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Allogeneic hematopoietic stem cell transplantation is
a life-saving procedure for hematopoietic malignan-
cies, marrow failure syndromes, and hereditary
immunodeficiency disorders. However, wide applica-
tion of this procedure is limited by availability of
suitably HLA-matched adult donors. Umbilical cord
blood (UCB) has being increasingly used as an
alternative hematopoietic stem cell source for these
patients. To date, over 6000 UCB transplant proce-
dures in children and adults have been performed
worldwide using UCB donors. Broader use of UCB for
adult patients is however limited by the available
infused cell dose. This has prompted intensive re-
search on ex vivo expansion of UCB stem cells and
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UCB graft-engineering including accessory cells able
to improve UCB engraftment and reconstitution and
for tissue regenerative potential. Recently, two large
European and North American retrospective studies
demonstrated that UCB is an acceptable alternative
source of hematopoietic stem cells for adult recipients
who lack HLA-matched adult donors. UCB is antici-
pated to address needs in both transplantation and
regenerative medicine fields. It has advantages of
easy procurement, no risk to donors, low risk of
transmitting infections, immediate availability and
immune tolerance allowing successful transplantation
despite HLA disparity.

Introduction: Possibilities and Limitations of
Umbilical Cord Blood as a New Stem Cell Source
Allogeneic blood and bone marrow stem cell transplanta-
tion has been used successfully to treat children and adults
with high-risk or relapsed hematopoietic malignancies,
marrow failure syndromes, and hereditary immunodefi-
ciency disorders. Its use is limited by the availability of
suitably HLA-matched donors. Only 30% of patients have
HLA-identical sibling donors and through the National
Marrow Donors Program (NMDP) and other registries world-
wide nearly 75% of Caucasians, but far fewer racial minori-
ties find suitably HLA-matched donors.

In 1988 umbilical cord blood (UCB) hematopoietic
stem cells (HSC) from a related sibling were transplanted
successfully into a 5-year-old child with Fanconi anemia
by Gluckman and colleagues.1 Subsequently, over 6000
UCB transplant procedures have been performed world-
wide using UCB from related and unrelated donors into
pediatric2-8 and adult patients.5,9-12 UCB offers the advan-
tages of easy procurement, no risk to donors, the reduced
risk of transmitting infections, immediate availability of
cryopreserved units, and acceptable partial HLA mis-
matches. Nearly all patients can find at least one potential

4 of 6 HLA-matched UCB units through either Netcord,
New York Blood Center, and NMDP Registry or other banks
(www.marrow.org/PHYSICIAN/likelihood_of_finding.html).

Limited cell dose has been the major limitation to the
wide use of UCB for allogeneic transplantation. The ad-
vantages and disadvantages of UCB as a source of HSC for
allogeneic transplantation are shown in Tables 1 and 2.

UCB Graft Characteristics, Engraftment
and Outcome
Transplantation of unrelated UCB permits a greater degree
of HLA mismatching without an unacceptably high inci-
dence of graft-versus-host disease (GVHD). Graft charac-
teristics known to allow rapid donor engraftment in recipi-
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ents of conventional allografts include: cell dose, CD34
content, and HLA matching. The higher primary graft fail-
ure rates and delayed donor myeloid recovery in UCB re-
cipients are due to the low graft HSC dose, which include
up to 10-fold fewer nucleated and CD34 cells compared
with adult donor grafts.13 UCB graft variables that have
predictive value for time to donor myeloid engraftment
include cryopreserved and re-infused total nucleated graft
cell content, CD34 content and infused colony-forming
units (CFU).2,5,8,9

The rate of donor hematopoietic reconstitution is lower
and kinetics of engraftment are delayed using UCB com-
pared to bone marrow grafts.11,12,14 UCB characteristics pre-
dictive of engraftment include nucleated graft cell dose
and HLA matching, though graft failure is still observed.
Minor histocompatibility disparity in unrelated allogeneic
transplantation may contribute to graft rejection and to
graft-versus-leukemia effects.17 Effects of the number and
type of graft HLA disparities on UCB donor engraftment
have not been fully studied. HLA class I mismatching in-
cluding HLA-C, with NK epitope mismatching in the re-
jection direction are associated with higher rates of graft
rejection and severe acute GVHD after unrelated donor
transplantation.15,16 Allele matching for adult unrelated
blood and marrow grafting has improved rates of engraft-
ment and GVHD. High-resolution HLA matching for UCB
graft selection might improve successful engraftment,
though most patients will not have allele-matched UCB
donors available.

