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Abstract

Hematopoietic stem cells (HSCs) are a rare cell population present in the bone marrow. They possess self-
renewal and multipotent differentiation capacities and play a crucial role in lifelong hematopoiesis and recon-
stitution of the hematopoietic system after hematopoietic stem cell transplantation (HSCT). HSCT remains the
only curative treatment for refractory hematologic disorders. Umbilical cord blood (CB) has several advantages
as an alternative donor for HSCT, including HLA flexibility and lack of donor burden. However, CB has limita-
tions in terms of cell dose, restricted donor options, and prolonged time to engraftment. Development of tech-
niques for expanding HSCs ex vivo, especially those contained in CB, has become a goal in the field of hematol-
ogy. Attempts have been made to use various combinations of cytokines for this purpose, but these protocols
showed limited expansion rates and did not progress to clinical applications. Recent advances that include the
addition of small molecules to cytokines have enabled long-term and stable ex vivo expansion of human HSCs.
Clinical trials have been conducted with HSCs expanded in CB using these techniques, confirming their efficacy
and safety. Furthermore, we recently developed a recombinant cytokine-free, albumin-free culture system for
long-term expansion of human HSCs. This approach has the potential to selectively expand human HSCs more
effectively than the previous protocols. We herein present an overview of ex vivo culture protocols for expand-

ing human HSCs together with the results of clinical trials that utilized these techniques.

Key words human hematopoietic stem cell, ex vivo, expansion, polymers, chemicals, clinical trials

Submitted September 5, 2023; Accepted October 2, 2023; Published online November 25, 2023; Issued online November 25, 2023

Correspondence: Masatoshi Sakurai, Division of Hematology, Department of Medicine, Keio University School of Medicine, 35 Shi-

nanomachi, Shinjuku-ku, Tokyo 160-8582, Japan, E-mail: sakurai@z5 .keio.jp

This article was created by a speaker of the plenary session 1 at the 28th Annual Congress of APBMT and was handled by Guest Editor

Shinichiro Okamoto before submission.

Introduction

Hematopoietic stem cells (HSCs) constitute a rare
cell population residing in the bone marrow; they pos-
sess self-renewal and multipotent differentiation capaci-
ties that sustain lifelong hematopoiesis'. HSCs play a
pivotal role in the curative treatment of various refrac-
tory hematologic disorders through hematopoietic stem
cell transplantation (HSCT). HSCs are also present in
the umbilical cord blood (CB), which is now commonly
used as a source of stem cells’. CB offers advantages
such as greater tolerance for human leukocyte antigen
(HLA) disparities and lack of burden on donors. How-
ever, the limited number of HSCs in CB not only re-
stricts the CB units that can be transplanted but also re-

sults in delays in engraftment and increases the risk of
infection’. Therefore, ex vivo expansion of umbilical
CB-derived HSCs holds significant importance for en-
hancing the safety of transplantation procedures. This
review focuses on recent advancements in ex vivo ex-
pansion techniques for human HSCs and their applica-
tion in clinical research, which have sought to address
these challenges and promote safer transplantation prac-
tices.

Cytokines and Growth Factors

By combining insights into HSC self-renewal in vivo,
researchers have developed various techniques for ex
vivo HSC expansion. Central to this process are cytoki-
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Table 1. Protocols for ex vivo expansion of human hematopoietic stem cells

Compound Activity Cell tested Cytokines g:rlit;;e Fold expansion Ref.
. SCF, TPO CD34* HSPCs: 50-fold
= + 4 ’

SR-1 AHR antagonist CB CD34 FLT3L, IL.6 21 days SRCs: 17-fold 13

L . Inhibition of NAD*-dependent . SCF, TPO, CD34* HSPCs: 80-fold
Nicotinamide enzymes CB CD34 FLT3L, IL.6 21 days SRCs: 9-fold 15
UuM171 Inhibition of LSD1 and HDAC CB CD34* SCF, TPO, FLT3-L 12 days SRCs: 13-fold 16
PCL-PVAc-PEG-based 3a PI3K activator, TPO receptor
(740Y-P, butyzamide and  agonist, Inhibition of LSD1 CB CD34* None 30 days CD34* HSPCs: 55-fold* 21

UM171) and HDAC

*Single-cell RNA seguencing analysis after 10 days of culture revealed a higher proportion of cells expressing HSC-specific genes compared to

UM171 or SR-1-based medium.

