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DISCOVER SOMETHING GREAT

Potential of dendritic cell immunotherapy for relapse after allogeneic
hematopoietic stem cell transplantation, shown by WT1 peptide- and
keyhole limpet hemocyanin-pulsed, donor-derived dendritic cell vaccine
for acute myeloid leukemia

Toshio Kitawaki,! Norimitsu Kadowaki,' * Tadakazu Kondo,' Takayuki Ishikawa,! Tatsuo Ichinohe,’

Satgshi Teramukai,? Masanori Fukushima,? Yasunari Kasai,

3 Taira Maekawa,? and Takashi Uchiyama!

Induction of leukemia-specific immune responses is a promising treatment for acute myeloid leukemia. A
58-year-old woman received Wilms’ tumor 1 (WT1) peptide- and keyhole limpet hemocyanin (KLH)-pulsed,
donor-derived dendritic cell (DC) vaccination for AML relapse after allogeneic stem cell transpiantation. The
vaccination induced immune responses to the naive antigen KLH, whereas definitive immune responses to
WT1 were not detected. Leukemia gradually progressed despite of vaccination. This study indicates that DC
vaccination can induce an antigen-specific immune response in a patient after allogeneic stem cell trans-
plantation, thus representing a viable strategy to induce antigen-specific immune responses in such

patients. Am. J. Hematol. 00:000-000, 2008.

Introduction

A graft-versus-leukemia (GVL) effect is the main mecha-
nism by which allogeneic stem cell transplantation (allo-
SCT) eliminates residual leukemic cells. The GVL effect is
also exploited in donor lymphocyte infusion (DLI) for
relapse after allo-SCT. However, DLI often provokes graft-
versus-host disease (GVHD), because a wide array of allo-
geneic antigens is targeted. It may be possible to procure a
GVL effect without GVHD by inducing immune responses
exclusively to leukemia-associated antigens. Wilms’ tumor
1 (WT1) is such a promising target for leukemia-specific
immunotherapy, because it is expressed in a majority of
cases of acute leukemia and is apparently immunogenic as
shown by spontaneous immune responses in leukemic
patients [1-4], even after allo-SCT [5]. Indeed, clinical trials
of WT1 peptide vaccination have shown immunological as
well as clinical responses in a substantial number of cases
[3.6].

Administration of ex vivo generated, antigen-pulsed den-
dritic cells (DC) (also called “DC vaccine”) is currently
under vigorous exploration in clinical trials of tumor immu-
notherapy. It has been suggested that DC vaccination may
be superior to other types of vaccination methods, such as
peptide vaccinations and viral vectors, in clinical efficacy for
melanoma [7]. Thus, we hypothesized that induction of a
WT1-specific immune response by DC vaccination may be
effective to treat AML relapse after allo-SCT. We performed
a phase I/lla clinical trial to test safety and immunogenicity
of WT1 peptide-pulsed DC vaccination in AML patients who
relapsed after allo-SCT. As monocytes from a posttrans-
plant patient have been shown to be defective in the ability
to differentiate into DC [8], we used monocytes from the
allo-SCT donor as a cellular source of DC. Here, we report
the first case in our trial that completed the DC vaccination.

Case Report

A 58-year-old woman was diagnosed as AML FAB M4
with t(11;17)(q23;q25) translocation. Although complete
remission {(CR) was achieved by chemotherapy with cytara-
bine and daunorubicin, the leukemia relapsed after 7
months. It was refractory to salvage chemotherapy, and
with overt leukemia, the patient underwent reduced-inten-
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sity allo-SCT from an HLA-matched sibling donor using a
conditioning regimen composed of fludarabine, busulfan,
and low-dose (2 Gy) total body irradiation 2 months after
the relapse. Tacrolimus and short-term methotrexate were
administered for prophylaxis of acute GVHD. The patient
established complete chimerism without acute GVHD, and
second CR was achieved. However, 3 months after trans-
plantation, the leukemia relapsed. Tacrolimus were discon-
tinued to induce a GVL reaction, but no clinical response or
GVHD was observed.

