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Abstract
Umbilical cord blood (UCB) has been used successfully as a source of hematopoietic stem cells
(HSCs) for allogeneic transplantation in children and adults in the treatment of hematologic diseases.
However, compared with marrow or mobilized peripheral blood stem cell grafts from adult donors,
significant delays in the rates and kinetics of neutrophil and platelet engraftment are noted after UCB
transplant. These differences relate in part to the reduced numbers of HSCs in UCB grafts. To improve
the rates and kinetics of engraftment of UCB HSC, several strategies have been proposed, including
ex vivo expansion of UCB HSCs, addition of third-party mesenchymal cells, intrabone delivery of
HSCs, modulation of CD26 expression, and infusion of two UCB grafts. This article will focus on
ex vivo expansion of UCB HSCs and strategies to enhance UCB homing as potential solutions to
overcome the problem of low stem cell numbers in a UCB graft.

Keywords
cord blood transplantation; CXCR4; engraftment; ex vivo expansion; hematopoietic stem cell; Notch;
SDF-1; stem cell homing; umbilical cord blood

Umbilical cord blood as an alternative source of hematopoietic stem cells for
hematopoietic transplants

With more than 12,000 umbilical cord blood (UCB) transplantations performed since 1988 for
the treatment of hematologic malignancies and selected non-malignant disorders, UCB has
emerged as an alternative source of hematopoietic stem cells (HSCs) for transplantation. This
is especially important for minority patients and patients of mixed ethnicity, where UCB is a
particularly attractive alternative donor stem cell source because it is readily available with no
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donor attrition and allows reduced stringency in HLA matching without an increase in graft-
versus-host disease (GVHD). Furthermore, several unique properties of UCB have been
identified. Compared with bone marrow (BM) cells, CD34+/CD38− UCB cells proliferate more
rapidly and generate larger numbers of progeny cells [1,2]. In addition, longer telomere lengths
of UCB cells have been proposed as a possible explanation for the greater proliferative capacity
of UCB [3,4]. Despite this, the outcomes in adults undergoing HSC transplant with an UCB
graft are significantly influenced by the low cell dose of the graft. Numerous clinical studies
have consistently demonstrated that the total nucleated cell (TNC) and CD34+ cell doses in
cord blood grafts are highly correlated with the rate of neutrophil and platelet engraftment, as
well as the incidence of graft failure and early transplant-related complication [5–13]. Based
on these studies, critical cell-dose thresholds have been established and outcomes for patients
receiving less than the generally accepted threshold of over 2.5 × 107 TNC/kg are significantly
inferior in terms of engraftment, transplant-related mortality and overall survival. For adult
patients and children weighing more than 35–40 kg, obtaining an adequate cell dose from a
single UCB unit is challenging. Thus, in order to realize the full treatment potential of UCB
in adult patients, it is essential to pursue strategies that will enhance the kinetics and incidence
of engraftment of UCB HSCs. Strategies to increase the efficiency of homing/engraftment of
UCB HSCs and the development of novel ex vivo expansion methodologies to overcome the
low HSC numbers are two such approaches to be addressed in this article.

Strategies to enhance UCB HSCs homing/engraftment
Role of CXCR4–SDF-1 axis

Stromal-derived factor (SDF)-1 binds to G-protein-coupled seven-transmembrane span
CXCR4. Murine knockout data demonstrate that SDF-1 is secreted by BM stromal cells and
is a critical factor for the colonization of fetal BM by fetal liver-derived HSCs. Furthermore,
during adult life it functions in the retention/homing of HSCs in the marrow microenvironment.
Recent data from our group and others suggest that responsiveness of HSCs to an SDF-1
gradient may be positively modulated/primed/enhanced by several factors: for example, C3
complement cleavage fragments (C3a and desArgC3a), fibronectin, fibrinogen and hyaluronic
acid [14–18]. Thus, responsiveness of HSCs to an SDF-1 gradient may influence the final
outcome of a hematopoietic transplant. Unfortunately, this crucial parameter is not employed
on a routine basis in the clinic to evaluate graft quality. More importantly, because
responsiveness of UCB HSCs to an SDF-1 gradient may be enhanced by employing priming
strategies, this phenomenon may be of clinical importance.

