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Hepatocellular carcinoma (HCC) is the most common type of primary liver cancer with a
poor prognosis and limited therapeutic options. Alpha-fetoprotein (AFP), an established
clinical biomarker of HCC, has been employed as an attractive target for T cell-based
immunotherapy against this disease given its high expression in the tumor and restricted
expression in normal tissues. We have identi�ed a number of Tcell receptors (TCRs)
recognizing the HLA-A� 02:01 restricted AFP158� 166 peptide FMNKFIYEI, providing a
TCR candidate pool for identifying TCRs with optimal clinical bene�t. To select the ideal
AFP TCR for clinical use, we evaluated the ef�cacy and safetypro�le of 7 TCRs by
testing their potency toward AFP-expressing HCC cells and their speci�city based upon
reactivity to normal and transformed cells covering a wide variety of primary cell types
and HLA serotypes. Furthermore, we assessed their cross-reactivity to potential protein
candidates in the human genome by an extensive alanine scan (X-scan). We �rst selected
three TCR candidates based on thein vitro anti-tumor activity. Next we eliminated two
potential cross-reactive TCRs based on their reactivity against normal and transformed
cells covering a variety of primary cell types and HLA serotypes, respectively. We then
excluded the potential cross-reactivity of the selected TCR with a protein candidate
identi�ed by X-scan. At present we have selected an AFP TCR with the optimal af�nity,
function, and safety pro�le, bearing properties that are expected to allow AFP TCR
redirected T cells to speci�cally differentiate between AFP levels on tumor and normal
tissues. An early phase clinical trial using T cells transduced with this TCR to treat HCC
patients (NCT03971747) has been initiated.

Keywords: T cell receptor (TCR), hepatocellular carcinoma ( HCC), alpha-fetoprotein (AFP), cross-reactivity,
immunotherapy, alloreactivity, X-scan

INTRODUCTION

Hepatocellular carcinoma (HCC) is the most common type of primary liver cancer, accounting for
75–85% of all liver cancers (1). There are about 841,000 new cases and 782,000 deaths annually
caused by liver cancer (1). Liver cancer ranks �fth in terms of global cancer cases and second in
terms of cancer death in males (1). In China, there are� 466,000 cases of liver cancer diagnosed
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annually, with the mortality reaching 422,000 each year (2), more
than half of the world rate. HCC in adults is often diagnosed in
later stages. Current treatments of HCC are limited to surgery,
local ablation, liver transplantation, and targeted therapies, which
show restricted e�cacy and minimal survival bene�ts for the
majority patients (3). New therapeutic means are urgently needed
to e�ectively treat this malignancy. Among them, T cell-based
immunotherapy appears to be a promising clinical intervention
for HCC patients due to the following observations. First, itis
found that there is a correlation of improved overall survival
rate with the number of CD8C T cells in�ltrated into HCC
(4, 5). Second, the down-regulation of HLA-class I expression in
most solid tumors generally does not occur in HCC (6). Instead,
HLA-A is upregulated in more than 50% of the patients (6).

T cell-based immunotherapies have proven to be one of the
most potent ways to treat late-stage malignancies, especially B-
lineage hematologic malignancies (7–9). E�cacy of T cell-based
immunotherapies against solid tumors, however, are still limited
due to lack of optimal tumor speci�c targets, heterogeneity
of tumor antigen expression, poor persistence of transferred
cells, and immunosuppressive tumor microenvironment (7–10).
Among these factors, lack of tumor-speci�c targets is a major
obstacle, limiting the e�ectiveness and safety of T cell-based
immunotherapies (9, 11, 12). Therefore, new immunotherapies
targeting a HCC speci�c antigen holds promise to improve the
treatment of this devastating disease.

Alpha-fetoprotein (AFP), a secreted 70 kD glycoprotein, has
been used as a biomarker for HCC as elevated expression of
AFP in tumors and serum is found in 60–80% of HCC patients
and correlates with poor prognosis (13). AFP is commonly
expressed in the fetal liver and yolk sac during the �rst trimester
of pregnancy, but declines sharply after birth and remains low
in adulthood (13). While vital for the developing fetus, the
role of AFP in adult tissues is less well-understood but appears
dispensable, thus making it a promising tumor antigen for T
cell-based immunotherapies (13). A human TCR speci�c for
AFP158� 166 was recently identi�ed from healthy donors, but the
antitumor e�ect is restricted, probably due to its low a�nity
(14). Recently, TCR (15) (NCT03132792) and TCR-mimic CAR
(16) (NCT03349255) developed to target AFP expressing HCC
have been employed in clinical trials. To date, the safety pro�le
remains good, and promising signs of clinical e�cacy have been
observed (17, 18), suggesting that AFP is a good target for T
cell-based immunotherapies.

