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Table 2 Overall summary of safety

N (%) Rate
Any adverse events (AE) 44 (100) 11.15
Serious AE (SAE) 9 21) 0.31
Any treatment-related AE 27 (61) 1.70
Any treatment-related SAE 12 0.02
Death 0 0
Withdrawal due to AE 0@ 0
Rate events per 100 patient-weeks
Table 3 Serious adverse events (SAE)

. N (rate)
All SAE 14 (0.31)
Hemorrhagic anemia 1 (0.02)
Thrombocytopenia 1 (0.02)
Appendicitis 1 (0.02)
Grand mal convulsion 1 (0.02)
Transient ischemic attack 1 (0.02)
Epistaxis 1 (0.02)
Intracranial aneurysm 1 (0.02)
Lumbar spinal stenosis 1 (0.02)
Allergic transfusion reaction 1 (0.02)
Melena 1 (0.02)
Mouth hemorrhage® 1 (0.02)

- Subcutaneous hematoma 1 (0.02)
Wound 1 (0.02)
.Spinal compression fraction 1 (0.02)

Rate events per 100 patient-weeks
® Considered by the investigator to be related to romiplostim

no life-threatening adverse events, and no patients died or
withdrew from the study.

A total of 50 hemorrhagic adverse events were reported
in 20 patients (46 %), with a duration-adjusted rate of 1.12/
100 patient-weeks. The most commeon hemorrhagic
adverse events were contusion (0.29/100 patient-weeks),
epistaxis (0.16/100 patient-weeks), purpura (0.11/100
patient-weeks), and conjunctival hemorrhage (0.09/100
patient-weeks). Three patients (7 %) had a total of 5 seri-
ous hemorrhagic adverse events; one with epistaxis and
hemorrhagic anemia, one with melena and subcutaneous
hematoma, and one with mouth hemorrhage.

Regarding adverse events of inferest, no cases were
reported of hematopoietic malignancy, myelodysplastic
syndrome, thrombocytosis, or bone marrow reticulin/col-
lagen'ﬁbrosis (bone marrow biopsies were performed at
investigator discretion). A total of 14 biopsies were per-
formed on 8 patients over a wide range of time, from
before the study (1), within the first year (8), to more than
1 year up to over 2 years (5). All biopsies were negative
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for reticulin and collagen. However, after this data cutoff
(on study day 735), one patient experienced a mild non-
serious adverse event of increased reticulin that was con-
sidered by the investigator to be related to treatment with
romiplostim. The only thromboembolic event was a serious
adverse event of transient ischemic attack. Additionally, no
patients tested positive for neutralizing antibodies to
romiplostim or TPO in the antibody assays that were per-
formed every 12 weeks.

Efficacy

Overall, 96 % of patients had a platelet response (doubling
of the baseline platelet count at study entry of the previous
study and platelet counts >50 x 10°/L) (response rate over
time shown in Fig. 3). Median platelet counts stayed above
50 x 10°/L each week from week 2 onward (Fig. 4). Of
the 25 patients receiving concurrent ITP therapy at base-
line, all were able to reduce or discontinue that therapy: 11
(44 %) had a >25 % reduction in at least 1 concurrent
therapy, 5 (20 %) had a >50 % reduction in at least 1
concurrent therapy, and 9 (36 %) discontinued all con-
current therapies. There was an overall decrease over time
in the proportion of patients with bleeding events (Fig. 5).
Eight patients (18 %) received rescue medications for ITP
at some point during the study. These included predniso-
lone (6 patients), platelet transfusion (5 patients), immu-
noglobulins (3 patients), dexamethasone and red blood cell
transfusion (each 1 patient). Details on individual patients
are provided in Table 4.

Discussion

Results of this study indicate that romiplostim adminis-
tration for up to 3.5 years was well tolerated in Japanese
patients with ITP. The reported incidence of adverse events
did not increase over time during long-term exposure to
romiplostim and were similar to those seen in other romi-
plostim studies, such as the long-term open-label extension -
in ITP patients of other ethnic origins (N = 292) [32]. In
addition, both studies had similar proportions of patients
having a platelet response (96 % in this study, 95 % in the
other), similar median doses (3.8 vs. 4.0 pg/kg), and a
majority of patients initiating self-injection (64 vs. 82 %).
In this study, the safety and tolerability of romiplostim self-
injection was generally satisfactory; however, please note
that self-injection of romiplostim is not approved in Japan.
During self-injection, patients continued to have regular
platelet count assessments, and, if platelet counts were
greater than the target range (50-200 x 10°/L), romiplo-
stim was discontinued. This discontinuation rule applied to
those who received romiplostim from a healthcare provider
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as well. Concurrent ITP medications at baseline were
reduced or discontinued in most patients in both studies
(100 vs. 81 %). Overall, the efficacy and safety profile is
consistent in these two study populations [28, 33, 34].
During the study, one thromboembolic event of transient
ischemic attack was reported. The event occurred in a
patient who had a history of paroxysmal atrial fibrillation,
hyperlipidemia, and hyperbilirubinemia. Although the
transient ischemic attack was not judged to be related to
romiplostim by the investigator based on the patient’s
medical history, this kind of thromboembolic event should
be noted and followed carefully during romiplostim
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L

60 80 100 120 - 140 160 . 180

Study Week

treatment. Thus, the benefitrisk ratio of romiplostim
should be carefully considered in patients with significant
risk factors for thromboembolic events, and platelet counts
should be closely monitored. Other reported serious
adverse events were mouth hemorrhage, hemorrhagic
anemia, thrombocytopenia, appendicitis, grand mal con-
vulsion, epistaxis, intracranial aneurysm, lumbar spinal
stenosis, allergic transfusion reaction, melena, mouth
hemorrhage, subcutaneous hematoma, wound, and spinal
compression fracture, each occurring at a rate of 0.02/100
patient-weeks. Eight patients received rescue medications
for ITP, including prednisolone, platelet transfusion,
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Table 4 Rescue medication use

Patient Rescue Number of Notes®

medication incidents
i Prednisolone 1
2 Platelet 2
transfusion
3 Prednisolone 3
Prednisolone 2
IVig 1
5 Dexamethasone 1
VIG 2 GI hemorrhage leading
to anemia
Platelet 7 One was due to epistaxis,
transfusion the other 6 due to GI
' hemorrhage leading
to anemia
Prednisolone 2
6 Platelet 1 Mouth hemorrhage
transfusion
Prednisolone
IVIig 1 was due to mouth
hemorrhage
7 Platelet 22 2 were due to subcutaneous
transfusion hematoma
RBC transfusion 11 All were due to anemia
Prednisolone 3
8 Platelet
transfusion

GI gastrointestinal

? Unless otherwise indicated, use was for thrombocytopenia, not any
other specific cause

immunbglobulin, dexamethasone - and red blood cell
transfusion. There were no deaths and no neutralizing
antibodies to romiplostim or TPO. A total of 14 bone
marrow biopsies were performed on 8 patients over a wide
range of time, with no findings of bone marrow reticulin or
collagen as of this data cutoff. Subsequently, there was a
mild nonserious adverse event of increased reticulin con-
sidered related to romiplostim (study day 735).