PCL-PVAc-PEG, polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol graft copolymer; CB, cord blood; HSPC, hematopotietic stem/progenitor
cell; SRC, SCID repopulating cell; AHR, aryl hydrocarbon receptor; NAD, nicotinamide adenine dinucleotide; HDAC, histone deacetylase; PI3K, phos-
phatidylinositol-3 kinase; TPO, thrombopoietin; SCF, stem cell factor; FLT3-L, FMS-related tyrosine kinase 3 ligand; IL-6, interleukin-6.

nes and growth factors in widely used combinations, in-
cluding stem cell factor (SCF), thrombopoietin (TPO),
Fms-like tyrosine kinase 3 ligand (FLT3-L), and
interleukin-6 (IL-6). SCEF, initially identified as a c-Kit
(CD117) ligand in mice’, has been shown to play a piv-
otal role in HSC survival and expansion’. Within the
bone marrow niche, SCF expression promotes HSC
maintenance and stimulates cell cycle progression via
activation of the phosphoinositide 3-kinase (PI3K)/
AKT/FOXO pathway’. TPO is essential for HSC main-
tenance and expansion and induces self-renewing cell
division. By signaling through the MPL receptor, TPO
triggers multiple pathways, including JAK/STAT,
MAPK/ERK, and PI3K/AKT"*. FLT3-L and IL-6, too,
contribute to cell amplification via diverse signaling
pathways™ "°. Despite these advances, cytokine-based
culture systems have not achieved long-term stable
HSC self-renewal and their full-scale clinical applica-
tion remains unrealized'" ”.

Small Molecules

While the expansion of human HSCs using cytokine
combinations alone has limitations, recent studies have
indicated that the addition of small molecules to these
cytokines can enhance expansion efficiency (Table 1).

The front-line compound in this field, StemRegenin-1
(SR-1), was identified by screening a library of 100,000
compounds designed to detect molecules that enhance
the proliferation of umbilical CB-derived hematopoietic
stem and progenitor cells (HSPCs)"”. SR-1 is a purine
derivative and an antagonist of the aryl hydrocarbon re-
ceptor (AHR) of human HSPCs. When SR-1 was added
to cytokines in a culture of umbilical CB CD34" cells,
the cells expanded 50-fold and SCID-repopulating cells
(SRCs) that sustain long-term hematopoiesis in immu-
nodeficient mice were amplified 17-fold. The precise
molecular mechanism underlying the action of SR-1 is

not fully understood. However, overexpression of the
RNA-binding protein Musashi-2 (MSI2) has been sug-
gested to directly suppress the AHR signal and thus ex-
pand HSCs ex vivo'™.

In 2012, a breakthrough was achieved by combining
nicotinamide (NAM), a form of vitamin B-3, with cy-
tokines to enhance the expansion of umbilical CB-
derived CD34" cells. This approach led to 80-fold ex-
pansion of these cells within three weeks"”. Xenotrans-
plantation assays showed that the addition of NAM led
to a 9-fold increase in SRCs, enhancing bone marrow
homing via the CXCR4-CXCL12 pathway. These grafts
allowed for hematopoietic reconstitution using human
cells of both myeloid and lymphoid lineages. NAM
functions as an inhibitor of NAD"-dependent enzymes,
particularly sirtuin, which play a central role in the pro-
liferation of human HSCs.

In 2014, through the screening of compound librar-
ies, a pyrimidoindole derivative, UM171, was identified
to expand human HSCs when used in combination with
cytokines in culture’. In xenotransplantation assays, a
13-fold increase in SRCs was observed. Recent research
has revealed that UM171 activates the CULLIN3-E3
ubiquitin ligase (CRL3) complex, which includes
KBTBD4, to ubiquitinate the CoREST complex. As a
result, lysine-specific histone demethylase 1 (LSD1)
and histone deacetylases (HDACs) within the CoREST
complex are inactivated, suggesting that ubiquitination
suppresses genes involved in differentiation”. Func-
tional and genomic studies have suggested that UM171
acts independent of AHR inhibition, suggesting a syner-
gistic increase in the amplification efficiency of HSCs
when used in combination with SR-1.

Polymers and Chemicals

HSC culture has traditionally required the presence
of bovine serum albumin (BSA) or fetal bovine serum
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(FBS) together with cytokines. Albumin is considered
to play a crucial role in HSC culture as a carrier protein
or source of amino acids. However, it is difficult to ob-
tain stable results due to significant variations between
batches. This instability and uncertainty pose significant
obstacles to clinical applications. In 2017, synthetically
produced albumin extracted through yeast culture was
reported to exhibit functionality equivalent to that of al-
bumin extracted from serum, with reduced batch-to-
batch variation and stable outcomes'. However, even
with synthetic albumin, trace amounts of yeast impuri-
ties were unavoidable.