The patient was HLA-A*2402-positive, and met eligibility
criteria of the clinical trial, which was approved by the insti-
tutional review board of Kyoto University Hospital. DC vac-
cines were generated at the cell processing facility of Kyoto
University Hospital under good manufacturing practice
(GMP) conditions. CD14" cells were isolated from periph-
eral blood mononuclear cells of the allo-SCT donor by Clini-
MACS using CD14 Microbeads (Miltenyi Biotec). Fresh
monocytes were used for the generation of the first vac-
cine, and frozen monocytes were thawed.and used for the
generation of the following cycles of vaccines. The CD14"
cells were cultured in RPMI1640 supplemented with 2%
plasma of the donor in the presence of 800 1U/mi GM-CSF
and 500 1U/ml IL-4. At Day 6, fresh medium containing
2 ug/ml keyhole limpet hemocyanin (KLH) and maturation-
inducing factors consisting of 10 ng/ml TNF-a, 10 ng/mi
IL-18, 1000 IU/ml IL-6, and 1 pg/ml prostaglandin E, was
added. KLH was used to assess the ability of DC to induce

'Department of Hematology and Oncology, Kyoto University Hospital, Kyoto,
Japan; 2Department of Clinical Trial Design and Management, Translational
Research Center, Kyoto University Hospital, Kyoto, Japan; *Center for Cell
and Molecular Therapy, Kyoto University Hospital, Kyoto, Japan

*Correspondence to: Norimitsu Kadowaki, Department of Hematology and
Oncology, Graduate School of Medicine, Kyoto University, 54 Shogoin
Kawara-cho, Sakyo-ku, Kyoto 606-8507, Japan.

E-mail: kadowaki @kuhp.kyoto-u.ac.jp

Received for publication 6 August 2007; Revised 16 October 2007; Accepted
20 November 2007

Am. J. Hematol. 00:000-000, 2008.

Published online in Wiley InterScience (www.interscience.wiley.com).
DOI: 10.1002/ajh.21127

http://www3.interscience.wiley.com/cgi-bin/jhome/35105



10° 5.0
FK506 Chemotherapy
AALEY
10°
DC vaccination 4.0
Rl-alloSCT pLIDLI DL

i

WBC count {/ul}
-
a

PB blast (/ul)
-l
e

-

o
~

-

w
©»

g
o

)
o
(vNubriseidoo ;01 x) WG Ul [8Ae] YNMW LIM

--
]

—e— PB blast

=
o

10' - WT1
0.5
10"‘: = <,v - " R s L . 0
© o o o

> & & & $ 3 & &
7 N v Ny > W N W
o W o W ® ¥ o w
W0 0 OO0O00M

0%

23% 0% 3.3% 2% 0.2% 1% 4.1% 19.7%

BM leukemic cells (flow cytometry)

Figure 1. The clinical course of the patient. Starting 6 months after transplantation, the patient was given DC intrader-
mally every 2 weeks for five doses in a dose-escalating manner, starting with 1 x 10° cells, next 5 x 10° cells, and a
maximum number of 1 x 107 cells from the third cycle. BM: bone marrow, DC: dendritic cell, DLI: donor lymphocyte
infusion, PB: peripheral blood, RI-alloSCT: reduced-intensity allogeneic stem cell transplantation.

immune responses in a posttransplant patient, and to pro-
vide WT1-specific CD8" T cells with CD4* T-cell help. At
Day 8, 10 uM HLA-A*2402-restricted WT1 modified peptide
[9] (CYTWNQMNL, residues 235-243), which has tyrosine
instead of methionine at the second residue to enhance the
affinity to the HLA molecule, was pulsed for the last 4 hr.
Then, DC were used for vaccination.

Starting 6 months after transplantation, the patient was
given DC intradermally every 2 weeks for five doses (Fig.
1). Local erythema and itching of Grade 2 were observed
at the injection sites. There was no GVHD or other adverse
reaction of the vaccines. The percentage of leukemic cells
and the expression level of WT1 mRNA in the bone marrow
gradually increased during and after the vaccinations.
Although the patient received DLI and chemotherapy, she
died of sepsis 13 months after the completion of the vacci-
nation. We closed the clinical trial only with this case due
to difficulty in recruiting eligible patients.