Although delayed or failed engraftment may be attrib-
utable to the lower nucleated UCB graft cell dose, other
characteristics of UCB progenitor cells may affect homing
and maturation in the recipient and confound the correla-
tions with engraftment. Adhesion molecule expression on
UCB HSC,18 their homing characteristics,19,20 the matura-
tional stage of UCB progenitor cells, and/or altered allo-
reactivity between UCB graft lymphocytes and recipient
antigen-presenting cells may modulate UCB engraftment.
Graft facilitating activity of donor lymphocytes contained
in the UCB transplant may inhibit or eliminate residual
recipient immune cells capable of graft rejection.21 These
graft HSC and immune factors may facilitate engraftment
in adults transplanted with UCB and those receiving low
graft CD34 and nucleated cell doses.

CD34 quantification in UCB has not been consistently
predictive of time to donor hematopoietic engraftment. The
poor correlation between CD34 content of infused UCB
grafts and time to hematopoietic engraftment may be con-
founded by quantification of CD34 in UCB grafts pre-freez-
ing versus post thaw and by reduced surface epitope den-
sity of CD34 on UCB progenitor cells.22 In vitro analyses
of UCB CD34 progenitors point to a less mature pheno-
type compared to adult marrow and peripheral blood grafts.23

The frequency of early HSC is similar in adult marrow, mo-
bilized peripheral blood, and UCB, but the proliferative
potential of UCB is significantly higher.24 Cobblestone

Table 1. Advantages of umbilical cord blood (UCB) as
hematopoietic stem cells for allogeneic transplantation.

1. Umbilical cord blood is an abundantly available source of
stem cells, which can be harvested at no risk to the mother
or infant.

2. Since collection occurs after birth of a full term normal infant,
UCB is not associated with current ethical concerns raised
in use of embryonic stem cells.

3. Ethnic balance in a cord blood repository can be maintained
automatically in heterogeneous populations or can be
controlled via collection from birthing centers representing
targeted minority populations.

4. There is low viral contamination of UCB including cytomega-
lovirus and Epstein-Barr virus.

5. UCB, cryopreserved and banked, is available on demand
particularly for patients with unstable disease, eliminating
delays and uncertainties that now complicate marrow
collection from unrelated donors.

6. To date, no malignant transformation of infused UCB has
been observed in any transplant recipient.

7. The amplification of allogeneic responses including Th1-
associated cytokine production by neonatal T lymphocytes
has been shown to be less than that of adult T cells, which
may underlie UCB reduced graft-versus-host reactivity
compared with adult-derived marrow grafts.

8. Frozen UCB can be easily shipped and thawed for use
when needed, compared to freshly donated bone marrow,
which has a limited shelf-life, necessitating coordination
between harvesting physicians, transportation personnel,
and transplantation teams.

9. There is an undistorted accumulation of HLA genotypes
acquired in a UCB bank because stored UCB suffers no
attrition except by clinical use, unlike volunteer unrelated
adult donor registries in which donors are lost due to
advancing age, new medical conditions, or geographic
relocation.

10. As yet to be determined, although intriguing given the
emerging understanding of age-dependent telomerase
activity and important contributions of genetic HSC regula-
tion with advancing age of the donor to hematopoietic and
immune function in the recipient; pediatric patients trans-
planted with newborn HSC would expectedly maintain
normal hematopoietic and immune function during advancing
decades, compared with HSC grafts received from adult
donors.

Table 2. Disadvantages of umbilical cord blood (UCB) as
hematopoietic stem cells (HSC) for allogeneic
transplantation.