We have identi�ed a number of TCRs against AFP158� 166
from HLA-A2 transgenic AAD mice with varied a�nity using
a lentivector-prime and peptide-boost approach (19). To select
the most optimal AFP TCR for clinical use, potent anti-tumor
activity would need to be achieved while avoiding severe o�-
tumor toxicity previously observed in a few clinical trials (12,
20–23). To accomplish this, we �rst performed serials ofin

Abbreviations: HCC, hepatocellular carcinoma; AFP, alpha-fetoprotein; UT,
untransduced; EBV, Epstein-Barr virus; ELISA, enzyme-linked immunosorbent
assay; IFN, interferon; PBMC, peripheral blood mononuclear cells; TCR, T cell
receptor; BLAST, Basic Local Alignment Search Tool.

vitro assays to select TCRs with potent activity against AFP-
expressing tumor cells. Next we evaluated the safety pro�le of
the three selected TCRs by testing the TCR expressing cells
against normal and transformed cells, which include a varietyof
primary cell types and HLA serotypes, respectively. In addition,
our colleagues [accompanied study, (24)] performed an X-scan
screening to exclude the potential cross-reactivity of TCR 1-3
with other protein candidates in the human genome. We further
con�rmed that the selected TCR did not cross-react with the
potential candidate with serials of validation assays. Basedon
these analyses, we have selected a TCR based on the balance of its
activity and safety pro�le. This AFP TCR bears properties that are
expected to allow T cells, redirected with this TCR, to speci�cally
di�erentiate between AFP levels on tumor and normal tissues.An
early phase clinical trial using T cells transduced with this TCR to
treat HCC patients (NCT03971747) has been initiated.

MATERIALS AND METHODS

TCR Cloning
For each TCR, the coding sequences of itsa and b chain were
codon-optimized, joined with a P2A linker, and cloned into a
lentiviral backbone under the EF1a promoter.

Lentivirus Production
For packaging, 293T cells (ATCC) were seeded in poly-L-Lysine
coated plates (Corning) and transfected the next day with the
mix of AFP TCR transfer plasmid and 3 packaging/envelope
plasmids, using lipofectamine 3000 (Thermo Fisher). Forty-
eight hours after transfection, the virus-containing media
were harvested and centrifuged to remove cell debris. The
virus supernatant was then directly used for transduction or
immediately stored at� 80� C.

Generation of AFP TCR-T Cells
Peripheral blood mononuclear cells from healthy donors were
obtained from Precision for Medicine (Fredrick, MD). Total
or CD8C T cells were isolated using either EasySepTM Human
T Cell Isolation Kit or EasySepTM Human CD8C T Cell
Isolation Kit (both from StemCell Technologies), respectively,
following the manufacturer's protocol. The isolated cells were
then cultured in AIM V medium (Thermo Fisher) supplemented
with 10% fetal bovine serum (FBS; VWR) and 200 IU/mL IL-
2 (Peprotech), along with DynabeadsTM Human T-Activator
CD3/CD28 (Thermo Fisher; cell to bead ratio 1:1). After 24 h
of activation, cells were transduced with AFP TCR lentivirus
in the presence of 10mg/mL Protamine Sulfate (Sigma). The
transduced cells were expanded for 9–11 days and then used for
downstream analysis or cryopreserved with Cryostor D10 media
(Biolife Solutions).

Cell Lines, Primary Cells, and iCells
HepG2 and Huh7 cells were obtained from ATCC. MDA-
MB231 cells were obtained from Dr. Hasan Korkaya who
originally purchased from ATCC. All cell lines were maintained
in DMEM medium supplemented with 10% FBS (VWR). The
Epstein-Barr virus (EBV)–transformed B-lymphoblastoid cell
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lines (B-LCL) used for alloreactivity test were obtained from
either Sigma or Fred Hutchinson Cancer Research Center, and
maintained in RPMI 1640 medium supplemented with 15% FBS
(VWR). Primary adult human hepatocytes were obtained from
Lonza. Primary human lung and kidney epithelial cells were
purchased from Novabiosis and Lifeline, respectively. Induced
pluripotent stem cell-derived iCellR
 Neurons, Astrocytes,
Cardiomyocytes and Endothelial Cells were all from FUJIFILM
Cellular Dynamics, Inc. The culture medium, supplements and
plate coating reagents for each cell type were purchased from
vendors as designated by the cell suppliers. Primary hepatocytes
and the four iCells were originally from HLA-A� 02:01C donors,
according to vendor-provided information. Primary lung and
kidney epithelial cells were originally from HLA-A2C donors, in-
house PCR (25) and sequencing further con�rmed they also carry
HLA-A � 02:01 allele.

