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Lymphoid Lineage 7 0 T Cells Were Successfully Generated from
Human Pluripotent Stem Cells via Hemogenic Endothelium
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70 T cells are a rare and unique prototype of T cells that share properties with natural killer cells in secondary
lymphoid organs. Although many studies have revealed the function and importance of adult-derived 7 ¢ T cells in
cancer biology and regenerative medicine, the low numbers of these cells hamper their application as therapeutic cell
sources in the clinic. To solve this problem, pluripotent stem cell-derived 7 6 T cells are considered alternative cell
sources; however, few studies have reported the generation of human pluripotent stem cell-derived 7 6 T cells. In
the present study, we investigated whether lymphoid lineage 7 6 T cells were successfully generated from human pluri-
potent stem cells via hemogenic endothelium under defined culture conditions. Our results revealed that pluripotent
stem cells successfully generated 7 6 T cells with an overall increase in transcriptional activity of lymphoid lineage
genes and cytolytic factors, indicating the importance of the optimization of culture conditions in generating lymphoid
lineage 7 & T cells. We uncovered an initial step in differentiating 7 6 T cells that could be applied to basic and
translational investigations in the field of cancer biology. Based on our result, we will develop an appropriate method
to purify 7 6 T cells with functionality and it helpful for the study of basic mechanism of 7 & T cells in pathophysio-

logic condition as well as clinic application.
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Introduction

Since the discovery of 7 6 T cells (1), significant prog-
ress has been made showing the importance of 7 ¢ T cells,
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which are a prototype of T cells, have emerged as cell
sources for immunotherapy (2-4). The remarkable success
of chimeric antigen receptor-expressing T (CAR)-T and
CAR-natural killer (NK) cells for the treatment of hemato-
logical malignancies has revolutionized the fields of adop-
tive cell immunotherapy (5, 6). Despite the considerable
effects of engineered technology using CAR loading in im-
munotherapy, both the cells are still inefficient because of
their low potential against solid tumors. Human 76 T
cells simultaneously possess properties of both T and NK
cells (7). These properties, such as human leucocyte anti-
gen (HLA)-independent antitumor activity; low risk for
graft versus host disease (GvHD); multivalent response
against a wide range of tumors, including solid ones; in-
nate immune cells with memory function; and the pres-
ence of surface markers render 7 6 T cells as ideal univer-
sal allogeneic cells (3, 8, 9). 76 T cells mirror NK cells,
expressing the NK receptor NKG2D and showing cytotox-
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icity against stressed and abnormal cells, such as viral-in-
fected and tumor cells (10, 11). The 50~95% PB-derived
7y 6 T cells are Vo2V 7y 9 T cells expressing the NKG2D
receptor (4). As human 7 & T cells can recognize trans-
formed cells through the NKG2D receptor, the activation
and presence of the NKG2D receptor in V2" T cells are
important to treat cancers (12, 13). These 7 ¢ T cells pos-
sessing properties of both T and NK cells ¢ vivo can pro-
vide strong opportunity for neo-tumor associated antigens
without genetic engineering. In clinical trials, PB-derived
70 T cells and ex vivo expanded 7 6 T cells are com-
monly used in cancer treatment. Vo2V y 9 T cells func-
tion as a strong anti-tumoral effector due to the abundant
release of cytolytic effector molecules, such as perforin
and granzyme B, if the limitation of low cell number is
overcome. To overcome this limitation, an ex vivo eX-
pansion of V62V 7y 9 T cells using a cell culture cocktail
containing IL-2, 4.1BB, CD80, CD83 ligands and zoledro-
nate was developed (3, 14, 15). The clinical unmet needs
for the use of PSC-derived 7 ¢ T cells are gradually in-
creasing in immunotherapy.

