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ABSTRACT

Allogeneic hematopoietic stem cell transplantation is an important treatment option for fit patients
with poor-risk hematological malignancies; nevertheless, the lack of available fully matched donors
limits the extent of its use. Umbilical cord blood has emerged as an effective alternate source of
hematopoietic stem cell support. Transplantation with cord blood allows for faster availability of
frozen sample and avoids invasive procedures for donors. In addition, this procedure has demon-
strated reduced relapse rates and similar overall survival when compared with unrelated allogeneic
hematopoietic stem cell transplantation. The limited dose of CD34-positive stem cells available with
single-unit cord transplantation has been addressed by the development of double-unit cord trans-
plantation. In combination with improved conditioning regimens, double-unit cord transplantation
has allowed for the treatment of larger children, as well as adult patients with hematological malig-
nancies. Current excitement in the field revolves around the development of safer techniques to im-
prove homing, engraftment, and immune reconstitution after cord blood transplantation. Here the
authors review the past, present, and future of cord transplantation. STEM CELLS TRANSLATIONAL

MEDICINE 2014;3:1435–1443

INTRODUCTION

Stem cell therapy has the potential to treat sev-
eral life-threatening and debilitating conditions
including cancer, Alzheimer’s disease, and neuro-
logical injury. Although investigation is ongoing in
developing areas such as human embryonic stem
cells and inducible pluripotent stem cells, hema-
topoietic stem cells have been clinically applied
for decades now. Although these hematopoietic
stem cells are perhaps more differentiated than
embryonic stem cells, autologous and allogeneic
sources of hematopoietic stem cells can restore
thehematopoieticsysteminapatientwithahema-
tologicmalignancy after high-dose chemotherapy.

Hematopoietic stem cells can be readily ob-
tained from different adult tissues such as bone
marrowandperipheral blood.More recently, um-
bilical cord blood has become recognized as yet
another source of these valuable cells. Previously
disposed after childbirth, cord blood has become
a precious product and valuable tool for patients
withmalignancies that lack a stem cell donor. The
National Marrow Donor Program has approxi-
mately 23million volunteer adult donors [1]; nev-
ertheless many patients, particularly minorities
[2], who need an allogeneic stem cell transplant

do not have a suitable matched unrelated donor.
Thus possibilities include mismatched related,
mismatched unrelated, or cord blood donors. It
hasbeenmore than20years since the first human
cord blood transplant was performed. Methods
of collection, banking, cryopreservation of cord
blood, and thus clinical outcomes continue to im-
prove worldwide for both malignant and nonma-
lignant conditions.

HISTORY OF CORD BLOOD TRANSPLANTATION:
THE PAST

During fetal development, hematopoiesis transi-
tions from the fetal yolk sac to the liver and finally
totheadultbonemarrow.Fetal livercellsasahema-
topoietic stemcell sourcewereabandonedbecause
of poor success rates. It was then hypothesized that
cord bloodmight be a better provider of progenitor
cells becauseof increasedavailability and long-term
maintenance of a higher number of stem cells [3].

The first cord blood transplant recipient was
a patient with Fanconi’s anemia who received a
cord blood unit from his human leukocyte antigen
(HLA)-identical sibling in 1988 [4]. A combinationof
factors triggered the use of this new technology in
Fanconi’s anemia, including the recently acquired
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capability of prenatally diagnosing this condition via amniotic fluid
sampling, improved HLA testing, and mastering the harvesting/
cryopreservation/thawingofcordbloodcells.Thepatientengrafted
completely with donor cells and has remained in complete hemato-
logical remission for more than 20 years, without graft-versus-host
disease (GVHD). It was hypothesized that fewer or less-developed
T cells in the cord blood unit compared with bone marrow or pe-
ripheral blood would yield less GVHD. Less acute/chronic GVHD
[5] and similar survival from HLA-identical sibling cord blood
transplantation, albeit with delayed granulocyte/platelet en-
graftment, were observed in subsequent studies.

After encouraging outcomes in the matched related sibling
arena [3], the first unrelated mismatched cord blood transplants
followed in children and adults [5–7]. Subsequently, an interna-
tional cooperative cord blood bank network, the Netcord group,
wasestablished in1998 [8]. Theavailability andeaseof cordblood
collectionandbankingmade cordblood searching andacquisition
faster [7] than the search for bone marrow stem cells. Further-
more, the appeal of cord blood increased as it became apparent
that less stringent HLA matching (in comparison with bone mar-
row or peripheral blood progenitor cells) was required [9], per-
haps because fewer activated lymphocytes are present in cord
blood [10]. All those advantages brought cord blood to its present
role as a prime candidate for use in hematopoietic stem cell
transplantation.

CURRENT APPLICATIONS OF CORD BLOOD TRANSPLANTATION:
THE PRESENT

Much progress has occurred since the pioneering of the first cord
blood transplant, with more than 35,000 transplants performed

to date. The indication for transplantation has now transitioned
from nonmalignant to malignant diseases, and the majority of
recipients are now adults lacking an HLA-matched donor.