Co-culture
HepG2, Huh7, and B-LCL cells were harvested and resuspended
in IL-2 free T cell medium. Total 50,000 cells were then seeded
in each well of a 96-well plate, followed by addition of equal
number of AFP TCR T or untransduced control T cells. After
overnight co-culture, the supernatant was saved for ELISA, and
cells from replicate wells were combined for FACS analysis of
4-1BB activation wherever indicated. Primary lung and kidney
epithelial cells and iCell Endothelial Cells were expanded after
thawing, and the 2nd passage cells were harvested for co-culture
with T cells as stated above. Co-culture with other primary cells
or iCells was done similarly except that primary hepatocytes, iCell
Neurons, Astrocytes or Cardiomyocytes were seeded in 96-well
plates immediately after thawing, and T cells were added the next
day for overnight incubation.

IFN-g ELISA
The ELISA plates were coated with a human IFN-g monoclonal
capture antibody (Thermo Fisher, cat. M700A) overnight at
4� C. After washing and blocking with assay bu�er, cell culture
supernatants or diluted IFN-g standards (Biolegend, cat. 570209)
were added together with the biotin-labeled IFN-g antibody
(Thermo Fisher, cat. M701B) and incubated at room temperature
for 1.5 h. HRP-conjugated Streptavidin (Thermo Fisher, cat.
N100) and TMB Substrate (Thermo Fisher, cat. 34021) was then
sequentially added for detection. After stopping the reaction, the
absorbance was measured at 450 nm by a SpectraMaX iD3 plate
reader (Molecular Device).

FACS
Cells were �rst stained with LIVE/DEADTM Fixable Aqua
(Thermo Fisher, cat. L34957), followed by staining with
antibodies against various surface markers. Samples were then
acquired by a FACS instrument (CytoFLEX LX, Beckman
Coulter). For intracellular staining, GolgiPlug (BD) was added
upon at the beginning of T cell and target cell co-culture
and cells were cultured for 6 h. Samples were then processed
with the Cyto�x/cytoperm kit (BD, cat. 555028) following
the manufacture's protocol. The following antibodies were
used: APC-eFluor 780 anti-human CD3 (Thermo Fisher, cat.

47003642), FITC anti-human CD8a (Biolegend, cat. 301006),
BV605 anti-mouse TCRb (Biolegend, cat. 109241), APC anti-
human CD137 (Biolegend, cat. 309810), PECy7 anti-human
IFN-g (Biolegend, cat. 502528), Alx700 anti-human TNF-
a (Biolegend, cat. 502928), PE anti-human IL2 (Biolegend,
cat. 500307), PerCPCy5.5 anti-human CD107a (Biolegend, cat.
328616). HLA-A2/AFP158 tetramer was kindly provided by
NIH Tetramer core facility at Emory University. All data were
analyzed with FlowJo V10 software (FlowJo).

Cytolytic Assay
HepG2 cells were seeded in the 96-well E-plate (30,000 cells/well)
and placed in the Real-time Cell Analyzer (RTCA MP, ACEA
Biosciences) to record the cell index. The next day T cells were
added at the indicated e�ector to target ratio, and cell index
was recorded continuously for another 4 days. The cell index
curve was then normalized to the time point just before adding T
cells, and transformed as percentage cytolysis by comparing the
average of triplicate in each T cell group with that of target cell
only group (i.e., only T cell medium was added).

Western Blot
Cell lysates were extracted with RIPA bu�er (Thermo Fisher),
separated on a 4–12% SDS-page gel (Thermo Fisher), and
transferred onto nitrocellulose membrane using iBlot 2 gel
transfer device (Thermo Fisher). The membrane was blotted
with indicated primary antibodies. After incubating with
corresponding secondary antibody, signals were detected on
an Odyssey Fc imaging system (Licor). ENPP1 antibody was
purchased from Abcam (cat. ab223268). AFP and GAPDH
antibodies were from Santa Cruz Biotechnology (cat. sc-8399 and
sc-47724, respectively). IRDyeR
 800CW Goat anti-Rabbit IgG
and IRDyeR
 680RD Goat anti-Mouse IgG secondary antibodies
were from Licor.

Bead-Based Immunoassay
The LEGENDplexTM Human CD8/NK panel (BioLegend, cat.
740267) was used for simultaneous quanti�cation of 13 soluble
analytes in cell culture supernatants, following the manufacture's
protocol. The assay was read on a CytoFLEX LX FACS
instrument (Beckman Coulter).

Statistical Analysis
Data were analyzed using the GraphPad Prism software (Version
5). Unpaired Studentt-test was conducted for comparison and
two-tailedP< 0.05 was considered statistical signi�cant.