As immunological monitoring, skin DTH tests using
donor-derived mature DC pulsed with the WT1 peptide,
KLH, or no antigen were performed. Before DC vaccination,
there was no DTH reaction to WT1 or KLH. After the fourth
vaccination, a strong DTH reaction to KLH-puised DC (48
hr after injection, erythema of 30 mm X 21 mm and indu-
ration of 24 mm X 17 mm) was observed, which was much
stronger than the reaction induced by unpulsed DC (ery-
thema of 9 mm X 9 mm and no induration), indicating that
the DC vaccination induced a KLH-specific immune
response. The skin reaction to WT1 peptide-pulsed DC
was erythema of 12 mm X 10 mm and induration of 10
mm X 10 mm. The induction of induration by WT1 peptide-
pulsed but not unpulsed DC implies a WT1-specific
immune response, although not definitive. The immune
response to KLH was also demonstrated by IFN-v, perforin,
and granzyme B ELISPOT assays using unstimulated pe-
ripheral blood mononuclear celis (Fig. 2) as well as bone
marrow cells (data not shown). However, an immune
response to the WT1 peptide was not detected by ELI-
SPOT, using either peripheral blood or bone marrow cells,
unstimulated or after in vitro stimulation with the WT1
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Figure 2. ELISPOT assay for WT1 peptide, KLH protein,
and CMV peptide. IFN-y, perforin, and granzyme B ELI-
SPOT assays were performed using ELISPOT kits (Mab-
tech). PBMC of the patient were collected and frozen at
the indicated time points until use. Donor-derived mature
DC were generated from frozen CD14™" cells, pulsed with
one of the indicated antigens, and used as a stimulator.
As a positive control, HLA-A*2402-restricted CMV pp65
peptide (QYDPVAALF) [10] was used. PBMC of the patient
were plated at 2 x 10° cells/well with stimulator cells
(PBMC: stimulator = 10:1) in 96-well, capture antibody-
precoated PVDF plates (Millipore). After 40 hr of incuba-
tion, spots were developed using an AEC substrate
according to the manufacturer’s instructions. Spots were
counted by an automated ELISPOT reader (CariZeiss). The
numbers of antigen-specific spot-forming cells were calcu-
lated by subtracting the numbers of spots with unpulsed
DC. WT1 peptide did not induce a detectable level of
specific spots.
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peptide for a week. A WT1 modified peptide/HLA-A*2402
tetramer did not detect specific CD8* T cells in peripheral
blood and bone marrow, unstimulated or after in vitro stimu-
lation, although the tetramer detected WT1 peptide-specific
CD8" T cells from a healthy donor, which were obtained by
repetitive stimulation with WT1 peptide-pulsed DC (data not
shown).

Discussion

Although responses to vaccination for various infections
are impaired after allo-SCT [11],effective antitumor immu-
nity can be elicited by tumor vaccination after allo-SCT in
murine models [12-14]. There have been two reports on
DC vaccination after allo-SCT in humans. In the first report,
four patients were vaccinated with donor-derived DCs
pulsed with autologous tumor cells for relapse of leukemia
or lymphoma [15]). The injected cell populations contained
substantial numbers (~40%) of T cells primed in vitro. Cy-
totoxicity of T cell lines against autologous tumor cells was
observed in vitro in two patients, and decreases in tumor
cell numbers in peripheral blood were observed in three
patients. However, it is not clear which cells were responsi-
ble for the immune responses, T cells stimulated by DCs
in vivo or contaminating T cells stimulated by DCs in vitro
before injection. In the second report, one patient was vac-
cinated with donor monocyte-derived DCs pulsed with auto-
logous tumor lysate for progression of renal cell carcinoma
after allo-SCT {8]. Neither DTH reaction to DCs pulsed with
tumor lysate nor a clinical response was observed. Here,
we observed a strong immune response to a naive antigen
KLH added to DCs, as demonstrated by DTH and ELI-
SPOT assays. Thus, this is the first report showing
unequivocally that DCs are capable of inducing an antigen-
specific immune response, even though the vaccines are
administered 6 months after allo-SCT. This indicates that
DC vaccination may be a viable strategy for antigen-
specific immunotherapy after allo-SCT. Although DCs
pulsed with KLH have been shown to induce an immune
response in all the healthy individuals [16] and in the major-
ity of melanoma patients [17], it has not been examined
whether KLH induces an immune response in posttrans-
plant patients. Our study shows that KLH is also useful to
assess the ability of DC to induce immune responses in a
posttransplant patient.