Pediatric Patients With Malignancies

The initial positive results of cordblood transplantation inpediatric
patients [11, 12] prompted the Cord Blood Transplantation study:
a pivotal prospective multicenter trial of cord blood transplanta-
tion (CBT) in 191 pediatric patients with hematologicmalignancies
[13]. In this study, themedian time to neutrophil engraftment was
27 days; the rate of acute grade 3/4 GVHD by day 100 was 19.5%,
and chronic GVHD at 2 years was 20.8%. The probability of 2-year
survival was 49.5% [13], that faired favorably compared with pre-
vious reports. A larger study from the Center for International
Blood and Marrow Transplant Research was conducted with 503
children with acute leukemia transplanted with cord blood versus
282 children transplanted with HLA-matched unrelated donors
[14]. The 5-year leukemia-free survival was similar for allele-
matched bone marrow transplants and cord blood units mis-
matched at either one or two antigens. These data suggested that
the progression-free survival was similar to allogeneic bone mar-
row transplantation. The decreased risk of GVHDmade CBT more
attractivebecause itallowedgreaterdonor-recipientHLAdisparity.
Despite the fact that GVHDwas lower, a graft-versus-leukemia ef-
fect was observed.

Pediatric Patients With Nonmalignant Diseases

Nonmalignant conditions that have been treated by cord blood
transplantation include severe combined immune deficiency
[15], hemoglobinopathies [16], Krabbe’s disease [17], chronic

Table 1. Selected cord blood clinical trials recently reported atmeetings of the American Society of Hematology, American Society of Blood and
Bone Marrow Transplantation, and the American Society of Clinical Oncology

Abstract Author Title or description

359 Wagner et al. [37] No survival advantage after double UCB comparedwith single UCB transplant in childrenwith hematologic
malignancy: Results of the BMT CTN 0501 randomized trial

10006 Collins et al. [38] Long-term survival after alternative donor transplantation in children with acute leukemia

162 Dahi et al. [39] Prospective evaluation of alternative donor availability in 708 patients: Improved allograft access with
enlarging CB inventory for all patients including racial and ethnic minorities

161 Bachanova et al. [40] Alternativedonor transplantation foradultswith lymphoma:Comparisonofumbilical cordbloodversus8/8
HLA-matched donor (URD) versus 7/8 URD

295 Stiff et al. [41] StemEx (copper chelation-based) ex vivo expanded UCBT accelerates engraftment and improves 100-day
survival inmyeloablated patients comparedwith a registry cohort undergoing double unit UCBT: Results of
a multicenter study of 101 patients with hematologic malignancies

402 Vasileiou et al. [42] Comparative analysis of cell dose and viability of cord blood units at cryopreservation and at thaw/infusion

146 Ponce et al. [43] High day 28 ST2 biomarker levels predict severe day 100 acute graft-versus-host disease and day 180
transplant-related mortality after double-unit cord blood transplantation

381 Poon et al. [44] Double-unit umbilical cord blood transplant for adults with acute leukemia andmyelodysplastic syndrome
results in comparable outcome as matched sibling or unrelated donor

345 Ghantoji et al. [45] Characteristics andoutcomeofCMV infections in 95CB transplant recipients: TheMDAndersonexperience

189 Barker et al. [46] DCBT combined with haploidentical CD34+ cells results in 100% CB engraftment with enhanced myeloid
recovery

196 Volodin et al. [47] Outcomes of double-unit umbilical cord blood transplantation using fludarabine/busulfan-based reduced
intensity conditioning regimen

57 Ponce et al. [48] High disease-free survival and enhanced protection against relapse after DCBT when compared with
unrelated donor transplantation

Abbreviations: BMT CTN, Blood and Marrow Transplant Clinical Trials Network; CB, cord blood; CMV, cytomegalovirus; DCBT, double-unit cord blood
transplantation;HLA, human leukocyteantigen;UCB, umbilical cordblood;UCBT, umbilical cordblood stemcell transplantation;URD, unrelateddonor.
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granulomatous disease [18], and Hurler’s syndrome [19]. Boe-
lens et al. [20] evaluated the outcomes of transplantation using
various hematopoietic cell sources in 258 children with Hurler’s
syndrome after myeloablative conditioning. Event-free survival
after HLA-matched sibling donor and 6 of 6 matched unrelated
cord blood donorwas similar at 81%but lower at 68% after 5 of 6
matched cord blood donor and at 57% after 4 of 6 matched un-
related cord blood donor. Interestingly, full-donor chimerism
was higher after cord blood transplantation (92% versus 69%,
p = .039). A low progenitor cell dose is one of the major disad-
vantages of single-unit cord blood transplantation, resulting in
slower engraftment and higher rates of graft failure. As such,
CBT for other bone marrow syndromes, such as severe aplastic
anemia and Fanconi’s anemia, remains uncertain because of
higher graft failure in this population when compared with other
indications [21].

Adult Patients

Encouraging pediatric results led to the first large study of cord
blood transplantation in adults in 2001. This study enrolled 68
patients with hematologic malignancies who received myeloabla-
tive conditioning. At 40 months after single-cord blood transplan-
tation, 26%of patients remaineddisease-free [22]. Comparedwith
unrelated stem cell transplantation with myeloablative condition-
ing, cordblood transplantationdisplayedsimilar leukemia-freesur-
vival (LFS), chronic GVHD rates, transplant-related mortality, and
relapse rate in patients with acute leukemia [23]. In a subsequent
study of matched unrelated, mismatched related and one- or
two-HLA-antigen-mismatched cordblood transplants, therewere
similar rates of treatment-related mortality, treatment failure,
and overall mortality [24]. Similarly, a retrospective analysis com-
paring unrelated bonemarrow (472 patients) or peripheral blood
progenitor cells (888 patients) with cord blood (165 patients)
transplantation in adults with acute leukemia found that LFS after
CBTwascomparablewithoutcomesseenwith8or8or7of8allele-
matched peripheral blood progenitor cells or bone marrow trans-
plantation [25]. The incidence of chronic, but not acute, GVHDwas
lower after CBT comparedwith 8 of 8 allele-matchedbonemarrow
transplantation (p = .01). However, transplant-related mortality
was higher after CBT when compared with 8 of 8 allele-matched
peripheral blood progenitor cell recipients (p = .003) or bonemar-
row transplantation (p = .003) [25]. Therefore, this study encour-
aged the use of cord blood transplantation if no HLA-matched
unrelated adult donors are available.

