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A B S T R A C T

CD19CAR-T cell therapy demonstrated promising outcomes in relapsed/refractory B-cell malig-
nancies. Nonetheless, the limited T-cell function and ineffective T-cell apheresis for therapeutic
purposes are still concern in heavily pretreated patients. We investigated the feasibility of
generating hematopoietic stem cell-derived T lymphocytes (HSC-T) for cancer immunotherapy.
The patients’ autologous peripheral blood HSCs were enriched for CD34+ and CD3+ cells. The
CD34+ cells were then cultured following three steps of lymphoid progenitor differentiation, T-
cell differentiation, and T-cell maturation processes. HSC-T cells were successfully generated with
robust fold expansion of 3735 times. After lymphoid progenitor differentiation, CD5+ and CD7+

cells remarkably increased (65–84 %) while CD34+ cells consequentially declined. The mature
CD3+ cells were detected up to 40 % and 90 % on days 42 and 52, respectively. The majority of
HSC-T population was naïve phenotype compared to CD3-T cells (73 % vs 34 %) and CD8:CD4
ratio was 2:1. The higher level of cytokine and cytotoxic granule secretion in HSC-T was observed
after activation. HSC-T cells were assessed for clinical application and found that CD19CAR-
transduced HSC-T cells demonstrated higher cytokine secretion and a trend of superior cyto-
toxicity against CD19+ target cells compared to control CAR-T cells. A chronic antigen stimula-
tion assay revealed similar T-cell proliferation, stemness, and exhaustion phenotypes among CAR-
T cell types. In conclusions, autologous HSC-T was feasible to generate with preserved T-cell
efficacy. The HSC-T cells are potentially utilized as an alternative option for cellular
immunotherapy.

1. Background

Adoptive T-cell therapy (ACT) has emerged as an effective personalized treatment strategy, especially chimeric antigen receptor
(CAR)-T cell therapy. T lymphocytes engineered to express anti-CD19CAR demonstrated promising clinical outcomes across various
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clinical trials and real-world studies, which led to an approval by the United States Food and Drug Administration and altered
treatment paradigms for relapsed/refractory B-cell malignancies [1–12]. Despite the promising results, there are still challenges
including ineffective T-cell functions from heavy chemotherapy and/or radiotherapy of pre-exposed individuals as well as inadequate
apheresis T-cell products for therapeutic purposes [9,13,14].

To alleviate these obstacles, various strategies have been proposed to provide an alternative immune cell source for ACT. Allogeneic
donor-derived T-cell products have been employed under genetic modification to overcome human leukocyte antigen (HLA)-mismatch
between donor and recipient [15]. Genome editing to disrupt the T-cell receptor (TCR) gene is commonly performed to prevent the risk
of graft-versus-host disease (GvHD) and turn these modified cells into a “universal T-cell product”. However, this strategy is mainly
limited in clinical settings and long-term unforeseen consequences related to gene modification are of crucial concern [15,16].
Allogeneic natural killer (NK) or γδ T-cells are also feasible innate immune cell sources, and their clinical efficacies and safety profiles
were previously reported [17–20]. Additionally, induced pluripotent stem cells (iPSCs), which plausibly provide an endless supply of
T-cells, have gained popularity. T- and NK-derived human iPSCs have been studied in early phase clinical trials that demonstrated their
safety and continued clinical benefit in B-cell lymphoma [21–28].

Another plausible strategy would be generating ex vivo T lymphocytes from hematopoietic stem cells (HSCs). HSCs are a special
type of human cell that can divide and differentiate into various hematopoietic cell lineages and are known for their ability to self-
renew. Umbilical cord blood (UCB) and bone marrow (BM) are sources of plentiful HSCs to produce T lymphocytes. UCB-derived
HSCs contain a higher proliferative capacity with less mature T-cell contamination, which can result in a greater yield for cellular
immunotherapy. Manufacturing a CD8+ T lymphocyte product from UCB-derived HSCs requires many steps and several cytokines and,
in the end, it would not be suitable as a universal ACT [29–31]. Apheresis of peripheral blood HSCs (PBSCs) following
colony-stimulating factor stimulation is a more simplified option and provides a sufficient quantity of HSCs [30,32–34].

T-cells are primarily differentiated in the thymus, where thymic epithelial cells (TECs) expressing Delta-like 4 (DLL4) interact with
the Notch-1 receptor in a certain milieu [35,36]. To mimic in vivo development, co-culturing of OP9murine stromal cells transduced to
express Notch ligand, Delta-like-4 (OP9-DL4) or Delta-like-1 (OP9-DL1), with HSCs in the presence of FMS-like tyrosine kinase 3 ligand
(Flt3L), stem cell factor (SCF), and interleukin (IL)-7 was developed to allow in vitro generation of human T-cells [37–39]. Since the
stromal co-culture system is rely on the use of murine stromal cells and serum-containing medium, it may limit this approach for
clinical translation. Recently, the stromal cell-free system has been developed using plate-bound Notch ligands fused to antibody Fc
region [29,40,41]. The immobilized Notch ligand-coated plate enabled to promote UCB and HSCs differentiation. However, most of
the differentiated cells were CD8+ T-cells which are not suitable for cancer immunotherapy [29].

To overcome the clinical unmet need, the present study aimed to evaluate the potential of generating ex vivo autologous T lym-
phocytes from patient-derived PBSCs using stromal cell-free culture system and provide the functional aspects of HSC-derived T
lymphocytes (HSC-T) compared to peripheral blood (PB)-derived T-cells (CD3-T). Additionally, we also generated HSC- and CD3-
derived CD19CAR-T cells to assess the clinical application and determine the feasibility of an alternative autologous HSC-derived T
lymphocyte product for cancer immunotherapy.