Routine assays to evaluate the quality of the hematopoietic graft
Harvested UCB, similar to cells harvested from adult marrow or mobilized PBSC, are evaluated
for the number of UCB mono-nuclear cells and CD34+ cells, as well as cell viability, by
employing a 0.4% trypan blue exclusion test. Generally, performing in vitro clonogeneic assays
checks graft quality, but results of these assays are not available to clinicians at the time of
UCB thaw and infusion. These tests give some important clues about the number of HSCs and
their proliferative potential. However, they do not evaluate the functional homing
responsiveness of UCB graft HSCs and T-cells to chemokines signals: for example,
responsiveness of UCB mononuclear cells to an SDF-1 gradient may be crucial for the homing/
engraftment of HSCs after transplantation. Our group and others have conducted studies to
optimize ex vivo UCB HSC migration measurements and priming strategies that allow for
potentially more efficient engraftment of UCB HSCs. Laboratory studies by our group and
others indicate that these priming strategies may allow for better homing/seeding efficiency of
transplanted cells and, more importantly, accelerate hematopoietic recovery after
transplantation. Improving engraftment of a limited number of UCB HSCs and accelerating
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hematopoietic recovery, which is usually delayed after UCB transplants, are both crucial for
effective UCB transplantation utility in adult patients.

SDF-1–CXCR4 axis is a pivotal factor in homing/engraftment of HSCs
SDF-1 regulates the trafficking of CD34+ HSCs, pre-B lymphocytes and T lymphocytes.
SDF-1 is the ligand for CXCR4, which had been considered for many years to be its only
receptor. Thus, the SDF-1–CXCR4 axis has a unique and important biological role [19–25].
Support for this notion comes from murine knockout data showing that SDF-1 secreted by BM
stromal cells is critical for the colonization of BM by fetal liver-derived HSCs during
embryogenesis. Furthermore, during adult life, SDF-1 is needed for homing/retention of HSCs
in the BM [26] and HSCs engraft in the BM by following an SDF-1 gradient that is upregulated
in the BM after conditioning for transplantation (e.g., total body irradiation, myeloablative
chemotherapy) [27–30]. Thus, two parameters are of special importance in the engraftment of
HSCs in BM: responsiveness of CXCR4 on HSCs to an SDF-1 gradient; and an effective level
of SDF-1 expression in the BM environment.

Other biological effects of the SDF-1–CXCR4 axis
The major biological effects of SDF-1 are related to the ability of this chemokine to induce
motility, chemotactic responses, adhesion and secretion of matrix metalloproteinases (MMPs)
and angiopoietic factors (e.g., VEGF) in cells bearing cognate CXCR4. All of these processes
are pivotal for HSC engraftment. SDF-1 also increases adhesion of early hematopoietic cells
to VCAM-1, ICAM-1, fibronectin and fibrinogen by activating/modulating the function of
several cell surface integrins. Aside from regulating cell trafficking, there is some controversy
over whether SDF-1 also directly affects cell proliferation and survival. In our studies, SDF-1
does not affect the survival/proliferation of primary HSCs or any of several established hemato-
lymphopoietic cell lines [31]. However, our evidence of SDF-1 not directly affecting the
proliferation/survival of human HSCs in vitro does not rule out the possibility of an indirect
effect. For example, by increasing the retention of early HSCs in BM, SDF-1 could affect HSC
survival by promoting the interaction of these cells with adhesion molecules (AMs) expressed
in the BM microenvironment. It is well-known that signals generated from AMs prevent cells
from undergoing apoptosis in a mechanism described as ‘anoikis’ [32]. Lending support to this
idea, HSCs from SDF-1 transgenic mice display both enhanced survival in vitro in response
to growth factor withdrawal and enhanced myelopoiesis in vivo [33]. CXCR4 expressed on
UCB CD4+ T cells may play an important role in their homing after transplantation and
allogeneic engraftment [34–37]. Thus, the SDF-1–CXCR4 axis plays an important role in
mediating engraftment of allogeneic UCB T cells that must overcome recipient immune-
mediated graft rejection.

Negative & positive modulators of the SDF-1–CXCR4 axis
It is evident that the function of the SDF-1–CXCR4 axis must be tightly regulated in vivo by
various biological mechanisms, a fact that we are only now beginning to fully understand. Our
group and others have recently identified several factors that may positively affect the
sensitivity/responsiveness of CXCR4+ cells to an SDF-1 gradient (Figure 1). The following
factors were found to significantly increase the chemotaxis of HSCs to low/threshold doses of
SDF-1 [38]: anaphylatoxin C3a (C3 complement protein cleavage fragment); desArgC3a
(product of C3a degradation by carboxypeptidase); platelet-derived membrane microvesicles;
hyaluronic acid; and sphingosine-1 phosphate. Similarly, we found that several other
molecules, such as fibronectin, fibrinogen, thrombin, soluble uPAR and VCAM-1, also
sensitize and/or increase the chemotactic responses of cells to low doses of SDF-1 [16]. These
observations imply that the SDF-1–CXCR4 axis may be modulated by various molecules
related to inflammation (e.g., C3a anaphylatoxin, desArgC3a, fibronectin, hyaluronic acid),
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coagulation (e.g., fibrinogen, uPAR, thrombin) or cell activation (e.g., s-VCAM-1, s-ICAM-1,
membrane-derived vesicles) [16,17,38,39]. Interestingly, all these molecules are constituents
of leukapheresis products collected from G-CSF-mobilized patients. We recently found that
supernatants from these leukapheresis products increase the chemotactic responses of HSCs
to SDF-1 and significantly enhance the homing of human UCB and BM-derived CD34+ cells
in a nonobese diabetic (NOD)/severe combined immunodeficiency (SCID) mouse transplant
model [16]. This increased responsiveness of CXCR4 to SDF-1 may be related to its
incorporation into membrane lipid rafts.

