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Summary

A small number of hematopoietic stem cells (HSCs) with
self-renewal and multi-lineage repopulation capacity main-
tain hematopoiesis during the lifetime of an individual.
Moreover, HSCs and their potential exist in excess as one
individual can share its HSCs with another leading to cre-
ation of a genetically identical hematopoietic system. For
over half a century this property of HSCs has been utilised
by successful allogeneic clinical HSC transplantation for
treatment of patients with inherited or acquired genetic and
neoplastic diseases of the hematopoietic and immune sys-
tem. There are now more than twenty thousand allogen-
eic HSC transplants per year worldwide [1]. However, al-
though more than 17.5 million potential HSC donors are
registered and additional 500,000 cord bloods are stored for
potential allogeneic HSC transplantation [2], timely avail-
ability of appropriately human leukocyte antigen (HLA)-
compatible HSCs with sufficient quality for patients still
poses a problem in the field. Even if a donor is available,
toxicity of the procedure could be reduced by increasing
HSC numbers in transplants. One way to solve these issues
would be by generation of quality-controlled, off the shelf
HSC products via in vitro HSC expansion, a “holy grail”
procedure many have been hunting for. Here, we discuss
accumulating knowledge on signalling pathways involved
in HSC maintenance as well as recent achievements to ap-
ply the findings to ex vivo HSC expansion for clinical use.
Although the specific issue concerns only highly special-
ised medicine today, newly generated knowledge will be
critical for the whole field of stem cell transplantation and
regenerative medicine in the future.
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Introduction

HSC biology
Hematopoiesis is a paradigmatic stem cell-sustained organ
system where most mature cells are short lived and need to
be continuously replenished by high-throughput cell pro-
duction. It is calculated that in an adult human being about
1011-1012 mature blood cells need to be produced per day

for the life of the individual [3]. All differentiated cells
are, via developmental intermediates with high prolifera-
tion potential, ultimately derived from HSCs, which them-
selves are homeostatically maintained in a special bone
marrow (BM) microenvironment, the so-called “niche”
that provides availability of all nutrients sufficient and es-
sential for HSC maintenance as well as protection from
HSC-harming agents. Recent studies have shown that there
are two different types of BM HSC niches, one in the osteo-
blastic and another in the perivascular region [4]. However,
because of the difficulty in anatomically dissecting these
niches [5, 6], the identity and function of all cells involved
in forming the niche has not yet been fully defined. In
contrast to the environment and the necessary factors for
HSC maintenance, HSCs themselves have been isolated us-
ing antibodies against characteristic surface marker pro-
tein expression sets that allow high enrichment of HSCs
by fluorescence-activated cell sorting (FACS), and were
tested for their biology and function in subsequent in vitro
and in vivo settings [7]. In mice, one of the laboratory an-

Figure 1

Hematopietic stem cell transplantation: Today and in the
future? (a) Today HSC containing transplants are transferred from
a donor to a recipient in a 1:1 ratio. (b) Given that HSC expansion
is achieved, the future might allow storage of HLA-typed, expanded
and quality controlled HSC grafts, ready to be used for recipients
upon need.
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imals broadly used for predictive medical research, HSCs
represent 0.003% of total BM cells, i.e., an adult mouse
contains about 15,000 HSCs. These sustain blood produc-
tion for the lifetime of the mouse and can be used for sev-
eral serial HSC transplantations into subsequent recipient
mice to rescue them from lethal irradiation [8]. Further-
more, it has been demonstrated that even a single HSC can
engraft and provide long-term multi-lineage repopulation
of lethally irradiated recipients, indicating robust self-re-
newal and homeostatic expansion capacity of HSCs in vivo
[9–12]. However, although many mechanisms contributing
to sustained self-renewal in vivo have been identified [13],
use of this knowledge to achieve HSC expansion in vitro
remains a challenge as detailed below.