A higher romiplostim dose was consistently seen with
patients originally from the phase 2 study as compared with
those from the phase 3 study. It was thought that this may
reflect that the patients from the phase 2 study had a longer
history of ITP (median 11.8 vs. 5.8 years for the phase 3
study), and hence likely more advanced disease. To explore
this possibility, we performed a post hoc analysis and
found that higher romiplostim doses were related to lower
platelet count at study entry (p = 0.0003)(i.e., inversely
related) and inversely related to H. pylori eradication prior
to study start (p < 0.0001), and positively associated with
starting dose in this extension study (p = 0.006). Of note,
the association of ITP duration with romiplostim dose was
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not statistically significant (p = 0.1). Rather, ‘the higher
dose in patients originally in the phase 2 study was due to
lower platelet count at study entry (p = 0.01) and higher
starting dose (p = 0.02) compared with the phase 3 study,
as per study design.

One limitation of this study is the relatively small size
(44 patients). Therefore, it is difficult to make conclusions
regarding different patient subgroups (such as splenec-
tomized vs. non-splenectomized, etc.). As -of this data
cutoff, there have been 86 patient-years of romiplostim
exposure in this extension study; as this study is ongoing,
analyses at future dates will be based on longer exposure
time. Another possible limitation is self-selection, as often
patients who respond to a medication are more likely to
enter an extension study. As a high proportion of patients
from earlier studies (44/46, or 96 %) enrolled into this
study, it is unlikely that selection bias influenced the results
of this extension trial.

In conclusion, similarly to non-Japanese patients, long-
term administration of romiplostim was well tolerated in
Japanese patients with ITP, with the vast majority of
patients achieving a platelet response and no new safety
concerns. With the approval of romiplostim in Japan,
Japanese patients with ITP will now have access to another
option for second-line therapy.
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Introduction: Hematopoietic stem cells (HSCs) are defined by their capacity to
self-renew and to differentiate into all blood cell lineages, and are currently
the foundation of HSC transplantation therapy. A variety of methods have
recently been explored to find a way to expand hematopoietic stem and pro-
genitor cells (HSCs/PCs) ex vivo in order to improve the efficiency and outcome
of HSC transplantation.
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1. Introduction

Hematopoietic stem cells (HSCs) are the best characterized among adult stem cells
and stand at the forefront of stem cell research and clinical applications. HSCs are
defined as cells possessing the ability to reproduce themselves, an ability termed
self-renewal, and the ability to differentiate into all of the necessary blood cells,
including the erythroid, myeloid and lymphoid lineages [1-4. Due to these
characteristics, HSCs can be used as cell therapy agents (grafts) in the remedy of
high-risk hematological malignancies and diseases of blood-forming cells and
immune systems [5-7].

There are currently three different sources of HSCs for hematopoietic stem cell
transplantaton (FSCT): umbilical cord blood (CB), bone marrow (BM) and
mobilized peripheral blood (PB). Compared with other sources of HSCs, CB has
several clinical advantages, including rapid and convenient availability from numer-
ous CB banks, less stringent criteria for HLA matching, lower incidence of severe

g sl graft-versus-host disease (GVHD) without compromising graft-versus-leukemia
l nfo ma Vi -effects, lower risk of viral transmission and absence of risk for donors. However,
h ealth care " thelimited dose of hematopoietic stem and progenitor cells (HSCs/PCs) provided

in a single CB unit results in a higher incidence of graft failure and delayed recovery
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Article highlights.

« Hematopoietic stem cells (HSCs) have attracted attention
as representative of stem cells for bioclogical researc.h'
and therapy, and recent studies have revealed specific
biomarkers to identify HSCs and several regulators that
govern proliferation, self-renewal and maintenance

of HSCs. .
Ex vivo expansion of hematopoietic stem and progenitor
cells (HSCs/PCs) is a sought-after means to improve HSC
{ransplantation therapy using cord blood (CB) and has
been developed on the basis of the above-described
studies.

Preliminary results of HSC expansion in clinical settings
are promising, but in-depth studies are fundamental to
establish the real value of these new approaches.
Small-molecule compounds (SMCs) are becorning more
common as tools for HSC expansion and hold promise
to make a difference in this field.

.

This box summarizes key points contained in thg article.

of neutrophils and platelets. Delayed neutrophil recovery
leads to higher risk of bacterial and fungal infections, which
are primarily associated with transplant-related mortality in
the early phase after CB transplantation (s-10}. To overcome
the shortcomings of current CB transplantation, various
attempts have recently been made to expand human CB
HSCs/PCs in cultures ex vivo to acquire a greater number of
transplantable HSCs/PCs [11-13]. To date, most ex vivo culture
systems have employed soluble cytokines, including stem cell
factor (SCF), Fms-like tyrosine kinase 3 ligand (FL) and
thrombopoietin (TPO), but have not yet resulted in sufficient
expansion in clinical wials. By contrast, more recent
approaches using not only these cytokine combinations, but
also key factors for the self-renewal and maintenance of
HSCs have led to clinically potential ex wivo expansion of
HSCs/PCs.

In this article, the authors review the methods to identify
HSCs and the attempts at ex vivo expansion of HSCs/PCs
using transcriptional factors, cytokines, growth factors and
niche cells that control the self-renewal, differentiation and
homing of HSCs. The authors also focus on recent
approaches employing small-molecule compounds (SMCs)
and discuss the challenges and feasibility in this field.

2. Detection and purification of HSCs/PCs

Transplantation assays have proven to be excellent experimental
models to evaluate HSCs: true HSCs can be assessed by the
ability to reconstitute the entire hematopoietic system and to
permanently and stably give rise to the three major blood
lineages, myeloid cells, T-lymphocytes and B-lymphocyrtes,
following transplantation into myeloablative recipients. Mean-
while, the development of technologies using combination of
fluorescence-activated cell sorter (FACS) and mult-staining
procedure of monoclonal antibodies has remarkably improved

the efficiency of the identification and isolation of HSCs.
With respect to mouse HSCs, the CD34"* ¢ Kir*Sca-1"Line-
age-marker’ (CD34'KSL) cell population is a very rare cell
population (0.004% of the mouse BM) that is highly enriched
in HSCs, with single cell transplantations reconstituting
hematopoiesis in more than one out of three recipients [14].
In addition, the CD150"CD48 CD41 Lineage-marker cell
populadon has recently been reported to be highly enriched
for HSCs in mice [15.16].

Human HSC activity can be evaluated by xenotransplanta-
tions into immunodeficient mouse strains such as non-obese
diabetic/severe combined immunodeficiency (NOD/SCID),
NOD/Shi-scid/IL-2Ry™! (NOG) and NOD/SCID gamma
(NSG) 117-20). The cells that possess long-term reconstitution
and differentiation capacity in the immunodeficient mouse
are referred to as SCID-repopulating cells (SRCs) and are
regarded as the closest cells to human HSCs. After xenotrans-
plantion of human hematopoietic cells into immunodeficient
mice by intravenous injection, SRCs engraft in the mouse BM
and give rise to human CD45" cells throughout the lifetime of
the recipient. Using this assay, the frequency of SRCs in
human CB, BM and mobilized PB was reported to be 1 in
9.3 x 10°, 1in3 x 10%and 1 in 6 x 10°, respectively [211.
The frequency of SRCs in CB is higher compared with those
in BM and mobilized PB, but the absolute number of SRCs
from CB is much lower since a smaller volume of blood can
be obrained (22]. The lower absolute number of SRCs from
CB as compared with other sources might account for the
delayed recovery of hematopoiesis after transplantation.