Based on all of these investigations, a new and more complex picture of the mechanisms that
regulate the activity of the SDF-1–CXCR4 axis is emerging. The functionality of the CXCR4
receptor on HSCs and allogeneic UCB graft CD4+ T cells is modulated by factors such as
(Figure 1):

• Level of receptor expression on the cell surface

• Sulfation status of its N-terminus

• Expression and biological availability of SDF-1 in tissues

• Cleavage of the CXCR4 N-terminus on the cells and SDF-1 in the extracellular space
by serine proteases and MMPs

• Heterologous desensitization by the CCR5 receptor

• Modulation of CXCR4 incorporation into membrane lipid rafts positively by
molecules related to inflammation/tissue remodeling and negatively by polyene
antibiotics

Summary of strategies to improve homing/engraftment of UCB HSCs
In summary, the early stages of HSC seeding, which precede proliferation/differentiation are
collectively termed ‘homing’. HSC homing is considered to take place in several overlapping
steps. Cells infused into peripheral blood respond to a chemotactic SDF-1 gradient from the
BM, attach to the BM endothelium, transmigrate through the basal membrane in a
methylprednisolone-dependent manner, and finally home to a niche where they can survive,
expand and proliferate, or engraft. Thus, the regeneration of normal marrow after transplant is
a function of proper engraftment of transplanted cells. Likewise, the proper function of BM
after transplantation depends on the crucial engraftment of the most primitive long-term
repopulating HSCs. Improving the speed of engraftment via strategies to improve homing of
HSCs to the marrow might improve the overall results of UCB transplantation, especially in
adult cord blood transplant recipients. Recently, two new strategies have been proposed. The
first is based on inhibition of human analog of the murine-identified HSC-expressed dipeptidyl-
peptidase (CD26) [40]. The second, developed by our group, is based on ex vivo priming of
HSCs before transplantation with small molecules, such as C3 complement fragments,
fibrinogen, fibronectin and hyaluronic acid [16,17,38,39,41,42].

Ex vivo expansion of HSCs
Substantial effort has focused on the exogenous signals that may be used to favor stem cell
self-renewal versus differentiation in order to develop optimal conditions for the ex vivo
expansion of stem cells. The effect of cytokines that support hematopoietic cell survival,
proliferation and differentiation has been extensively studied in vitro, but a significant role for
these cytokines in enhancing self-renewal has not been shown. Consequently, a stochastic
model of cellular determination has been suggested in which the fate of hematopoietic
precursors is not instructed by soluble cytokines [43,44], but rather by specific interactions
between stem and other cells within a particular microenvironment or stem cell niche. These

Delaney et al. Page 4

Expert Rev Hematol. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



interactions are mediated by extrinsic regulators of stem cell fate and are likely to play a key
role in maintaining the numbers of stem cells by regulating their self-renewal and
differentiation, now demonstrated by the work of several groups [45–47]. Thus, more recent
studies are aimed at identifying intrinsic and extrinsic factors that regulate HSC fate. Clinical
trials, which have also mainly evaluated cytokine-driven expansion systems, have not yet
provided definitive evidence for stem cell expansion, but have demonstrated the feasibility and
safety of ex vivo culturing of stem cells. However, a newer generation of clinical trials, as
discussed later, is currently underway evaluating the use of extrinsic regulators of stem cell
fate (Notch) and co-culture systems utilizing nonhematopoietic components (mesenchymal
stromal cells) of the stem cell niche. Here, we address studies of ex vivo HSC expansion in
animals and humans, as well as promising approaches under development.