Double Cord Blood Transplantation

In an effort to overcome the relatively low number of progenitor
cells present in a single cord blood unit, double cord blood trans-
plantation (DCBT) was developed. In a study of 23 adults with
high-risk hematological malignancies undergoing DCBT, the me-
dian time to engraftment was 23 days [26]. Engraftment was de-
rived from a single donor, in 76% of patients at day 21, with one
predominating unit in all patients at day 100. Single-unit domi-
nance after double-unit cord blood transplantation has been con-
firmed in subsequent studies [27, 28] and CD3+ cell dose is an
independent factor associated with unit predominance [27]. Of
note, despitehigher incidenceof grade2acuteGVHD in recipients
of twopartially HLA-matched cord bloodunits, therewerenodet-
rimental effects on transplantation-relatedmortality at 1 year (24
versus 39%, p = .02) [29]. Incidence of relapse or progression was
found to be 31% at 1 year with a significantly lower risk (p = .03) in
recipientsofdouble-unit cordblood inpatientswithnon-Hodgkin’s
lymphoma (n = 61), Hodgkin’s lymphoma (n = 29), and chronic lym-
phocytic leukemia (n = 14) [30]. Furthermore, a prospective study
comparing single versus double cord blood transplantation con-
firmed a lower relapse risk after infusion of two units (30.4% versus
59.3%,p= .045) [31].Astudy that compareddoublecordbloodtrans-
plantation (n = 128) to matched-related (n = 204) and matched-
unrelateddonor transplantation (n=152) for adult leukemiapatients
found a significantly lower risk of relapse in recipients of double cord
blood (15%) compared with matched-related donor (43%) and
matched-unrelated donor (37%). However, nonrelapse mortality
was higher for double cord blood (34%) comparedwithmatched-
related donor (24%) and matched-unrelated donor (14%) [32].

To improve these outcomes, cord blood transplantation has
been explored after reduced intensity conditioning (RIC) regimens
including the fludarabine, cyclophosphamide, and low-dose total
body irradiation regimen [33] and the fludarabine, melphalan,
and rabbit anti-thymocyte globulin [34] regimen. Adultswith acute
leukemia undergoing DCBT with the RIC regimen (n = 120), DCBT
with alternative RIC regimens (including an alkylating agent plus
fludarabine plus or minus total body irradiation) (n = 40), and 8
of 8 (n = 313) or 7 of 8 HLA-matched (n = 111) peripheral blood
progenitor cells RIC transplants demonstrated a probability of
survival of 38%, 19%, 44%, and 37%, respectively. All groups
showed similar outcomeswith the exception of recipients of dou-
ble cord-treated patients with alternative RIC regimens, who dis-
played higher transplant-related mortality and higher overall
mortality [35]. Similarly, the Blood andMarrow Transplant Clinical
Trials Network conducted two parallel multicenter phase II trials
for patients without a suitable related donor [36]. The outcomes
ofRICwith fludarabine, cyclophosphamide,andtotalbody irradiation
with subsequent unrelated double cord versus HLA-haploidentical
relateddonormarrowwere compared inboth trials. The 1-year cu-
mulative incidence of nonrelapse mortality was higher after cord
blood (24%versus 7%), although the relapse ratewas higher after
haplomarrow transplantation (31%versus45%) [36]. Thesephase
II trials endorsed the value of double cord transplantation as an
alternative donor source and set the stage for a multicenter,
phase III, randomized trial of RIC and transplantation of double
unrelated cord blood versus HLA-haploidentical related bone
marrow for patients with hematologic malignancies (BMT CTN
#1101, NCT01597778).

Additional preliminary data have recently been presented
to further highlight cord blood as a viable transplant option

Figure 1. Approximate trends regarding transplants by hematopoi-
etic cell source and increasing numbers of cord blood transplanta-
tions [49, 50].

Munoz, Shah, Rezvani et al. 1437

www.StemCellsTM.com ©AlphaMed Press 2014

 by Janko M
rkovacki on D

ecem
ber 16, 2015

http://stem
cellstm

.alpham
edpress.org/

D
ow

nloaded from
 

http://stemcellstm.alphamedpress.org/


(Table 1). Collins et al. [38] documented long-term durability of
cord blood grafts in children with acute leukemia with an 8-year
probability of overall survival of 78% compared with 81% with
HLA-matchedand68%withHLA-mismatchedbonetransplantation.

Of note, there were differences in transplant characteristics be-
cause the patients that received cord blood transplants weremore
likely to have received a non-irradiation-containing conditioning
regimen [38]. Bachanova et al. [40] explored alternative donor

Figure 2. Schematic of ex vivo expansion techniques for cord blood transplantation (based on [55]). Abbreviations: CB, cord blood; HDAC,
histone deacetylase.

Table 2. Milestones in hematopoietic cell transplantation and blood cord transplantation [68, 69]

Year Milestones in HCT and blood cord transplantation Reference

1868 The bone marrow is first described as blood-forming tissue. [70]

1939 The first clinical marrow transplant is attempted, although unsuccessful. [71]

1957 Infusions of normalmarrowprevented death frommarrow failure in animals after lethal doses of radiation. [72]

1957–1959 Marrow transplantation in man after lethal whole-body irradiation. [73–76]

1968–1969 The first successful allogeneic HCT procedures are performed in patients with severe combined
immunodeficiency diseases.