Clinical relevance
Because of the fluid character of the hematopoietic system,
the naturally occurring migration of hematopoietic cells
through the blood, and the tropism of hematopoietic pre-
cursor cells to home to their bone marrow niches, it is
technically easy to perform hematopoietic cell transplanta-
tion by simple infusion of the graft into the venous system
[14, 15]. Indeed, hematopoietic stem cell transplantation
(HSCT) (formerly called and executed bone marrow trans-
plantation – BMT) has been utilised in clinical medicine
for over half a century, in order to cure congenital genetic
disorders or hematopoietic cancers [14, 16]. While initial
attempts of BMT were associated with unacceptable side-
effects, the fast growing knowledge of the major histocom-
patibility complex (in humans also called HLA system)
and the necessity to closely match recipient and donor to
avoid high rates of rejection, graft failure, and graft versus
host disease (GvHD), led to the success of the procedure
[17]. Equally important, growing knowledge on appropri-
ate conditioning regimens, and how to deal with rejection
and side effects such as GvHD and infection, and finally,
establishment of data-bases for available volunteer donors
was key to acceptance, availability and success of allo-
geneic HSCT [18, 19]. Since it has been found that part
of HSCs can be mobilised into peripheral blood with re-
combinant granulocyte-colony stimulating factor (G-CSF)
injection and subsequently be collected from peripheral
blood (PB) by apheresis with minor side effects [20], mo-
bilised PB HSC donation and transplantation has become
the major procedure. Given this progress and the increasing
availability of registered potential donors, the annual num-
bers of allogeneic HSCT have dramatically increased dur-
ing the last decades, now with annually more than 20,000
allogeneic-HSCTs performed world-wide [1, 14].
However, several major challenges remain regarding qual-
ity and timely availability of allogeneic HSC grafts for pa-
tients in need: a) patients with rare HLA-types (e.g., rare
allele frequency and combination, minority populations)
rarely find a donor; b) potential donors might not be avail-
able when needed, e.g., due to so far undetected co-morbid-
ities as infection or cancer; c) donor search and confirma-
tion of availability consumes time prohibitive for adequate
control of the disease. Thus, immediately available, HLA-
matched, quality controlled and off the shelf produced HSC
transplants would greatly serve these needs.

Close to these requirements of an alternative source comes
donated and stored umbilical cord blood, (UCB) that is,
compared to adult blood, highly enriched in migrating HSC
(2011 about 500,000 samples stored worldwide and so far
about 20,000 transplants performed [21]). However, broad
application of UCB transplants to most recipients is limited
by the low cell number recovered from a single UCB unit
which is not sufficient for adult recipients in most of cases
and thus has been mainly used for treatment of pediatric or
young adult patients [21–23]. One approach to overcome
the limitation of low numbers of HSCs is the use of two
combined UCB units [24]. However, once a UCB is used,
there is, in contrast to adult volunteer donors, no further
availability in case of need for a second graft.
Thus, a more broadly applicable strategy to increase HSC
availability would be achievement of ex vivo HSC expan-
sion from any HSC source, allowing even multiple trans-
plants from one HSC type. However, for a first proof of
principle, achievement of at least a two-fold in vitro expan-
sion would allow use of UCB for many adult recipients [25,
26] (fig. 1).

Biology of and achievements in HSC
expansion

The principal idea to develop a method for ex vivo HSC
expansion was inspired from studies using gene targeted
animals. From the phenotypical and functional analysis of
those animals, it was demonstrated that self-renewal, pro-
liferation and apoptosis of HSC are tightly regulated both
by intrinsic, HSC expressed factors, as e.g., signalling mo-
lecules, transcription factors, and also by environmental
cues, as e.g., cytokines and adhesion molecules [13]. Many
groups have been attempting to expand HSC in vitro via
the modification of signalling pathways by forced gene ex-
pression or suppression (enhancement of positive signals
or inhibition of negative signals), addition of recombinant
proteins in culture, or by co-culture with stromal cells that
might supply those signals. Prominent examples of ex vivo
or in vivo expansion of human hematopoietic stem/progen-
itor cells (HSPCs) are summarized in table 1.