Ex vivo HSC expansion using extrinsic & intrinsic regulators of stem cell fate
Optimization of cytokine-driven expansion systems has not led to clinically significant HSC
expansion, perhaps due to a predominantly permissive, rather than directed, role in determining
stem cell fate. The search for extrinsic and intrinsic regulators that act directly on human HSCs
in regulating cell fate and self-renewal has suggested a role for regulatory molecules active in
early development that are important in HSC maintenance and regulation. More recent studies
have focused on the regulation of intrinsic signaling pathways by retrovirus-mediated
transduction of HSCs (e.g., expression of homeobox genes). However, culture of cells for
clinical application requires use of extrinsic regulators of cell development, including bone
morphogenic proteins (BMPs), angiopoietin-like proteins, Shh, Wnts and Notch ligands.

Retroviral-mediated overexpression of Hox transcription factors, in particular HoxB4, has led
to extensive ex vivo HSC expansion (3 logs over control cultures) without loss of full in vivo
lymphomyeloid repopulating ability [48–51]. Although methods to alter homeobox gene
expression in the absence of transducing cells are not available, the self-renewal induced by
HoxB4 has suggested the exploration of extrinsic regulators of cell-fate involved in embryonic
development, such as BMP-4, a member of the TGF-β superfamily, and Shh of the Hedgehog
family of proteins, both of which have been implicated in early hematopoietic development
[52,53]. In ex vivo expansion of human cord blood, soluble human BMP-4 has been shown to
increase the survival of repopulating blood cells in culture [52], while Shh has been shown to
induce a few-fold increase in repopulating cells via mechanisms that are dependent on
downstream BMP signals [54]. Wnt proteins, which are involved in the growth and
differentiation of a variety of primitive tissues, have also been implicated in the regulation of
hematopoiesis, possibly exerting their effects through stromal cells [55], and have been shown
to stimulate the proliferation of hematopoietic precursor cells. [56] There are also data
supporting the presence of an interactive relationship between the various signaling pathways.
For example, Notch1 receptors have been shown to be upregulated in response to Wnt signaling
in HSCs [57].

Notch signaling in hematopoietic stem/progenitor cell development
A role for Notch in hematopoiesis was initially suggested by the detection of the human Notch1
gene in CD34+ or CD34+lin− human hematopoietic precursors [58]. Subsequently, ligands that
activate the Notch pathway have become the most extensively studied and successfully utilized
extrinsic regulators, with growing data supporting a role of Notch signaling in maintenance
and/or self-renewal of HSCs. All four Notch receptors (Notch 1, 2, 3 and 4) identified in
vertebrates have been detected in hematopoietic cells [59], and several investigators have
reported the expression of Notch-1 and -2 in human CD34+ or CD34+Lin− precursors [59–
61], and the expression of the Notch ligands, Delta-1 and Jagged-1 in human BM stromal cells
and human hematopoietic precursors [62–65]. Moreover, expression of a constitutively active,
truncated form of Notch-1 in murine hematopoietic precursors inhibited differentiation and
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enhanced self-renewal, leading to the establishment of an immortal cell line that phenotypically
resembles primitive hematopoietic precursors [66]. This cell line, depending upon the cytokine
context, can differentiate along the lymphoid or myeloid lineage. More recently, expression of
constitutively active Notch in murine precursors transplanted in vivo led to increased stem cell
numbers that were evident in secondary transplantation studies [67]. While these findings point
to a role for Notch signaling in the regulation of stem cell self-renewal, expression of activated
Notch-1 in human CD34+ cord blood precursors induced only a modest increase in the number
of progenitors [68].

In order to affect nontransduced cells, exogenous Notch ligands have been used to induce
endogenous Notch signaling in HSCs. Initial studies in mice and humans using soluble or cell-
bound Notch ligand revealed limited increases in precursor cell numbers [63,64,68]. However,
Varnum-Finney et al. and others have demonstrated a requirement for ligand immobilization
to induce Notch signaling [66,69]. Studies performed with hematopoietic precursors cultured
in the presence of immobilized Delta1 demonstrated profound effects on the differentiation of
isolated murine marrow precursors with a multi-log increase in the number of Sca-1+Gr-1−
cells with short-term lymphoid and myeloid repopulating ability [70]. Similarly, studies with
human cord blood CD34+CD38− precursors cultured in serum-free conditions with
immobilized ligand and cytokines resulted in an approximately 100–200-fold increase in the
number of CD34+ cells generated compared with control cultures, and included cells capable
of repopulating immunodeficient mice [71,72]. Moreover, more recent studies with both
murine and human hematopoietic progenitors have demonstrated density-dependent effects of
Delta1 on fate decisions of hematopoietic progenitors, and suggest that optimal ligand densities
are required to promote expansion of cells that retain repopulating ability [71,73]. Other
investigators have shown similar outcomes. Kertesz et al. demonstrated that culture of murine
lineage-negative hematopoietic progenitor cells with immobilized Jagged1 resulted in
expansion of serially transplantable HSCs, with superior expansion dependent on the
combinatorial effect of Notch and cytokine-induced signaling pathways [74]. These data
indicate that manipulation of Notch signaling can enhance stem cell self-renewal ex vivo and
thereby increase HSC numbers for transplantation.