Human pluripotent stem cells (hPSCs), including em-
bryonic and induced PSCs, provide renewable sources of
cells that can be genetically engineered and differentiated
into immune lineage cells with functionality. Hemato-
poietic cells, including myeloid and lymphoid lineage cells
in early embryos, originate from the definitive hemogenic
endothelium (HE). Functional hematopoiesis, including
hematopoietic stem cells and lymphoid lineage cells, is
generated from definitive HE (16). Timmermans et al. (17)
showed that T cells expressing TCR 7 6 are generated
from H1 ESCs, when OP9 stromal cells are co-cultured.
Also, Chang et al. (18) has reported that broad TCR reper-
toires, including 7 6 and @ B of iPSC-derived T cells,
emerge as the differentiation progresses. However, no
studies have clearly addressed the induction of 7 & T cells
from PSC-derived HE.

In our study, we investigated whether PSCs can gen-
erate 76 T cells with pivotal transcriptional factors via
HE (19, 20). PSCs continuously proliferate and can be dif-
ferentiated into all lineage cells; therefore, PSCs are con-
sidered a potent cell source for universal allogeneic CAR-
immune cells, including T, NK and 76 T cells, in
immunotherapy.

These approaches that rely on mimicked aspects of de-
velopmental biology facilitated the development of 7y 6 T
cells from PSCs. Moreover, differentiated 7 J T cells
might provide a platform for drug screening and be di-
rectly used as immunotherapeutic cells in the clinic.

Materials and Methods

Human PSCs and cell differentiation

All experiments proceeded under authorization from
the Institutional Review Board for Human Research at the
CHA University (1044308-202204-L.R-023-02). Undifferen-
tiated human PSCs (CHAS2 embryonic stem cell line) were
maintained under vitronectin (07180, Stem Cell Technolo-
gies Inc., Vancouver, BC, Canada) to avoid differentiation
lineage cells with mTeSR™ 1 medium (85850; Stem Cell
Technologies Inc., Vancouver, BC, Canada), and then
seeded onto Matrigel®-coated plates (354234, corning)
with APEL™ 2 medium to differentiate HE from PSCs.
The cells were incubated with APEL™ 2 medium supple-
mented with 3 nM CHIR-99021 (52924, Selleck Chemi-
cals, Houston, TX, USA), 20 ng/ml of vascular endothelial
growth factor (VEGF)¢s (100-20; PeproTech Inc., Rocky
Hill, NJ, USA), and 25 ng/ml HumanKine® BMP-4
(HZ-1045; Proteintech Group Inc., Rosemont, IL, USA)
for three days to induce mesoderm. To induce the HE,
cells were then incubated with APEL™ 2 medium supple-
mented with 25 ng/ml HumanKine® BMP-4 (HZ-1045,
Proteintech), and 250 ng/ml stem cell factor (SCF; 300-
07), 20 ng/ml VEGF¢s (100-20), 200 ng/ml FMS-like ty-
rosine kinase 3 (Flt3)-Ligand (300-19), 100 ng/ml Thro-
mbopoietin (TPO) (300-18) and 20 ng/ml erythropoietin
(EPO) (100-64; all from PeproTech) for two days. For fur-
ther development, 80 ng/ml IL-5 (200-05), 5 ng/ml IL-7
(200-07), 60 ng/ml IL-15 (200-15), and 25 ng/ml DLL-1
(140-08; all from PeproTech) were added in culture me-
dium according to plan till 39 days. The schematic plan
was shown in Fig 1.

Flow cytometry

The PSCs, HE, and 7 6 T cells derived from PSCs were
incubated with antibodies, washed with 0.5% FBS in PBS,
and analyzed using a BD Accuri C6 plus flow cytometer
(BD Biosciences, San Jose, CA, USA). The antibodies used
in this study were as follows: FITC-conjugated mouse an-
ti-human CD34 (348053, BD Biosciences), goat anti-hu-
man TIE-2 (AF313, R&D Systems Inc., Minneapolis, MN,
USA), PE-conjugated mouse anti-human CD3 (300408),
PE-conjugated mouse anti-human TCR V79 (331308),
and FITC-conjugated mouse anti-human TCR V62
(331406; all from BioLegend, San Diego, CA, USA),
Simultest™ FITC/PE-conjugated anti-human CD3/CD-
16"CD36™" (340042; BD Biosciences, San Diego, CA, USA),
APC-conjugated anti-human NKG2D (320808; BioLegend,
San Diego, CA, USA) and APC-conjugated Mouse
Anti-Human CD161 (550968; BD Pharmingen, San Diego,
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CA, USA), APC-conjugated mouse anti-human CD73
(344006, Biolegend, San Diego, CA, USA), PE-conjugated
mouse anti-human CXCR4 (555974, BD Pharmingen, San
Diego, CA, USA).