Wilkinson et al. conducted screening for chemically
synthesized substances that could be substituted for al-
bumin. By adding SCF and TPO to a medium contain-
ing polyvinyl alcohol (PVA), they determined that it
was possible to amplify mouse HSCs ex vivo without
the addition of albumin”. Surprisingly, after one month
of culture under these conditions, the number of func-
tional HSCs increased 236- to 899-fold. PVA not only
acted as a suitable substitute for albumin but also
achieved even greater amplification of HSCs. There are
various types of PVA with different molecular weights
and degrees of hydrolysis. Sudo et al. reported that
PVA with a lower degree of hydrolysis efficiently am-
plifies both mouse and human HSCs, while the molecu-
lar weight has no impact on the ex vivo expansion of
HSCs™. PVA can be synthesized stably and inexpen-
sively in large quantities, offering advantages in terms
of cost compared with the use of animal-derived com-
ponents or synthetic proteins in cultures. However, the
efficiency of human HSC expansion remains limited
under the same culture conditions.

To investigate the differences between murine and
human HSPCs, we analyzed the phosphorylation status
of major signaling pathways in cultured HSPCs®. The
results demonstrated a significant decrease in the PI3K/
AKT pathway in humans. To activate the PI3K/AKT
pathway, we added the PI3K activator 740Y-P and ob-
tained improved expansion rates of human HSPCs on
day 7. In addition, we found that SCF could be substi-
tuted with 740Y-P, and TPO with the TPO receptor ag-
onist butyzamide™ *. We confirmed that a medium con-
taining PVA, 740Y-P, and butyzamide (2a medium) al-
lowed for a 7-day culture of human HSPCs without the
need for cytokines. However, using this approach,
HSPCs began to differentiate into megakaryocytes after
14 days. To achieve long-term stable culture, we ex-
plored compounds that could prevent the differentiation
of HSCs. We discovered that by adding the pyrimidoin-
dole derivative UM171 to the 2a medium (3a medium),
human HSCs could be cultured stably for up to 30
days. We also confirmed that the capacity for hema-
topoietic reconstruction was maintained by transplanting
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cells cultured in 3a medium into immunodeficient mice
after irradiation.

To further improve expansion efficiency, we con-
ducted screening for polymers and determined that the
polyvinyl caprolactam-polyvinyl acetate-polyethylene
glycol graft copolymer (PCL-PVAc-PEG)™ * possesses
superior cell proliferation potential compared to PVA.
When 740Y-P, butyzamide, and UM171 were added to
culture medium containing PCL-PVAc-PEG instead of
PVA, the proliferation capacity of human HSPCs was
further enhanced. Over 30 days, the total cell count in-
creased 75-fold and CD34" cells expanded 55-fold.
Transplanting these cells after a 30-day culture into im-
munodeficient mice confirmed their engraftment. More-
over, robust human CD45 chimerism was observed in
secondary xenotransplantation recipients.

To investigate the characteristics of cells cultured in
the PCL-PVAc-PEG-based 3a medium, we conducted
single-cell RNA sequencing analysis. This analysis re-
vealed that a high proportion of the cells expressed
genes specific to HSCs. Notably, this proportion was
higher than those reported in recent clinical trials in-
volving UM171 or SR-1 for human HSC culture. These
findings suggest that the PCL-PVAc-PEG-based 3a me-
dium achieves selective expansion of HSCs. This me-
dium holds some advantages, as it does not contain re-
combinant proteins and is chemically defined, resulting
in improved batch-to-batch consistency, reduction in re-
agent costs, and acceleration of clinical applications.

Clinical Applications

Clinical trials using ex vivo-expanded CB have al-
ready shown promising results (Table 2). Among these
approaches, NAM is pioneering. In a Phase I trial, dou-
ble CB transplantation was performed on 11 patients
with hematologic malignancies after myeloablative con-
ditioning®. This procedure involved simultaneous trans-
plantation of NAM-expanded CB, NiCord (Gamida
Cell, Israel), and unmanipulated umbilical CB. NiCord
is a product obtained by culturing CD133" cells from
umbilical CB in a medium containing NAM for 21
days and then adding unmanipulated T cells purified
from the CD133" fraction. After three-week culture, CD
34" cells expanded by a median of 72-fold. No severe
adverse events related to NiCord infusion were ob-
served. The median time to neutrophil engraftment in
the NiCord transplantation group was significantly
shorter than that in the historical control group (13 vs
25 days). Complete or partial engraftment of neutro-
phils and T cells derived from NiCord was observed in
eight patients, and the engraftment of NiCord remained
stable in all patients throughout the median follow-up
period of 21 months.
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Table 2. Clinical trials of hematopoietic stem cell transplantation using ex vivo expanded graft