DTH tests, which reflect in vivo accumulation of specific
T cells at injected sites, might have an advantage in detect-
ing a rare population of T cells over ELISPOT or HLA tet-
ramer assays, which analyze only limited numbers of T
cells contained in peripheral blood samples. Indeed, posi-
tive DTH tests with negative tetramer staining in peripheral
blood have been reported in other vaccination trials {18,19].
We observed the induction of induration in skin DTH using
WT1 peptide-pulsed but not unpulsed DC, implying the
induction of a WT1-specific immune response. To defini-
tively show specificity to the WT1 peptide, it will be useful
to perform in situ tetramer staining or tetramer analysis of
lymphocytes liberated from the DTH skin lesion, as recently
shown [18].

Absence of clinical efficacy in the present patient may be
due to insufficient potency of WT1-specific responses for
growing leukemic cells. To obtain clinical efficacy, it may be
important to select patients who already have detectable
WT1-specific memory CD8" T celis before vaccination, to

American Journal of Hematology DOI 10.1002/ajh
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develop DC that can induce more potent antileukemic im-
munity, or to apply DC vaccines to patients with less tumor
burden, for example, patients with minimal residual disease
or in remission.
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Abstract

Hematopoietic stem cells (HSCs) are characterized by
two distinct abilities, that is, self-renewal ability and
multipotency. To keep homeostasis of hematopoiesis and
protect exhaustion of HSCs throughout the life, most of
HSCs are kept quiescent and only a limited number of
HSCs enter cell cycle to supply mature blood cells. Cell
cycle state of HSCs is crucially regulated by external
factors such as cytokines, adhesion molecules, Notch
ligands, and Wnt signals in the bone marrow (BM)
microenvironment, so called hematopoietic niche. In
addition, intrinsic molecules expressed in HSCs such as
transcription factors and cell cycle regulatory molecules
also control their growth and differentiation. To utilize
HSCs more efficiently and to develop new therapeutic
strategies for various diseases, it is of particular interest
to expand HSCs ex vivo. At present, three clinical studies,
in which cord blood HSCs were ex vivo expanded by
cytokines and transplanted into patients with hematologic
malignancies, have been performed. However, the
expanded HSCs did not shorten the recovery of
hematopoiesis. So, further novel strategies to expand
HSCs more efficiently and to fasten hematopoiesis from
HSCs are required by modifying the function of the
molecules that regulate self-renewal of HSCs.

Introduction

HSCs are characterized by two distinct
abilities; self-renewal ability and multipotency.
With these activities, HSCs are capable of
maintaining a life-long supply of all lineages of
hematopoietic cells according to systemic needs.
The durability of the output potential of HSCs is
believed to be dependent on their ability to execute
self-renewal divisions; that is, an ability to
proliferate without activation of a latent readiness to
differentiate along restricted lineages. In vivo, to
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maintain homeostasis of hematopoiesis and protect
exhaustion of HSC population, most of HSCs are
kept quiescent and only a limited number of cells
enter cell cycle to supply mature blood cells. During
this cell division, HSCs are obliged to undergo self-
renewal, differentiation, or apoptosis. This step is
controlled by external stimuli transmitted from the
bone marrow (BM) microenvironment, including
cytokines signals, adhesion molecules, Notch
ligands, and Wnt signals. Also, intrinsic factors
expressed in HSCs, such as transcription regulators
and cell cycle regulatory molecules, are crucially
involved in this regulation.

Human umbilical cord blood (CB) is a useful
source of HSCs for transplantation. In fact, during
the last few years an increasing number of patients
have received CB transplants [1]. However, its
clinical application is restricted because of the
insufficient number of HSCs in each CB sample for
most of adult patients. Also, compared with
transplantation using HSCs from BM or mobilized

- into peripheral blood, the recovery of hematopoiesis
is rather delayed in CB transplantation, partly due to
the  insufficient number of transplanted
HSCs/hematopoietic progenitor cells (HPCs) and to
the persistent quiescence of CB HSCs, which is
often accompanied by lethal complications [1].
Therefore, it is of particular interest to expand CB
HSC/HPCs ex vivo and to develop strategies for
hastening hematopoietic recovery after CB
transplantation in vivo [2-4].

In this paper, we will review recent papers
describing molecular mechanisms governing the
stemness of HSCs. Also, by referring the results of
three clinical trials, in which ex vivo expanded cord
blood HSCs were transplanted, we will discuss how
we can solve the problems observed in these studies
by modulating the function of molecules that
regulate self-renewal of HSCs.