1. The limited number of hematopoietic progenitor cells
contained in collected UCB units may contribute to failed and
delayed kinetics of donor hematologic engraftment and
restrict its use in adult recipients.

2. Future development of potential abnormalities of the newborn
donor’s HSC into adult life and their effects on the recipient, is
unknown at the time of transplant.

3. It is not feasible to collect additional donor HSC for patients
experiencing graft failure, nor donor lymphocytes for
recipients who relapse after initial UCB allografting.
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area-forming cell (CAFC) assays show that UCB CD34+

cells contain the highest frequency of CAFC (wk 6) (3.6- to
10-fold higher than BM CD34+ cells and peripheral blood
stem cells [PBSC], respectively), and the engraftment ca-
pacity in vivo by nonobese diabetic/severe combined im-
munodeficiency (NOD/SCID) repopulation assay is also
significantly greater than BM CD34+ cells.25 These unique
characteristics of UCB allow durable engraftment despite
reduced graft cellular content. After UCB transplantation,
late graft failure has been uncommon.6

Clinical Reports: UCB Pediatric and
Adult Recipients
Published reports have summarized transplant outcomes
for approximately 1240 patients undergoing UCB related
and unrelated allogeneic transplantation.2,3,6-9,11,12,26-29

These studies focus primarily on pediatric recipients
with high risk or recurrent hematologic malignancies and a
smaller proportion with non-malignant hematologic disor-
ders. Myeloablative preparative regimens have been either
total body irradiation-based or busulfan-based, plus infu-
sion of anti-lymphocyte globulin for further immunosup-
pression. Recently, fludarabine has been introduced to pro-
vide immunosuppression and avoid use of antithymocyte
globulin (ATG) in the non-ablative setting.26 Donor my-
eloid engraftment is delayed compared to conventional
allogeneic grafts, and ranges from 22 to 30 days. The prob-
ability of donor engraftment ranges from 65% to 88%. The
majority of patients received filgrastim daily from day 0
until durable neutrophil recovery, though the utility of
single or combination hematopoietic growth factors after
UCB transplantation is uncertain. Acute GVHD grades II-
IV has ranged from 35% to 40%, despite most receiving
grafts disparate at two or more HLA loci. Event-free sur-
vival falls in a broad range (22%–62%), reflective of pa-
tient heterogeneity in these early, mostly single institution
pilot trials. High peri-transplant mortality is attributed in
part to delayed donor myeloid recovery. Transplant out-
comes for patients allografted with related UCB has been
similar or slightly better compared to unrelated UCB grafts.5

Data regarding cord-blood transplantation in adults
are limited. The minimum numbers of HSC in UCB units
required to provide durable engraftment in ablated adult
recipients is not firmly established. Initially, a minimum
cryopreserved UCB cell dose of 1 × 107 nucleated cells/kg
recipient body weight was suggested but a high (> 40%) day
100 mortality9 led to a higher minimum dose > 2 × 107/kg.
The majority of adult UCB recipients have received grafts
mismatched at two or more HLA loci. Importantly, adult
recipients have generally been high-risk patients appropri-
ate for phase I studies and their poor survival may not be
fully attributable to the UCB graft infused.29 Multi-institu-
tional prospective phase II studies are awaited.

Two recent large European12 and North American11 ret-
rospective studies describe transplants of UCB or bone mar-
row from unrelated donors in adults with acute leukemia.

The Acute Leukemia Working Party of European Blood
and Marrow Transplant Group; Eurocord-Netcord Regis-
try compared outcomes in 682 adults with acute leukemia
who received HSC transplant from unrelated donors: 98
patients received UCB and 584 received bone marrow from
unrelated donors from 1998 to 2002. UCB recipients were
younger (median, 24.5 vs 32 years; P < 0.001), weighed
less (median, 58 vs 68 kg; P < 0.001), and had more ad-
vanced disease (52% vs 33%, P <  0.001). All marrow trans-
plants were HLA matched, whereas 94% of UCB were mis-
matched (P < 0.001). The median number of UCB nucle-
ated cells infused was 0.23 × 108/kg versus 2.9 × 108/kg for
bone marrow (P < 0.001). Multivariate analysis showed
UCB to yield lower risks of grade II-IV acute GVHD (rela-
tive risk (RR), 0.57; 95% confidence interval (CI), 0.37 to
0.87; P = 0.01), but neutrophil recovery was significantly
delayed (RR, 0.49; 95% CI, 0.41 to 0.58; P < 0.001). The
incidence of chronic GVHD, transplantation-related mor-
tality, relapse- and leukemia-free survival were not signifi-
cantly different in the two groups. These investigators con-
cluded that unrelated UCB is an acceptable alternative
source of hematopoietic stem cells for adults with acute
leukemia who lack an HLA-matched marrow donor.12