Immunocytochemistry

HE and 76 T cells were fixed with 2% PFA and per-
meabilized with 0.25% Triton X-100 for 20 min at room
temperature. The cells were then washed with PBS,
non-specific antibody binding was blocked with 5% nor-
mal goat serum, and the cells were incubated with pri-
mary, followed by secondary antibodies. Nuclei were
stained with 4, 6-diamidino-2-phenylindole (DAPI; Vector
Laboratories Inc., Burlingame, CA, USA), and the cells
were visualized using an IX73 fluorescent microscope
(Olympus Optical Co., Ltd., Tokyo, Japan), or an Axio
Imager.a2 (Carl Zeiss AG., Oberkochen, Germany). mouse
anti-human CD34 (826401, BioLegend), goat anti-human
TIE-2 (AF313, R&D Systems Inc.). FITC-conjugated Mouse
Anti-Human CD56 (340410; BD Biosciences), APC-con-
jugated anti-human NKG2D (320808; BioLegend) were
used as a primary antibodies. Primary signals were de-
tected using isotype-matched IgG antibodies.

Wright-Giemsa staining

Lymphoid lineage cells derived from PSCs were drop-
ped onto microscope slides and air-dried, then cells were
stained with Wright-Giemsa Solution (ab245888, Abcam)
as described by the manufacturer. Briefly, the cells were
fixed in methanol for 5 minutes, and then stained with
Wright-Giemsa solution for 5 min. The cells were washed

dermal lineage; stage Il, HE in aor-
ta-gonad mesonephros; stage lll, pre
76 T cells development in fetal liver;
stage IV, generation of 7 6 T cells and
growth in fetal liver. Diverse cytokines
were added in each step to optimize
the generation of 76 T cells.

with distilled water, rinsed with PBS, and covered with
the mounting solution.

Quantitative RT-PCR (qRT-PCR)

Total RNA was extracted from human cells using
TRIzol reagent (Ambion, Austin, TX, USA) as described
by the manufacturer. cDNA was then synthesized using
reverse transcriptase kits (RT200, Enzynomics, Daejeon,
South Korea). Fragments were amplified by qRT-PCR us-
ing primers (Table 1), SYBR Green (RT500M, Enzyno-
mics), and the CFX96™ Real-Time System (Bio-Rad La-
boratories Inc., Hercules, CA, USA). The relative mRNA
expression of target genes was calculated using the com-
parative CT method. All target genes were normalized to
18s in multiplexed triplicate reactions. Differences in CT
values were calculated for each target mRNA by subtract-
ing the mean value of I8 (relative expression=2’dcr).

Statistical analysis

All results are presented as means+=SEM and were statisti-
cally analyzed by Mann-Whitney U tests and Student
t-tests for between-group comparisons using GraphPad
Prism v.4 (GraphPad Software Inc, San Diego, CA, USA).
Values with p<0.05 were considered statistically significant.

Results

Protocol for the generation of 746 T cells using
defined culture conditions

We developed a protocol in which 7 T cells from
hPSCs were cultured for 39 days in a medium supple-
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Table 1. Primers for quantitative RT-PCR

Genes Primers and probes (5-3%)