Characteristic of HSCs

The procedure for the purification of HSCs has
made great progress along with the identification of
molecular markers that characterize the cells having
reconstitution activities in transplanted mice. The
most primitive murine HSCs are considered to be

with the CD34°“c-Kit'Sca-1'Lin" (CD34KSL)
phenotype, since a single cell with this phenotype
could reconstitute whole hematopoiesis in vivo with
high probability [5]. In addition to the specific
surface phenotype, HSCs present in steady-state
adult mouse BM are functionally characterized by
their ability to excrete Rhodamine-123 and Hoechst
33342 [6, 7]. When adult mouse BM cells are
stained with Hoechst 33342, exposed to the UV
light, and examined at 2 emission wavelengths
simultaneously, HSCs are found in the rare side
population (SP) with the dim fluorescence because
of this ability [8, 9]. The low fluorescence of HSCs
after staining with Rhodamine-123 and Hoechst
33342 is attributed to their selective expression of
different ABC transporters, P-glycoprotein and
berp-1, respectively [10,11].

In addition, the cells having the strongest dye
efflux capacity (Tip-SP cells) with the CD34-KSL
phenotype were shown to be the most primitive
HSCs, which can reconstitute long-term
hematopoiesis with almost 100% probability even
after the single cell transplantation [12]. The cells in
the SP fraction is considered to be in GO phase, and
this state is supposed to be regulated by
“hematopoietic niche’’ in the BM as described later.
On the other hand, in steady-state human BM, a
majority of HSCs having long-term reconstitution
activity express CD34 [13], and the most primitive
human HSCs are considered to exist in the
population with Lineage (CD3, CD4, CD8, CDI11b,
CD19, CD20, hCDS56, and glycophorin A)
CD34'CD38 phenotype [14]. Whereas CD34" has
been utilized as a marker of HSCs, recent reports
indicated that SRCs (SCID-repopulating cells) are
more concentrated in CD133" cells than in CD34"
cells [15,16]. That is, Suzuki et al. demonstrated
that CB CDI133-sorted cells contained an
approximately 4.5-fold greater absolute number of
SRCs than CD34-sorted cells [17]. Further clinical
studies comparing CD34" and CD133" cells would
determine which is a better phenotype to collect and
evaluate human HSCs.
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Cytokines Involved in Stemness Regulation in
HSCs

A number of cytokines regulate growth,
differentiation, and survival of HSCs both
positively and negatively. Among these, stem cell
factor (SCF), FIt3 ligand (FL), thrombopoietin
(TPO), interleukin-3 (IL-3), and IL-6 are known to
promote the growth of HSCs in vitro [18-20]. In
fact, SI/SI and W/W mice each having homozygous
defect in the SCF gene and its receptor c-kif gene
reveal severe anemia {21]. Also, total number of
HSCs was reduced in the BM of c-mpl/ (TPO
receptor)-null mice {22]. In addition, c-mpl’ " HSCs
revealed severely decreased activities in
reconstitution assays. These lines of evidence
indicate that cytokine signals are required for the
growth and survival of HSCs in vivo as well as ex
vivo [23].

TGF-BI is a 25 kd protein produced by stromal
cells and hematopoietic progenitors, which induces
the growth arrest in HSCs in autocrine and/or
paracrine manners [24-28]. Using antisense
oligonucleotides, it was demonstrated that the
inhibition of TGF-B1 production could release
HSCs in the umbilical CB or BM from the
quiescent state [29-32]. Furthermore, the inhibition

of the TGF-BI1 signaling pathways in human HSCs

using blocking antibodies against TGF-B1 or its
receptor allowed quiescent cells to enter cell cycle
[33]. TGF-B1 had been supposed to induce cell-
cycle arrest in various cell types including HSCs
through cyclin-dependent kinase inhibitors (CKlIs),
p21VAF! (p21) and p27%P! (p27) [34-40]. However,
a recent paper provided evidence that TGF-B1
induced growth arrest independently of p21WAF' or
p27%"®" using HSCs and progenitor cells lacking
both p21VAF! and p27°P' [41]. As for the other
possible mechanism of TGF-Bl-induced growth
arrest, TGF-pl was reported to induce the
expression of the other CKI, p151"**8 (p15), [42,
43] and downregulate the expression of ¢c-Kit, FLT3,
and IL-6 receptor on HSCs, thereby disrupting
cytokine-dependent growth signals [44, 45].