Product

Fold expansion Median days to neutrophil

Compound name Phase Cord blood unit of CD34* cells engraftment Ref.
(median) Study group Control group
Nicotinamide  Nicord Phase | Double, one manipulated 72 13 25 26
Nicotinamide  Nicord Phase I/ll  Single 33 11.5 21 27
Nicotinamide Omidubicel Phase Single 130 10 20 28
SR-1 HSC835 Phase /1l Double, one manipulated 330 15 24 29

UM171 Phase 1711 Single (23 pts)

Double, one manipulated (4 pts) o8

18 NA 30

NA, not applicable.

Next, a phase I/II clinical trial involving the trans-
plantation of NiCord alone was conducted after
myeloablative conditioning in 36 patients with hema-
tologic malignancies”. The culture with NAM resulted
in a 33-fold expansion of CD34" cells, and the median
time to neutrophil engraftment after NiCord transplanta-
tion was significantly shorter than that in the historical
control group (11.5 vs 21 days). For the patients who
achieved platelet recovery, the median time to platelet
recovery was 34 days for the NiCord group and 46
days for the historical control group, indicating signifi-
cant improvement in the NiCord group. One patient ex-
perienced primary graft failure and two patients experi-
enced secondary graft failure. There was no significant
difference in the occurrence of grade III-IV acute graft-
versus-host disease (GVHD) or chronic GVHD between
the two groups. Moreover, no significant difference was
observed in the 2-year disease-free survival (DFS) or
overall survival (OS) after transplantation.

Subsequently, a phase III randomized controlled trial
was conducted”. Eligible patients were aged 12 to 65
years with high-risk hematologic malignancies, were
candidates for myeloablative allogeneic HSCT, and
lacked immediately available matched sibling or unre-
lated donors. A total of 125 patients were enrolled, of
whom 62 were assigned to the omidubicel (formerly
NiCord) group and 63 to the conventional umbilical CB
transplantation group. There were no significant differ-
ences in the patient characteristics. CD133" fractions
were cultured for 21 *2 days with NAM, and trans-
planted along with CD133" cell fractions, including T
cells. After culture, CD34" cells were expanded ap-
proximately 130-fold (range, 32-233 fold), resulting in
a CD34" cell count of 9.0 (range, 2.1-47.6) X 10° cells/
kg in the omidubicel group and 0.3 (range, 0.1-1) X
10° cells/kg in the control group. The median time to
neutrophil engraftment was significantly shorter in the
omidubicel group (12 vs 22 days). Among the patients
receiving omidubicel, higher total CD34" cell counts
and CD34" cell doses (per weight) correlated with a
shorter time to neutrophil engraftment. In addition,
platelet engraftment rates up to day 42 were signifi-

cantly higher in the omidubicel group (55% vs 35%).
The cumulative incidence of bacterial or invasive fungal
infections was significantly lower in the omidubicel
group (37% vs 57%) and the number of days spent out-
side the hospital within 100 days post-transplantation
was significantly higher in the omidubicel group (61 vs
48 days). There were no significant differences in the
cumulative incidence of grade III-IV acute GVHD or
chronic GVHD between the groups. However, despite
the lack of statistical significance, favorable trends were
observed in terms of the cumulative incidence of non-
relapse mortality (NRM), DFS, and OS in the omidubi-
cel group. Based on these results, on April 17, 2023,
the U.S. Food and Drug Administration (FDA) ap-
proved omidubicel-onlv (marketed as Omisirge by
Gamida Cell Ltd.) for adult and pediatric patients (12
years and older) with hematologic malignancies sched-
uled for umbilical CB transplantation after myeloabla-
tive conditioning; the aim is to reduce neutrophil recov-
ery time and infection rates. This represents a signifi-
cant step in the ex vivo expansion technology of human
umbilical CB.