Example for manipulation of intrinsic factors
One important breakthrough that suggested the full poten-
tial of ex vivo HSC expansion was retrovirus-mediated in-
troduction of the homeobox B4 (HoxB4) gene which is
a member of a large family of transcription factors with
DNA-binding homeodomain, known to be involved in cell
fate determination [27]. Overexpression of HoxB4 in mur-
ine HSC permitted about 1000-fold in vivo [28] and 40-fold
in vitro [29] expansion. Many studies revealed that the
HoxB4 gene regulates HSC self-renewal [30], although
HoxB4-deficient mice only show mild reduction of hem-
atopoietic cellularity with normal HSC generation and
homeostasis in steady-state [31]. Of critical importance,
HoxB4-transduced HSCs were expanded in vitro and seri-
ally transplantable without leading to development of ma-
lignancies or hematopoietic dysfunction [28]. However, as
virus-mediated gene transfer by itself has the risk of inser-
tional mutagenesis, i.e., activation of potential oncogenes
[32], it would be preferable to achieve expansion without
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manipulation of the HSC genome, but simply by addition
of extrinsic factors. Indeed, two independent groups deve-
loped a method for ex vivo HSC expansion using direct de-
livery recombinant HoxB4 protein, and achieved 4–6 fold
expansion of in vivo functional mouse HSC [33] and 2.5
fold of human CD34+ cells containing HSC, capable of
long-term repopulation of immunodeficient mice, a gold
standard xenograft model currently available to test in vivo
human HSC potential [34]. Since recombinant HoxB4 pro-
tein has a short half-life of less than an hour and is very
unstable in culture [28], this technological limitation would
need to be resolved before clinical application.

Examples for supplementation of environmental
factors
During the last decades, many hematopoietic growth
factors and their receptors were identified and tested re-
garding their efficacy on amplification and maintenance of
HSC in vitro alone or in combination as e.g., Interleukin
(IL)-3 [35], IL-6 [36-38], IL-11 [39], Flt3-ligand (Flt3L)
[40], stem cell factor (SCF) [41], thrombopoietin (TPO)
[37], fibroblast growth factor (FGF)-1 [42], Angiopoietin
(Ang)-1 [43], Pleiotrophin [44]. Although the in vitro ex-

perimental conditions and subsequent in vivo read out var-
ied largely, the net increase of HSC during short–term li-
quid cultures ranged from about 2–8 fold for mouse cells
and 2–4 fold for human cells. One of the highest HSC amp-
lifications achieved to date is an about 30-fold net increase
of functionally defined mouse HSC in serum free medium
supplemented with Angiopoietin-like proteins (Angptls),
secreted proteins with sequence homology to Angiopoietin
[45]. Angptls were identified by comparative gene profil-
ing analysis between mouse fetal liver CD3+ cells, which
support HSC ex vivo, and non-supporter populations, adult
CD3+ or fetal liver Gr-1+ cells. Since a substantial HSC
expansion was only observed when Angptls were used in
combination with other hematopoietic cytokines, Angptls
appear to activate a signalling pathway that cannot be ac-
tivated by other growth factors. To understand the mechan-
ism of action, the physiological function of Angptls and the
cloning of the respective receptors need to be done.
HSCs express Notch family receptors which have three
trans-membrane ligands, Jagged-1, Jagged-2, and Delta
[46], that are expressed on certain cell types in hematopoi-
etic system, as e.g., bone marrow stromal cells [47], en-
dothelial cells [47] and osteoblasts [48]. However, mice

Table 1: Examples of ex vivo or in vivo expansion of human hematopoietic stem/progenitor cells (HSPC).
Method Supplements Input cells Treatment period Absolute

number
(population)

Fold expansion Reference

In vitro
(assay)

In vivo (xenograft model)

Co-culture
system

Mouse stromal cell
expressing HoxB4 protein

UCB
CD34+CD38lo

cells

4–5 weeks 2.0 (CD34+) 3.0
(CFUs)
2.9
(LTC-
ICs)

2.5 fold increase in RCs (NOD/SCID) S Amsellem et
al., Nat Med
2003

Co-culture
system

Rat mammary epithelium
expressing Wnt5a, Wnt2b,
or Wnt10b

ABM Lin-

CD34+ cells
7 days 10-20

(CFUs)
David J. Van
Den Berg et
al., Blood 1998

Liquid culture SCF, Flt3L, G-CSF, IL-3,
IL-6

UCB
CD34+CD38-

cells

4 days 4.0
(CD34+CD38-)