2. Materials and methods

2.1. Cell lines

Raji (Burkitt lymphoma cell line), Nalm-6 (B-cell acute lymphoblastic leukemia cell line), K562 engineered to express CD19 (CD19-
K562 cell line), and Ebstein Barr virus (EBV)-transformed lymphoblastoid (EBV-LCL) cell line are maintained and utilized as target or
feeder cells for CD19CAR-T cell expansion. Primary mantle cell lymphoma cells were obtained from the peripheral blood of a MCL
patient after written informed consent in accordance with the Declaration of Helsinki. Medium containing RPMI-1640 (Gibco, Life
Technologies Corp., CA, USA) supplemented with 10 % fetal bovine serum, 1 % L-glutamine, and 1 % penicillin-streptomycin were
used to maintain cell lines. Primary cells were cultured in T lymphocyte medium (RPMI-1640 supplemented with 10 % human serum,
2 % L-glutamine, 1 % penicillin-streptomycin, and 0.5 μM 2-mercaptoethanol). All cells were incubated at 37 ◦C in a humidified
atmosphere containing 5 % CO2.

2.2. Cell isolation

Apheresis HSC products were obtained from a healthy donor or multiple myeloma or lymphoma patients who underwent stem cell
transplantation. To isolate CD3+ and CD34+ cells, the PBSCs were incubated with EL buffer (QIAGENGmBH, Germany) for erythrocyte
lysis before isolation. The cells were then isolated using the Lymphoprep™ density gradient centrifugation method (STEMCELL
Technologies Inc., Canada) through a mononucleated layer. The CD34+ and CD3+ cells were separately isolated using anti-human
CD34 and anti-human CD3 immunomagnetic beads (Miltenyi Biotec, Bergisch Gladbach, Germany), respectively. The enriched
cells were assessed for purity using FACS Aria™ Fusion (BD Biosciences, NJ, USA) and were then processed to generate T lymphocytes
or cryopreserved until use.

2.3. HSC-derived T lymphocyte generation

The HSC-T generation protocol is composed of three steps of a lymphoid progenitor differentiation phase (days 0–14), T-cell
progenitor maturation phase (days 14–42) [29], and single-positive T-cell maturation phase (days 42–52) (Fig. 1A). First, the enriched
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HSCs (2.5 × 104 cells) were cultured using StemSpan™ SFEM II medium supplemented with Lymphoid Progenitor Expansion Sup-
plement (STEMCELL™ Technologies, Vancouver, Canada) that contained SCF, thrombopoietin, Flt3L, and IL-7 onto a pre-coated
StemSpan™ Lymphoid Differentiation Coating Material non-tissue culture 24-well plate. On day 14, the differentiated progenitor
T-cells were collected, counted (5× 104 cells), and re-plated onto a new pre-coated non-tissue culture 24-well plate containing SFEM II
medium supplemented with T Cell Progenitor Maturation Supplement (containing Flt3L and IL-7) for an additional 14 days of culture.
On day 28, the differentiated cells were harvested, counted (2.5 × 105), and re-seeded with the same protocol as day 14. On day 42,
differentiated cells were harvested, counted, and induced for the final stage of single-positive T-cell differentiation and functional
maturity with our optimized protocol by co-culturing 5 × 105 harvested cells with anti-CD3/CD28 beads (Invitrogen, Carlsbad, CA,
USA) at a 1:1 ratio and cultured in T lymphocyte medium with IL-2 50 IU/mL supplementation for 10 days. On day 52, the mature
T-cells were ready to harvest, count, and use for downstream experiments. At each step of HSC-T generation, an aliquot of cells at the

Fig. 1. Hematopoietic stem cell (HSC)-derived T lymphocyte generation. (A) Schematic of HSC-T generation protocol composed of three steps: 1.
lymphoid progenitor differentiation phase (days 0–14), 2. T-cell progenitor maturation phase (days 14–42), and 3. single-positive T-cell maturation
(days 42–52). PBSC, peripheral blood stem cell; FCM, flow cytometry. (B) Schematic of PBSC isolation (C) Representative flow plots of pre- and post-
isolation: PBSC (left), CD3+ cells (middle) and CD34+ cells (right). (D) Percentages of CD34+ and CD3+ cells pre- and post-selection. (E) Percentages
of HSC differentiation subsets at pre- (day 0) and post-differentiation (day 14). The HSC differentiation subsets are divided into CD38+/CD133+

(common lymphoid progenitor [CLP]), CD38+/CD133– (erythro-myeloid progenitor [EMP]), and CD38–/CD133+ (lymphoid-primed multipotent
progenitor [LMPP]). Data are pooled from six different samples and presented as mean ± SD. Student’s t-test for (D) and (E); ***P < 0.001, ****P
< 0.0001.
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indicated time points were assessed for immunophenotypes by flow cytometry.