Adult versus UCB HSCs
As discussed earlier, several lines of evidence suggest that UCB contains a higher frequency
of primitive hematopoietic progenitor cells and early committed progenitors than adult BM or
peripheral blood [75,76]. There is also increasing evidence that the stem cells isolated from
UCB survive longer in culture [58] and may be less mature and have greater proliferative
capacity [77–80]. Phenotypic analyses of UCB have shown that the more primitive cell
population, which expresses the CD34 antigen, but not the CD38 antigen, is fourfold more
prevalent than in BM or peripheral blood progenitor cells (PBPC), and that this subpopulation
has a higher in vitro cloning efficiency than the same population isolated from adult BM
[81]. These findings correlate with data from studies using in vitro colony-forming assays to
show that UCB contains greater numbers of immature colony-forming cells compared with
BM or PBPC [82–84]. Secondly, there are numerous reports of the increased proliferative
potential of UCB cells in response to cytokine stimulation. For example, using IL-11, stem cell
factor (SCF) and GCSF or GM-CSF, Cairo et al. demonstrated an 80-fold increase after a 14-
day expansion of UCB versus adult BM [85]. Moreover, compared with adult BM, UCB has
been shown to have increased serial in vitro replating efficiency [78] and increased culture
lifespan with increased progenitor cell production [82,86]. Finally, in vivo assays of UCB
versus BM have shown that HSCs from UCB, but not adult BM, can engraft NOD/SCID mice
without the use of exogenous cytokines [87]. More recently, Rosler et al. demonstrated that
expanded cord blood had a competitive repopulating advantage as compared with expanded
adult BM using an in vivo assay with NOD/SCID mice [88].
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A potential contribution to the differences observed between UCB and adult HSCs may arise
from the differential response of HSCs from different sources in cytokine-driven expansion
systems, leading to variations in cell cycle status and homing ability of the expanded cells.
Other possible sources of stem cells may have even greater proliferative potential. For example,
murine fetal liver cells have greater proliferation and repopulation potential than HSCs isolated
from adult murine BM or peripheral blood [89,90]. Overall, these results suggest that UCB
progenitor cells are functionally superior to adult BM, with greater proliferative potential and
possibly greater self-renewal capacity. Thus, UCB may represent a more viable target for ex
vivo stem cell expansion, a possibility that has led to several clinical studies on the expansion
of cord blood cells to augment conventional UCB transplantation.

Clinical ex vivo expansion trials with UCB
UCB expansion trials were undertaken to determine whether the delayed engraftment
associated with UCB transplantation could be overcome if a portion of the cells from the UCB
unit were expanded ex vivo [91–95]. Like the trials using PBPCs and BM, these initial trials
utilized cytokine-based expansion systems as well as newer automated perfusion systems. The
choice of exogenous cytokines used for culture has varied, reflecting the still undefined optimal
conditions for expansion of the stem/progenitor cell. In all of the initial studies, only a portion
of the single cord blood graft was used for expansion, and the expanded cells were infused in
addition to unmanipulated cells because there is a lack of definitive data to suggest that cultured
cells retain HSC properties and do not differentiate. There have been no adverse toxicities
associated with infusion of the expanded cell product, nor has there been any change in
engraftment kinetics. However, only two of the studies have enrolled more than a handful of
patients, making it difficult to draw any definitive conclusions. More recently, novel culture
systems for the ex vivo expansion of UCB progenitors have begun patient accrual, including a
Notch-mediated ex vivo expansion trial at the Fred Hutchinson Cancer Research Center and a
trial utilizing a copper chelating agent. These will be discussed in the following sections.