15.4
(CFUs)

4.0 fold increase in RCs (NOD/SCID) M Bhatia et al.,
JEM 1997

Liquid culture TPO, SCF, Flt3L,
Pleiotrophin

Lin-

CD34+CD38-

cells

7 days 2.0
(Lin-CD34+CD38-)

4.0
(CFUs)

Increased frequency of RCs and
engraftment level (NOD/SCID)

HA Himburg et
al., Nat Med
2010

Liquid culture TPO, SCF, IL-3, IL-6,
Flt3L, Delta-1, fibronectin
fragment-coated plate

UCB
CD34+CD38-

cells

5 weeks 100 (CD34+) 34
(CFUs)

20 fold increase in engraftment level
(29 day-culture) (NOD/SCID/β2m–/–)

K Ohishi et al.,
JCI 2002

Liquid culture SCF, Flt3L, G-CSF, IL-3,
IL-6, Jagged-1-IgG

UCB
CD34+CD38-

cells

9 days 3.0
(CD34+CD38-)

3.0
(CFUs)

Increased frequency of RCs and
engraftment level (NOD/SCID)

FN Karanu et
al., JEM 2000

Liquid culture SCF, Flt3L, G-CSF, IL-3,
IL-6, Sonic hedgehog

UCB Lin-

CD34+CD38-

cells

12 days 1.6–1.8
(CD34+CD38-)

3.5–4.5
(CFUs)

Increased frequency of RCs and
engraftment level (NOD/SCID)

G Bhardwaj et
al., Nat
Immunol 2001

Liquid culture SCF, Flt3L, G-CSF, IL-3,
IL-6, BMP-4

UCB Lin-

CD34+CD38-

cells

3 days 1.5 (total cells) 1.5
(CFUs)

Increased frequency of RCs (NOD/SCID) M Bhatia et al.,
JEM 1999

Liquid culture TPO, SCF, Flt3L, IL-6,
StemRegenin 1

UCB or
mobilized PB
derived CD34+

cells

3 weeks 47 (CD34+) 65
(CFUs)

17 fold increase in RCs (NOD/SCID) AE Boitano et
al. Science
2010

In vivo
treatment

Wnt5a conditioned
medium

UCB Lin-

CD34+CD38-

cells

2 weeks starting at
2–3 weeks after
transplantation

3 fold higher engraftment level and 1.5
fold increased number of CD34+CD38-

cells engrafted (NOD/SCID)

B Murdoch et
al., PNAS 2003

In vivo
treatment

GSK-3 inhibitor UCB Lin- or
mobilized PB
derived MNCs

Starting on the
same day of
transplantation

5 fold increased number of CD34+ cells
engrafted (NOD/SCID)