Investigators in the International Bone Marrow Trans-
plant Registry (IBMTR) compared the outcomes of the trans-
plantation of unrelated hematopoietic stem cells in adults
with leukemia from UCB (mismatched for one HLA anti-
gen (34 patients) or two antigens (116 patients), marrow
that had one HLA mismatch (83 patients), or HLA-matched
marrow (367 patients). Similar to the European patients,
UCB recipients were younger, more had advanced leuke-
mia and received lower doses of nucleated cells. Hemato-
poietic recovery was slower with mismatched bone marrow
or UCB than with matched marrow (Figure 1). Acute GVHD
was more likely after mismatched marrow and chronic
GVHD was more likely after UCB transplantation. The rates
of treatment-related mortality, treatment failure, and over-
all mortality were lowest following matched marrow trans-
plants. Patients who received mismatched bone marrow or
mismatched UCB had similar rates of treatment-related
mortality (P =  0.96), treatment failure (P =  0.69), and
overall mortality (P = 0.62) (Figure 2). There were no dif-
ferences in the rate of recurrence of leukemia. Among UCB
recipients, outcomes were similar between grafts with 1 or
2 HLA mismatches. These investigators concluded that
HLA-mismatched UCB should be considered an accept-
able graft for adults in the absence of an HLA-matched
adult donor.11

Attempts to increase UCB graft cell dose led to phase
I clinical trials testing the safety of combined transplanta-
tion of 2 partially HLA-matched UCB units. Barker and co-
investigators at University of Minnesota30 studied 23 pa-
tients with high-risk hematologic malignancy (median age,
24 years; range, 13–53 years) who received 2 UCB units
(median infused dose, 3.5 × 107 nucleated cell [NC]/kg;
range, 1.1–6.3 × 107 NC/kg) after myeloablative condi-
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tioning. All evaluable patients (n = 21) engrafted at a me-
dian of 23 days (range, 15–41 days). At day 21, engraft-
ment was derived from both donors in 24% of patients and
a single donor in 76% of patients, with 1 unit predominat-
ing in all patients by day 100. Although neither nucleated
or CD34(+) cell doses nor HLA-match predicted which unit
would predominate, the predominating unit had a signifi-
cantly higher CD3(+) dose (P < .01). Incidences of grades
II-IV and III-IV acute GVHD were 65% (95% confidence
interval [CI], 42%–88%) and 13% (95% CI, 0%–26%),
respectively. Disease-free survival was 57% (95% CI, 35%–
79%) at 1 year, with 72% (95% CI, 49%–95%) of patients
alive if they received transplants while in remission (Fig-
ure 3). These investigators concluded that transplantation
of 2 partially HLA-matched UCB units is safe, and may
overcome the cell-dose barrier that limits the use of UCB in
many adults.30

Further attempts to increase UCB graft cell dose has
included laboratory and phase I clinical trials focused on
ex vivo expansion of UCB grafts. Although early clinical
trials reported thus far do not demonstrate more rapid he-
matopoietic recovery in UCB recipients, the laboratory
studies have promise. Cord blood contains hematopoietic
progenitor cells at a higher frequency than adult marrow,
and these UCB progenitors have a higher proliferative ca-
pacity. Short-term in vitro cultures of UCB CD34+ progeni-
tor cells in the presence of cytokines generates a two- to
threefold expansion of these progenitors.31 UCB may con-
tain immature progenitors that have limited proliferative
response to cytokines,32 thereby maintaining the stem cell
component in expanded UCB grafts. Concerns that ex vivo
expansion of UCB may result in differentiation of primi-
tive stem cells thereby increasing the risk of late graft fail-
ure, have also prompted strategies testing non-hematopoi-
etic cell platforms (e.g., mesenchymal cells) during

