+in >20% HCC cells or serum AFP > 400 ng/mL, and <5% IHC AFP in non-cancerous
liver tissue. Four patients have been treated with ~5 billion or more transduced cells
(three in Cohort 3, and one in the expansion phase): one patient with complete response,
one with stable disease, and two had progressive disease. Five patients were previously
treated in the first two dose cohorts with doses of 100 million and 1 billion transduced cells,
respectively, and all patients had best responses of stable disease. Due to lympho-depletion
(fludarabine 30 mg/m2QD for 4 days and cyclophosphamide 600 mg/m2QD for 3 days)
patients experienced cytopenia (up to G4 leukopenia, lymphopenia, and neutropenia)
but there were no reports of T-cell related hepatic toxicity. No DLTs were reported to date.
Interestingly, the first patient in Cohort 3 had a confirmed partial response (cPR) with 100%
reduction in target lesions; one non-target lesion remained at week 8. This was associated
with rapid and sustained decrease in serum AFP levels from 6531 ng/mL at baseline to
14 ng/mL at week 12.
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3.2. CAR-T Cells

In August 2020, Shi et al. published results for phase I trials with GPC3-CAR-T
cells [60]. In two prospective phase I studies (NCT02395250 and NCT03146234), adult
patients with advanced GPC3+ HCC (Child-Pugh A) received autologous CAR-GPC3 T-cell
therapy following cyclophosphamide- and fludarabine-induced lymphodepletion. A total
of 13 patients received a median of 19.9 x 108 CAR-GPC3 T cells by a data cutoff date of
24 July 2019. Preliminary data of efficacy are promising with two partial responses and one
patient with sustained stable disease alive after 44.2 months. The OS rates at 3 years, 1 year,
and 6 months were 10.5%, 42.0%, and 50.3%, respectively. However, toxicity was a major
concern as cytokine release syndrome (CRS) occurred in 9/13 patients included one G5
CRS. In this patient, 20.0 x 10 cells were infused, and the next day, the patient experienced
severe CRS-related hypotension, fever, pulmonary edema, and elevated plasmatic IL-6
(18,000 pg/mL). After intensive care unit transfer, the patient died from multi-organ failure
at day 19. Four other patients received high-dose steroids, two of whom also received the
mADb tocilizumab against IL6 receptor to manage CRS.

Unfortunately, numerous completed phase 1/2 trials have not been published yet,
notably targeting MUC-1 (NCT02587689) or EpCAM (NCT03013712).

4. Ongoing Adoptive Cell Transfer Trials in Hepatocellular Carcinoma

The following section is resuming active clinical trials in early phase for adoptive
cell therapies, either for basket studies of several tumor types including hepatocellular
carcinoma, either for dedicated hepatocellular carcinoma. Of note, most of these trials
include only HCC patients with a good liver function (Child Pugh A).

4.1. TCR Engineered T Cells

At the time of this review, five early phase trials (Table 1) are recruiting for TCR
engineered (TCRe) T cells targeting AFP (NCT02719782 and NCT04368182), HBV viral
antigens (NCT02719782, NCT03899415) or MAGEA1 (NCT03441100). Two trials are basket
trials for solid tumors, and three trials are specific to hepatocellular carcinoma. All of
these trials required a good liver function (Child A). The mains endpoints are safety (dose-
limiting toxicity, adverse events, serious adverse events) and overall response rate. Four
trials are conducted in unresectable hepatocellular carcinoma, and interestingly, one trial
(NCTO03899415) in the adjuvant setting, evaluating the safety and clinical benefit of TCR
engineered T-cells therapy in patients with HBV* HCC post hepatectomy or radiofrequency
ablation. Results of these trials are expected after 2022.

Table 1. Ongoing clinical trials of TCR engineered (TCRe) T cells in hepatocellular carcinoma.

Primary Start

NCCT Phase  Type Product Target Organ Pop Sponsor Endpoint Date
HCC .
NCT02719782 1 TCRe HBV-TCRT cell HBV Ag HBV+ 10  Lion Company Safety 06/2015
NCT03132792 1 TCRe AFP32 T cells AFP basket 45  Adaptimmune Safety ~ 05/2017
NCT03441100 1 TCRe IMA202-101 MAGEA1  basket 15 Immatics Safety 05/2019
NCT03899415 1 TCRe HBV-TCRT cell HBV Ag I-}IIBCVC+ 10  Beijing Hospit. Safety 06/2019
NCT04368182 I TCRe Autologous C-TCR055 AFP HCC 5  Zhejiang Univ. Safety 06/2020

Abbreviations: Ag: antigen; AFP: alpha-fetoprotein; HBV: hepatitis B virus; HCC: hepatocellular carcinoma; MAGE: melanoma antigen
gene, TCRe: TCR engineered T cells.