RESULTS

Screening AFP TCRs for Their Anti-tumor
Activities in vitro
We have previously reported the identi�cation of 3 TCRs
from HLA-A2 transgenic AAD mice after immunization with
human AFP158� 166 peptide (19). Four additional TCRs were
identi�ed from newly sequenced hybridomas, following the
same method described previously (19). In order to identify
the optimal AFP TCRs based on potency toward their targets,
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we �rst codon-optimized and cloned the 7 AFP TCRs (19)
into a lenti-viral backbone and enforced their expression in
human T cells. Eight days after transduction, the relative Tcell
expansion and phenotype of 7 AFP TCR-transduced cells are
comparable (Figure S1). Next we evaluated the expression of
TCR b chain as well as the pairing of TCRa and b chains by
measuring the surface expression levels of TCRb chain and
AFP tetramer binding capacities. The expression level of TCR
b chains is comparable, ranging from 80 to 90% for these 7
TCRs. Interestingly, the tetramer binding capacity of these TCRs
is highly variable, although the CDR3 regions of these TCRs are
quite similar at the amino acid level especially when compared
in pairs (Figure 1A). TCR 3 demonstrated the highest tetramer
binding capacity reaching almost 60%, followed by TCR 1, 2,
and 6, reaching 40%, while TCR 8, 10, and 11 were much
lower in the range of 7–26% (Figure 1B). We reasoned that the
di�erent tetramer binding activity is very likely due to the pairing
di�erence between TCRa and b chain given the comparable
expression level of 7 TCRb chains and the assumption that the
expression of TCRa chain is similar since the codon-optimized
a chain is cloned upstream of TCRb chain.

To evaluate the cytokine secretion capacity of these AFP
TCRs, we co-cultured the TCR expressing cells with HCC cell line
HepG2, which displays high AFP expression in a HLA-A2 setting
(26). A signi�cant fraction of T cells redirected with TCR 1, 2,
and 3 were capable of producing multiple cytokines including
IL-2, IFN-g, TNF-a, as well as degranulation factor CD107a.
Nevertheless, TCR 8 and 11 expressing T cells produced very
few cytokines and TCR 6 and 10 expressing T cells displayed
intermediate cytokine producing capacity (Figure 1C). This
observation is consistent with their respective tetramer binding
capacities, except for TCR 6 expressing T cells, which produced
less cytokines compared to TCR 1 and 2 redirected T cells, even
though their tetramer binding capacities were close, suggesting
that the cytokine production capacity is not solely dependent
on the ability to bind target. Consistently, the IFN-g secretion
capacity of di�erent TCRs aligned well with their intracellular
cytokine production capacities, i.e., T cells expressing TCR 1, 2,
and 3 secreted the highest amount of IFN-g (Figure 1D).

We next examined the cytolytic activity of these TCR
expressing cells upon encountering their targets. Again, T cells
expressing TCR 1, 2, and 3 displayed the highest cytotoxicity,
killing almost 95% target HepG2 cells after co-culturing for48 h
(Figure 1E) and taking virtually the same time to kill 50% of
the targets at the e�ector to target ratio of 0.25:1 and 0.5:1,
surpassing the other 4 TCRs (Figure 1F). Taken together, TCR
1, 2, and 3 demonstrated the best TCR expression and pairing
pro�le, strong cytokine production capacity, and most potent
target killing e�cacy. These three TCRs were therefore selected
for the next step of safety pro�le screening.

Selection of AFP TCR 2 Based on Its
Balance of Potency and Speci�city
AFP protein shows a speci�c expression pattern in HCC that
rarely appears in human adult tissue (13, 15). However, to more
rigorously evaluate potential “on-target, o�-tumor” toxicity for

AFP TCRs, we examined the ability of AFP TCR engineered T
cells to react with a range of primary cells, especially those from
essential human organs. First we tested the reactivity of AFP TCR
transduced cells to HLA-A� 02:01C iCell derived neurons. T cells
transduced with TCR 1 and 2 showed minimal reactivity against
iCell neurons but the reactivity of TCR 3 transduced cells was
relatively higher in one of the two donor cells tested (Figure 2A
and the data of the other donor is not shown), suggesting that
TCR 3 is less speci�c compared to TCR 1 and 2.

Simultaneously, we tested the reactivity of TCR 1, 2, and
3 against a panel of EBV–transformed B cell lines designed to
evaluate alloreactivity (15, 22). We did observe low level of IFN-
g release from untransduced (UT) control T cells after co-culture
with these B cell lines, most likely due to the recognition of EBV
antigen by the endogenous TCRs. Therefore, only increases in
IFN-g release above such background would be considered as
alloreactive. To this end, TCR 1 engineered T cells did show
higher activity against cell line 1332-8265, FH43, and KT14
compared to other T cell products including UT, TCR 2 and
3 engineered T cells (Figure 2B), suggesting that the relative
alloreactivity of TCR 1 is higher than the other two TCRs.

Taken together, we decided to focus on TCR 2 to further test
the toxicity of this TCR as our leading clinical candidate based
on its optimal balance of activity and speci�city relative to TCR
1 and 3. Furthermore, TCR 2 also displayed strong anti-tumor
activity in an NSG mouse model (19), consolidating the choice of
this TCR for further safety pro�le testing.