JJ Trowbridge
et al., Nat Med
2006

CFU, colony-forming unit; ABM, adult bone marrow; MNCs, mononuclear cells; LTC-IC, long-term culture-initiating cells; RCs, repopulating cells; β2m, β-2 microbloblin
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with inactivation of Notch-1 and Jagged-1 showed normal
hematopoiesis and survived as long as control mice after
myeloablation, indicating a dispensable role of Jagged-1 in
HSC maintenance [49]. A significant role of Notch-1 sig-
nalling pathways in regulation of HSCs has been sugges-
ted by studies on HSC niches. Mice lacking either the bone
morphogenic protein receptor (BMP) or the parathyroid
hormone receptor showed an increase in HSC numbers, as-
sociated with an increased number of osteoblasts [50, 51].
Interestingly, Jagged-1 secretion from osteoblasts was en-
hanced and led to increased activation of Notch signals in
HSCs. Consistently, overexpression of constitutive active
Notch-1 resulted in immortalisation of a cytokine-depend-
ent mouse hematopoietic cell line with in vivo self-renew-
al and multi-lineage reconstitution capacity [52]. The same
group subsequently engineered a Delta-1 protein fusion
with the Fc portion of human immunoglobulin (Delta-1
Fc), and succeeded to increase mouse hematopoietic pro-
genitors capable of short-term lymphoid and myeloid lin-
eage repopulation several log-fold [38]. Moreover, a
100-fold increase of human CD34+ cells with enhanced
ability to repopulate non-obese diabetic/severe combined
immunodeficient (NOD/SCID) mice was achieved after
several weeks serum-free culture with Delta-1 Fc in com-
bination with cytokines [53, 54]. Also, it was shown that
addition of Jagged-1 to human cell culture did not increase
recovery of total cell numbers but induced survival and
maintenance of human cells with NOD/SCID multi-lineage
repopulating capacity [47]. A subsequent clinical phase I
trial evaluating immobilised Delta-1 mediated cord blood-
derived ex vivo HSC expansion and transplantation sugges-
ted an enhanced rate of myeloid engraftment, rapid neut-
rophil recovery and no signs for chronic GVHD [53].
However, long-term risks and benefits remain to be evalu-
ated.
The Hedgehog gene has been discovered from screenings
of mutants with disrupted body patterning in Drosophila
[55]. Hedgehog gene family members were shown to be
implicated in modulation of hematopoietic differentiation
[56], thymic development [57] and early hemato-vascular
development [58]. Although deficiency of hedgehog sig-
nals do not have any impact on in vivo HSC maintenance
in mice [59], it was found that one hedgehog gene, the cor-
responding receptors and the related downstream transcrip-
tional factors are expressed in both human hematopoietic
progenitors and BM-derived stromal cells [60]. Moreover,
the modulation of hedgehog signalling with neutralising
antibodies or the addition of recombinant protein changed
cytokine-dependent self-renewal and proliferation in
highly purified human HSPCs. Further analysis revealed
that the effect of sonic hedgehog on human HSPCs may
be in part mediated through regulation of BMP4 signalling
pathway [60]. Consistently, addition of BMP4 to hema-
topoietic cytokines cocktails can extend the culture period
of UBC-derived human HSPCs without losing in vivo re-
population, which indicates the potential role of BMP4 in
ex vivo HSPC survival [61].
Another pathway which is involved in developmental pro-
cesses as well as HSC function is the Wnt pathway. Murine
fetal liver cells in conditioned medium from cells trans-
fected with Wnt proteins [62], and co-culture of human

BM cells with human stromal cell line expressing Wnt pro-
teins [63] showed 7–11 fold increase in total cell number
and 10–20 fold increase in number of mix colony-forming
cells for mouse and human cells, respectively. Moreover, in
vivo injection of Wnt5a-conditioned medium increased hu-
man cell engraftment in NOD/SCID mice, whereas in vitro
proliferation was unaffected [64]. Further studies provided
evidence that Wnt signalling regulates HSC self-renewal
by increasing HoxB4 and Notch-1 expression [65]. Wnt-3a
might induce self-renewal of mouse HSC in single cell cul-
tures along with low concentration of SCF [66], however,
these studies need to be specified as the constitutive ac-
tivation of Wnt signalling in HSCs leads to blocked dif-
ferentiation, loss of repopulation and down-regulation of
self-renewal gene expression [67, 68]. Also, no impairment
in HSC function and lymphopoiesis was observed in mice
deficient for β- and γ-catenin, important in Wnt signalling
[69, 70]. These conflicting findings might be explained
by the evidence that Wnt-5a, involved in a non-canonical
Wnt pathway, can promote murine HSC quiescence and in
vivo repopulation by suppressing the Wnt-3a mediated ca-
nonical Wnt pathway [71]. Another possible explanation
might be functional redundancy of other signalling path-
ways. Indeed, in vivo administration of a glycogen synthase
kinase (GSK)-3 inhibitor improved in vivo long term re-
population of mouse and human HSPCs, possibly by mod-
ulating Notch, Hedgehog and Wnt signals [72].
While previous studies relied on observation and
hypothesis-driven identification of factors and pathways
for HSC self-renewal and expansion, it is now possible
to achieve unbiased, hypothesis-free, efficient data collec-
tion by large-scale screening. In the zebrafish, a model sys-
tem to study key genetic regulators in hematopoiesis [73],
Prostaglandin E2 (PGE2) was identified as a regulator of
HSC function [74]. Treatment with a long-acting derivat-
ive of PGE2, 16, 16-dimethyl-PGE2 (dmPGE2) increased
HSC numbers in zebrafish, enhanced the production of
colony-forming progenitors from mouse embryonic stem
cells and increased the frequency of biologically function-
al adult mice HSC [74]. Prostaglandins are known to play
a major role in inflammatory and immune responses [75].
Although steady-state hematopoiesis is normal in mice
lacking cyclooxygenase (COX)-2, one of two PG syn-
thases, hematopoietic recovery after myeloablation was
markedly impaired [76]. In vivo competitive transplanta-
tion demonstrated enhanced frequency and competitive ad-
vantage of ex vivo short-term dmPGE2-treated mouse BM
cells which was stably maintained in serial transplants [74].
This effect could be in part explained by increased homing
through CXCR4 up-regulation, induced proliferation and
prolonged survival [77]. In addition, studies on zebrafish
and mouse HSC revealed that PGE2 is required for Wnt-
mediated HSC generation and can increase HSC numbers
synergistically with Wnt signalling, suggesting signal cross
talks between those two pathways [78]. However, in vivo
challenge of PGE2 to mice preferentially expanded hem-
atopoietic progenitors but not HSC, and thus augmented
only short-term engraftment [79]. To test the efficacy of
PGE2 on human HSC, clinical trials on UCB transplanta-
tion are ongoing in which one of two UCB is ex vivo treated
with dmPGE2 [80].
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Recent advances in ex vivo HSC
expansion