In 2016, the results of a phase I/II trial involving ex-
panded CB transplantation using SR-1 were reported”.
In this clinical trial, a product called HSC835 was used,
which involved culturing CD34" cells from CB in a cul-
ture medium containing SR-1 for 15 days and then add-
ing cryopreserved CD34™ fraction cells. Double CB
transplantation was performed by transplanting HSC835
and another unmanipulated CB unit. Seventeen patients
who underwent myeloablative conditioning received this
product. The CD34" cells expanded approximately 330-
fold throughout the culture period. All patients achieved
engraftment. The median time to neutrophil engraftment
was significantly shorter in the HSC835 group than in
the historical control group (15 vs 24 days), and the
median time to platelet engraftment, too, was signifi-
cantly shorter (49 vs 89 days). Peripheral blood chimer-
ism analysis revealed that the engrafted cells of the six
individuals were entirely derived from HSC835, while
those of another six individuals were entirely derived
from the unmanipulated umbilical CB unit. Those of
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the remaining five patients exhibited a unique chimer-
ism pattern in which myeloid cells originated from
HSC835, while T cells originated from the unmanipu-
lated umbilical CB unit. Although no significant differ-
ences were observed in terms of the incidence of acute
GVHD, NRM, or OS compared to the historical control
group, hospitalization duration was significantly shorter
in the HSC835 group (30 vs 46 days).

In 2020, the results of a phase I/II trial utilizing UM
171 were reported”. This clinical trial targeted patients
with hematologic malignancies who lacked a suitably
matched HLA donor. The trial involved transplantation
of umbilical CB-derived CD34" cells cultured for 7
days in a medium containing UM171, along with a
CD34" fraction containing lymphocytes. Initially, double
umbilical CB transplantation involving UM171-cultured
CB along with unmanipulated CB was performed in
four patients. Subsequently, UM171-cultured CB alone
was transplanted into 22 patients. The median time to
neutrophil and platelet engraftment was 18 and 42 days,
respectively. No cases of graft failure were observed.
The median time to recovery from febrile neutropenia
was significantly shorter than that in the historical con-
trol group. The incidence of grade III-IV acute GVHD
was 10%, and there were no cases of moderate or se-
vere chronic GVHD. Infection-related mortality was ab-
sent, the 1-year NRM rate was 5%, and the 1-year OS
rate was 90%.

The trial aimed to determine the minimum umbilical
CB cell dose required for achieving engraftment. The
expansion process revealed that a pre-culture CD34"
cell count of 0.52X10°kg was sufficient. Based on
these results, patients weighing 70 kg who were previ-
ously eligible for only 5% of the available umbilical
CB units based on conventional criteria could now be
eligible for 47% of the units based on the criteria estab-
lished in this clinical trial. The authors concluded that
the UMI171 single umbilical CB protocol offers the
clinical benefits of faster engraftment and reduced early
infection complications, while also allowing for the use
of HLA-matched umbilical CB units with lower total
cell counts through an expanded approach.

Recent advancements in the culture protocols of hu-
man HSCs have not only enabled the substantial expan-
sion of human HSCs but have also led to promising re-
sults in clinical trials. Clinical evaluations of ex vivo
umbilical CB expansion have confirmed the safety and
rapid recovery of neutrophils and platelets, which are
associated with favorable early clinical outcomes post-
transplantation. However, long-term clinical benefits
have not yet been directly demonstrated in comparative
clinical trials.

Regarding immune reconstitution, the median number
of infused T cells was 2-3 times lower in UM171-
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expanded CB than in unmanipulated CB, even though
the quantity and phenotype of T cells after transplanta-
tion were similar between the two groups™. T cell re-
ceptor sequencing analysis indicated that the patients
who received UM171-expanded CB displayed increased
T cell diversity and rapid virus-specific T cell responses
at 12 months post-transplantation, leading to a signifi-
cant reduction in the occurrence of severe infection.
Furthermore, in the case of omidubicel, immune recon-
stitution was comparable to that achieved using unma-
nipulated CB*.

To evaluate the impact of expanded CB on prognosis,
a retrospective comparison was conducted between the
results of clinical trials utilizing UM171-expanded CB
and outcomes using non-manipulated CB and matched
unrelated donor (MUD) transplantation®”. The results re-
vealed that the UMI171 group exhibited lower NRM
compared to the CB control group, along with im-
proved 2-year graft-versus-host disease-free relapse-free
survival (GRFS) and 1-year OS. Furthermore, compared
to the MUD-peripheral blood stem cell (PBSC) group,
the UM171 group experienced fewer cases of grade III-
IV acute GVHD and chronic GVHD. These results sug-
gest that recipients of UM171-expanded CB may bene-
fit from reduced NRM and improved GRFS. In addi-
tion, a meta-analysis of clinical trials utilizing expanded
CB indicated a lower risk of death at the study end-
point for patients who underwent ex vivo expansion™.

Conclusion

Collectively, progress in ex vivo expansion techniques
for HSCs, coupled with accumulating clinical evidence,
makes expanded CB transplantation a feasible option in
clinical practice. Further mature results are eagerly an-
ticipated.
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