No Off-Target Recognition Was Detected
for TCR 2 Engineered Cells Toward a Panel
of HLA-A � 02:01C Primary Cells
To exclude any potential cross-reactivity of AFP TCR 2
engineered T cells against essential human tissues, we further
tested the reactivity of TCR 2 expressing T cells toward a panel
of HLA-A � 02:01C primary cells derived from di�erent human
tissues. First we co-cultured AFP TCR 2 engineered T cells with
primary hepatocytes from various donors and resources and
measured the IFN-g release as an indicator of reactivity. Again,
TCR 2 engineered T cells released high levels of IFN-g toward
their target HepG2 cells, but only background levels of IFN-
g were detected when co-culturing with primary hepatocytes
(Figure 3A). Similarly, no signi�cant amount of cytokines or
e�ector molecules were detected from the co-culture supernatant
including IL-2, IL-4, IL-6, IL-10, IL-17a, TNF-a, sFas, sFasL,
Granzyme A, Granzyme B, Perforin, and Granulysin (Figure S2).
This suggests that there is no cross-reactivity of TCR2 engineered
T cells with primary hepatocytes, further reassuring that AFPis a
safe target for HCC. To further test the potential reactivityon a
per cell basis, we checked the 4-1BB level in TCR 2 engineered T
cells co-cultured with primary hepatocytes. No up-regulationof
4-1BB was detected in TCR 2 engineered cells co-cultured with
hepatocytes while a signi�cant fraction of 4-1BB was upregulated
when co-cultured with HepG2 cells, demonstrating that TCR
2 engineered T cells do not recognize primary HLA-A� 02:01C

hepatocytes (Figure 3B).
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FIGURE 1 | AFP TCR1, 2, and 3 demonstrate comparable potent reactivitytoward the target cellsin vitro. (A) Alignment of amino acid sequence of CDR3 regions of
the a (left) andb (right) chains of the 7 AFP TCRs.(B) FACS analysis of the surface expression of TCRb chain and AFP tetramer staining of T cells 8 days after
transducing of indicated AFP TCRs. The percentage of TCRb (top) or AFP tetramer (bottom) positive cells as indicated.(C) Cytokine production and degranulation of
AFP TCR T cells upon encountering HepG2 target cells as revealed by intracellular staining of IL-2, IFN-g (top), TNF-a and CD107a (bottom).(D) IFN-g concentration
in the supernatant of overnight, 1:1 ratio co-culture of AFPTCR T cells with HepG2 target cells or control Huh7 cells measured by ELISA. Data represents the meanC
s.d. of quadruplicate co-culture samples.(E) Cytolytic capacity of AFP TCR T cells toward HepG2 target cells over a 4-day co-culture. Data represents the mean of
triplicate samples derived from RTCA instrument, as compared to target only wells. (E:T): effect to target ratio. Colors are represented as in(D). (F) Time to eradicate
50% of target cells (KT50) of different AFP TCR T cells at the indicated effect to target (E:T) ratio. Colors are represented as in (D). T cells transduced with TCR 8 and
TCR 11 did not eradicate 50% of the target by the end of the analysis at E:TD 0.25:1, thus were not plotted. Data shown in b-f is representative of at least 3
independent experiments on T cells isolated from 3 healthy donors. UT, untransduced T cells.
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FIGURE 2 | AFP TCR 2 shows lower than background activity toward primary
neurons and no alloreactivity compared to TCR 1 and 3.(A) IFN-g
concentration in the supernatant of overnight, 1:1 ratio co-culture of the
indicated AFP TCR T cells with iCell derived neurons measured by ELISA. Data
represents the meanC s.d. of the triplicate co-cultures and is representative of
T cells prepared from 2 healthy donors.(B) IFN-g concentration in the
supernatant of overnight, 1:1 ratio co-culture of the indicated AFP TCR T cells
with a panel of Epstein-Barr virus transformed B cell lines expressing various
HLA alleles measured by ELISA. Data represents the meanC s.d. of
quadruplicate co-cultures and is representative of T cellsprepared from 2
healthy donors. HepG2 and Huh7 cells were included as positive and negative
controls, respectively, in both(A,B). *P < 0.05 (unpaired two-tailed Student's
t-test).

We therefore performed serials of assays including IFN-
g release and 4-1BB upregulation by TCR 2 engineered T
cells co-cultured with a number of HLA-A� 02:01C primary or
iCell derived cells including astrocytes, cardiomyocytes, lung,
kidney, and endothelial cells. Thus far, there was no above
background cross-reactivity detected (Figure 3CandFigure S3).
Taken together, we conclude that TCR 2 engineered T cells
demonstrate no above-background cross-reactivity towardthe
HLA-A � 02:01C primary cells tested.