A similar approach to search for small molecules that ex-
pand HSCs during ex vivo culture was recently reported by
Boitano et al. [81]. Mobilised Human PB CD34+ cells were
cultured in vitro with serum-free medium containing TPO,
SCF, Flt3L and IL-6 in a screening system using a drug lib-
rary of 100,000 small molecules and the expression level of
human HSPCs markers, CD34 and CD133 [82] were mon-
itored. A purine derivative named as StemRegenin 1 (SR1)
was identified as a most potential and promising candid-
ate molecule increasing the number of CD34+ cells after
5-7 days. Of note, SR1 without hematopoietic cytokines
did not induce CD34+ cell expansion and in a high concen-
tration SR1 showed an anti-proliferative effect, suggesting
that SR1 enhanced cytokine-mediated signals within a nar-
row dosing range. Also, SR1 did not expand mouse HSC
but CD34+ cells from bone marrow of humans, monkeys
and dogs as well as CD34+ cells from human UCB and
mobilised PB CD34+ cells, indicating a potentially broad
application in higher organisms. Serial transplantation into
NOD/SCID mice revealed that 3 week culture of human
UCB-derived CD34+ cells with SR1 resulted in 17-fold net
expansion of cells with in vivo repopulation capacity for
7–8 months. Further analysis demonstrated that SR1 ant-
agonised acryl hydrocarbon receptor (AHR)-mediated sig-
nalling by direct binding to the receptor. In line with this,
it was previously documented that upon AHR agonist chal-
lenge, the repopulating activity of mouse HSC was signi-
ficantly diminished and ex vivo treatment of BM cells with
AHR agonist inhibited the proliferation of immature cells
[83]. Thus, AHR signalling seems to control regulators of
HSC function which include the cell cycle, self-renewal
and homing [83]. It will be important to test the clinical po-
tential and safety of SR1 alone or in combination with oth-
er molecules on clinical outcomes after transplantation.