[77]

1975 The first successful allogeneic HCT for leukemia is performed. [78, 79]

1978 Successful autologous HCT for lymphoma. [80]

1988 The first HLA identical-sibling human cord blood was performed in a patient with Fanconi’s anemia. [4]

1990 E. Donnall Thomas is awarded theNobel Prize inMedicine/Physiology for the development of HCT as a cure
for hematologic disorders.

[81]

1996 First unrelated mismatched cord blood transplant in children. [6]

1996 First unrelated cord blood transplant in adult. [82]

1997 The Eurocord-Netcord network was formed. [83]

2000 Cord blood transplants in HLA identical siblings resulted in similar survival when compared with bone
marrow transplants in children.

[84]

1996–2001 Demonstration that long-term leukemia-free survival is similar for cord blood andmatched unrelated bone
marrow transplants.

[5, 11, 21, 22, 85, 86]

2002 Transplantation of ex vivo expanded cord blood. [87]

2004 Nonhematopoietic stem cells from cord blood as a first step for regenerative medicine. [88]

2005–2010 Improving results with double cord blood transplants and nonmyeloablative conditioning regimens. [26, 89, 90]

2008 Transplantation of ex vivo expanded cord blood cells using the copper chelator tetraethylenepentamine. [82]

2010 Notch-mediated ex vivo expansion system of cord blood progenitors. [53]

2011 In a “first-in-human” clinical trial, infusion of ex vivo expanded T regulatory cells reduced GVHD in adults
transplanted with cord blood.

[64]

2012 Cord blood engraftment with ex vivo mesenchymal cell coculture. [56]

2013 In a phase I trial, prostaglandin-modulated cord blood transplantation showed accelerated neutrophil
recovery (17.5 vs. 21 days).

[63]

2014 Fucosylation with fucosyltransferase VI or fucosyltransferase VII improves cord blood engraftment. [91]

Abbreviations: GVHD, graft-versus-host disease; HCT, hematopoietic cell transplantation; HLA, human leukocyte antigen.
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Table 3. Selected published translational studies on cord blood-derived ex vivo stem cell expansion

Authors, journal, and year Title or description Cytokines or agents used Reference

Durand et al. (Leuk Lymphoma, 1993) Long-term generation of colony-forming cells from CD34+
human umbilical cord blood cells

SCF, IL-3, EPO, G-CSF [92]

Kurata et al. (Hematol Pathol, 1995) Ex vivo expansion of hematopoietic progenitor cells in human
cord blood: An effect enhanced by cord blood serum

SCF, IL-3, CBS, FCS [93]

Bertolini et al. (Br J Haematol 1995) The effect of interleukin-12 in ex vivo expansion of human
hematopoietic progenitors

SCF, IL-3, IL-11, IL-12 [94]

Siena et al. (Exp Hematol, 1995) Massive ex vivo generation of functional dendritic cells from
mobilized CD34+ blood progenitors for anticancer therapy

SCF, GM-CSF, TNF-a [95]

DiGiusto et al. (Blood, 1996) Hematopoietic potential of cryopreserved and ex vivo
manipulated umbilical cord blood progenitor cells evaluated
in vitro and in vivo

SCF, IL-3, IL-6 [96]

Scaradavou et al. (Blood, 1997) A murine model for human cord blood transplantation SCF, IL-3, IL-6 [97]

Ohmizono et al. (Leukemia, 1997) Thrombopoietin augments ex vivo expansion of human
cord blood-derived hematopoietic progenitors in combin
ation with stem cell factor and flt3 ligand

SCF, IL-3, IL-6, IL-11,
TPO, FL

[98]

De Bruyn et al. (J Hematother, 1997) Ex vivo expansion of CD34 + CD382 cord blood cells SCF, IL-3, IL-6, GM-CSF,
anti-TGF-b

[99]

Piacibello et al. (Blood, 1997) Extensive amplification and self-renewal of human primitive
hematopoietic stem cells from cord blood

SCF, IL-3, IL-6, GM-CSF,
G-CSF, EPO, TPO, FL

[100]

Kögler et al. (Bone Marrow
Transplant, 1998)

The effect of different thawing methods, growth factor
combinations and media on the ex vivo expansion of umbilical
cord blood

SCF, Flt3-L, IL-3, EPO,
GM-CSF

[101]

Kögler et al. (Bone Marrow
Transplant, 1998)

An eightfold ex vivo expansion of long-term culture-initiating
cells from umbilical cord blood in stirred suspension cultures

SCF, Flt3-L, IL-3 [102]

Köhler et al. (Stem Cells, 1999) Optimum results for ex vivo expansion of cord blood cells
were reached by a combination of SCF, Flt3-L at 300 ng/ml
and IL-3 at 50 ng/ml

SCF, Flt3-L, IL-3 [103]

Nakamura et al. (Blood, 1999) The first in vitro demonstration of the precursor of CD34(+)
cells in the human CD34(2) cell population

SCF, FCS, G-CSF, IL-3,
IL-6

[104]

McNiece et al. (Exp Hematol, 2000) Increased expansion and differentiation of cord blood
products using a two-step expansion culture

SCF, G-CSF, MGDF [105]

Lewis et al. (Blood, 2001) The first demonstration that ex vivo culture in stroma-
noncontact and stroma-free cultures maintains long-term
engrafting cells

SCF, IL-7, FL, TPO [106]

Pecora et al. (Bone Marrow
Transplant, 2000)

Durable engraftment in two older adult patients using ex vivo
expanded and unmanipulated unrelated umbilical cord blood

PIXY321, FL, EPO [107]