TCR 2 Engineered T Cells Showed Minimal
Alloreactivity
Next we performed a comprehensive screening of the
alloreactivity of TCR 2 engineered T cells using a large panel of
EBV-transformed B cell lines, which has been widely used as a
surrogate for the antigen presenting cells with di�erent HLA
types (15, 22). Due to the large number of HCC cases and unmet
medical need in the Chinese population, we �rst chose EBV-
transformed B cell lines covering a signi�cant percentage ofHLA
serotypes in Chinese population (27). In addition to the previous
14 EBV-transformed lines tested (Figure 2B), we examined
another set of EBV-transformed B cell lines (Figure 4A) and
later expanded to a total of 38 lines (Table S1), covering more
than 98% of the HLA class I serotype of Chinese population
(Figures 4B,C). There was generally no above-background level
of IFN-g detected in the allo-lines tested (Figure 4Aand the data
of other 10 cell lines is not shown). However, in the co-culture
supernatant from cell line 1332-8265 and FH43, we found that
the IFN-g release was slightly higher than UT, although this
observation was donor dependent (Figure S4A). All the HLA
class I alleles expressed by these two cell lines are also found in
other non-reactive cell lines. However, they share a common
HLA class II allele DPB1� 11:01, which is unique to these two B
cell lines and absent from the rest in the same experiment. To test
whether there is alloreactivity of TCR 2 against DPB1� 11:01C

cells, in an independent experiment we measured the 4-1BB
upregulation in TCR 2 engineered T cells against 1332-8265
and FH43, together with an additional DPB1� 11:01C line FH5,
and other DPB1� 11:01 negative controls. Again, 4-1BB was
highly upregulated when TCR 2 engineered CD8C T cells
encountered the target cell HepG2. We also detected marginal
upregulation of 4-1BB in the CD4C fraction of TCR 2 engineered
T cells, when they were co-cultured with all three DPB1� 11:01C

cell lines from our collection of 38 lines. We considered it
marginal because the highest percentage of upregulation was
only about 1.8%, compared to the background 0.4% in its UT
counterpart. Interestingly, we did not observe upregulation
in TCR 2 engineered CD8C T cells (Figure S4B), suggesting
that the reactivity to DPB1� 11:01 is restricted to CD4C T cells
transduced with TCR 2. To further examine whether CD4C

T cells are the only resource inducing the alloreactivity, we
tested the alloreactivity to DPB1� 11:01 cell lines with AFP TCR
2 engineered pan T cells including both CD4C and CD8C T
subsets and AFP TCR 2 engineered CD8C only T cells from
the same donor. Consistent to our hypothesis, the increased
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FIGURE 3 | AFP TCR 2 displays no reactivity toward a variety of HLA-A*02:01C primary cells.(A) IFN-g concentration in the supernatant of overnight, 1:1 ratio
co-culture of UT or T cells expressing AFP TCR 2 with primary hepatocytes measured by ELISA. T cells were prepared from 2 healthy donors and human primary
hepatocytes were obtained from 2 adult HLA-A*02:01C donors. Data represents the meanC s.d. of quadruplicate co-cultures.(B) 4-1BB upregulation by T cells after
co-culture as described in a. Cells were further analyzed byFACS for surface expression of 4-1BB on total CD3C untransduced T cells or AFP TCR 2 transduced T
cells. HepG2 and Huh7 cells were included as positive and negative controls, respectively, in both(A,B). (C) Summary of reactivity from co-culture experiment of T
cells expressing AFP TCR 2 with primary hepatocytes, primary lung and kidney epithelial cells, and iCell derived primary cells including neurons, astrocytes,
cardiomyocyte, and endothelial cells.

IFN-g release compared to UT from pan T cells diminished in
CD8C T cell only population (Figure S4C), suggesting that the
minimal reactivity to DPB1� 11:01 allele is associated with TCR
2 transduced CD4C T cells. In other words, TCR 2 may show
minimal alloreactivity to DPB1� 11:01 allele.

In total we have tested 38 EBV-transformed B cell lines
covering 52 HLA serotypes, which represent more than 98%
of HLA-A, B, and C in the Chinese population, accounting for
almost half of the HCC patients worldwide (Figures 4B,C). These
selected B cell lines also cover a signi�cant percent of other
ethnic groups including European Caucasian, African American,
Hispanic, Mexican/Chicano, South Asian Indian based on data
from the Allele Frequency Net Database (28) (Table S2). This
shows the eligibility of a signi�cantly greater patient population
for this AFP TCR worldwide.

AFP TCR 2 Is Unlikely to Cross-React With
Other Proteins in the Human Genome
In order to detect whether there is any cross-reactivity of AFP
TCRs to any other proteins in the human genome, an X-scan
screen was performed to exclude the possibilities [accompanied
study, (24)]. Basically we identi�ed the key irreplaceable amino
acids of AFP158� 166 peptide for TCR 2 recognition (Figure 5A).

In other words, any amino acid replacement that induces more
than 90% activity loss is considered as irreplaceable. Using this
criteria, we identi�ed an AFP TCR 2 binding motif de�ning the
essential positions critical for AFP TCR 2 activity (Figure 5A).