The most important cell surface marker for human HSCs/
PCs is CD34, an L-selectin ligand that is expressed on CB and
BM cells at a rate of < 5% (23). Human CD34" cells have been
demonstrated to have engraftment potential clinically in
numerous autologous and allogeneic transplantation thera-
pies [24). By contrast, CD34  cells have been reported to
engraft in NOD/SCID mice using the intra-BM injection
(IBMI) technique, giving rise to CD34" HSCs in vitro and
in vivo, which suggests that a more primitive cell resides
within the CD34  cell fraction [25.26). Engraftment with
CD34" cells has only been achieved by direct IBMI (27], sug-
gesting that CD34 primitive hematopoietic cells have greater
difficulty in homing to hematopoietic niches than CD34*
cells. To enrich human HSCs, cells expressing lineage markers
are depleted in a pre-enrichment step. Lineage-depleted (Lin’)
CD34" cells are further enriched for HSCs using the
cell surface marker CD38; the frequency of SRCs in
Lin'CD34"CD38" cells was reported to be 1/617 128). Other
approaches include positive selection of cells that express
specific hematopoietic markers, such as Thy-1 (CD90),
c-Kit (CD117) and CD133 [29.30. Majeti ¢z 2/. demonstrated
that the Lin"CD34*CD38CD90"CD45RA™ CB fraction
contains HSCs at a frequency as high as 1 in 10 cells 1.
Cellular metabolic activity also offers an indication of
stemness; the fraction highly excreting Hoechst 33342 (Ho)
and rhodamine 123 (Rho) dyes has higher HSC ability [32.33).

2 Expert Opin. Biol. Ther. [Early Online]
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Figure 1. Expression profile of cellular markers on HSCs/PCs.

HSCs: Hematopoietic stem cells; MPCs: Multipotent hematopoietic progenitor cells; PCs: Hematopoietic progenitor cells; SRCs: SCID-repopulating cells.

Of note, Notta ¢t al. identified CD49f as a specific marker
for HSCs and succeeded in purifying human HSCs at
single-cell resolution in the Lin'CD34*CD38 CD90*Rho™®
CD45RA'CD49f" fraction 34].

Elucidation of the hierarchy of HSCs/PCs and their cellular
markers (Figure 1) is essential for the precise and efficient iso-
lation of human HSCs/PCs, a step necessary for subsequent
ex vivo expansion.

3. Regulators of HSC self-renewal

To formulate an effective and implementable strategy to
establish ex wivo culture conditions that assure the expansion
of lifelong reconstituting cells, or HSCs, comprehensive
understanding of the factors that control HSC self-renewal
and their mechanism of action is essential (Figure 2).

3.1 Intrinsic regulators

Although many advances have been made in identifying the
intracellular signaling pathways that govern the proliferation,
differentiation, senescence and cell death of HSCs, recent
findings revealed the importance of transcriptional regulation
of HSC self-renewal. The blood transcription factors such as
GATA2, GFIL, TEL, JUNB, SOX17, PU.1 are reported to
be necessary for mouse HSC self-renewal and summarized
in a review by Zon [35]. Evil, a transcription factor of the
SET/PR domain protein family, has also been found to be
essential for HSC maintenance and self-renewal in mice,
and its expression marks cells with long-term multilineage
repopulating activity 136]. Overexpression and direct delivery
of the gene product of SALL4, a gene encoding a zinc-finger
transcription factor originally identified as a critical regulator
of embryonic stem cell (ESC) function, has been shown to

enhance human HSC expansion (37]. The authors previously
demonstrated that STATS, a member of the family of signal
transducers and activators of transcription, has a key function
in regulating HSC self-renewal. Constitutive activation of
Stat5 in mouse HSCs led to the prominent expansion of
multipotent progenitors and promoted HSC self-renewal
ex vivo 38, As for human CD34" cells, intermediate levels
of STATS activation are sufficient to induce HSC prolifera-
tion, and likely through the STATS5-mediated regulation of
the expression levels of growth-promoting oncogenes, such
as PIMI and MAF (39). These studies suggest that manipula-
tion of STATS activity may be of use in expanding HSCs
in culture.

Homeobox B4 (HOXB4) is a member of transcription
factors that share the common homeodomain and one of the
most examined and important regulators of HSC self-renewal.
Forced expression of HoxB4 in mouse HSCs induces a drastic
expansion of long-term reconstituting HSCs ex vivo (401. This
is also true in human HSCs. High-level ectopic expression of
HOXB4 in CB CD34" cells confers a significant expansion of
HSCs, although it impairs myeloerythroid differentiation and
significantly reduces B-cell output 41]. Human HSC expansion
can also be achieved by direct delivery of the HOXB4
protein (42].

Recent studies have also demonstrated that epigenetic
regulation of HSCs is important for HSC self-renewal and line-
age restriction. Among epigenetic regulators, polycomb group
(PcG) proteins have been the best characterized in the mainte-
nance of HSCs. PcG proteins maintain the self-renewal capa-
city of HSCs by repressing tumor suppressor genes and keep
differentiation programs poised for activation in HSCs by
repressing a cohort of hematopoietic developmental regulator
genes via bivalent histone domains [43-46). Overexpression of
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Figure 2. Intrinsic and extrinsic regulators of HSCs.

Ang-1: Angiopoietin-1; CXCR4: C-X-C chemokine receptor type 4; FN: Fibronectin; HA: Hyaluronic acid; HSCs: Hematopoietic stem cells; JAG: Jagged;
N-cad: N-cadherin; OP: Osteopontin, SCF: Stern cell factor; SDF-1: Stromal celi-derived factor 1; SNO cells: Spindie-shaped N-cadherin*CDAS ostecblasts;
TPO: Thrombopoietin; VCAM-1: Vascular cell adhesion molecule-1; VLA-4 and -5: Very late antigen-4 and -5.

the PcG genes Bmil and Ezh2 augments the self-renewal
capacity of mouse HSCs. Recent studies also showed a similar
result from overexpression of BMII in human CB CD34”
cells (471. Of interest, HoxB4 and Bmil function in a comple-
mentary, but independent, fashion in HSC self-renewal (444s].
Overexpression of Fbxl10/Kdm2b, a demethylase specific 1o
the histone H3 mono/di-methylated at lysine 36, also
augments HSC function (49]. The research field on epigenetic
regulation of HSCs is rapidly growing and attracting much
attention.