Broxmeyer et al. (Proc Natl Acad Sci
USA, 2003)

Stem cells from human cord blood cryopreserved for 15 years SCF, EPO, IL-3, GM-CSF [108]

Jaroscak et al. (Blood, 2003) Aastrom Biosciences developed an automated continuous
perfusion culture device (AastromReplicell System) for
expansion of hematopoietic stem cells

FBS, HS, PIXY321, Flt3-L,
EPO

[109]

Peled et al. (Blood, 2003) Cord blood-derived progenitor cell graft expanded ex vivo
with cytokines and the polyamine copper chelator
tetraethylenepentamine

SCF, TPO, IL-6 and Flt3-L [110]

Serrano et al. (Blood, 2006) Differentiation of naive cord-blood T cells into CD19-specific
cytolytic effectors for posttransplantation adoptive
immunotherapy

FCS, other [111]

Robinson et al. (Exp Hematol, 2012) Ex vivo fucosylation improves human cord blood engraftment
in NOD-SCID IL-2Rg(null) mice

SCF, Flt3-L, TPO, G-CSF [61]

Shah et al. (PLoS One, 2013) Antigen presenting cell-mediated expansion of human umbilical
cord blood yields log-scale expansion of natural killer cells

IL-2 [65]

Chaurasia et al. (J Clin Invest, 2014) Epigenetic reprogramming with the HDAC inhibitor valproic
acid induces the expansion of cord blood stem cells

SCF, FBS, Flt3-L, TPO,
IL-3

[112]

Abbreviations: anti-TGF-b, anti-transforming growth factor-b antibody; CBS, cord blood serum; EPO, erythropoietin; FBS, fetal bovine serum; FCS, fetal
calf serum; FL, flt3 ligand; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; HDAC, histone
deacetylase; HS, horse serum; IL, interleukin;MGDF,megakaryocyte growth and development factor; SCF, stem cell factor; TNF, tumor necrosis factor;
TPO, thrombopoietin.
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transplantation for 1,593 adults with advanced non-Hodgkin and
Hodgkin lymphoma and compared cord blood versus 8 of 8 HLA-
matched unrelated donor versus 7 of 8 unrelated donor. They
found similar results in amultivariate analysis among the3groups
in 3-year relapse/progression, progression-free survival, and
overall survival [40]. Although clinical outcomes continue to be
optimized, the development of CBT has expanded the use of allo-
geneic transplantation to patients who were previously unable to
find a suitable donor. Dahi et al. [39] recently reported on the de-
cline in the percentageof non-Europeanswith noavailable graft, in
part becauseof theavailabilityof cordbloodasa source. Increasing
experience with cord blood transplant has thus changed the land-
scape inhematopoietic cell sources for patients undergoing alloge-
neic hematopoietic stem cell transplantation (Fig. 1).

Single Versus Double CBT in Pediatric Patients

In the pediatric population, the use of two partially HLA-matched
cord blood units has not been shown to be superior to a single
unit, if the unit contains a sufficient number of hematopoietic
stem cells. In a randomized study of 224 pediatric patients with
hematologicmalignancies byWagner et al. [37], therewas no dif-
ference between single-unit versus double-unit cord blood trans-
plant in the overall rate of engraftment (89%versus 86%), chronic
GVHD (28% versus 31%), risk of relapse at 1 year (12% versus
14%), or disease-free survival (68% versus 64%) [51]. Economi-
cally, the use of two units would be justifiable in the pediatric set-
ting only when one unit does not contain enough number of
progenitor cells. There are no randomized data of single versus
double CBT in adult patients.

NOVEL CLINICAL TRIALS OF CORD BLOOD TRANSPLANTATION:
THE FUTURE

Novel strategies to improve cord blood transplantation outcomes
include improving cord blood engraftment by the transplantation

of ex vivo expanded cord blood cells. A potential advantage of ex-
pansion is the ability to use smaller cord blood units, which could
in turn increase the number of available allografts. Expansion
techniques currently reported include using the copper chelator
tetraethylenepentamine [52], notch ligand-based cultures [53],
and coculture of cord blood cells with bonemarrow-derivedmes-
enchymal stem cells [54] (Fig. 2). Expansionwith notch ligand and
the mesenchymal stem cell-based cocultures have resulted in
rapid engraftment of neutrophils in a median of 15 days [53,
56]. Other strategies to improve engraftment include the direct
intrabone injection of unrelated cord blood cells [57], supportive
coinfusion from an HLA-haploidentical third party donor [58, 59],
and the use of agents to enhance the homing of cord blood to
the marrow via fucosylation [60, 61] or by prostaglandin E2
modulation [62, 63].

Ongoing clinical trials are also evaluating cord blood-derived
immunecells to improve the rateofGVHDandantitumorefficacy.
Expanding cord blood regulatory T cells, a subset of CD4+ T cells,
may potentially represent a novel cell-based approach for reduc-
ing the risk of GVHD [64]. Antigen presenting cell-mediated
expansionof human cordbloodnatural killer cells as an antitumor
cellular therapy is being explored as well [65].

Delayed immune reconstitution after cord blood transplanta-
tion remainsoneof themost daunting obstacles to thewidespread
use of cord blood transplantation. As such, the expansion of cyto-
toxic T-cell lymphocytes from cord blood has been instituted to
target the most common viral infections in this setting: cytomega-
lovirus, Epstein-Barr virus, and adenovirus [66]. It has also been
suggested that combining haploidentical donors with cord blood
transplantation can lead to faster immune reconstitution with
rapid B-cell and delayed T-cell recovery [67].