18S Forward GAAACGGCTACCACATCCAAG
Reverse CGGGTCGGGAGTGGGT

oCcT4 Forward ~ GAACCGQAGTGAGAGGCAACCT
Reverse ~ TCTGCTGCAGTGTGGGTITC

NANOG  Forward TGA ACC TCA GCT ACA AAC AG
Reverse  TGG TGG TAG GAA GAG TAA AG

KDR Forward ~ CCTCTACTCCAGTAAACCTGATTGGG
Reverse  TGTTCCCAGCATTTCACACTATGG

TIE-2 Forward ~ CCTGCCTGACTGTGCTGTTG
Reverse ~ TGCACATTTGCCCTCTTCAA

CD34 Forward ~ AAATCCTCTTCCTCTGAGGCTGGA
Reverse  AAGAGGCAGCTGGTGATAAGGGTT

RUNXT Forward  CTTCACAAACCCACCGCAAG
Reverse GGCTGAGGGTTAAAGGCAGT

cD8 Forward ~ AGACAGTGGAGCTGAAGTGC
Reverse  ATGATGGAGTTGCTCAGGGC

t-BFT Forward ~ GCCAAAGGATTCCGGGAGAA
Reverse CCACTGGAAGGATAGGGGGA

FOMES Forward ~ CGTCCAAGAAGTTTTCCGGC
Reverse ~ GGCTGTACTGATAGGTGCCC

PERFORIN Forward  TGGTGGACTACACCCTGGAA
Reverse CACCTGGCATGATAGCGGAA

GRAN- Forward ~ GAGACGACTTCGTGCTGACA

ZYME B Reverse  GGAGGCATGCCATTGTTTCG

mented with specific cytokines. Three days after differ-
entiation, the cells reached the mesodermal stage and HE
was detected in the cultured cells at day 6. To generate
lymphoid lineage 7 6 T cells, differentiated cells were fur-
ther incubated under defined culture conditions supple-
mented with IL-6, -7, and -15 series. Previously, we had
found that the APEL™ 2 medium was appropriate to gen-
erate blood lineage cells and for endothelial-to-hema-
topoietic transition (EHT) with cytokine supplementation.
HE in the aorta-gonad-mesonephros vigorously generated
erythroblasts and myeloid lineage cells, and these blood
lineage cells were grown in fetal liver after infiltration
with HE. The protocol designed was analogous to the in
oo developmental stage for blood lineage cell generation
(Fig. 1). As lymphoid lineage cells, including 7 6 T, CD3,
and NK cells, are proliferated and maturated by niche fac-
tors in the liver, we added critical cytokines for lymphoid
lineage commitment.

HE establishment from PSCs at days 5 and 6 after
differentiation

Using the protocol mentioned above, we investigated
whether definitive HE was successfully generated from
PSCs, and what percentage of HE was present under that

culture condition. At day 3 after differentiation, meso-
dermal lineage markers were detected in differentiated
cells (data not shown). The microscopic images showed
that HE cell populations were clearly detected in the plate
at days 5 and 6. (Fig. 2A) In addition, pan HE marker
TIE-2 and CD34 cells were unarguably expressed in ad-
herent differentiated cells at day 6, suggesting the pres-
ence of HE under defined culture conditions (Fig. 2B). To
quantify HE cells, flow cytometry was performed using
differentiated cells at days 5 and 6. As shown in Fig. 2B,
TIE-2 and CD34 markers for conventional HE at day S
were expressed in HE at 27.1+2.2% and 30.4%2.7%,
respectively. These markers were also notable in HE cells
on day 6 (TIE-2, 33.4+8.2%; CD34, 30.1+7.4%), suggest-
ing that differentiated cells continued producing HE at
that time (Fig. 2C). To address definitive HE, the percent-
age of CXCR4CD73 cells in Tie-2" and CD34™ cells was
calculated by FACS analysis. Results showed that
CXCR4'CD73 cells in TIE-2" and CD34" cells at day 5
were expressed in HE at 9.5+2.3% and 82.7+4.4%,
respectively. These markers were also displayed in HE on
day 6 (TIE-2, 2.1+0.1%; CD34, 64.6+1.0%), suggesting
the superior role of CD34 in definitive HE (Fig. 2D).
Thus, we putatively considered that these HE functioned
as definitive HE and confirmed that the lymphoid lineage
7 6 T cells were successfully generated via HE under de-
fined culture conditions.