In contrast, another TGF-f super family protein,
bone morphogenetic protein-4 (BMP-4) was
reported to induce self-renewal of HSCs [46].
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At present, the utilization of cytokines is the
most promising and practical strategy for the ex
vivo expansion of HSCs. To establish the culture
conditions most suitable for expansion of HSCs, a
number of investigators have employed various
cytokine combinations [47, 48]. When their effects
were compared by long-term reconstitution assays
in transplanted mice, the combination of SCF, FL,
TPO, and IL-6/soluble IL-6 receptor (sIL-6R) was
found to expand HSCs most efficiently, with a 4.2-
fold increase in SCID-repopulating cells (SRC) [49].
Several patients were already transplanted with
cytokine-expanded CB HSCs without serious
toxicities as described later [136-138]. However,
cytokine-expanded CB HSCs did not shorten the
nadir period after transplantation, indicating the
limited usefulness of cytokines for ex vivo
expansion of CB HSCs. Thus, further improvement
is necessary to prepare more efficient HSCs [50].

Effects of the BM Microenvironment
“Hematopoietic Niche’’ on Stemness of
HSCs

As were the cases with gut and certain skin
stem cells [51, 52], HSCs receive critical signals for
proliferation and differentiation from the BM
microenvironment called “hematopoietic niche”
(Figure 1), which consists of stromal cells and the
extracellular matrix (ECM) ([53-55]. ECM is
composed of a variety of molecules such as
fibronectin  (FN), collagens, laminin, and
proteoglycans. ECM in the BM is not merely an
inert framework but mediates specialized functions
[56-60]. Some components of ECM bind to growth
factors produced by stromal cells. and immobilize
them around cells, which gives spaces where
hematopoietic cells and growth factors colocalize.
In addition, ECM can bind to glycoproteins
expresssed on HSCs. FN, collagens, and laminin are
ligands for integrins that not only control anchorage,
spreading, and migration of HSCs but also activate
signal transduction pathways in these cells [56-58,
61].
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Figure 1. Effects of BM Microenvironment on Cell Cycle of HSCs.

Two groups individually generated mice
lacking the BMP receptor type A (BMPRIA) and
those engineered to produce osteoblast-specific,
activated parathyroid hormone (PTH) and PTH-
related protein (PTHrP) receptors (PPRs) [62,63].
In these mice, the osteoblast population was found
to increase in the specific regions of bone,
“trabecular bone-like areas’’. Also, the increase of
the osteoblast population caused the parallel
increase of the HSC population, particularly long-
term repopulating HSCs. As for this mechanism,
Zhang et al. demonstrated that the long-term HSCs
were attached to spindle-shaped N-cadherin’CD45
osteoblastic (SNO) cells. Two adherent junction
molecules, N-cadherin and (-catenin, were
asymmetrically localized between the SNO cells
and the long-term HSCs, suggesting that SNO cells
function as a key component of the niche to support
HSCs, and that BMP signaling through BMPRIA
controls the number of HSCs by regulating niche
size. Meanwhile, in the latter study, Calvi et al.
demonstrated that PPR-stimulated osteoblasts
produced high levels of the Notchl ligand, Jaggedl,
and supported the activity of HSCs through the
Notch signaling. Together, these papers indicate

that the interaction with osteoblasts contributes to
the maintenance of HSCs.

HSCs expressing the receptor tyrosine kinases,
Ties, were quiescent, and the ligand for Tie2, Ang-1,
which is expressed on endothelial cells and HSCs,
enhanced the quiescence of HSCs and their
adhesion to fibronectin and collagen [64,65].
Therefore, it was assumed that the Ang-1/Tie2
signaling pathway plays some role to keep HSCs in
quiescent. In accord with this hypothesis, a recent
paper proved that Tie2” HSCs were in close contact
with sub-endoesteal osteoblasts expressing Ang-1,
and that these Tie2" cells were included in SP and
in GO phase of cell cycle [66]. These results suggest
that HSCs attaching to the specific osteoblasts in
the hematopoietic niche are kept quiescent and
protected from the myelosuppressive stress such as
the treatment with 5-Fluorouracil (5-FU), a cell
cycle-specific myelotoxic agent that kills cycling
cells. However, it remains unknown which fraction
of osteoblasts expresses Ang-1 and how it is
regulated. Furthermore, the molecular mechanisms
through which Tie2/Ang-1 signaling prevents cell
cycle entry also remain elusive.
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Effects of Notch ligand, Wnt, and Sonic
Hedgehog (Shh) Signals on Self-Renewal of
HSCs