Despite the numerous milestones achieved in hematopoietic
cell transplantation (Table 2) and ex vivo cord blood stem cell ex-
pansion (Table 3),manyquestions remainunanswered in the field
of cordblood transplantation. Fortunately, answersmaybe forth-
coming from numerous ongoing clinical trials (Table 4): ex vivo

Table 4. Selected single anddouble-unit cord blood transplantation studies at ClinicalTrials.gov (search included only open studies and excluded
studies with unknown status; accessed December 30, 2013)

Identifier Title

NCT01163201 T-regulatory cell and CD3 depleted double umbilical cord blood transplantation in hematologic malignancies

NCT00881933 Study of fludarabine + cyclophosphamide + TBI conditioning regimen for double units CBT in SAA

NCT01015742 Unrelated double umbilical cord blood units transplantation

NCT01464359 T-cell-depleted double UCB for refractory AML

NCT01408563 Reduced intensity double umbilical cord blood transplantation

NCT01745913 Randomized HaploCord blood transplantation vs. double umbilical cord blood transplantation for hematologic malignancies

NCT01597778 Double cord versus haploidentical (Blood and Marrow Transplant Clinical Trials Network #1101)

NCT01471067 Cord blood fucosylation

NCT00862719 Sitagliptin umbilical cord blood transplant study

NCT00890500 Safety and efficacy of ProHema modulated umbilical cord blood units in subjects with hematologic malignancies

NCT01690520 Donor umbilical cord blood transplantwith or without ex vivo expanded cord blood progenitor cells in treating patientswith AML,
ALL, CML, or MDS

NCT00412360 Single versus double umbilical cord blood transplantation in childrenwith high risk leukemia andmyelodysplasia (BMT CTN 0501)

NCT00880789 Safety, toxicity and MTD of one intravenous IV injection of donor CTLs specific for CMV and adenovirus (ACT-CAT)

NCT01923766 Cytotoxic T cells to prevent virus infections

Abbreviations: ALL, acute lymphoblastic leukemia; AML, acutemyeloid leukemia; BMTCTN, Blood andMarrow Transplant Clinical Trials Network; CBT,
cord blood transplantation; CML, chronic myelogenous leukemia; CMV, cytomegalovirus; CTL, donor-derived cytotoxic T lymphocyte; MDS,
myelodysplastic syndrome; MTD, maximum tolerated dose; SAA, severe aplastic anemia; TBI, total body irradiation; UCB, umbilical cord blood.

1440 Umbilical CBT: Past, Present, and Future

©AlphaMed Press 2014 STEM CELLS TRANSLATIONAL MEDICINE

 by Janko M
rkovacki on D

ecem
ber 16, 2015

http://stem
cellstm

.alpham
edpress.org/

D
ow

nloaded from
 

http://stemcellstm.alphamedpress.org/


expanded stem cells (NCT01221857), fucosylation prior to infu-
sion (NCT01471067), and inhibition of CD26 peptidase using
sitagliptin to enhance engraftment (NCT00862719). Other
novel trials include ACTCAT (NCT00880789) and ACTCAT2
(NCT01923766), which use modified cytotoxic T-lymphocytes to
prevent or treat cytomegalovirus, adenovirus, and/or Epstein
Barr Virus reactivation or infection after cord blood transplant
[113, 114].

CONCLUSION: UMBILICAL CORD TRANSPLANTATION COMING
OF AGE

The future for stem cell transplantation forecasts a combination
of supportive careoptimization andadvances in conditioning che-
motherapy and immunotherapy to increase survival anddecrease
morbidity. Cord blood transplantation as a source of stem cells
has thepotential to fill the gapof a growing population of patients
who do not have a fully matched donor but need allogeneic he-
matopoietic stem cell transplantation. Our experience in this field
has evolved from initial single-unit cord blood transplantation for
a few diseases in children to double-unit cord blood transplantation

for multiple hematologic malignancies in adults. In addition, cord
blood provides countless hematopoietic and nonhematopoietic
stem cells whose full potential in stem cell biology and regenerative
medicine has yet to be fully uncovered.
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8 Hakenberg P, Kögler G, Wernet P. NET-

CORD: A cord blood allocation network. Bone
Marrow Transplant 1998;22(suppl 1):S17–S18.
9 Petersdorf EW,Gooley TA, Anasetti C et al.

Optimizing outcome after unrelated marrow
transplantation by comprehensive matching
of HLA class I and II alleles in the donor and re-
cipient. Blood 1998;92:3515–3520.

10 Garderet L, Dulphy N, Douay C et al. The
umbilical cord blood alphabeta T-cell reper-
toire: Characteristics of a polyclonal and naive
but completely formed repertoire. Blood 1998;
91:340–346.
11 Locatelli F, RochaV, ChastangC et al. Fac-

tors associated with outcome after cord blood
transplantation in children with acute leuke-
mia. Blood 1999;93:3662–3671.
12 Michel G, Rocha V, Chevret S et al. Unre-

lated cord blood transplantation for childhood
acute myeloid leukemia: A Eurocord Group
analysis. Blood 2003;102:4290–4297.
13 Kurtzberg J, Prasad VK, Carter SL et al.

Results of theCordBloodTransplantation Study
(COBLT): Clinical outcomes of unrelated donor
umbilical cord blood transplantation in pediatric
patients with hematologic malignancies. Blood
2008;112:4318–4327.
14 Eapen M, Rubinstein P, Zhang MJ et al.

Outcomes of transplantation of unrelated do-
nor umbilical cord blood and bone marrow in
children with acute leukaemia: A comparison
study. Lancet 2007;369:1947–1954.
15 Fernandes JF, Rocha V, Labopin M et al.