3.2 Extrinsic regulators

HSCs/PCs reside in a special microenvironment called the
niche. The niche is a specialized anatomic location composed
of supporting cells and extracellular matrices that serve as essen-
tial surroundings for maintaining HSCs/PCs in the BM (s0,51].
It has been reported that HSCs interact with osteoblasts lining
the endosteal surface of the bone, termed spindle-shaped
N-cadherin*CD45  osteoblastic (SNO) cells, which form the
endosteal niche {521. HSCs are also reported to associate with
sinusoidal endothelial cells lining blood vessel, which form
vascular niche (16 The relationship between the endosteal
and vascular niches has not been fully elucidated, burt a recent
report has suggested that these niches are not mutually exclusive

in regulating HSC maintenance and mobilization (535. Other
potential niche cells include marrow stromal cells, adipocytes,
perivascular cells, CXCLI12-abundant reticular (CAR) cells,
non-myelinating Schwann cells ensheathing autonomic nerve,
macrophages, megakaryocytes and so on [5456. Although
there is the unresolved question of how these complicated niche
cells regulate HSCs within the BM, the niche emanates 2
variety of signals to HSCs/PCs in the form of cytokines,
chemokines, growth factors, hormones, cell adhesion proteins
and extracellular matrices.

SCF signaling via its receptor, c-Kit, has been well investi-
gated in regulating both proliferation and survival of HSCs/
PCs {571. Recent studies have revealed that SCF produced by
endothelial and perivascular cells has a crucial function in
the maintenance of HSCs (581 SNO cells also secrete a variety
of cytokines and chemokines that contribute to the mainte-
nance and migration of HSCs. TPO and its receptor MPL
(myeloproliferative leukemia virus oncogene) have been
reported to enhance the quiescence of long-term HSCs in
the endosteal niche [59,60]. Angiopoietin-1 (Ang-1) secreted
from SNO cells binds to Tie-2, a cell surface receptor on
HSCs, and the interaction of Ang-1 and Tie-2 has been
reported to enhance the quiescence of HSCs by activating
Bl-integrin and N-cadherin (613, Osteopontin, a matrix
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Table 1. Clinical trials using ex vivo expanded CB.

Type of Number of Additive Culture Expansion Days to Survival (%) Ref.
expansion patients factors period (day) of CD34™ neutrophil  (duration of
cells (fold)  recovery follow-up)

Liquid culture 37 SCF, TPO, G-CSF 10 4 28 35 (30 months) 81

10 SCF, TPO, FL, G-CSF, 21 6 30 60 (180 days) [84-87)

IL-6, TEPA

Co-culture with 32 SCF, TPO, FL, G-CSF 14 14 15 40 (1 year) {90,91}
stromal cells with stromal cells
Continuous perfusion 27 PIXY321, FL, EPO 12 0.5 22 39 (41 months)  [94]

culture in bioreactors

EPO: Erythropoietin; FL: Fms-like tyrosine kinase 3 ligand; G-CSF: Granulocyte colony-stimulating factor; PIXY321: Granulocyte-macrophage colony-stimulating
factor/IL-3 fusion protein; SCF: Stem cell factor; TEPA: Tetraethylenepentamine; TPO: Thrombopoietin.

glycoprotein that is produced by osteoblasts has been reported
to be a negative regulator of HSC proliferation in the endos-
teal niche and limits the size of the stem cell pool (6263].
Although many reports proposed an important role of the
Notch signaling in self-renewal of HSCs 6465, its role
in HSCs is stll controversial [6667). Stromal cell-derived
factor 1 (SDE-1; also called CXCL12), a chemokine expressed
by endothelial cells, SNO cells and stromal cells, is a well-
characterized factor regulating HSC mobilization and
homing, The signaling of SDF-1 and its receptor CXCR4
(C-X-C chemokine receptor type 4) also has a function in
cell survival and maintenance of HSCs (65,691

Accumulating data have indicated that adhesion molecules
also play an important role in the interaction of HSCs
with the niche through cell-cell interactions, and include
N-cadherin/B-catenin, VCAM-1/VLA-4, fibronectin/VLA-4
and -5 and CD44/hyaluronic acid. Although hematopoiesis is
normal in N-cadherin-deficient mouse, HSCs that express a
dominant negative form of N-cadherin have reduced engraft-
ment potential in BM [52,70,71]. VLA-4 (very late antigen 4,
integrin 0t4P1) is expressed on the surface of HSCs and medi-
ates the retention of HSCs within the BM through interactions
with VCAM-1 (vascular cell adhesion molecule 1), which is
expressed on endothelial cells and osteoblasts. The expression
of VCAM-1 correlates with the capacity of HSCs to home to
the BM 54, Fibronectin, one of the major extracellular compo-
nents of the niche, is recognized by VLA-4 and -5 (integrin
o5B1) and this interaction supports the proliferation of human
HSCs/PCs in vitro and in vivo (721. CD44 glycoprotein and its
ligand, hyaluronic acid, are essential for homing of human
CD34* HSCs/PCs to the BM of NOD/SCID mice [73l.
CD44 is also the receptor for osteopontin and the interaction
of the two molecules may have various effects on HSCs/PCs
including regulation of cell migration and proliferation.

4, Attempts to expand HSCs/PCs

The ultimate goals of ex vivo expansion of CB HSCs/PCs are
to increase the number of PCs, thus permitting rapid recovery

of immune cells and platelets, and to augment the number of
stem cells in order to increase the chances of life-long hemato-
poietic reconstitution after transplantadon. To accomplish
these goals, there are several requirements to be met for
ex vivo expansion of HSCs/PCs: i) net expansion of HSCs
and PCs without loss of stem cell capacity via excess differen-
tiations and senescence, ii) no abnormalities in cell cycling
and no risk of carcinogenesis, iii) a balanced cell population
in expanded cells, iv) optimized amount of cell number and
time for transplantation and v) precise selection of HSCs/
PCs with the highest regenerative potential. In this section,

the authors will focus on the past and current approaches
for HSC/PC expansion.

4.1 Early approaches

Cumulative efforts to develop techniques for ex vivo expan-
sion of CB HSCs/PCs have been underway for the past
two decades. There are currently three basic methods: liquid
culture with cytokines, co-culture with stromal cells and
continuous perfusion culture in bioreacrors (Table 1).

4.1.1 Liquid culture with cytokines

CB cells (CD133" or CD34" cells) were usually cultured in
liquid with combinations of cytokines, growth factors and
other additives by using various plates, flasks, bags or con-
tainers as culture vessels. Cytokines have been extensively
used in ex vive culture of HSCs/PCs because of their impor-
tant role in regulating cell fate of HSCs/PCs. Although the
optimal combination of cytokines has yet to be precisely
defined, common cytokines used in ex wive HSC/PC
expansion include SCF, TPO, FL, IL-3, IL-6, granulocyte
colony-stimulating factor (G-CSF), granulocyte macrophage
colony-stimulating factor (GM-CSF) and erythropoietin
(EPO)} 4. The most commonly used combination of
cytokines is a mixture of SCF (75), TPO (7677 and FL 7).
This may be associated with the finding that SCF and TPO
function to regulate proliferation of HSCs/PCs in the niche
as described before. FL has been shown to enhance the
adhesion to endothelial cells via modulating VLA-4 and -5
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expression on PCs [79]. SCF has also been reported to improve
SCID-repopulating activity of CB HSCs/PCs through the
induction of matrix metalloproteinases (80].