Besides cytokines and molecules consisting of
the extracellular matrix, various stimuli such as the
Notch ligand, Wnt, and Shh are transmitted to
HSCs in the BM microenvironment. The activation
of Notch transmembrane receptors expressed on
HSCs by their ligand (Delta or Jagged) expressed
on stromal cells promotes self-renewal of HSCs
[67-71]. Karanu et al. reported that a soluble form
of Jagged-1 can enhance the expansion of human
CD34" HSCs when added to liquid cultures with
SCF, FL, IL-6, IL-3, and G-CSF, indicating the
potential usefulness of soluble Jagged-1 for
promoting ex vivo expansion of HSCs. It was also
reported that a soluble form of Delta-likel
augmented cytokine-dependent ex vivo expansion of
HSCs in CB CD133" cells measured by SRCs [17].
However, since Notch-1 has propensity to induce
lymphoid differentiation rather than myeloid
differentiation, further studies are required to verify
the usefulness and to establish the utility of these
approaches. Nonetheless, these strategies would be
a promising method to expand HSCs ex vivo. As for
the critical target molecule of Notch signals that
mediates self-renewal of HSCs, we found that c-
Myc was transcriptionally induced by Notch [72].
In addition, the ectopic expression of c-Myc
induced the growth of HSCs without disrupting
their biologic properties in terms of surface
phenotypes,  colony-forming  abilities, and
reconstituting abilities. Thus, c-Myc was supposed
to play a major role in self-renewal of HSCs as an
effector molecule of Notch signals.

Like Jagged1/Notch, a number of Wnt proteins
are expressed in the BM and their receptor frizzled
was detectable on BM-derived HSC/HPCs [73,74].
In the absence of Wnt-mediated signaling, B-catenin
is degraded by the ubiquitin/proteosome pathway.
Wnt signaling through frizzeled inhibits the
degradation of f-catenin, resulting in the
accumulation of f-catenin associating with T-cell
factor (TCF)/lymphoid-enhancer-binding factor
(LEF)-family transcription factors, and these
proteins regulate the transcription of downstream
target genes. As for the effects of Wnt on HSCs,

purified Wnt3a was shown to expand HSCs isolated
from Bcl2-transgenic mice ex vivo [75]. In addition
to Wnt3a that activates the canonical pathway
through Frizzled/B-catenin/TCF/LEF, non-
canonical Wnt, Wnt-5a, was also reported to expand
HSCs in vitro [76]. However, its mechanisms
remain to be clarified. Also, retrovirally expressed a
constitutively active form of B-catenin enhanced
proliferation of a phenotypically defined murine
HSC population [77]. Limiting dilution assays
indicated that the induction of activated B-catenin
led to over 50-fold increase in HSC numbers after
l-week culture. As for the mechanism of Wnt-
mediated  proliferation of HSCs, it was
demonstrated that the activation of Wnt signaling
induced the increased expression of HoxB4 and
Notchl in HSCs,. Glycogen synthase kinase-
3(GSK-3) is a constitutively active serine-threonine
kinase, which form the destruction complex with
Axin and adenomatous polyposis coli (APC).
Association with this complex leads to
ubiquitilation of P-catenin and subsequent
proteosomal degradation. Recently, Trowbridge et
al. reported beneficial effects of post transplantation
treatment with an ATP-competitive GSK-3 inhibitor
on human HSC engraftment [78]. These reports
suggested that Wnt signaling is important for the in
vitro and in vivo self-renewal of HSCs. However, it
is also reported that constitutive activation of -
catenin enforced cell cycle entry of HSCs, thereby,
exhausting the long-term repopulating cell pool and
leading to hematopoietic failure associated with loss
of multilineage differentiation [79,80]. Therefore,
fine-tuned (in terms of expression level and
duration) Wnt stimulation is required for normal
hematopoiesis and critical for therapeutic HSC
expansion.