2.4. CD19CAR T-cell generation

The third-generation CD19CAR incorporated CD28/CD40 co-stimulatory domain (CD19.28.40z CAR) was established by our
laboratory [42] and used to test the HSC-T clinical application. Briefly, the CD19CAR single-chain variable fragment (scFv), which is
based on the FMC63 clone, was fused to the scFv-IgG4/hinge, CD28 transmembrane, CD28/CD40 co-stimulatory domain, and followed
by the CD3ζ intracellular domain. To evaluate transduction efficacy and selection, a self-cleaving T2A ribosomal skip sequence fol-
lowed by truncated form of the epidermal growth factor receptor (tEGFR) was ligated to CAR structure. Gamma retroviral particles of
the CD19.28.40z CAR gene were produced using the retroviral packaging cell line (Phoenix-Ampho, Orbigen, San Diego, CA, USA) as
classified elsewhere [43]. HSC-T or CD3-T cells were cultured with anti-CD3/CD28 beads at a 1:1 ratio in T lymphocyte medium
supplemented with IL-2. On day 3, activated T-cells were centrifuged at 2100 rpm for 1 h at 32 ◦C on a retroviral-coated plate
(Retronectin, Takara Bio, Otsu, Japan) for transduction. Transduced cells were refreshed with new T lymphocyte medium with the
addition of IL-2 and cultured for 7 days. CD19CAR+ T-cells were assessed and isolated using biotin-conjugated anti-EGFR monoclonal
antibody (R&D Systems, Minneapolis, MN, USA) followed by counterstaining with anti-biotin microbeads (Miltenyi Biotec, Bergisch
Gladbach, Germany). The enriched CAR+ cells were assessed by flow cytometry and then cultured with γ-irradiated EBV-LCL as feeder
cells at an effector (E) to target (T) cell ratio of 1:7 for 8–10 days until a sufficient cell number was achieved for further experiments.

2.5. T-cell immunophenotype assay

HSCs or T-cells were stained with monoclonal antibodies: CD3, CD4, CD5, CD7, CD8, CD34, CD38, CD45RA, CD62L, CD95, CD133,
PD-1, LAG-3, granzyme B, perforin, and TCRα/β (BioLegend, San Diego, CA, USA), CCR7, IL-2, IFN- γ, CTLA-4, and TIM-3 (BD Bio-
sciences, NJ, USA). All cell samples were analyzed using FACSAria™ Fusion (BD Biosciences, NJ, USA) and data were analyzed by
FlowJo software (Tree Star, OR, USA).

2.6. Intracellular cytokine staining (ICCS) assay

T-cells were activated with anti-CD3/CD28 beads at a 1:1 ratio for 4 h. After 1.5 h of incubation, GolgiPlug™ Protein Transport
Inhibitor (BD Biosciences, NJ, USA) was added to the cell suspension. The incubated cells were fixed and permeabilized with Cytofix/
Cytoperm™ (BD Biosciences, NJ, USA), then intracellular stained for IFN-γ, IL-2, granzyme-B, and perforin. The stained cells were
analyzed by flow cytometry. For CD19CAR-T cell ICCS, untransduced-T or CD19CAR-T cells were co-cultured with CD19-K562 cells at
E:T ratio of 1:2 and processed with a similar protocol.

2.7. CAR-T cell proliferation assay

The CAR-T cell proliferative capacity following specific antigen exposure (CD19 antigen) was assessed by co-culturing T-cells with
γ-irradiated CD19-K562 at a 1:1 ratio with or without IL-2 supplementation for 14 days. To evaluate T-cell proliferation, the viable
cells were counted using trypan blue staining at specific time points.

2.8. CAR-T cytotoxicity assay

Untransduced-T or CD19CAR-T cells were pre-stained with CellTrace Violet (CTV) dye (Invitrogen, Carlsbad, CA, USA) and then
resuspended to an appropriate density with T lymphocyte medium, and co-cultured with target cells at various E:T ratios (10:1, 5:1,
1:1, 1:5, and 1:10) in a 96-well plate for 24 h. The 7-AAD Viability Staining Solution was used to stain dead cells and analyzed by flow
cytometry. The equation used to calculate cytotoxicity percentage was 100 × (target cell death – spontaneous cell death)/(100 –
spontaneous cell death).

2.9. Chronic antigen stimulation assay

T-cells were repeatedly stimulated for three consecutive weeks with γ-irradiated Nalm-6 cells at a 1:1 ratio and cultured with IL-2
supplementation. Trypan blue-stained cell counting and immunophenotypes by flow cytometry to evaluate T-cell stemness and
exhaustion markers were performed weekly.

2.10. Statistical analysis

Data from a minimum of three independent experiments were collected and presented as mean ± standard deviation (SD). Sta-
tistical analysis was performed using GraphPad Prism software Version 9.5.1 (GraphPad Software, La Jolla, CA, USA). The student’s t-
test, one-way ANOVA, or two-way ANOVA with Bonferroni’s or Tukey’s post-test correction was used as appropriate. P < 0.05 was
considered statistically significant.
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3. Results

3.1. Generation of autologous hematopoietic stem cell-derived T lymphocytes

The peripheral blood HSCs from donor’s apheresis products were cultured through a period of 52 days to generate the HSC-T
(Fig. 1A). We initially isolated the CD3+ and CD34+ cells from PBSC samples using density gradient centrifugation and anti-CD3 or
anti-CD34 magnetic beads (Fig. 1B). The percentages of pre-isolated CD34+ and CD3+ cells in the stem cell product were 5.9 % and
19.6 % and could reach up to 91.8 % and 86.1 % purity, respectively post-isolation (Fig. 1C and D).

We further identified the specific lineage of these HSCs according to a previous study on human hematopoietic lineage [44] using
two markers, CD38 and CD133. The HSCs could then be classified into CD38+/CD133+ common lymphoid progenitor (CLP),
CD38+/CD133− erythro-myeloid progenitor (EMP), or CD38− /CD133+ lymphoid-primed multipotent progenitor (LMPP) cells
(Fig. 1E). On day 0, a high proportion of CD38+/CD133+ cells up to 90.2 % of total CD34+ cells were observed. After culturing for 14
days, a large fraction of CD34+ and CD38+/CD133+ cells significantly decreased and most of these cells further differentiated into
progenitor T-cells (Fig. 1E). Thus, these results confirmed the preservation of the CLP lineage by CD34+ which could be specifically
differentiated into mature T lymphocyte after culturing.