We next performed a BLAST search of the UniProtKB protein
database with the identi�ed key motif for AFP TCR 2. Further
analysis and testing identi�ed peptide YLNKYLGDV as the only
candidate that is able to activate TCR 2 transduced T cellsin vitro
[for details see the accompanied study, (24)].

YLNKYLGDV could potentially be processed from
transmembrane glycoprotein ectonucleotide pyrophosphatase
phosphodiesterase 1 (ENPP1) protein, a key player involved
in inhibiting insulin receptor signaling and the development
of insulin resistance (29). We next set to test whether ENPP1
expressing cells can activate TCR 2 transduced T cells. It is
found that ENPP1 is highly expressed in MDA-MB-231, a
HLA-A � 02:01C cell line, according to the Broad Institute Cancer
Cell Line Encyclopedia1. We therefore evaluated the ENPP1
level in MDA-MB-231 cells by Western blot. Consistent with the
reported mRNA expression in the database, ENPP1 protein was
expressed in MDA-MB-231 cells, similar to the level in HepG2

1https://portals.broadinstitute.org/ccle
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FIGURE 4 | AFP TCR 2 shows no alloreactivity.(A) IFN-g concentration in the
supernatant of overnight, 1:1 ratio co-culture of UT or AFP TCR 2 transduced
T cells with a panel of 14 Epstein-Barr virus transformed B cell lines expressing
various HLA alleles measured by ELISA. Data represents the mean C s.d. of
quadruplicate co-cultures and is representative of 3 healthy donors. A total of
38 transformed B cell lines were tested.(B) Frequencies of class I HLA
serotypes in Chinese Han population. Serotypes were sortedby frequency for
each subclass from high to low; those covered by the 38 transformed B cell
lines in our test are shown in blue while those not covered areshown in
orange. For HLA-B, only the top 20 serotypes are displayed.(C) Summary of
the number of class I HLA serotypes covered in this study and corresponding
cumulative percentage in Chinese Han population.

cells (Figure 5B). Interestingly, ENPP1 protein was also detected
in primary hepatocytes [accompanied study, (24)], however AFP
was only detected in HepG2 cells (Figure 5B). We therefore
performed a co-culture assay to test the reactivity of TCR 2
transduced T cells toward di�erent cell lines. Again, high IFN-g
release was detected from the co-culture supernatant of HepG2
cells, but there was virtually no IFN-g release from the co-culture
supernatant of MDA-MB-231 (Figure 5C). Previously, we also
showed that there is no IFN-g or other cytokine release as well as
T cell activation when TCR 2 expressing cells were co-cultured
with primary hepatocytes (Figures 3A,Band Figure S2). Taken
together, it is clear that TCR 2 transduced T cells do not
recognize HLA-A� 02:01 restricted, ENPP1 expressing cells
but only recognize AFP expressing targets. Because ENPP1 is

the only candidate that may be recognized by AFP TCR 2 in
X-scan screening, we can conclude that there is virtually no
cross-reactivity of TCR 2 transduced T cells to other antigens in
the human genome under physiological condition.

DISCUSSION

In this article, we described a pipeline for systematically selecting
a clinical lead AFP TCR for translational purposes. We �rst
screened our TCR candidates based on their reactivity toward the
targetin vitro. Once we shrunk the pool of candidates by selecting
the most potent ones, we further tested their cross-reactivity
toward primary cells, EBV-transformed B cell lines covering a
wide range of HLA class I, and also reactivity toward other
potential targets in the human genome. Based on the balance
of all the above factors, we selected TCR 2 to start our clinical
trial (NCT03971747).

Our TCR pool is generated from natural occurring TCRs
after immunizing AAD mice with AFP158� 166 peptide (19).
Interestingly, these TCRs displayed di�erent TCRa andb chain
pairing capability and also varied activities with a few amino
acid di�erences in the CDR3 region. We found that the CDR3
region of our TCR b chains is quite conserved, with only
2–3 amino acid di�erences (Figure 1A), which is consistent
with the �ndings that di�erent TCR clonotypes speci�c for the
same antigen often utilize the same Vb gene segment (30, 31).
However, we observed signi�cant di�erences among the activity
of these TCRs. For example, TCR 3 and TCR 8 only vary by
3 amino acids in the CDR3 region: 1 in theb chain and 2 in
the a chain. However, the pairing capacity of theira and b
chains is quite di�erent and the reactivity against targets is even
more di�erent in the in vitro assays (Figures 1B–F), suggesting
that only a few amino acid changes in CDR3 region can cause
substantial di�erence in TCR activities. Because all of these TCRs
are naturally occurring, the information embedded in theirCDR3
region together with their corresponding activity can provide a
reference for gene engineering strategies aimed to improve TCR
a�nity and potency.