Shh is a family member of human homologs of
Drosophila Hedgehog (Hh) and expressed on the
cell surface as transmembrane proteins. Hh signals
can be mediated through cell-to-cell contact
between adjacent cells expressing the Patched (Ptc)
receptor. Alternatively, NH2-terminal cleavage of
Hh can generate a soluble Hh ligand that can
interact with distal cells expressing Ptc [81,82]. In
the BM, Shh and their receptors Ptc and
Smoothened (Smo) are expressed in highly purified
HSCs. Cytokine-induced proliferation of HSCs was
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inhibited by the anti-Hh Ab, implying that
endogenously produced Hh proteins play a role in
the expansion of HSCs. Conversely, the addition of
soluble forms of Shh increased the number of HSCs
with pluripotent repopulating abilities. In addition,
Noggin, a potent BMP-4 inhibitor, was found to
inhibit the mitogenic effects of Shh, indicating that
Shh signaling acts upstream of BMP-4 signaling in
the proliferation of HSCs [83].

Transcription Factors That Regulate the
Stemness of HSCs

In addition to extrinsic factors, accumulated
evidence indicates that the stemness of HSCs is
regulated by intrinsic transcription regulatory
factors, such c-Myc, c-Myb, GATA-2, HOX
proteins, and Bmi-1 (Figure 2).

Willson et al. provided genetic evidence for
function of ¢c-Myc in the homeostasis of HSCs [84].
c-Myc-deficient HSCs bound to the BM niche too
tightly and revealed impaired differentiation, which
was correlated with the up-regulation of N-cadherin
and a number of adhesion receptors, suggesting that
¢-Myc was required for the release of HSCs from
the stem cell niche. In accord with this finding,
endogenous c-Myc is differentially expressed and
induced upon differentiation in long-term HSCs.
Thus, c-Myc was assumed to control the balance
between stem cell self-renewal and differentiation,
presumably by regulating the interaction between
HSCs and their niche.

A transcriptional factor, c-Myb promotes the
growth of HSCs, probably through the induction of
c-myc and upregulated expression of c-kit and Flt3
[85,86], and c-Myb-deficient mice die at embryonic
day 15.5 (E15.5) due to the defect of definitive
hematopoiesis [87]. Similarly, GATA-2"" mice are
embryonic lethal around E11.5 because of the
defect in the development and/or maintenance of
HSCs [88]. However, since functional roles of
GATA-2 in the growth of HSCs are still
controversial [89-92], it remains unknown whether
GATA-2 by itself enhances or suppresses the
growth of HSCs.

Among Hox family of transcription factors,
HOXB4 is of particular remark during the last few

years because its retroviral gene transfer induced
~40-fold murine and ~30-fold human HSC
expansion ex vivo, suggesting its usefulness in
clinical application [93-95]. Regarding its clinical
use, it was initially concerned that constitutive
expression of HOXB4 in HSCs might cause
leukemia. This is because deregulated expression of
HOXB8 was found in myeloid leukemia, and HOX
family genes are sometimes involved in
leukemogenic chromosomal translocations such as
t(7;11)(p15;p15) yielding NUP98-HOXA9 [96,97].
However, HSCs engineered to express HOXB4
reconstituted all hematopoietic  lineages in
transplanted mice without causing leukemia,
indicating that HSCs overexpressing HOXB4 were
still under the control of hematopoietic system in
vivo [94]. However, very recently, HOXB4
overexpression in collaboration with insertional
mutagenesis by virus integration was reported to
induce myelomonocytic leukemia in the canine
model [98]. Therefore, before clinical application, it
is crucial to establish the safe measures as to the
retroviral gene transfer strategy. To eliminate any
deleterious effects caused by stable HOXB4 gene
transfer, Krosl et al. tried to expand murine HSCs
by delivering HOXB4 protein [99]. In this study,
cell membrane-permeable, recombinant TAT-
HOXB4 protein was added to the culture medium,
resulting in a five-fold net expansion of HSCs.
Although TAT-HOXB4 was delivered with high
efficiency, its half-life was estimated as only 1 h.
Meanwhile, Amsellem et al. tried to expand human
CB HSCs using HOXB4 protein, which was
secreted into the culture supernatant from
cocultured MS-5 murine stromal cells [100]. This
approach increased SRCs 2.5-fold. However, the
efficiency of protein delivery was not so high, and
the coculture system would not be practical for
clinical applications.

HOX proteins interact with the non-HOX
homeobox protein, PBXI, and regulate the
expression of target genes both positively and
negatively,, We recently synthesized a decoy
peptide containing the YPWM motif from HOX
proteins, which was predicted to act as a HOX
mimetic, and analyzed its effects on self-renewal of
human cord blood CD34" cells [101](Figure 3).
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