Cytokine-based ex vivo expansion
In one of the larger studies to date, Jaroscek et al. reported preliminary data from a Phase I
trial at Duke University Medical Center undertaken to assess augmentation of UCB
transplantation with cells expanded ex vivo in the AastromReplicell® Cell Production System
[91]. This trial included 28 patients with both malignant and inherited disorders who were
conditioned with one of three regimens, depending on diagnosis. On day 0, a portion of a single
unrelated UCB unit was expanded ex vivo in medium supplemented with fetal bovine serum,
horse serum and cytokines (EPO, PIXY321 and Flt3L) for 12 days. The expanded cells were
then infused to augment the conventional transplant on day +12. Although expansion of TNC
and colony-forming cells occurred in vitro in all cases, no increase in CD34+lin− cell number
was achieved. In vivo, significant effects on engraftment kinetics were not observed with
median time to neutrophil engraftment (absolute neutrophil count [ANC] >500) of 22 days
(range: 13–40 days). No adverse reactions were observed due to infusion of the cultured cells.
This Phase I trial was an important contribution to the concept and development of ex vivo
expansion of UCB CD34+ cells for use in the clinical setting because it demonstrated both the
safety of reserving an aliquot of an already small cord blood unit for expansion and the
feasibility of expansion in a clinical setting. It is also possible that, although the numbers of
CD34+lin− and CD3+ cells were not expanded with this culture system and may have explained
the failure to improve engraftment, the delayed infusion (day +10 to +12) of expanded cells
may have masked or prevented the benefit of a more rapid engraftment. Newer generation
clinical cord blood expansion trials (discussed later) are currently underway based on a double
cord blood model, in which one unit is infused unmanipulated on the day of transplant with a
second unit that has been expanded ex vivo.
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Shpall and colleagues are currently conducting a number of cord blood expansion trials at the
MD Anderson Cancer Center (TX, USA): a cytokine-mediated expansion trial and a
tetraethylenepentamine (TEPA)-based ex vivo expansion trial. The cytokine-mediated
expansion trial is the successor trial to an earlier published trial performed at the University of
Colorado (CO, USA) [94], with some important changes. In this trial, patients were randomized
to receive either two unmanipulated cord blood units or one unmanipulated unit and one ex
vivo expanded unit following either myeloablative or nonmyeloablative preparative regimens.
All patients had high-risk hematologic malignancies, with 36 patients receiving two
unmanipulated units and 35 patients receiving one unmanipulated unit and one expanded unit.
For those patients receiving expanded cells, the smaller of the two units underwent CD133-
selection using the CliniMACS® device on day 14 prior to transplant. In addition, the ‘negative’
fraction containing the T cells from the unit was cryopreserved. The CD133+ cells were then
placed in culture with media supplemented with cytokines (SCF, G-CSF and thrombopoietin)
for 14 days. Patients received the unmanipulated unit, the T-cell containing ‘negative’ fraction
and the expanded cells on the day of transplant.

The median time to neutrophil engraftment in patients receiving a reduced intensity regimen
was 14 (range 5–32 days; n = 12) and 7 days (range: 4–15 days; n = 14) for patients receiving
two unmanipulated units and those that received an unmanipulated unit and ex vivo-expanded
unit, respectively. Development of acute grade 2–4 GVHD was 43% in both groups and overall
survival at 2 years was 50% in the expanded group and 20% in the unmanipulated group.

Ex vivo expansion of UCB HSCs using TEPA, a copper chelator
Based on preclinical data in which Peled et al. demonstrated enhanced expansion of CD34+

UCB progenitors [96], an additional ex vivo clinical expansion trial is being conducted at the
MD Anderson Cancer Center using the copper chelator, TEPA. Similar to the cytokine-
mediated expansion trial, patients with hematologic malignancies are eligible; however, all
patients in this trial must have identified a single unit of cord blood that has been cryopreserved
in two fractions. The smaller of the two UCB fractions is CD133-selected and ex vivo expanded
in the presence of cytokines and the copper chelator TEPA starting 21 days prior to infusion.
The results of ten patients with high-risk malignancies (nine beyond first remission) were
recently reported [97]. Eight of the ten units identified for these patients were less than 2 ×
107 TNC/kg pre-expansion. The average fold expansion of TNC placed in culture was 219
(range: 2–620) and the median time to engraftment was 30 days for neutrophils (range: 16–46
days) and 48 days for platelets (range: 35–105 days). Four out of nine engrafting patients
experienced acute GVHD, all grade II, with skin involvement, and four out of eight patients
surviving more than 100 days developed chronic GVHD. All cases were resolved with steroid
therapy. All but one patient had sustained donor engraftment. Three patients were surviving at
21, 22 and 31 months post-transplant.

Notch-mediated ex vivo expansion
At the Fred Hutchinson Cancer Research Center, a Phase I trial assessing the potential efficacy
of cord blood progenitors cultured in the presence of an engineered form of the Notch ligand,
Delta1, in contributing to rapid early engraftment in patients undergoing a high-dose UCB
transplant is currently accruing patients. As discussed earlier, there is accumulating evidence
on the role of the Notch signaling pathway in hematopoietic cell fate decisions. To date, ten
patients with high-risk acute leukemia in morphologic remission at the time of transplant have
been enrolled with a median age of 27.5 years (range: 3–43 years) and median weight of 61.5
kg (range: 16–79 kg). Based on pioneering studies by Wagner and colleagues at the University
of Minnesota (MN, USA) demonstrating safety of double cord blood unit infusion, patients
receive a myeloablative preparative regimen (1320 cGy total body irradiation, 120 mg/kg
cytoxan and 75 mg/m2 fludarabine) followed by infusion of one non-manipulated and one ex
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vivo expanded cord blood graft. All patients received prophylaxis for GVHD consisting of
cyclosporine and mycophenolate mofetil beginning on day 3.