Transplantation in patients with SCID: Mis-
matched related stem cells or unrelated cord
blood? Blood 2012;119:2949–2955.
16 Kamani NR, Walters MC, Carter S et al.

Unrelated donor cord blood transplantation
for children with severe sickle cell disease:
Results of one cohort from the phase II study
from the Blood and Marrow Transplant Clinical
Trials Network (BMT CTN). Biol Blood Marrow
Transplant 2012;18:1265–1272.
17 EscolarML, PoeMD, Provenzale JM et al.

Transplantation of umbilical-cord blood in
babies with infantile Krabbe’s disease. N Engl
J Med 2005;352:2069–2081.
18 Bhattacharya A, Slatter M, Curtis A et al.

Successful umbilical cord blood stem cell trans-
plantation for chronic granulomatous disease.
Bone Marrow Transplant 2003;31:403–405.
19 Staba SL, Escolar ML, Poe M et al. Cord-

blood transplants from unrelated donors in

patients with Hurler’s syndrome. N Engl J Med
2004;350:1960–1969.
20 Boelens JJ, AldenhovenM, Purtill D et al.

Outcomes of transplantation using various he-
matopoietic cell sources in children with Hurler
syndrome after myeloablative conditioning.
Blood 2013;121:3981–3987.
21 RubinsteinP,CarrierC,ScaradavouAetal.

Outcomes among 562 recipients of placental-
blood transplants from unrelated donors. N Engl
J Med 1998;339:1565–1577.
22 LaughlinMJ,Barker J,BambachBetal.He-

matopoietic engraftment and survival in adult
recipients of umbilical-cord blood from unre-
lateddonors.NEngl JMed2001;344:1815–1822.
23 Rocha V, Labopin M, Sanz G et al. Trans-

plants of umbilical-cord blood or bone marrow
from unrelated donors in adults with acute leu-
kemia. N Engl J Med 2004;351:2276–2285.
24 LaughlinMJ, EapenM, Rubinstein P et al.

Outcomes after transplantation of cord blood
or bone marrow from unrelated donors in
adults with leukemia. N Engl J Med 2004;351:
2265–2275.
25 Eapen M, Rocha V, Sanz G et al. Effect of

graft source on unrelated donor haemopoietic
stem-cell transplantation in adults with acute
leukaemia: A retrospective analysis. Lancet
Oncol 2010;11:653–660.
26 Barker JN, Weisdorf DJ, DeFor TE et al.

Transplantation of 2 partially HLA-matched um-
bilical cord blood units to enhance engraftment
in adults with hematologic malignancy. Blood
2005;105:1343–1347.
27 Ramirez P,Wagner JE, DeFor TE et al. Fac-

tors predicting single-unit predominance after
double umbilical cord blood transplantation.
Bone Marrow Transplant 2012;47:799–803.
28 Gutman JA, Turtle CJ, Manley TJ et al.

Single-unit dominance after double-unit umbil-
ical cord blood transplantation coincides with
a specific CD8+ T-cell response against the non-
engrafted unit. Blood 2010;115:757–765.
29 MacMillanML,Weisdorf DJ, Brunstein CG

et al. Acute graft-versus-host disease after

Munoz, Shah, Rezvani et al. 1441

www.StemCellsTM.com ©AlphaMed Press 2014

 by Janko M
rkovacki on D

ecem
ber 16, 2015

http://stem
cellstm

.alpham
edpress.org/

D
ow

nloaded from
 

http://stemcellstm.alphamedpress.org/


unrelated donor umbilical cord blood transplan-
tation: Analysis of risk factors. Blood 2009;113:
2410–2415.
30 Rodrigues CA, Sanz G, Brunstein CG et al.

Analysis of risk factors for outcomes after un-
related cord blood transplantation in adults
with lymphoid malignancies: A study by the
Eurocord-Netcord and lymphoma working party
of the European group for blood and marrow
transplantation. J Clin Oncol 2009;27:256–263.
31 Kindwall-Keller TL, Hegerfeldt Y,Meyerson

HJ et al. Prospective study of one- vs two-unit
umbilical cord blood transplantation following
reduced intensity conditioning in adults with
hematological malignancies. Bone Marrow
Transplant 2012;47:924–933.
32 Brunstein CG, Gutman JA, Weisdorf DJ

et al. Allogeneic hematopoietic cell transplanta-
tion for hematologic malignancy: Relative risks
and benefits of double umbilical cord blood.
Blood 2010;116:4693–4699.
33 Barker JN, Weisdorf DJ, DeFor TE et al.

Rapid and complete donor chimerism in adult
recipients of unrelated donor umbilical cord
blood transplantation after reduced-intensity
conditioning. Blood 2003;102:1915–1919.
34 Ballen KK, Spitzer TR, Yeap BY et al. Dou-

ble unrelated reduced-intensity umbilical cord
blood transplantation in adults. Biol BloodMar-
row Transplant 2007;13:82–89.
35 Brunstein CG, Eapen M, Ahn KW et al.