cytokine-driven expansion.33,34 These preclinical studies
identify further UCB graft engineering questions to inves-
tigate the role of accessory lymphoid populations in ex
vivo expanded allogeneic grafts, as well as the role of stro-
mal elements in maintaining immature stem cells with self-
renewal capacity during cytokine-based liquid culture ex-
pansion. These graft-engineering studies may improve UCB
graft cell populations and facilitate allogeneic engraftment,
thereby reducing day 100 mortality rates.

Immunobiology of UCB Stem Cell Grafts
Impacting Immune Recovery and GVHD
HLA disparity between the donor and recipient in alloge-
neic transplantation is an important determinant of acute
and subsequent chronic GVHD. Nevertheless, a higher in-
cidence of acute and chronic GVHD has been observed in
patients transplanted with HLA-matched unrelated grafts
when compared with histocompatible sibling grafts, possi-
bly attributable to reactivity of donor T cells with recipient
minor histocompatibility antigens. Minor histocompatibil-
ity antigen disparity is expectedly greater between unre-
lated individuals.

Despite infusion of HLA class I and II disparate grafts,
the incidence and severity of acute GVHD observed in pe-
diatric and adult recipients of UCB grafts is lower when
compared to recipients of unrelated adult donor grafts.2,4,10-

12,28 UCB T lymphocytes are typically CD45RA+ and ex-
press low levels of activation markers, both of which are
consistent with a naïve Th0 phenotype.35 Multiple factors
may contribute to the reduced GVHD observed after UCB
transplantation including: reduced graft lymphocyte num-
bers, altered recognition of recipient self antigens by UCB
donor T cells interacting with antigen-presenting cells
(APC), and/or limited response of these naïve donor T cells
activated by recipient alloantigen; thereby limiting the

Figure 1. Cumulative incidence of neutrophil recovery after
bone marrow and cord-blood transplantation. Despite early
differences, the cumulative incidence of neutrophil recovery at
day 100 was similar after the transplantation of mismatched
bone marrow and of cord blood. The corresponding cumulative
incidence after transplantation of HLA-matched bone marrow
was significantly higher.11

Figure 2. Adjusted probability of leukemia-free and overall
survival after bone marrow and cord-blood
transplantation. The adjusted probability of 3-year survival
without a recurrence of leukemia was 19% for recipients of
mismatched marrow, 23% for recipients of cord blood, and 33%
for recipients of HLA-matched marrow. Probabilities were
adjusted for age, disease status at transplantation, and positivity
for cytomegalovirus in the donor, recipient, or both.11
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cytokine and cellular cascade necessary to amplify donor
alloreactivity to recipient antigens.34 Alternatively, the low
incidence of GVHD observed in recipients of HLA mis-
matched UCB might be related to the added immunosup-
pression provided by ATG or fludarabine included in
myeloablative preparative regimens provided to ensure
donor engraftment.

Several in vitro studies point to the inherent lack of
full expression of immunomodulatory cytokines by
alloreactive T cells contained in UCB grafts.35,36 In primary
mixed lymphocyte culture UCB T cells demonstrate pro-
liferative responses to allogeneic stimulation, but less cy-
totoxic effector function, less proliferation and greater ac-
tivation-induced cell death (AICD). Further mechanisms
potentially underlying UCB immune tolerance includes
altered toll-like receptors and adhesion molecule expres-
sion on donor graft antigen-presenting cells.37 Early recov-
ery of NK cells able to activate the granzyme/perforin lytic
pathway and Fas/Fas ligand (FasL) activity has also been
proposed as contributing to the low incidence of acute
GVHD observed after UCB transplantation.38 The reduced
GVHD summarized in clinical reports after UCB may be
related to these in vitro observations that immunologically
competent cells contained in an UCB graft although ca-
pable of recognizing non-inherited antigens, respond less
fully than as alloreactive lymphocytes. Reduced expres-
sion of nuclear factor of activated T cells-1 (NFAT1) may
be one important molecular mechanism underlying reduced
cytokine production by UCB graft T cells.36