For e�ective adoptive cell therapy, one would like to choose
a TCR with optimal a�nity to allow the TCR engineered T
cells to e�ciently eradicate their targets. However, TCRs with
higher activity are not always the best clinical option as theymay
pose a safety issue. It is established that TCRs of high a�nity
within the natural range are more e�cacious but also prone to be
associated with less speci�city (32). In our case, TCR 1 and 3 most
times outperformed TCR 2 (we repeated the same result many
times besides the data shown inFigures 1D–Fand Figure 2) in
IFN-g release. But the increase of activity, again, is associated
with a higher level of reactivity toward primary cells and also
alloreactivity. Furthermore, TCR 2 also displayed potent anti-
tumor activity in an NSG mouse model (19). Taken together, we
chose TCR 2 as our clinical lead candidate even though the anti-
tumor activity is comparable or even less potent compared to
TCR 1 and 3in vitro.

All of our TCRs are not gene engineered so the chance
of non-speci�city induced by gene engineering is relatively
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FIGURE 5 | AFP TCR 2 is unlikely to cross-react with other proteins in the human genome.(A) Graphic presentation of X-scan results showing the replaceability of
each amino acid of AFP158� 166 epitope. Peptides with replacement of each amino acid residue with every other 19 amino acids were used to activate the TCR 2
transduced T cells. The amount of IFN-g produced by AFP TCR 2 transduced T cells after stimulation with mutated epitope (mut) was compared to that from wild type
AFP158� 166 peptide (wt) and the ratios are presented. Dashed line indicates the cut-off for tolerance. Data represents the meanC s.d. of duplicate co-cultures and is
representative of 3 healthy donors.(B) ENPP1 and AFP expression in the indicated cell lines tested by Western blot. GAPDH was used as loading control.(C) IFN-g
concentrations in the supernatant of overnight, 1:1 ratio co-culture of UT or AFP TCR 2 transduced T cells with the indicated cell lines measured by ELISA. Data
represents the meanC s.d. of quadruplicate co-cultures and is representative of3 healthy donors.

low. However, we think it is still critical and necessary to
perform safety studies to select the best candidate for clinical
use. Unfortunately, there are no optimal animal models to
test the cross-reactivity of TCRs to human tissues due to the
absence of human antigen and HLA expression and processing
in these models. Therefore, carefully designedin vitro assays
become critical. We, again, con�rmed that the combination of
using primary cells, EBV-transformed cell lines with di�erent
HLA alleles, and X-scan is a valid platform for evaluating TCR
safety pro�le, which is supported by numerous retrospective
and prospective studies (15, 22, 33, 34). Although the actual
safety of a TCR needs to be eventually evaluated by carefully
designed phase I dose-escalation safety trials, which are now
performed by almost all T cell-based therapy trials, it is worth
the e�ort to perform anin vitro preclinical safety analysis using
the above methodologies considering the low cost and the quick
turnaround of thesein vitro assays compared to clinical trials.

Considering the urgent unmet medical need for treating
HCC in China and worldwide, adoptive cell transfer appears
to be a promising method to e�ectively treat this malignancy.
Our study provides a basis for advancing a TCR targeting
HCC into the clinic based on the balance of activity and

safety. The extensive panel of selected EBV-transformed cell
lines in our assay covers majority of HLA serotypes, o�ering a
selection criterion for patient recruitment across a wide range of
ethnic groups worldwide. Furthermore, our study also provides
a reference for generating di�erent recruitment criteria for
patients from di�erent ethnic backgrounds. For example, we
did not exclude DPB1� 11:01 in our �rst-in-human trial in Han
Chinese due to the following reasons: First, the percentage of
DPB1� 11:01 in Han Chinese, which accounts for 92% of Chinese
population, is just 0.03%. Considering that all the patients
we plan to recruit must be A� 02:01C , which is around 14%,
the chance of encountering an A� 02:01C DPB1� 11:01C patient
is extremely low. Second, the alloreactivity of TCR 2 toward
DPB1� 11:01 positive cells is relatively marginal, only around 2%
of the amount from positive control HepG2 cells, and is donor
dependent. Therefore, we believe it is relatively safe to move
TCR 2 further into clinical trial without excluding DPB1� 11:01C

patients in Han Chinese. However, it will be necessary to exclude
DPB1� 11:01 if the patient pool includes a higher percentage of
this allele. Currently an early phase clinical trial using T cells
transduced with TCR 2 to treat HCC patients (NCT03971747)
has been initiated in China. We hope the safety and e�cacy data
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obtained from this trial will provide a solid foundation for its
application worldwide.

In conclusion, we have selected a TCR with a balance of
a�nity, function, and safety pro�le, bearing properties that are
expected to allow AFP TCR redirected T cells to speci�cally
di�erentiate between AFP levels on tumor and normal tissues.
The safety and e�cacy signals obtained from the clinical trial
(NCT03971747) with this TCR will provide a solid foundation
for its application worldwide.
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