The unit selected for ex vivo expansion was thawed, CD34 cells selected using the Isolex 300i
and cultures initiated in the presence of the Notch ligand Delta1 and serum-free media
supplemented with SCF, thrombopoietin, FLT3L, IL-3 and IL-6. After 16 days in culture, cells
are harvested and prepared for infusion, which takes place 4 h after infusion of the noncultured
unrelated donor graft. There was an average fold expansion of CD34+ cells of 164 (±48 standard
error of measurement [s.e.m.]; range: 41–471) and an average fold expansion of total cell
numbers of 562 (±134 s.e.m., range: 146–1496). The infused CD34+ cell dose derived from
the expanded cord blood graft averaged 6 × 106 CD34/kg (range: 0.93–13 × 106) versus 0.24
× 106 CD34/kg (range: 0.06–0.54 × 106; p = 0.0004) from the non-manipulated cord blood
graft. There was no significant difference in the average TNC dose/kg dose infused between
the non-manipulated and expanded cell grafts.

Time to ANC of at least 500/μl was evaluable in nine of the first ten patients. In these nine
patients, time to achieve an ANC of at least 500/μl has been shortened significantly, with a
median time of 16 days (range: 7–34 days). This compares quite favorably with a median time
of 26 days (range: 16–48 days; p = 0.002) in a concurrent cohort of 20 patients undergoing
double cord blood transplantation at our institution with an identical conditioning and post-
transplant immune suppression regimen (Figure 2). In addition, this cohort did not differ
significantly in age, weight, diagnosis or infused cell doses as provided by the non-manipulated
units. One patient did experience primary graft rejection. No infusional toxicities or other safety
concerns have been observed. Average follow-up time for this set of ten patients is currently
354 days (range: 77–806 days), and seven out of ten patients remain alive with no evidence of
disease, and sustained complete donor engraftment. Acute grade II GVHD has been observed
in all evaluable patients, except for one who had overall grade III acute GVHD. All patients
responded to therapy. No chronic extensive GVHD has been observed and three patients have
been diagnosed with chronic limited GVHD.

Summary of strategies to enhance UCB stem cell engraftment in adult patients
Umbilical cord blood HSC research has revolutionized the unrelated allogeneic field of
medicine, now comprising 30% of all unrelated marrow and stem cell transplant procedures
performed in the USA annually (Center for International Blood and Marrow Transplant
Research [201]: ‘Sources of Cells for Transplant’). Little is known about the cellular
mechanisms underlying successful donor HSC and T-cell homing and engraftment in vivo
despite infusion of UCB graft CD34 HSC doses ranging generally 1 log less than that of BM
or mobilized peripheral cells from adult donors [98–106]. Use of double cord blood units has
been shown to improve the rates and kinetics of UCB engraftment in adult patients [107–
109]. The mechanisms underlying engraftment of the one ‘winning’ UCB unit in the two-unit
setting, however, are poorly understood [110–112]. With the rapid emergence in the use of
UCB as an alternative allogeneic stem cell source in the unrelated setting since 1993, clinical
reports to date have been primarily retrospective, and multi-institutional Phase II prospective
studies are at early stages within National Heart, Lung and Blood Institute Blood and Marrow
Transplant Clinical Trials Network multi-institutional collaborating sites. Therefore,
innovative pilot Phase I clinical trials (as summarized earlier) developed from hypothesis-
driven laboratory and translational studies are needed to overcome the current obstacles to
UCB allogeneic engraftment, ultimately to move the field forward for the benefit of hematology
patients.
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Expert commentary
Umbilical cord blood transplantation, particularly for adult patients, has been limited by the
small number of HSCs in each graft, resulting in delayed myeloid and lymphoid engraftment,
contributing to infectious complications. Current strategies to overcome this UCB graft cell
dose limitation include: ex vivo expansion, infusion of two UCB units, co-transplantation with
hematopoietic or mesenchymal cells, and HSC priming to enhance homing and engraftment.
These strategies can be applied individually or in combination to overcome delayed UCB
engraftment in adult hematology patients.