Reduced-intensity conditioning transplantation
in acute leukemia: The effect of source of unre-
lated donor stem cells on outcomes. Blood
2012;119:5591–5598.
36 Brunstein CG, Fuchs EJ, Carter SL et al. Al-

ternative donor transplantation after reduced
intensity conditioning: Results of parallel phase
2 trials using partially HLA-mismatched related
bone marrow or unrelated double umbilical
cord blood grafts. Blood 2011;118:282–288.
37 Wagner JE, Eapen M, Carter SL et al. No

survival advantage after double umbilical cord
blood (UCB) compared to single UCB transplant
in children with hematological malignancy:
Resultsof thebloodandmarrowtransplant clin-
ical trials network (BMT CTN 0501) randomized
trial. Available at https://ash.confex.com/ash/
2012/webprogram/Paper48413 .html .
Accessed September 2, 2014.
38 Collins CL, Ahn KW, Wang Z et al. Long-

term survival after alternative donor transplan-
tation in children with acute leukemia. J Clin
Oncol 2013;31(suppl):10006a.
39 Dahi PB,PonceDM,ByamCetal. Prospec-

tiveevaluationofalternativedonor availability in
708 patients: Improved allograft access with en-
larging CB inventory for all patients including ra-
cial and ethnic minorities. Available at https://
ash.confex.com/ash/2013/webprogram/
Paper60210.html. Accessed September 2, 2014.
40 Bachanova V, Brunstein C, Burns LJ et al.

Alternative donor transplantation for adults
with lymphoma: Comparison of umbilical cord
blood versus 8/8 HLA-matched donor (URD)
versus 7/8 URD. Available at https://ash.
con fex . com/ash/2013/webprogram/
Paper57320.html. Accessed September 2,
2014.
41 Stiff PJ, Montesinos P, Peled T et al.

StemEx(copperchelationbased)exvivoexpanded
umbilical cord blood stem cell transplantation
(UCBT) accelerates engraftment and improves
100 day survival in myeloablated patients

compared to a registry cohort undergoing dou-
ble unit UCBT: Results of a multicenter study of
101 patients with hematologic malignancies.
Available at https://ash.confex.com/ash/2013/
webprogram/Paper61421.html. Accessed Sep-
tember 2, 2014.
42 Vasileiou S, Baltadakis I, Panitsas F et al.

Comparativeanalysisof cell doseandviability of
cord blood units at cryopreservation and at
thaw/infusion for unrelated stem cell transplan-
tation in adult recipients. Available at https://
bmt.confex.com/tandem/2014/webprogram/
Paper4069.html. Accessed September 2, 2014.
43 PonceDM,HildenP,MumawCet al. High

day 28 ST2 biomarker levels predict severe day
100acutegraft-versus-hostdiseaseandday180
transplant-related mortality after double-unit
cord blood transplantation. Available at https://
ash.confex.com/ash/2013/webprogram/
Paper60713.html. Accessed September 2, 2014.
44 PoonML, Linn YC, Lim Z et al. Double unit

umbilical cord blood transplant for adults with
acute leukemia and myelodysplastic syndrome
results in comparable outcome as matched sib-
ling or unrelated donor transplant only after
myeloablative conditioning but not reduced in-
tensity conditio. Biol Blood Marrow Transplant
2014;20(suppl):S247.
45 Ghantoji SS, Goddu S, Sreenivasula S

et al. Characteristics andoutcomeof cytomegalo-
virus (CMV) infections in 95 cord blood transplant
(CBT) recipients: TheMD Anderson experience.
Biol Blood Marrow Transplant 2014;20(suppl):
S223–S224.
46 Barker JN, PonceDM,Dahi Pet al. Double-

unit cord blood (CB) transplantation combined
with haplo-identical CD34+ cells results in 100%
CB engraftment with enhanced myeloid CD34+
recovery. Biol Blood Marrow Transplant 2014;
20(suppl):S138–S139.
47 Volodin L, Beitinjaneh A, Salman H et al.

Outcomes of double unit umbilical cord blood
transplantationusingfludarabine/busulfanbased
reduced intensity conditioning regimen. Biol
BloodMarrowTransplant 2014;20(suppl):S142.
48 Ponce DM, Devlin S, Lubin M et al. High

disease-free survival and enhanced protection
against relapse after double-unit cord blood
transplantation (DCB-T)whencompared tounre-
lated donor transplantation (URD-T) in patients
with acute leukemia, MDS and CML. Biol Blood
Marrow Transplant 2014;20(suppl):S58–S59.
49 National Marrow Donor Program. Adult

AllogeneicHCT, by Transplant Type, Cell Source.
Available at https://bethematchclinical.org/
resources-and-education/hct-presentation-slides/
adult-allogeneic-hct,-by-transplant-type,-cell-
source/. Accessed August 30, 2014.
50 Appelbaum FR. Hematopoietic-cell trans-

plantation at 50. N Engl J Med 2007;357:
1472–1475.
51 Oran B, Shpall E. Umbilical cord blood

transplantation: Amaturing technology. Hema-
tology (Am Soc Hematol Educ Program) 2012;
2012:215–222.
52 de Lima M, McMannis J, Gee A et al.

Transplantation of ex vivo expanded cord blood
cells using the copper chelator tetraethylene-
pentamine: A phase I/II clinical trial. BoneMar-
row Transplant 2008;41:771–778.
53 Delaney C, Heimfeld S, Brashem-Stein C

et al. Notch-mediated expansionof human cord
blood progenitor cells capable of rapid myeloid
reconstitution. Nat Med 2010;16:232–236.

54 Robinson SN, Ng J, Niu T et al. Superior ex
vivo cord blood expansion following co-culture
with bone marrow-derived mesenchymal stem
cells. Bone Marrow Transplant 2006;37:
359–366.
55 Kelly SS, Sola CB, de LimaM et al. Ex vivo

expansion of cord blood. Bone Marrow Trans-
plant 2009;44:673–681.
56 de LimaM,McNiece I, Robinson SN et al.

Cord-blood engraftment with ex vivo
mesenchymal-cell coculture. N Engl J Med
2012;367:2305–2315.
57 Frassoni F, Gualandi F, Podestà M et al.
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