4.2. CAR-T Cells

Ongoing CAR-T cells clinical trials are more frequent than TCR engineered ones (Table 2).
The main target is Glypican-3 with five ongoing clinical trials. Interestingly, one of these
trials (NCT03198546) investigates a CAR-T-cells targeting GPC3 and/or soluble TGFf3.
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The other are targeting only GPC3 using divers T cells constructions, notably with a 4-1BB
Zeta chain [65].

Table 2. Ongoing clinical trials of chimeric antigen receptor (CAR) T cells in hepatocellular carcinoma.

Primary Start
NCCT Phase Type Product Target Organ Pop Sponsor End- Date
point
NCT03302403 NA CAR-T CAR-CLD18 CLD18 HCC/basket 48 Kang YU Safety 11/2017
GPC3/TGFpB- Guangzhou

NCT03198546 1 CAR-T CART GPC3/TGFp HCC 30 Medical Univ Safety  07/2017
EpCAM-CAR- Chengdu

NCT03013712  I-II CAR-T T EpCAM basket 60 Medical Coll Safety ~ 01/2018

Baylor Coll of

NCT02905188 I CAR-T GLYCAR GP3C HCC 14 . Safety 03/2019
Medicine

NCT03884751 1 caRT  CARCPGT - pey HCC 15 Carsgen Safety  04/2019

Cells Therapeutics
NCT03993743 1 (IAH) CAR-T CD147-CART CD147 HCC 34 Xijing Hospital Safety 05/2019
NCT03980288 1 CAR-T CAR&S&Z(B T GPC3 HCC 36 Zhejiang Univ Safety ~ 07/2019
DR5,

CAR-T/TCR-T C-met, Shenzhen

NCT03638206 I-II CAR-T cell EGER basket 73 BinDeBio Safety ~ 08/2020

vIII

CAR-T/TCR-T DR Shenzhen

NCT03941626  I-1I CAR-T EGFR HCC/basket 50 lenzhe Safety 09/2019
cells VITI BinDeBio

NCT04121273 I CAR-T NA GPC3 HCC 20 Nanjing Univ Safety 10/2019

AFP: alpha-fetoprotein; CLD18: claudin18; DR5: death receptor 5; HBV: hepatitis B virus; EpCAM: epithelial cell adhesion molecule; GPC3:
glypican 3; HCC: hepatocellular carcinoma; MAGE: melanoma antigen gene, TCRe: TCR engineered T cells. TGFf: transforming growth

factor f3.

Basket trials mostly investigate less conventional target, such as EpCAM in EpCAM
positive cancer (HCC, gastro-intestinal cancer, liver cancer) (NCT03013712) or Claudin18.2,
a protein implied in tight junctions and expressed in digestive tumors (stomach, gastroe-
sophageal junction, pancreas, and liver) (NCT03302403). Baskets trials in HCC can also
share several targets such as DR5, C-met, or EGFRVII], investigated together in two CAR-T
cells trials (NCT03638206, NCT03941626).

Concerning treatment characteristics, whereas intravenous infusion is the standard,
one trial (NCT03993743) is investing hepatic artery infusion with four doses of CD147-CAR-
T cells planned at 1-week intervals. Additionally, one trial (NCT03980288) in the cohort
expansion is investigating the safety of combining CAR-T cells (CAR-GPC3) with currently
available treatments for HCC, TKI, or PD-1/PD-L1 monoclonal antibody.

Most of those trials are phase 1 trials, evaluating the safety, notably the maximum
tolerated dose (MTD) usually expressed in number of reinfused CAR-T cells and the
number of patients with dose limiting toxicity (DLT). Secondary endpoints mostly include
T cell persistence in peripheral blood, response (best response, duration of response)
and rarely survival characteristics (PFS, OS). Results of these trials are expected around
after 2023.