Four patients and one healthy donor were included in this study (Table S1). We first cultured the HSCs derived from the healthy
donor (number 1) according to the commercially provided HSC-T generation protocol. However, the proportion of identified pro-
genitor T-cells was 65 % on day 14, which differentiated into mature CD3+ cells that represented only 8 % at the end of the culture
period (Table S1). Since the original protocol aimed to differentiate double-positive cells into functionally active CD8+ single-positive
T-cells, interleukin-15 (IL-15) and ImmunoCult Human CD3/CD28/CD2 T Cell Activator were added into the cell culture at the final
step. To the best of our knowledge, the effective CAR-T cell therapy typically uses a mixture of CD4+ and CD8+ T-cells to enhance CAR-
T cell expansion, persistence, and potent anti-tumor activity [45–47]. Therefore, we optimized the protocol to generate both mature
CD4+ and CD8+ T-cells from the samples of the patients (numbers 2–5). During the T-cell maturation process, we chose a protocol that
activated progenitor T-cells using anti-CD3/CD28 beads instead of the human CD3/CD28/CD2 soluble bead activator on day 42 and
co-cultured with T lymphocyte medium supplemented with human IL-2 instead of IL-15 for 10 days. Notably, a significant proportion
of mature CD3+ cells up to 82–98 % were observed in the last three patients compared to the previous protocol. Moreover, the CD8 to
CD4 ratio was around 2:1, which was different from the previous studies where only CD8+ cells were obtained following stem cell
generation (Table S1) [29–31].

Using the optimized HSC-T generation protocol, we successfully generated HSC-T with a 3735 accumulative fold expansion from
three out of the four patients (numbers 3–5) at the end of the culture period (Fig. 2A). In one patient only (number 2), who was
diagnosed as diffuse large B-cell lymphoma (DLBCL) and heavily treated with multiple high-intensity chemotherapy and radiotherapy,
the HSCs failed to differentiate into T lymphocytes following two trials (Table S1). The HSCs predominantly differentiated into late-
stage thymocytes of progenitor T-cells (CD5+/CD7+) at percentages of 63.5 %, 74.4 %, and 90 % on days 14, 42, and 52, respectively
(Fig. 2B and C). We observed the dynamic changes of dual CD4− /CD8− or CD4+/CD8+ and transition into single CD4+ or CD8+ cells
over time which indicated a T lymphocyte maturation process (Fig. 2C–D, S1A). Meanwhile, CD3+ cells significantly matured on days
42 and 52 at 41 % and 90 %, respectively (Fig. 2B–D). At the end of the culture period, a single CD8+ population was present at 53 %
and a CD4+ population was present at 27.3 % of the total CD3+ cells (Fig. 2D). Overall, the data demonstrated the successful
establishment of HSC-derived T lymphocytes using the optimized HSC generation protocol.

3.2. HSC-derived T lymphocytes revealed distinct immunophenotypes to peripheral blood-derived T lymphocytes

We assessed T-cell immunophenotypes and subsequently compared themwith PB CD3-T cells to obtain additional characteristics of
T-cells, differentiation subsets, and exhaustion phenotypes following the course of HSC-T generation. At the end of the culture period,
the T-cell receptor (TCR) αβ+, which constitutes the predominant TCR among T lymphocytes, was identified in CD3-T and HSC-T at
95.3 % and 51 %, respectively (Fig. 2E). The RA isoform of the transmembrane phosphatase CD45, lymph node homing molecule L-
selectin (CD62L), and CCR7 are co-expressed on naïve T-cells (TN) (Fig. S2A). Moreover, central memory T-cells (TCM) also express
CD62L and CCR7 in which effector memory T-cells (TEM) lose these molecules. In this study, we simplified the assessment of the T-cell
differentiation subsets using CD45RA and CD62L markers. The T-cells were systematically categorized into four distinct subsets that
encompassed CD45RA+/CD62L+ TN, CD45RA− /CD62L+ TCM, CD45RA− /CD62L− TEM, and CD45RA+/CD62L− effector memory T cells
that re-expressed CD45RA (TEMRA) as demonstrated in both preclinical and clinical CAR-T cell research (Fig. 3A) [45,46,48,49]. The
results indicated that the CD3-T cells were equally distributed into four T-cell subsets at 34.9 %, 27.8 %, 15 %, and 28.3 % for TN, TCM,
TEM, and TEMRA, respectively. However, the HSC-T remarkably preserved TN immunophenotype at 73.2 % of total CD3+ cells (Fig. 3B).
Interestingly, all of the TN subset demonstrated CD62L+/CD45RA+/CD95+ TSCM population in all donors (Fig. S2B). Regarding T-cell
exhaustion, the HSC-T insignificantly expressed PD-1, LAG-3, and CTLA-4 exhausted molecules compared to CD3-T cells except for
TIM-3 which was slightly high (Fig. 3B). To determine the effect of PD-1 expression on naïve T-cell phenotype, we further evaluated
T-cell subsets in a separate PD-1+ population and found that PD-1+ HSC-T cells were mostly TN cells. However, PD-1– HSC-T cells
showed mixed TN and TEMRA populations (Fig. S2C).

In the realm of T-cell functionality, we conducted an ICCS assay to evaluate the ability of T-cells to secrete cytokines and cytotoxic
granules. Following stimulation with anti-CD3/CD28 beads, HSC-T exhibited a predominant secretion of cytokines and cytotoxic
granules compared to CD3-T cells. Specifically, the secretion levels were at 18.6 % for IFN-γ, 39.5 % for IL-2, 50.83 % for granzyme B,
and 21.11 % for perforin. Remarkably, even in the absence of T-cell activators, we still observed a discernible degree of cytokine
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secretion from HSC-T compared to CD3-T cells. This observation might be attributed to the recent stimulation with anti-CD3/CD28
beads during the T-cell generation protocol.