Outlook

Gene targeting technology has greatly contributed to un-
derstanding the signalling pathways that maintain HSC
homeostasis, i.e. self-renewal, differentiation and apoptos-
is, and modification of such signals has revealed first pos-
sibilities to ex vivo HSCs expansion and delineated avenues
for its future application in clinical transplantation.
However, artificial manipulation of HSC function remains
a challenging subject. The difficulty of in vitro HSC main-
tenance/expansion but not differentiation appears to be
closely related to HSC dormancy, an in vivo HSC charac-
teristic that is thought to be associated with self-renewal
capacity and unresponsiveness to growth stimulants. It has
been suggested that mouse HSCs are divided into two
pools, dormant and actively cycling HSCs, and quiescent
HSCs have more repopulating potential than cycling ones
[84, 85]. However, a recent study by our laboratory re-
vealed that both dormant and cycling HSCs have equi-
valent lifelong self-renewal potential with fluctuating re-
population capacity, and that the HSC cycling status is
dynamically switched over time leading to similar turnover
rate in all HSCs at end of life [12]. Given that the same

holds true for human HSC, induction of HSC proliferation
by exogenous factors might not affect their critical lifelong
repopulating potential (not measured in surrogate NOD/
SCID assays), and thus HSC expansion would be achiev-
able. However, experimental evidence suggests that HSC
repopulating ability decreases with divisions and longer
culture periods [37], and that overexpression of Bcl-2, an
anti-apoptotic protein enhanced colony forming capacity in
the presence of cytokines [86]. Thus, it is crucial to de-
termine the optimal dose of stimulants for balancing pro-
liferation with self-renewal. In fact some of the reagents
described above have a narrow range in the effective con-
centration and show different outcomes on HSC function.
Although almost all of liquid culture systems that have
been developed to expand HSC in vitro require supplement
of hematopoietic cytokines, in vitro culture conditions with
only cytokines seem suboptimal to block apoptotic path-
ways in HSCs and to promote proliferation without redu-
cing self-renewal. Thus, it will be critical to search for
further factors that can compensate for diminished self-re-
newal during cytokine-dependent proliferation [81]. Also,
as current in vitro systems lack three-dimensional envir-
onments that embed HSCs, the use of respective scaffold
structures might help to enhance the chances for success
[87]. Another way to provide a hematopoietic environment
in vitro is co-culture of hematopoietic cells with mesen-
chymal stromal cells (MSCs) which have been shown to
possess a potential for ex vivo UCB CD34+ cell expansion
and immunomodulatory activity against GVHD [88–91].
Clinical trials to expand UCB with related donor MSCs are
currently underway [92].
Continuous activation of self-renewal and lack of differen-
tiation potential might lead to unexpected oncogenic events
resulting in tumourigenesis as most of genes involved in
self-renewal have also oncogenic potential [93]. Therefore,
whenever a new method to amplify HSC ex vivo is deve-
loped, it would be essential to test functionality and safety
of the expanded HSC, and thus it would be important to
develop preclinical validation systems before stepping for-
ward to human clinical trials. For now, most of studies
relied on in vivo functional testing of human HSPCs in
xenograft mouse models. However, because of no or only
limited crossreactivity of mouse differentiation and surviv-
al factors to human receptors, human HSCs are, in contrast
to mouse HSCs, not homeostatically expanded in current
models [94]. To overcome these limitations, many groups
have tried to supplement factors that are not supplied by
mouse environment or the transplanted human cells them-
selves. First proof of principle that faithful expression of
human factors through genetic modification or injection of
recombinant human factors can significantly enhance re-
constitution of human hemato-lymphoid system in mice
has been achieved [95–101]. Thus, the identification of
critical factors for HSC expansion in screens and the select-
ive provision of these in non-perfectly cross-reactive xeno-
models for homeostatic expansion of HSCs to test biology
might hold a key to final success for clinically applicable
human HSC expansion in the future.
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Figures (large format)

Figure 1

Hematopietic stem cell transplantation: Today and in the future? (a) Today HSC containing transplants are transferred from a donor to a
recipient in a 1:1 ratio. (b) Given that HSC expansion is achieved, the future might allow storage of HLA-typed, expanded and quality controlled
HSC grafts, ready to be used for recipients upon need.

Review article: Medical intelligence Swiss Med Wkly. 2011;141:w13316

Swiss Medical Weekly · PDF of the online version · www.smw.ch Page 9 of 9


	Ex vivo expansion of hematopoietic stem cells: mission accomplished?
	Summary
	Introduction
	Biology of and achievements in HSC expansion
	Recent advances in ex vivo HSC expansion
	Outlook
	References
	Figures (large format)