Shpall e al. were the first to show the efficacy of ex vivo
expansion of CB CD34" cells in a clinical wial 811. They
used a combination of SCF, TPO and G-CSF to expand a
portion of a single CB unit where the non-expanded fraction
was infused on day 0 and the remaining fraction was infused
on day 10 of expansion. The resulting cultures increased the
total cell number 56-fold and the CD34" cell number 4-fold
and resulted in no toxicities to patients, although the time to
neutrophil recovery was not significantly reduced. Based on
this trial, a further randomized study of double CBT with
and without ex vivo expansion is now in progress.

Additional efforts to improve liquid culture system have
established further optimized culture conditions that employ
serum free medium [82,83]. Furthermore, Peled ez 2/ developed
a culture system using tetracthylenepentamine (TEPA), a
copper chelator, based on the studies that cellular coppers are
associated with proliferation and differentation of HSCs/
PCs (8485, A Phase I/II trial was conducted by de Lima e¢ 2/
and evaluared the safety and potential efficacy of cultured cells
with TEPA and cytokines (SCF, TPO, FL and IL-6) fsql. This
expansion of HSCs/PCs resulted in a 56-fold increase of total
cell number and a G-fold increase of the number of CD34"
cells. While the cultured cells in this trial attained engrafument
in human and showed safety, there was no significant improve-
ment in neutrophil and platelet recovery, similar to previous
reports. Additional studies will be required to demonstrate
the efficacy of culture systems with TEPA.

4.1.2 Co-culture with stromal cells

As described above, HSCs/PCs are surrounded by niche cells
in the BM microenvironment that provide the molecular
signals necessary for self-renewal, proliferation and differen-
tiation of HSCs/PCs. Co-culture of HSCs/PCs with stromal
cells in the presence of growth factors ex vivo has been deve-
loped as a culture strategy with the intention of mimicking
the interaction between HSCs/PCs and the niche cells.
Stromal cells are supposed to provide positive effect on
HSCs/PCs; not only through physical support and the
signal transduction of cell-cell interaction but also by the
secretion of soluble regulatory factors. Among niche cells,
mesenchymal stem cells (MSCs), which are a component
of the BM niche and can differentiate into osteoblasts, chon-
drocytes and adipocytes, have been reported to promote
engrafiment of CB CD34" cells when co-administered,
and also possess the ability to modulate the immune
system [87-89]. Using CB cells expanded for 14 days on
related donor MSCs with cytokines (SCF, TPO, FL
and G-CSF) combined with an unexpanded CB unit,
de Lima et al conducted clinical trials, which showed a
14-fold expansion of CD34" cells in cultured cells with
no toxicities and rapid engraftment of platelets and
neutrophils 90,91].

4.1.3 Continuous perfusion culture in bioreactors
Researchers in this field usually use conventional culture flasks
and gas-permeable blood bags for ex vivo expansion of HSCs/
PCs. By contrast, automated bioreactors with continuous per-
fusion device that supply stable oxygen concentration, pH and
culture medium have been designed to control and monitor
the culture condition of HSCs/PCs (92931, Jaroscak e 4l
reported in the first bioreactor-based clinical trial that CB
cells expanded by using Aastrom Replicell bioreactor techno-
logy (Aastrom Biosciences, Inc., Ann Arbor, M1, USA) for
12 days could engraft in human BM safely 41 However, no
difference in the time to myeloid cell and platelet engraftment
was observed. Further dlinical trials are needed to evaluate the
value of the bioreactors in HSC/PC expansion.

4.2 Recent approaches employing protein factors

The attempts described above have indicated that methods
using cytokines, stromal cells and bioreactors are safe and
result in a moderate expansion of HSCs/PCs. However, the
clinical trials utilizing these methods have not clearly demon-
strated sufficient expansion of HSCs/PCs to overcome the
delay of neutrophil and platelet engrafiment in BM. To over-
come this barrier in HSC/PC expansion, strategies that rarget
signal transduction pathways involyed in self-renewal of
HSCs have been exploited by a variety of technologies.

To find a solution for the problem of differentiation and
loss of stemness in the process of HSC/PC expansion,
several protein factors have been thoroughly screened to
enhance HSC self-renewal. The combination of Ang-like
(ANGPTL)-5, insulin growth factor-binding protein
(IGFBP)-2, SCF, TPO and fibroblast growth factor (FGF)-1
induced a 20-fold expansion of SRCs 195]. The key compo-
nents, ANGPTL-5 and IGFBP-2, supposedly activate signal
transduction pathway that cannot be activated by other cyto-
kines which results in a synergistic effect on HSC proliferation
but not differentiation. Pleiotrophin, a growth factor with high
affinity for heparin, has recently been reported to expand
human SRCs 6] In addition, administration of pleiotrophin
to myeloablative mice enhanced the regeneration of BM
HSCs/PCs in vivo. This suggests that pleiotrophin has pharma-
ceutical potential for hematopoietic recovery in patients
after myeloablation.

Among protein factors which can be used to expand HSCs/
PCs ex vivo, Notch ligands are particularly remarkable. The
Notch pathway has been well investigated and shown to
function as a master regulator of cell fate in developmental
processes. Although the physiological function of Notch path-
way in the maintenance of HSCs in the niche is controversial
as mentioned above, recent findings suggest that activation of
the Notch pathway maintains HSCs/PCs in an undifferen-
tiated state and enhances HSC self-renewal in vitro [97.98).
On the basis of these results, Delaney er 2/ demonstrated
that CB CD34" HSCs/PCs expanded with immobilized
Delta-1, the Notch ligand, engraft better than unmanipulated
cells in a clinical setting 199). The most important result in this
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Figure 3. Chemical structures of the compounds that expand HSCs/PCs.
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study is that the time to neutrophil recovery is substantially
shortened with Delta-1 treatment. Although further studies
should be continued for optimal combination of cytokines
and these protein factors, target-oriented research will offer
promising approaches for ex vive expansion of HSCs/PCs.

4.3 Novel approaches by using small-molecule
compounds

SMCs are also attractive tools for HSC/PC expansion (Figure 3).
While SMCs, which comprise natural and chemically synthe-
sized products, have been used in molecular biology and
pharmaceutical therapy for many years, their application to
stem cell technologies has recently come into-wide use [1001. As
a representative of SMCs controlling HSC proliferation,
TEPA (1) enhances the ex vivo expansion of HSCs/PCs and is
under evaluation in a clinical trial as noted above. Besides
TEPA, inhibition of aldehyde dehydrogenase, which is highly
active in HSCs, with diethylaminobenzaldehyde (DEAB, 2)
has been reported to result in a 3.4-fold etpansion of
SRCs 1101]. DEAB is thought to suppress the differentiation of
HSCs through retinoid signaling. 6-Bromoindirubin 3’-oxime
(BIO, 3), a chemical inhibitor of glycogen synthase kinase-3f3
(GSK-3B), has been shown to promote the engraftment of
cultured CD34" cells in NOD/SCID mouse when added to
the culture with SCF, TPO and FL for 24 h 1021. GSK-3B
serves as a key inhibitory factor in the Wat signaling that is
suggested to be necessary for self-renewal of HSCs [103,104]. In
this way, specific manipulation of the Wnt pathway by SMCs
can be used to modulate HSCs/PCs. This was a successful
example of the application of SMCs in order to modulate
specific signaling pathways critical to hematopoietic cells. These
findings encouraged us to screen for compounds that activate
the TPO/MPL pathway, a pathway which has an essential func-
tion in the maintenance of HSCs. The authors identified
NR-101 (4), a small-molecule MPL agonist, as a superior
stimulator of HSC/PC expansion in comparison with
TPO (105]. SRCs were increased 2.9-fold during a 7-day culture
with NR-101 compared with freshly isolated CD34" cells, and
2.3-fold cormpared with TPO. Of note, NR-101 persistently