To conclude, HSC-T partly expressed TCRαβ+, the naïve T-cell phenotypes were mostly preserved, and the TIM-3+ cells slightly
increased after the HSC generation process. The distinct characteristics and immunophenotypes of HSC-T would not limit its higher
ability for cytokine secretion over the CD3-T cells following TCR stimulation.

(caption on next page)
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3.3. HSC-T-derived anti-CD19 expressing CAR cells potentially demonstrated greater anti-tumoricidal activities over CD3-derived CAR-T
cells

We generated genetically-modified anti-CD19 CAR-T cells using both HSC-T and CD3-T cells to assess the applicable utilization of
HSC-T as a T-cell product for cancer immunotherapy. The third-generation CD19CAR with CD28/CD40 co-stimulatory domain
(CD19.28.40z CAR) structure (Fig. 4A) was established by our laboratory and demonstrated superior CAR-T cell proliferation and anti-
tumor activity. The results were compared to second-generation CD19CAR-T cells both in vitro and in vivo xenograft models [42]. We
successfully introduced CAR gene into HSC-T and CD3-T cells with comparable transduction efficacy (range 29.11–46.50 %) and
achieved greater than 90 % purity after tEGFR selection (Fig. 4B and C). The γ-irradiated EBV-LCL was used as feeder cells to expand
enriched CAR-T cells, which revealed an insignificant difference in fold expansion in both types of CD19CAR-T cells (range
46.17–272.00) (Fig. 4D). Overall, both CD3-T or HSC-T were feasible T-cell sources for CD19CAR-T cell generation and could achieve
high transduction efficacy and expansion following stimulation with feeder cells.

In terms of CAR-T cell function, we performed an experiment to assess the proliferative capacity of CAR-T cells by stimulating with
γ-irradiated CD19-K562 and cultured in conditions of either with or without IL-2. HSC-T-derived CD19CART cells demonstrated a
comparable proliferative capacity with CD3-derived CAR-T cells, whether or not supplemented with IL-2 (Fig. 5A). We then evaluated
the CAR-T cell capability to release cytokines and cytotoxic granules upon exposure to target antigen by ICCS assay. Our results
indicated that HSC-T-derived CAR-T cells produced significantly higher IFN-γ, in contrast, both CD3-T- and HSC-T-derived CAR-T cells
exhibited a similar proportion of IL-2 positive cells. Furthermore, HSC-T-derived CD19CAR-T cells showed a tendency to have higher

Fig. 2. HSC-derived T lymphocyte differentiation and maturation phenotypes. (A) Accumulative fold expansion of HSC-derived T lymphocyte
(CD3+) during the differentiation process for a total of 52 days. (B) The percentages of CD45+, CD5+, CD7+, CD5+/CD7+, and CD3+ populations
during HSC-derived T lymphocyte generation at the indicated time points. (C) Representative flow plots of HSC-derived T lymphocyte at the
indicated time points. Live cells were gated and the CD45+ population is shown in the left column. CD45+ gate (middle columns) is further classified
into proportions of pan-T cells (CD5+, CD7+, and CD5+/CD7+) and mature T-cell (CD3+) positive population. CD5+/CD7+ and CD3+/CD45+

double-positive gates are shown in the right columns to monitor subsets of single CD8+/CD4– or CD8–/CD4+ cells, double-positive CD8+/CD4+, or
double-negative CD8–/CD4– T-cells. (D) Percentages of CD3+, CD8–/CD4–, CD8+/CD4+, CD8+/CD4–, and CD8–/CD4+ populations during HSC-T
lymphocyte differentiation and maturation at the indicated time points. (E) The percentages of CD3+/TCRαβ+ population of mature HSC-T or
CD3-T cells. Data are pooled from three different patients and presented as mean ± SD. One-way ANOVA for (B) and (D), Student’s t-test for (E); *P
< 0.05, ***P < 0.001.

Fig. 3. T-cell immunophenotypes and functional assessment. (A) Schematic of T-cell differentiation subsets classified by a combination of CD45RA
and CD62L monoclonal antibody staining to categorize T-cell subsets into naïve T (TN) CD45RA+/CD62L+, central memory T (TCM) CD45RA–/
CD62L+, effector memory T (TEM) CD45RA–/CD62L–, and effector memory re-expressing CD45RA T (TEMRA) CD45RA+/CD62L– cells. (B) Per-
centages of T-cell differentiation subset (upper panel) and T-cells expressing exhaustion phenotypes PD-1, LAG3, CTLA-4, and TIM-3 (lower panel)
of mature HSC-T or CD3-T cells. (C) Intracellular cytokine staining assay for IFN-γ, IL-2, granzyme-B, and perforin of mature HSC-T and CD3-T cells
at baseline or after stimulation with anti-CD3/CD28 beads at 1:1 ratio for 4 h. Data are pooled from three different patients and presented as mean
± SD. Student’s t-test for (B), (C); P = NS.
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percentages of granzyme B and perforin secretions compared to CD3-derived CD19CAR-T cells irrespective of antigen stimulation
(Fig. 5B). We further assessed the effect of PD-1 expression on CAR-T cell functions and found that both types of CAR-T cells evenly
expressed PD-1 at pre- and post-antigen stimulation (Fig. S3A). HSC-T-derived CAR-T cells again showed a tendency to have higher
percentages of IFN-γ and granzyme B secretions compared to CD3-derived CAR-T cells regardless of PD-1 expression (Fig. 5C–S3B). In
contrast, CD3-derived CAR-T cells demonstrated significant impairment in IFN-γ secretion following PD-1 upregulation (Fig. 5C).