4.3. Immune Monitoring of ACT

The monitoring of engineered TCR or CAR T cells is principally done by measuring
the persistence by DNA copy number (copies/mg genomic DNA) [60]. Interestingly, single
cell analysis techniques (notably flow cytometry) precise the composition of ACT products
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(proportion CD4" and CD8" T cell subsets) [94]. Indeed, in patients with non-Hodgkin’s
lymphoma, naive and central memory CD4* CAR-T cells from patients exhibit higher
antitumor activity than effector memory CD4* CAR-T cells when transferred to an animal
model. In addition, central memory CD8" CAR-T cell from patients presented higher
antitumor activity than naive and effector memory CD8" CAR-T cells [95].

Single cell RNA-sequencing (RNA-seq) also enables to analyze the activation state of
CAR-T cells [96]. In hematologic tumors, scRNA-seq demonstrates that clones that expand
after infusion mainly originate from infused clusters with higher expression of cytotoxicity
and proliferation genes [97]. Moreover, single cell assays can determine their cytokines
secretion and cytotoxicity [98].

In the only human phase 1 of CAR T cells published in HCC [60], CAR T-cell products
were monitored by flow cytometry and were predominantly terminally differentiated
effector memory T cells (CD45RA+/CCR7—; mean, 78.2%) and effector memory T cells
(CD45R-CCR7-; mean, 14.1%; range, 0.8-47.4%). Characterizing precisely the quality of
CAR-T infusion products and monitoring therapeutic responses is a future challenge of
ACT in solid tumors.

5. Main Obstacles and Possible Solutions

We will describe here the main challenges for the clinical use of TCR modified and
CAR-T cells therapies in HCC, including the possible strategies to overpass them [99].

5.1. A Specific Tumor Micro-Environment (TME)

First, the access to tumor cells (trafficking and homing) can be particularly complex
for modified TCR/CAR-T cells that may face vasculature restriction or physical barrier of
the stroma [100]. An adequate trafficking depends on multiple parameters, such as the
matching between chemokines secreted by tumors and chemokines receptors on T cells
(e.g., CXCR3 and CCR5), a good rolling on the endothelium, or an efficient extravasation
and adhesion (e.g., ICAM-1 and VCAM-1) to the extracellular matrix [101]. One of the
possible solutions is the intra-tumoral injection of the ACT product (NCT03993743), or the
engineering of T cells able to target components of the matrix, such as av[36 integrin28,
VEGEF receptor-2, or fibroblast activation protein [102,103].

Second, in solid tumors, engineered cells must face an immunosuppressive TME
composed of cellular actors (MDSC, M2 macrophages, TRegs, BRegs, DCRegs, CAF) and of
immunosuppressive cytokines (IL10, TGFB). These cells produce reactive oxygen/nitrogen
species, and arginase suppressing T cells functions [104]. To overpass oxidative stress,
one approach is to engineer CAR-T cells coexpressing catalase (an enzyme that reduces
hydrogen peroxide to water and oxygen) or HIF1x [105,106]. However, these solutions are
still pre-clinical.

5.2. Antigen Heterogeneity

Ideally, the antigen chosen for a target in ACT needs to be highly expressed on the sur-
face of tumor cells and not by essential healthy tissues [107]. However, exome sequencing
of primary tumors and metastatic site provides evidence of intratumor heterogeneity with
spatially separated heterogeneous somatic mutations and chromosomal imbalances [108].
Moreover, tumor formation involves the co-evolution of neoplastic cells together with ex-
tracellular matrix and vascular endothelial, stromal, and immune cells, which may increase
their diversity [109]. This antigen heterogeneity decreases the efficacy of ACT in solid
tumors. Additionally, antigen loss is often observed in solid tumor patient treated with
CAR-T cells (e.g., loss if EGFRVIII in gliobastoma) [110].

A possible solution to overpass tumor heterogeneity and antigen loss is to engineer
T cells targeting multiple antigens simultaneously [111]. Using an OR-gate approach,
wherein either one CAR receptor can be engineered to contain two antigen binding domains
(e.g., a bi-specific or tandem CAR) or two CAR receptors can be expressed on the same T
cell (e.g., a bicistronic or co-transduced CAR), CAR-T cell activation occurs if either antigen
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is present on the cell surface [56]. A more simple approach is to enhance immunogenic cell
death (chemotherapy, oncolytic viruses) to improve neoantigens release [112].