activated STATS but not STAT3. Furthermore, NR-101 -

induced a long-term accumulation of hypoxia-inducible
factor-10. (HIF-10t) protein and enhanced activation of its
downstream target genes. The authors’ findings demonstrated
that SMCs could artificially modulate signaling pathways in
HSCs. This establishes that the approach of using SMCs
that modulate the signal transduction in stem cells is also a
viable strategy for HSC/PC expansion. Several approaches to
develop small molecule mimics of cytokines or growth
factors are in progress [106. In addition, a novel role of
apoptotic protease or caspase inhibitors, ZVADfmk (5) and
zLLYfmk has been reported to promote the ex vivo expansion
of HSCs/PCs [107). The reduced level of apoptosis by these
compounds in CD34" cells culture increases the number of
CD34*CD38 cells and enhances the engraftment of expanded

cells. Serotonin (6), a monoamine neurotransmitter that

activates 5-hydroxytryptamine (5-HT) receptors, has also been
reported to increase the number of SRCs during culture of
CD34" cells due to its anti-apoptotic effects (108].

The attempt to expand HSCs/PCs by modulating epigenetic
mechanism with SMCs has also yielded positive results. Sequen-
tial treatment with 5-aza-2'-deoxycytidine (5azaD), 7), a DNA
methyltransferase inhibitor, followed by Trichostatin A (8), a
histone deacetylase (HDAC) inhibitor, during ex vivo culture
of CD34°CD90" cell up-regulated the self-renewal of marrow
repopulating cells {109,110]. Valproic acid (9), a HDAC inhibitor,
also has the capacity to enhance the cytokine-induced expansion
of human HSCs (111). Very recently, nicotinamide (10) has been
reported to delay differentiation and increase engraftment
capacity of CB CD34" cells through its inhibitory activity
against sirtuin 1 (SIRT1), 2 nicotinamide adenine dinucleotide
(NAD)-dependent HDAC 1121. On the other hand, the authors
have shown that garcinol (11), a histone acetyltransferase (HAT)
inhibitor, also expands the numbers of CD34"CD38" cells and
SRC:s, even though its capacity to expand HSCs/PCs is corre-
lated with its inhibitory effect on HATSs [113]. It is controversial
whether the level of histone acetylation in HSCs directly affects
their proliferation and self-renewal, but epigenetic regulators
could be valuable targets of SMCs in ex vive culture of
HSCs/PCs.

One of the most encouraging findings in recent chemical
approaches is the discovery of StemRegenin 1 (SR1, 12), a
SMC that promotes the self-renewal of human HSCs through
its antagonizing effect on the aryl hydrocarbon receptor
(AHR) (114. Boitano et al. reported that CD34" cells treated
with SR1 in the presence of SCF, TPO, FL and IL-6 for
2 weeks contained > 10-fold of short- and long-term SRCs
as compared with uncultured cells or cells cultured with cyto-
kines alone. The positive effect of SR1 on HSC/PC expansion
was also confirmed in an automated culture system employing
a controlled fed-barch media approach [115]. SR1 has revealed
a physiological role for AHR in controlling stemness and also
has suggested that signaling molecules downstream of AHR
may be promising targers for modulaton by SMCs in
ex vivo HSC/PC expansion. Table 2 summarizes the characte-
ristics of HSC/PC expansion by SMCs compared with
expansion mediated by protein factors alone.

4.4 Generation of HSCs/PCs from pluripotent stem
cells

Human ESCs and induced pluripotent stem cells (iPSCs)
have a potential to serve an alternative source for HSCs/
PCs. Of particular interest are iPSCs which, when derived
from a patient’s cells, could potentially be used as a source
of autologous HSCs/PCs [116]. Long-term reconstituting
HSCs have been obtained by forced expression of the tran-
scription factor genes Hoxb4 or Lhx2 in HPCs derived from
mouse ESCs [117,118]. By contrast, HSCs/PCs derived from
human ESCs have only a limited potential for long-term
engraftment. HPCs induced by co-culture of human ESCs
with stromal cells from aorta-gonad-mesonephros (AGM)
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Table 2. Representative new approaches for ex vivo expansion of H5Cs/PCs.

Means Representative  Mechanism Effects

example

Advantages Disadvantages

Supplementation  Delta-1
of soluble or

immobilized

protein factors

to medium

Notch signaling
activation

Overexpression HOXB4

of transcription signal in HSC

factors that self-renewal cells
regulate HSC

self-renewal

Supplementation  SR1 Antagonization

of SMCs to of AHR

medium SRCs

Activation of the > 50-Fold increase in
engraftment of cultured specific signals in

> 10-Fold increase in
short- and fong-term

16-Fold increase in SRC  Remarkable expansion  Time- and
frequency and decrease  of CD34* cells and
in time to neutrophil
recovery in human BM  clinical trial

cost-consuming
procedure to
immobilize Delta-1
on culture plates

effectiveness in

Easy to manipulate Risk of carcinogenesis
caused by virus vector

HSCs

Cost-effective and
stable production
of active compound

Unexpected side
effects from
off-target binding

AHR: Aryl hydrocarbon receptor; BM: Bone marrow; HOXB4: Homeobox B4; HSCs: Hematopoietic stem cells; SMCs: Small-molecule compounds;

SRCs: SCID-repopulating cells. :

region have shown the best engraftment in the primary reci-
pient mice, establishing chimerism of human CD45" cells
up to 16% in the PB. However, they exhibited poor engraft-
ment in the secondary recipient mice (119} Indeed, HSCs
derived from human pluripotent stem cells have a limited
engraftment potential compared with human adule HSCs,
such as human CB CD34" cells. Furthermore, forced expres-
sion of HOXB4 has little effect on HPCs from human ESCs.
HSCs develop through multple steps by changing niches
from the yolk sac and/or AMG (autometallography) to the
fetal liver and eventually to the BM. It is possible that the
authors are missing some critical developmental steps in their
culture system for inductdon of long-term reconstituring
HSCs from human ESCs. Precise understanding of hemato-
poietic development including the differences between human
and mouse hematopoiesis might be fundamental to overcome
the current problems in generation of true HSCs from human

ESC/iPSCs.