Since the HSC-T cells showed only half of the TCR αβ+ population after generation, we evaluated the existence of the TCR αβ+

population and the responses on CAR-T cells. After CAR generation, both CD3-derived and HSC-T-derived CAR-T cells showed
equivalent populations of TCR αβ+ at 78.15 % and 74.3 %, respectively (Fig. S3A). Using the ICCS assay, both types of CAR-T cells
produced similar levels of cytokines and cytotoxic granules among the TCR αβ+ or TCR αβ– populations (Figs. S3C–D). Notably, TCR
αβ+ HSC-T-derived CD19CAR-T cells demonstrated greater IFN-γ secretion compared to TCR αβ+ CD3-derived CAR-T cells after
stimulation with CD19-positive target cells (Fig. S3C). These results emphasized the superior cytotoxic granule secretion of HSC-T-
derived CD19CAR-T cells compared to CD3-derived CAR-T cell counterparts.

We conducted specific cytolysis experiments to highlight the anti-tumor function of CAR-T cells by co-culturing CD19CAR-T cells
with patient-derived primary MCL cells, Nalm-6, or Raji cells. A trend of higher cytotoxicity against primary MCL cells was demon-
strated by HSC-T-derived CD19CAR-T cells across all E:T ratios. However, the distinction in cytolysis against the Nalm-6 or Raji cells by
CD3-derived CD19CAR-T or HSC-T-derived CD19CAR-T cells was less pronounced (Fig. 5D–S3E).

Subsequently, we performed a chronic antigen stimulation assay to evaluate the functional limit of the patient’s CD3-derived CAR-
T cells or HSC-T-derived CAR-T cells following repetitive exposure to CD19 antigens as in vivo using CAR-T cell immunophenotypes.
The results showed that both types of CAR-T cells consistently displayed a high TEM subset throughout the experiment with particular
expression after the second stimulation (Fig. 5E). On the contrary, untransduced T-cells exhibited higher TEMRA phenotype, which was
indicative of a terminally differentiated T-cell subset compared to CD19CAR-T cell populations (Fig. 5E). Insignificant differences were
observed in the expression of exhaustion phenotypes that included PD-1, LAG3, and CTLA-4. However, TIM-3 phenotypes tended to be

Fig. 4. CD19 chimeric antigen receptor (CAR) T-cell generation. (A) Illustration of the third-generation CD19CAR construct. Anti-CD19 scFv was
fused with the hinge region (H) of the CD28 transmembrane domain (TM) followed by CD28/CD40 co-stimulatory domain and CD3ζ. A truncated
version of epithelial growth factor receptor (tEGFR) was fused to the CAR structure with self-cleaving T2A sequence as a selection marker. scFv,
single-chain variable fragment; VL, light chain variable fragment; VH, heavy chain variable fragment. (B) Experimental schematic of CD19CAR-T
cell generation. HSC-T, hematopoietic stem cell-derived T lymphocyte; EBV-LCL, Epstein-Barr virus-transformed lymphoblastoid cell line. (C)
Transduction efficacy and purification of CD19CAR-T cells pre- and post-selection. (D) CD19CAR-T cell expansion after stimulation with feeder
γ-irradiated EBV-LCL at a 1:7 effector to stimulator ratio for 10 days. Data were pooled from two different patients and are shown as mean ± SD.
Student’s t-test for (C) and (D); P = NS.
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lower in HSC-T derived CD19CAR-T cells compared to CD3-derived CAR-T cells during the repetitive antigen stimulation period
(Fig. 5E).

To conclude, HSC-T-derived CD19CAR cells were successfully generated with potentially higher anti-tumoricidal activities over
CD3-derived CAR-T cells while preserving the proliferative capacity, T-cell subsets, and exhaustion phenotypes.

4. Discussion

ACT, particularly CAR-T cell, has undergone extensive investigation and now has become a principal therapeutic option for
relapsed/refractory B-cell malignancies. However, various issues, which include ineffective T-cell functions and an inadequate number
of collected T-cells for therapeutic purposes, are a concern in the current autologous CAR-T cell therapy model. To elucidate the unmet
needs of CAR-T cell production, this study developed a strategy to generate autologous T lymphocytes from HSCs ex vivo and assessed
the feasibility of an alternative autologous T-cell product for cellular immunotherapy.

To prove the concept, we conducted a prospective experimental study using non-cryopreserved PBSC grafts obtained from heavily
pretreated patients who underwent autologous stem cell transplantation. This approach was aimed to mimic the circumstances of an
individual candidate for ACT. We initially followed the available stem cell generation protocol but failed to generate mature CD3+

from the HSCs derived from a healthy donor at the beginning of the pilot study. As a result, we optimized the protocol by introducing a
ten-day phase of a single-positive T-cell maturation process by co-culturing progenitor T-cells with anti-CD3/CD28 and IL-2 supple-
mentation. The remarkable results revealed mature T lymphocytes from three out of four patients with multiple myeloma or lym-
phoma were established. Despite the exposure to high intensity chemotherapy, the HSCs from one myeloma and two lymphoma
patients were successfully differentiated into mature T lymphocytes with robust fold expansion after a long-term culture protocol
mimicking T-cell differentiation in humans. However, it is important to highlight the discrepancies among the patients in terms of T-
cell number, differentiation efficiency, immunophenotypes, and functions. Likewise, HSCs from one patient failed to differentiate into
progenitor T-cells after 14 days of culture that normally found more than 80 % of T-cell precursors in the other patients. Additionally,
the HSCs of these patients also failed to fully mature at the end of the culture period after stimulation with anti-CD3/CD28 beads in the
second trial. We explored the mechanism underlying this phenomenon and discovered this patient had received multiple courses of
high intensity chemoimmunotherapy and radiotherapy before transplantation which negatively suppressed the viability and stemness
of the HSCs. It is well known that administration of high-dose chemotherapy causes significant injury to the bonemarrow, which serves
as the home of HSCs and contributes to the generation of various blood cells [50–56]. Similar to the study by Bonte and colleagues that
they generated tumor antigen-specific T-cells from HSC sources; healthy donors, patients in remission after chemotherapy, and acute
myeloid leukemia patients at diagnosis. Following the OP9-DL1 co-culture, they observed the significant differences in HSC-T cell
numbers among donors that the patient samples could produce fewer cells compared to healthy donor samples. They concluded that
the isolated human HSC from heavily-pretreated patients resulted in slower T-cell differentiation and need the multiple rounds of
agonist peptide stimulation [37].