Successful generation of human 7 T cells from HE

We further cultured cells for 39 days using HE to exam-
ine whether lymphoid lineage 7 6 T cells were generated
from PSCs under defined culture conditions. EHT oc-
curred on the HE and the numbers of budding erythro-
blasts considerably increased between 10 and 21 days of
HE incubation, suggesting bona fide HE production of
blood lineage cells (Fig. 3A). From day 21, clustered lym-
phoblasts were detected in floating cells. Blood cells, in-
cluding single cells and cell clusters, were collected until
day 31 and transferred onto a new plate without HE. The
suspended cells, which were transferred onto a new culture
plate, created a microenvironment and were continuously
generated for 39 days on newly adherent cells. Wright-
giemsa staining results showed that lymphoid lineage com-
mitted cells displayed very rounded and condensate cyto-
plasm without granules (Fig. 3A, lower right panel). To
quantify the numbers of 7 6 T cells in floating cells, flow
cytometry was conducted using differentiated cells at days
26 and 30. The percentages of CD3, CD161 "CD3", and
NKG2D"CD3" cells were maximal at 7.1%+3.1%, 9.5+
1.3%, and 46.4+6.7%, respectively, on day 26. Meanwhile,
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Fig. 2. HE from PSCs was stably generated at days 5 and 6. (A) Representative morphology of PSC-derived HE according to BMP4. At
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higher percentages for 7 6 T cells were determined in the
differentiated cells at day 30 (CD3, 21.5%5.4%; CD161"
CD3", 91.7+1.7%; and NKG2D CD3", 84.1+3.4%; Fig.
3B), suggesting the successful generation of 7 6 T cells. In
addition, the immunocytochemistry results showed that
the markers CD56 and NKG2D for 7 & T cells were ex-
pressed in differentiated cells (Fig. 3C). When generating
PSC-derived differentiated cells, ¥ 8 T cells were detected
in two types of cells; HE and floating cells. Similarly with
previous reports, (21) 7 6 T cells in our culture condition
were detected in HE as well as floating cells. Thus, we
tested the numbers of 7 & T cells in both HE and floating
cells at day 26. Representative markers for ¥ 8 T, V927
CD3", and V79"CD3" cells had no significant differ-
ences in their numbers (V&27CD3" cells; HE, 10.3+
5.9%, floating cells, 25.0+11.0%, V79 "CD3" cells; HE,
11.0+5.6%, floating cells, 11.8+6.2%; Fig. 3D). To test 7
0 T cells after complete differentiation, we examined the
percentages of CD3, V82, V79, and V62'Vy9" in

CD3" cells at day 31 using HE and floating cells. T cell
receptor (TCR) V627 cell number significantly increased
at day 31 compared to that of day 21 in floating cells, sug-
gesting the optimization of the culture conditions for the
generation of 76 T cells. (CD3; HE, 8.5%+2.9%, floating
cells, 14.2+5.1%, V82" cells; HE, 14.8+2.0%, floating
cells, 45.5+5.2%, Vr 9" cells; HE, 11.4+1.1%, floating
cells, 25.4+5.5%, V82" V79" in CD3 cells; HE,
74.5+5.8%, floating cells, 86.0£7.9%; Fig. 3E). Next, to
investigate whether transcription factors involving 76 T
cells increased under defined conditions with generation
of 76 T cells, real-time PCR was performed using differ-
entiated cells as well as PSCs and HE. The expressions
of OCT4 and Nanog genes gradually decreased and the ex-
pression of KDR also deceased after a peak at day 6.
Markers for HE, TIE-2, and CD34 had similar expression
patterns as KDR. Meanwhile, the expression of RUNXI1
and CD8 markers for hematopoietic lineage commitments
increased at days 25 and 30 (CDS8, 3.1-fold compared to
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that at day 6). The expression of lymphoid lineage mark- at day 6). All PCR results showed the proper conditions
ers, including -BET and EOMES, gradually increased at for differentiation into 7 ¢ T cells.

day 30, showing lymphoid lineage commitments and the

possibility of definitive hematopoiesis. Perforin and gran-

zyme B transcript levels highly increased at day 30

(perforin, 3.7-fold, granzyme B, 5.2-fold compared to those
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Discussion