Five-year view
Current and future strategies to overcome this UCB graft cell dose limitation include: ex
vivo expansion, infusion of two UCB units, co-transplantation with hematopoietic or
mesenchymal stem cells, and HSC priming to enhance homing and engraftment have shown
efficacy in single institution early Phase I/II clinical studies. Initial efforts to expand UCB
progenitors ex vivo have resulted in expansion of differentiated HSCs and no significant
improvement in rates and kinetics of engraftment. The future of ex vivo expansion includes
new strategies to preserve immature hematopoietic progenitor function employing both
cytokines and stroma to maintain and expand the stem cell niche. Further novel ex vivo
expansion strategies include manipulating newly discovered signaling pathways, such as
Notch, to promote HSC expansion with less differentiation. UCB-derived CD34+ HSCs have
been shown to express significantly lower levels of CD49e, CD49f and CXCR-4 than adult-
derived mobilized peripheral blood and BM. Complement proteins, including C3a treatment,
enhances ex vivo transmigration of CD34+ HSCs from UCB and BM by inducing expression
of CXCR-4 and MMP-2/MMP-9. Short-term treatment priming of UCB-derived CD34+ HSCs
to upregulate levels of the homing-related molecules with their noted increased ex vivo
transmigratory and in vivo homing potential may overcome the delayed reconstitution after
UCB.

Improved methods for ex vivo expansion, two-unit infusion, co-infusion with additional HSCs
or mesenchymal stem cells, and HSC priming to enhance homing, either alone or in
combination strategies, will make UCB available to more patients, decrease engraftment times
and allow more rapid immune reconstitution post-transplant.

Key issues

• Umbilical cord blood (UCB) is now recognized as an alternative donor source of
hematopoietic stem cells (HSCs) for allogeneic transplantation.

• Compared with conventional stem cell sources (bone marrow and peripheral blood
stem cell grafts), the use of cord blood stem cell grafts are associated with
significantly delayed platelet and neutrophil engraftment.

• Ex vivo expansion of UCB stem/progenitor cells and enhancing UCB homing are
two potential strategies to improve the kinetics and incidence of engraftment in
cord blood transplantation.

• The CXCR4–SDF-1 axis plays a pivotal role in the homing/retention and
engraftment of HSCs in the marrow microenvironment.

• With the goal of enhancing homing of UCB HSCs, it is possible to manipulate the
sensitivity/responsiveness of the CXCR4–SDF-1 axis with small molecules, such
as C3a, hyaluronic acid, fibronectin and fibrinogen.

Delaney et al. Page 10

Expert Rev Hematol. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



• Pre-treatment (ex vivo priming) of a cord blood graft just prior to infusion with a
small-molecule modulator of the CXCR4–SDF-1 axis (C3a) may result in
improved homing of UCB HSCs and improved kinetics and incidence of
engraftment.

• Using the double unit cord blood transplant platform, ex vivo expansion of UCB
HSCs is currently under investigation, with multiple clinical trials ongoing.

• The preliminary findings in a few of these trials, namely approaches manipulating
the Notch signaling pathway to enhance self-renewal of an early progenitor cell
and co-culture of cord blood mononuclear cells and third-party donor MSCs, have
demonstrated a significant decrease in the time to neutrophil engraftment.

• Larger clinical trials utilizing the methods described in this review are necessary
to better understand the efficacy of these approaches.

• In addition, insights as to the mechanisms underlying the emergence of single
donor dominance in the double cord blood approach is required to better
understand the obstacles to improving engraftment in cord blood transplantation.
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Figure 1. Schematic of SDF-1–CXCR4 axis modulation/priming by various factors
The SDF-1–CXCR4 axis is modulated by various external factors. In one regard, these target
SDF-1 or the N-terminus of CXCR4, which are both cleaved by leukocyte-derived proteases
or matrix metalloproteinases. Conversely, they target the SDF-1–CXCR4 axis, which can be
primed positively (e.g., by platelet-derived membrane microvesicles, C3a, desArgC3a, uPAR,
fibrinogen, fibronectin, hyaluronic acid, sICAM1 and cVCAM1) or negatively (e.g., by
polyene antibiotics). Several of these molecules can also be found in tissues affected by
inflammation and modulate the responsiveness of CXCR4+ cells to an SDF-1 gradient.
LPS: Lipopolysaccharide.
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Figure 2. Culture of cord blood progenitors with Delta1ext-IgG results in more rapid neutrophil
recovery in a myeloablative double cord blood transplantation setting
The individual and median times (horizontal line) to ANC of at least 500/μl for patients
receiving double unit cord blood transplantations with two non-manipulated units
(conventional) versus with one ex vivo expanded unit and one non-manipulated unit (expanded)
is presented.
ANC: Absolute neutrophil count; CBT: Cord blood transplantation.
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