After the lymphoid progenitor differentiation phase, late-stage thymocytes of progenitor T-cells (CD5+/CD7+) dramatically
increased and ultimately matured into CD3+ cells at more than 90% after the T-cell maturation phase. After T-cell lineage commitment
in thymus, thymocytes become biased toward one of two possible lineages of TCR γδ+ or TCR αβ+ T-cells. In this study, the αβ+ TCR
was identified in half of HSC-T after the maturation process in which the negative αβ TCR population was presumed to be γδ+ T-cells,
the innate T lymphocytes. This could be explained by the lack of thymic cortical epithelial cells as in vivo, which is required for the
positive selection of αβ+ TCR [57–59]. The role of anti-CD3/CD28 monoclonal antibodies in γδ+ T-cell expansion is still unclear.
Previous studies found that CD28+ γδ+ T-cells had greater T-cell activation, proliferation, and cytokine secretion after stimulation with
the anti-CD28 monoclonal antibody; however, some studies showed unchanged results [60–63]. Further comprehensive studies are
needed to assess the CD28 co-stimulatory signals in γδ+ T-cells.

Usually, T-cells predominantly express αβ+ TCR, which is responsible for engaging peptide antigens presented by antigen-
presenting cells in a major histocompatibility complex (MHC)-dependent manner. In contrast, γδ+ TCR mainly presents on a subset
of T-cells called γδ T-cells, which are located in various tissues, such as the skin, gut, and lungs. These cells can recognize different types
of antigens, including peptides, lipids, and small molecules, through a mechanism independent of MHC molecules. Besides having

Fig. 5. Functional analysis of CD19CAR-T cell. (A) CAR-T cell proliferation assay. Untransduced-T or CD19CAR-T cells were stimulated with
γ-irradiated CD19-K562 at a 1:1 ratio and cultured without (left) or with (right) IL-2 50 IU/mL for a total of 14 days. (B) Intracellular cytokine
staining (ICCS) assay for IFN-γ, IL-2, granzyme-B, and perforin of untransduced-T or CD19CAR-T cells at baseline or after stimulation with CD19-
K562 at a 1:2 ratio for 4 h. (C) ICCS assay for IFN-γ, IL-2, granzyme-B, and perforin of PD-1– or PD-1+ CD19CAR-T cells after stimulation with CD19-
K562 at a 1:2 ratio for 4 h. (D) Specific cytolysis assay. CellTrace Violet-labeled untransduced or CD19CAR-T cells were co-cultured with primary
mantle cell lymphoma cells (upper panel) or Nalm-6 cells (lower panel) at various effector (E) to target (T) ratios of 10:1, 5:1, 1:1, 1:5, and 1:10 for
24 h without exogenous IL-2. The percentage of dead cells was determined by 7-AAD Viability Staining Solution and analyzed by flow cytometry. (E)
Heatmap of T-cell differentiation subsets (upper panel) and T-cell expression of exhaustion phenotypes (lower panel) of untransduced-T or
CD19CAR-T cells after weekly stimulation with γ-irradiated Nalm-6 cells at a 1:1 ratio (chronic antigen stimulation assay). T-cell differentiation
subsets were classified by a combination of CD45RA and CD62L monoclonal antibody staining to categorize T-cell subsets into naïve T (TN)
CD45RA+/CD62L+, central memory T (TCM) CD45RA–/CD62L+, effector memory T (TEM) CD45RA–/CD62L–, and effector memory re-expressing
CD45RA T (TEMRA) CD45RA+/CD62L– cells. T-cells expressing exhaustion phenotypes were classified as PD-1, LAG3, CTLA-4, or TIM-3 positive
population. Data were pooled from two different patients and are presented as mean ± SD. One-way ANOVA for (A), (B), (D), and (E); *P < 0.05,
**P < 0.01, ***P < 0.001; Student’s t-test for (C); *P < 0.05.
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distinct expression and antigen recognition characteristics, αβ+ TCR and γδ+ TCR also have different functions in the immune system.
T-cells, utilizing αβ+ TCR, participate in adaptive immune responses such as activating other immune cells and generating antibodies.
Meanwhile, γδ+ T-cells play an innate role providing prompt response to pathogens and contribute to tissue repair and regeneration.
Even though our study demonstrated only half of αβ+ TCR as a proportion of all HSC-T, these T-cells preserved T-cell functions in terms
of T-cell proliferation, immunophenotypes, and cytotoxicity. Moreover, the CAR-engineered T-cells are able to function independently
on MHC molecules; therefore, both αβ+ TCR or γδ+ TCR T-cells could be adopted as T lymphocyte products as previously described
[64–66]. In addition, their limited TCR repertoire and inability to recognize MHC/peptide complexes are less likely to induce GvHD in
the allogeneic setting, and unlikely to cause autoimmunity. The remarkable benefit for the use of CD19CAR products as an allogeneic
setting can be considered as “universal CAR-T” [64,67].