5. Conclusions

Although CB has several advantages in transplantation therapy
for patients with high-risk hemarological malignancies and
other blood diseases, morrality due to infection, which is most
often caused by delayed recovery of neutrophils after transplan-
tation, has yet to be improved for CB transplantation. Neverthe-
less, recent studies have revealed specific cell surface markers,
which aid in purifying HSCs/PCs, and factors that control the
behavior of HSCs in vive and in witro. Moreover, promising
approaches to overcome the failings of CB transplantation
through ex vive expansion of HSCs/PCs have been developed
utilizing factors that conwmol HSCs. Notch ligand (Delta-1)
and AHR antagonists (SR1) have appeared as leading-
edge tools to establish better methods for ex vivs expansion of
HSCs/PCs. Use of SMCs such as SR1 is becoming more and

more common in this field. With these evolving technologies
to expand HSCs/PCs, the applications in transplantation and
cell-based therapies of CB cells will continue to grow.

6. Expert opinion

Although the challenges that exist in the expansion of human
HSCs/PCs ex vivo have not been completely overcome in a clini-
cal setting, further advances in this area will be accomplished by
combinatorial application of methods to modulate the signaling
pathways governing the fate of HSCs/PCs, which are referred to
above, This means that it is necessary to keep trying to elucidate
the pathways fundamentally supporting the proliferation, self-
renewal, maintenance and survival of HSCs/PCs and to assess
the suitability of these pathways for practical manipulation in
ex vivo expansion. For example, recent finding revealed that
PcG proteins are indispensable for the self-renewal capacity of
HSCs. Bmil, a member of PcG proteins, has been thoroughly
examined and demonstrated to play a key role in regulating
HSC self-renewal. To maximize and apply this accumulated
evidence to clinically useful expansion of HSCs, renewed efforts
to clatify the mechanism of Bmil signaling including its down-
stream targets and associated molecules will be required. Inaddi-
tion, evaluation systems that can precisely predict in vivo
behavior of HSCs/PCs are useful in validating whether net
and credible self-renewal of HSCs occurs in the process of
ex vivo culture. However, the xenotransplantation system using
immunodeficient mice still has some limitations, including inef-
ficient engraftment of human HSCs/PCs and short life span of
the host mice. Further improvement in the xenotransplantation
system will be important in making preclinical assessments.
The strategies of how to regulate these key pathways in HSC
self-renewal are also important for establishing robust and
efficient approaches for HSC/PC expansion. Conventonal
methods to expand HSCs/PCs have depended mainly on
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cytokines and protein factors. However, extensive investigations
of the HSC niche have revealed a variety of extrinsic factors that
control HSC behaviors and an important role of the oxygen
concentrations in the maintenance of HSC quiescence [120,121].
A device that keeps HSCs in a hypoxic condition, thereby
inducing a high level of HIF-1at expression, would accomplish
optimal HSC expansion. Furthermore, a novel technology
using nanofibers that mimic the #» vivo niche has a potential
to improve the expansion of HSCs/PCs (122].

Recent studies noted above have demonstrated promising
capability of SMCs to serve as the manipulators of fate, state
and function of HSCs via targeting of stem cell-specific
signaling pathways and/or proteins. The merits of using
SMCs for this purpose are summarized as follows.

1) A great number of screening sources: millions of SMCs
are now available from compound library suppliers,
which provide a variety of chemically diverse structures
that can be used to identify useful compounds.

2) Highly advanced techniques from drug discovery research
can be of use in the identification and optimization of the
desired chemical compounds; for example, systems for
high-throughput screening, combinatorial chemistry,
structure-based drug design and chemical biology.

3) Cost-effective and stable production of desired SMCs
for clinical use.

4) Easy to combine a variety of SMCs that regulate
different pathways, in varying proportions.

5) Opportunity to develop conventional therapeutics that
stimulate regeneration of HSCs/PCs in vivo; the SMCs
expanding HSCs/PCs ex vivo have potential to use for
the treatmentof hematocytopenia such asaplastic anemia,
pure red cell aplasia and anemia after HSCT therapy.

By contrast, SMCs may cause unexpected side effects when
used for HSC/PC expansion. Detailed evaluation of the safety

of SMCs, especially the confirmation of no carcinogenicity, is
an essential step in the preclinical stages of any new potential
therapy. Furthermore, while TPO can be substituted by
chemically synthesized TPO mimetics, elimination of all con-
ventional cytokines (e.g., SCF and FL) may be challenging
because small-molecule agonists for membrane-bound recep-
tors are hard to find [105,106). Replacement of all cytokines
with SMCs and the accomplishment of complete synthetic
medium for HSCs/PCs will require more time.

Taken together, elucidation of the cell signaling pathways
implicated in proliferation, self-renewal, maintenance and
survival of HSCs/PCs combined with the development of
SMCs that target these signaling pathways can establish effi-
cient, cost-effective, riskless and robust methods for ex vive
expansion of HSCs/PCs. With these efforts, improved HSC
transplantation and gene therapy can be accomplished in the
near future. By that time, SMCs may be applicable not only
in HSC therapy but also in the ex v/vo manipulation of other
stem cells, including MSCs, neural stem cells and pluripotent
stem cells. SMCs that target critical developmental steps of
human HSCs could be a viable tool to generate long-term
econstituting HSCs from pluripotent stem cells, which have
not been established by using protein factors.
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Introduction

Hematopoietic stem cells (HSCs) are defined as primitive cells
that are capable of both self-renewal and differentiation into any of
the hematopoietic cell lineages. Cell fate decisions of HSCs (self-
renewal vs. differentiation) are precisely regulated to maintain
their numbers and lifespan. Defects in these processes lead to
hematopoietic insufficiencies and to the development of hemato-
poietic malignancies.

The polycomb-group (PcG) proteins play key roles in the
initiation and maintenance of gene silencing through histone
modifications. PcG proteins belong to two major complexes,
Polycomb repressive complex 1 and 2 (PRCI1 and PRC2). PRCI
monoubiquitylates histone H2A at lysine 119 and PRC2
trimethylates histone H3 at lysine 27 [1]. Of note, PcG proteins
have been implicated in the maintenance of selfrenewing stem
cells [2-4]. Among PcG proteins, Bmil, a core component of
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PRCI, plays an essential role in the maintenance of self-renewal
ability of HSCs at least partially by silencing the Ink4a/41f locus
[5-8]. Bmil also maintains multipotency of HSCs by keeping
developmental regulator gene promoters poised for activation [9].
Furthermore, Bmil has been implicated in the maintenance of the
proliferative capacity of leukemic stem cells [5]. Consistent with
these findings, levels of BMI1 expression in the human CD34" cell
fraction have been reported to correlate well with the progression
and prognosis of myelodysplastic syndrome and chronic and acute
myeloid leukemia [4,10], suggesting a role of BMII in leukemic
stem cells.

We previously reported that overexpression of Bmil using a
retrovirus maintains self-renewal capacity of HSCs and markedly
expands multipotent progenitors ex vivo, resulting in an enhance-
ment of repopulating capacity of HSCs after culture. Likewise,
forced expression of BAMII was demonstrated to promote leukemic
transformation of human CD34% cells by BCR-4BL [11].
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However, the effects of overexpression of Bmi/ on hematopoiesis
remained to be precisely addressed.

In this study, we generated mice overexpressing Bmil in a

hematopoietic cell-specific manner. We analyzed the effects of
overexpression of Bmil on hematopolesis under steady state
conditions as well as under multiple stresses. Our findings revealed
a protective function for Bmil in HSGCs from stresses, such as
ROS, that usually limit the lifespan of HSCs.