7 6 T cells are promising cell sources for immunologists
because of their unique developmental paradigm and func-
tional benefits, which can be exploited for immuno-
therapy. Among the TCR variants, V62 in 76 T cells
pairs with a TCR composed of the variable gene V7 9. V7
9V32 76 T cells, which dominantly prevail in the PB
cells sharing the characteristics of NK and T cells simulta-
neously, are activated by endogenous tumors and microbes
by two independent mechanisms, including cytokine pro-
duction and cytotoxicity (22). Especially, V62 7 6 T cells
have cytotoxic effector functions via binding NKG2D/
NKG2D ligand ULBP series and MICA/B interactions re-
gardless of TCR signaling, suggesting NK properties
against transformed tumors (10, 23); whereas, 7 0 T cells
activating TCR are classified as T lymphocytes with mem-
ory function as an adaptive immune responder. Thus, 7 ¢
T cells are potent effector cells that can be used in the
clinic, suggesting their function as adaptive immune cells
(24). 7S T cells possess beneficial properties of both T
and NK cells. Since CAR-T and CAR-NK cells are used
in patients with cancer (5, 6), many trials have reported
the generation of tumor-targeted human lymphocytes from
PSCs with diverse CAR loading (25-27). However, the ma-
jor drawback of CAR-T production was the limitation that
the TCR repertoire rearrangement is unpredictable and
only allows loaded target molecules because the TCR re-
arranges randomly upon differentiation of PSC-derived
CAR-T or NK cells i vitro. Thus, some studies report that
PSC-derived, CAR-expressing T cells display a phenotype
resembling that of innate 7 & T cells (25). 76 T cells are
progenitors for immature T cells, assembling the TCR re-
arrangement by education of HLA class in 76 T cells.
This might be the reason why injected CAR-T cells func-
tion as 7 0 T cells due to the loss of diverse HLA series,
when most CAR-T cells were derived from induced PSCs.
Although VY9V 62 76 T cells have a primitive character,
regardless of CAR addition, they dual function to directly
enhance antitumoral effects and indirectly exert CD4 and
8 cells against tumors as antigen presenting cells. Due to
the potency of 78 T cells against tumors, the anticancer
effect of these cells is considered important as T cells en-
gineered with Vy 9V 62 TCR are manufactured in a good
manufacturing practice (GMP) facility (28). In addition,
the combination of NK cells with V79V 62 TCR might
reveal their synergistic potential in cancer treatment. As
mentioned above, the safety of allogenic 7 6 T cells in
graft-versus-host disease (GvHD) occurrence and normal
brain damage was confirmed. Despite many advantages,

adult PB-derived 7 6 T cells have drawbacks to be used
in the clinics. To solve this problem, the approach of gen-
erating PSC-derived lymphoid lineage cells is emerging in
the field of cancer biology. The technical advancement in
the differentiation of PSCs answers many unsolved ques-
tions in regenerative medicine and cancer biology. All
blood lineage cells are generated from HE, which is an es-
tablished pivotal reservoir having bipotent to generate en-
dothelial and hematopoietic lineage cells. Using definitive
HE cells, we developed a protocol for differentiating 7 ¢
T cells under the following conditions: non-embryonic
bodies, fewer cytokines, serum-free media, and non-stromal
conditions. These PSC-derived 7 6 T cells may provide an
opportunity to deliver allogeneic T cell therapies without
GVHD, suggesting true “off-the-shelf” synthetic 7 6 T cells.
Because the 7 6 T cells that are generated from PSCs in
present study maintained the high frequency without OP9
stromal cells, it favorable to apply industry, compared to
that shown in previous papers (17, 18). Also, we will next
consider ex vivo expanded 7 & T cells to purify 7 6 T cells
by zoledronate and interleukin-2 (14). The clinical applica-
tions of PSC-derived lineage cells require at least system
reproducibility, simplicity, cost-effectiveness, and being
xenogeneic-free. In the present study, we established the
protocol for the generation of 7 & T cells based on the
above-mentioned description.

This differentiation method for 7 6 T cells with specifi-
cations from our protocol might serve as an early in vitro
platform to study cell-based therapy, especially hema-
topoietic lymphoid lineage cells, as well as mechanistic
studies in the field of cancer biology.
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