Themodified HSC generation process also promoted both single CD8+ and CD4+ generations that gave a CD8:CD4 ratio of 2:1 at the
end of the culture period. Previous studies on HSC-T manufacturing methods required multiple steps of culture and various supple-
mented cytokines that could achieve only a CD8+ T lymphocyte product and would be unsuitable for universal ACT application
[29–31]. Furthermore, HSC-T cells were mostly preserved naïve T-cell phenotype compared to CD3-T cells. The naïve T-cell subset
represents a state of quiescence, long-lived or dormant T-cells which preserve T-cell proliferative capacity. This finding confirmed an
absence of pre-exposure of HSC-T to antigens, unlike CD3-T cells which experience repeated exposure to antigens and potentially
differentiate into memory or effector T-cell subsets [49].

We observed similar levels of PD-1 expression on CD3-T cells and HSC-T cells. A previous study demonstrated that some degree of
PD-1+ CD8 T-cells could be found in healthy donors that did not express transcriptional programing of T-cell exhaustion as shown in a
chronic viral infection model. Moreover, these cells are not inert and have some level of residual function that are capable of producing
cytokines after stimulation [68]. On the other hand, we noted a high expression of TIM-3 molecule on HSC-T cells compared to CD3-T
cells. The distinct expression could be influenced by the generation process which is involved in repetitive anti-CD3/CD28 bead
activation. Recent studies indicated that chronic activation of CD8+ T-cells could trigger an expression of TIM-3 and served as a
negative feedback mechanism to regulate and control overt T-cell activation [69–71]. However, higher innate, naïve, or TIM-3+

phenotypes of HSC-T did not dampen their ability to proliferate or secrete cytokines and cytotoxic granules compared to CD3-T cells.
To ensure an applicable alternative T-cell product, we additionally generated HSC-T-derived or CD3-derived CAR cells using the

CD19CAR model. The data demonstrated potentially higher cytotoxicity and cytokine secretion of HSC-T-derived CD19CAR cells over
CD3-derived CD19CAR-T cells following stimulation with CD19+ target cells as shown in superior specific cytolysis against primary
MCL. We noticed that the proportion of IFN-γ-secreted PD-1+ CD3-derived CAR-T cells diminished upon stimulation with CD19+

antigen. This was illustrated by a negative correlation between the exhausted T-cells and IFN-γ secretion which represents ineffective
T-cell function of heavily pretreated patients. Moreover, HSC-T-derived CD19CAR cells sustained their T-cell proliferation, stemness,
or exhaustion phenotypes in the repetitive antigen stimulation assay comparable to control CD19CAR-T cells. In particular, different
fold expansions among the patients of HSC-T- or CD3-derived CAR-T cells in the proliferation assay were observed. This might again be
explained by the distinct history of chemotherapeutic exposure that was shown to influence ineffective T-cell proliferative capacity
[72].

Extensive studies on the generation of T lymphocytes from UCB, HSCs, or iPSCs using stromal co-culture or feeder-free system have
been proposed [29,37–39,41,73–75]. This current study demonstrated the generation of T lymphocytes from patient autologous HSCs
using stromal-free culture system. Furthermore, this feasible generation process showed comparable T-cell functions to patient CD3
cells. We also revealed the applicable utilization of HSC-T as an alternative T-cell product for adoptive CAR-T cell therapy. Previous
studies focused on procedures that used USB or HSC derived-T-cells from healthy donors. The processes were complicated and
laborious and required multiple stages that used diverse cytokines, which would make them difficult to implement in real-world
settings. Additionally, the final cell products were CD8 T-cells or NK cells which have superior cytotoxicity but limited persistence,
especially NK cells [29–31].

The clonality of HSC-derived T-cells is also crucial concern. We did not assess the TCR repertoire of CD3-T or HSC-T cells in the
current study; however, there are evidences of iPSC- or HSC-derived T-cells express characteristics of TCR polyclonality. The study by
Chang and colleagues generated T-cells from iPSC with confirmed a diverse range of TCR Vβ segments and diverse CDR3 sequences,
indicating a broad TCR repertoire [76]. A recent study by Singh et al. demonstrated the in vitro StemRegenin-1 expanded progenitor
T-cells from CD34+ human HSCs retained T-cell functions with polyclonal TCR repertoire similar to CD3+ naïve T-cells isolated from
periphery of engrafted mice [75]. Moirangthem and colleagues also confirmed that the mature CD3+ cells (expressing γδ or αβ TCRs)
generated from TNFα-treated cord blood or mobilized peripheral blood human T-lymphoid progenitor cells which were co-cultured
with OP9-DL1 cells gave rise the polyclonal TCR repertoire without any bias [41].

This study has a few limitations. First, we generated HSC-T from a small number of samples. Also, the subtypes of the hematologic
diseases were nearly uniform, i.e., myeloma or lymphoma, which would affect the study results and, therefore, could not universally
represent HSC-T characteristics. Moreover, the cytolysis against resistant cellular models and in vivo HSC-derived CAR-T cell functions
and TCR clonality of HSC-derived T-cells were beyond the scope of this current research. Due to the limited resources, we did not assess
the proportion of TCR γδ+ population after HSC-T cell generation. A large-scale generation of HSC-T, larger numbers of patients and
diseases, as well as in vivoHSC-derived CAR-T cell functions are needed to confirm the results of this study for application in real-world
clinical settings. Long-term culture conditions to generate HSC-T are obviously not cost-effective in clinics; however, this strategy
would offer a great opportunity for patients with an inadequate number of T-cells to access ACT. In the next step, efforts will focus on
improvements and shortening the duration of HSC-T generation as well as scaling up the manufacturing process to extend product
efficiency.
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5. Conclusions

In summary, we successfully generated HSC-derived T lymphocytes from patient autologous HSCs with preserved T-cell efficacy.
The HSC-T cells are potentially utilized as an alternative option for cellular immunotherapy.
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