Results

Generation of Mice Overexpressing BmiT in
Hematopoietic Cells

To generate tissue-specific Bmil-transgenic mice, we knocked a
loxP-flanked neo’-stop cassette followed by Flag-tagged Bmil, an fit-
flanked IRES-eGFP cassette, and a bovine polyadenylation
sequence into the Rosa26 locus (Figure 1A). The obtained mice
(hereafter referred to as R26Stop™-Bmil) were crossed with Ti2-Cre
mice [12] to drive Bmil expression in a hematopoietic cell-specific
manner. Quantitative RT-PCR analysis of bone marrow (BM)
Lineage marker'Sca-1*¢-Kit™ (LSK) cells confirmed 6-fold over-
expression of Bmil in Ti62-Cre;R26Si0p™ Bmil mice compared to
the Tie2-Cre control mice (Figure 1B). Western blot analysis also
verified overexpression of Bmil protein in BM c-Kit" progenitor
cells from Tie2-Crg;R26Stop" “Bmil mice (Figure 1C).

Steady State Hematopoiesis in Tie2-Cre;R26Stop™Bmil
Mice

We first investigated the effect of overexpression of Bmil on
hematopoiesis in a steady state. Unexpectedly, 10-week-old 7e2-
Cre;R26Stop™ Bmil mice did not exhibit any significant differences
in the numbers of total BM cells, CD34LSK HSCs, LSK cells,
multipotent progenitors (MPPs), common myeloid progenitors
(CMPs), granulocyte/ macrophage progenitors (GMPs), megakar-
yocyte/erythroid progenitors (MEPs), or common lymphoid
progenitors (CLPs) compared to the 7Tw2-Cre control mice
(Figure 1D and Figure 81A). The number of white blood cells
(WBCQ) in peripheral blood (PB) did not change upon forced
expression of Bmil. Only the proportion of PB Gr-1*/Mac-1*
myeloid cells in Tie2-Cre;R26Stop™Bmil mice was significantly
higher than in the control mice, although the difference was not
drastic (a difference of only about 2%) (Figure 1D). Furthermore,
7?22-07&;1326&@&19)712’1 mice did not show any significant differ-
ences in the numbers of total spleen cells, LSK cells in the spleen,
total thymic cells, or CD47CD8", CD4°CD8", or CD4"CDE™ cells
in the thymus compared to the control mice (Figure S1A). These
findings indicate that overexpression of Bmil does not largely
compromise differentiation of HSCs. We further analyzed the cell
cycle status of CD34'LSK HSCs by Pyronin Y staining, but again
did not detect any changes (Figure S1B). These results indicate
that overexpression of Bmil only slightly perturbs hematopoiesis
under steady state conditions, suggesting that the level of
endogenous Bmil is sufficient to repress the transcription of its
target genes.

Colony-forming Capacity of Hematopoietic Stem and
Progenitor Cells Overexpressing Bmil

We next evaluated the proliferative and differentiation capacity
of Tie2-Cre;R26St0p™Bmil HSCs in witro. Single CD34'LSK HSCs
were clonally sorted into 96-microtiter plates with the medium
supplemented with stem cell factor (SCF), thrombopoietin (TPO),
interleukin-3 (IL-3), and erythropoietin (EPO) and allowed to form
colonies. At day 14 of culture, the colonies were counted and
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individually collected for morphological examination. Both T7e2-
Cre control and 7%2-CreR26St, 2 “Bmil HSCs gave rise to
comparable numbers of high proliferative potential (HPP) and
low proliferative potential (LPP) colonies with a diameter greater
than and less than 1 mm, respectively (Figure 2A). The
morphological analysis of colonies revealed that the number of
colony-forming unit (CFU)-neutrophil/macrophage/erythroblast/ .
megakaryocyte (nmEM) was also comparable between the two
groups (Figure 2A). CFU-nmEM is a major subpopulation
among CD34~ LSK HSCs and its frequency is well correlated with
that of functional HSCs [13]. These findings indicate that
overexpression of Bmil in freshly isolated CD34'LSK HSCs does
not affect their colony-forming capacity or differentiation i vitro.

We previously reported that overexpression of Bmil by
retroviral transduction efficiently maintains hematopoietic stem
and progenitor cells during long-term culture [7]. We re-evaluated
the effect of forced expression of Bmil using Tie2-Cre;R26-
Stop™Bmil HSCs. CD34LSK cells were cultured for 10 days in
a serum-free medium supplemented with SCF and TPO, a
cytokine combination which supports the proliferation of HSCs
and progenitors rather than their differentiation [14]. Although
Tie2-Cre;R26St0p™ Bmil HSCs did not show any growth advantage
over the control (Figure 2B), the 732-Cre;R26Stop™Bmil HSC
culture contained significantly more HPP-colony-forming cells
(CFCs) and CFU-nmEM than the control (Figure 2B). Corre-
spondingly, flow cytometric analysis revealed more LSK cells in
the Tie2-Cre;R26Stp™ Bmil HSC culture than in the control
culture at day 14 (Figure 2C). There was no significant difference
in the frequency of apoptotic cells between the control and T7e2-
Cre;R26St0p™ Bmil HSC cultures (Figure 524). Of note, however,
the Tie2-CreR26St0p™ Bmil HSC culture contained a significantly
higher proportion of LSK cells in the Go/G, stage of cell cycle
than the control (Figure $2B). These findings suggest that
overexpression of Bmil slows down cell cycle of immature
hematopoietic cells in culture, leading to no growth advantages
over the control cells in spite of an increase in immature
progenitors in culture. As we reported previously, the Inkda/Aif
locus is a critical target of Bmil in HSCs [8]. Quantitative RT-
PCR confirmed that 79% was closely repressed in transcription
upon Bmil overexpression (Figure 2D). These results support our
previous finding that HSCs overexpressing Bmi/ retain their self-
renewal capacity better than the control HSCs under the culture
stress.

Overexpression of Bmil Enhances Expansion of HSCs ex
vivo and Protects HSCs During Serial Transplantation

HSGs are exposed to oxidative stress during long-term culture
in 20% Oy [15]. In order to precisely determine the effect of
overexpression of Bmil on HSCs during culture, we next
determined the frequency of functional HSCs contained in
optimized serum-free culture by competitive repopulating unit
(CRU) assay. We first transplanted [imiting doses of fresh
CD34LSK cells from Tie2-Cre and Tie2-Cre;R26Stop™ Bmil mice
along with 2x10° competitor BM cells. The frequency of long-
term repopulating HSCs was 1 in 8 among fresh CD34°LSK cells
from both Tie2-Cre and Tie2-Cre;R26Si0p™ Bmil mice (Figure 3).
We then cultured CD34LSK cells for 10 days in a serum-free
medium supplemented with SCF and TPO in 20% O,. During
the 10-day culture period, functional HSCs increased 4-fold (1 out
of 2 CD34'LSK cells) in control CD34'LSK cells. Interestingly,
overexpression of Bmil established 2-fold better expansion of
HSCs than the control during culture ex ziwo (Figure 3). These
findings are the first to show that Bmil has a role in the expansion
of HSCs.
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