5.3. Limited Expansion and Persistence

Modified TCR T cells and CAR-T cells can eliminate relapsed and refractory tumors,
but the durability of antitumor activity requires in vivo persistence [113]. Robust in vivo
expansion and persistence of genetically modified T cells are considered critical predictors
of durable clinical remissions in patients with hematologic malignancies [114]. Even in
hematological trial targeting CD19; 40-60% of patients relapse owing to poor CAR-T cell
persistence [115]. Very few persistence data about engineered T cells in HCC are currently
available. In the published phase 1 of GPC3-CAR-T cells, the median CAR-GPC3 DNA
copy number in the peripheral blood of all patients increased rapidly, reaching a peak of
360.4 copies/mg genomic DNA (range, 28.0-23,358.0 copies/mg genomic DNA) after a
median period of 10.5 days (mean, 13.8 days) and lasting for a median duration of 19.5 days
(mean, 34.4 days).

Technical solutions to enhance persistence were extensively reviewed elsewhere [116]
and notably include: (i) the improvement of intracellular co-stimulation (e.g., CD28); (ii) the
manipulation of T cells to express cytokines and their receptors (IL15-IL21: GPC3-CAR-T
cells) [117]; (iii) the combination with PD(L)1 inhibitors; (iv) the modification of condition-
ing regimen (for example the use of conditioning with 5-Azacytidine or Fludarabine) [118].

5.4. Off-Target Toxicity

Toxicity is one of the most delicate points in the management of ACT in HCC. As tar-
geted antigens can be shared be non-tumoral tissue, the risk of severe off-target toxicity
is high. Concerning cytokines releasing syndrome (CRS), in the previously reported trial
of CAR-T cells targeting GPC-3, CRS occurred in 9/13 patients included one G5 CRS
(toxic death on day 19) [60]. Grade 5 CRS were already described in solid tumor, notably
when targeting ERBB2 [119], with the hypothesis that administrated cells recognized low
level of the target antigen in lung epithelial cells. Other organ-specific toxicities occur in
solid tumors when using ACT, notably G4 colitis or G4 hepatitis that may be particularly
dreadful in the context of HCC [120,121].

To deal with this major concern, genetic manipulations of T cells were developed
to modify the affinity of TCR (=Low Affinity CAR-T) to spare normal tissues [122,123].
The use of affinity-tuned scFvs may empower wider use of CAR-T cells against validated
targets. The insertion of suicide gene into CAR-T cells (e.g., dimerization domain fused to
a caspase-9 domain) is also promising [124]. The use of effectors cells inducible by IL-12
are in evaluation in HCC [125]. Finally, recent works in HCC report the splitting of CAR in
two parts (split GPC-3 CAR-T cells) using a sequence of 13 amino acid (SpyTag) in order to
decrease the amount of proinflammatory cytokines released [126].

5.5. Clinical Applicability

A major limitation of ACT transfer in routine clinic in HCC is related with the number
of selection criteria in early clinical trials. First, in TCR engineered T cells, HLA restriction
lead to the loss of an important number of patients as main protocols are developed for
HLA *02:01 patients (around 40% of total). Additionally, most of the trials require a hepatic
function with Child Pugh class A, 7 to 9. Lastly, if the mandatory ECOG 0-1 if added,
the potential frequency of patients likely to benefit from these treatments become very
low. Finally, cost limitations will certainly be a barrier for health insurance system if these
treatments cost the same price than in hematology (several hundred thousand dollars).

If validated in phase 3 studies, improving the cost-effectiveness and the routine clinic
transfer of adoptive cell therapies in HCC will be a major challenge.
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6. Conclusions

After years of fundamental research, adoptive cell therapy is emerging in advanced
HCC. Fifteen early phase clinical trials are ongoing and two of them (GPC3-CAR-T and
SPEAR AFPc332 T cells) are reporting objective responses in pre-treated advanced HCC.
These first results suggest that the field is switching from an experimental proof of concept
phase to an active clinical phase, with clear efficacy data. However, these trials require
confirmation in a phase 3 setting. Numerous questions remain, such as the best antigen to
target, the combination with ICI, the management of toxicity, the monitoring of the product
and the cost of these treatments. However, it seems clear that immunotherapy will play a
pivotal role in advanced HCC. Because of major advances in synthetic biology, ACT will
probably become a safer and more efficient therapy that could integrate advanced HCC
treatment in the next decade.
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