UCB graft lymphocyte and antigen-presenting cell
characteristics that may underlie the low incidence of acute
GVHD may also contribute to infection risk and/or delayed
immune reconstitution. The incidence and risk factors for
bacterial, fungal, and viral infections after allogeneic trans-
plantation have been shown to correlate with kinetics of
immune reconstitution and serve as a guide for appropriate

antimicrobial prophylaxis for allogeneic transplant pa-
tients.

Recent reports identify that the rate of infections dur-
ing the early post-transplantation period is higher in adult
patients transplanted with HLA mismatched unrelated UCB,
while overall rates of infections at later time points are
similar to that observed in unrelated adult donor transplant
recipients.14 This higher incidence of early bacterial infec-
tions in the UCB patients may be related to the prolonged
duration of neutropenia and lymphopenia after infusion of
smaller numbers of total graft nucleated cells and CD34+

cells. A second factor may be selection of high-risk adult
patients who are heavily treated before transplantation.
UCB patients generally have a longer time interval be-
tween diagnosis and transplantation, and a higher propor-
tion of these patients are considered intermediate-high risk
hematological malignancy.9 Saavedra reported a high inci-
dence of bacteremia (55%) in 27 adults at early time points
after UCB transplant. Ten patients (37%) died prior to day
100. Infection was a direct cause of death in 4 patients.39

Tomonari reported cytomegalovirus (CMV) infection fol-
lowing UCB in 28 adults compared with sibling matched
(R-BMT) and URD BM recipients. CMV antigenemia was
observed in 19 (79%) of UCB patients at median 42 days.
A higher proportion of UCB patients treated with pre-
emptive gancyclovir therapy required a second course of
treatment compared with R-BMT and URD BM patients,
suggesting that CMV-specific immunity after UCB may be
delayed.40 These higher infection rates, however, are not
observed after pediatric UCB transplantation and are com-
parable to those observed in children transplanted with
marrow from adult unrelated donors.41

Lower incidence of acute GVHD in UCB transplant
recipients would be expected to be associated with higher
rates of malignancy relapse, particularly since UCB has
been tested as a new allogeneic stem cell source in high-
risk patients. However, relapse rates after UCB transplant
remain low, and the mechanisms underlying the strong graft-
versus-leukemia (GVL) effects mediated by UCB have not
been clearly delineated. Clinical reports of allogeneic UCB
recipients have not identified increased relapse rates, de-
spite the majority of patients having advanced disease at
the time of transplant, and many pediatric UCB recipients
having acute lymphocytic leukemia, which has lower sen-
sitivity to allogeneic GVL. UCB grafts are unique in that
despite HLA disparity, transplant outcomes are acceptable
and graft manipulation to deplete T cells is therefore not
required. These UCB graft immunologic features may fa-
cilitate elimination of HLA disparate malignant and non-
malignant host hematopoietic cells and thereby effectively
facilitate engraftment despite low CD34 stem cell content.
This may, in part, underlie the observed potent GVL ac-
companying UCB allografts.

Figure 3. Disease-free survival (DFS) for acute leukemia in
complete response (CR) single versus double umbilical
cord blood transplantation (UCBT).
The probability of one-year survival without leukemia
recurrence was 62% for recipients of two HLA-mismatched
UCB, and 52% for recipients of one UCB unit. All patients
received full myeloablative conditioning incorporating
cyclophosphamide 60 mg/kg and total body irradiation 1320
cGy.30
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UCB and Regenerative Medicine
Although clinical experience to date with UCB has focused
on hematology applications, recent preclinical work has
identified a rare population of pluripotent, CD45– cells from
UCB which grows adherently and can be expanded to 1015

cells without loss of pluripotency.42 These CD45– cells from
UCB show differentiation into osteoblasts, chondroblasts,
adipocytes, and hematopoietic and neural cells including
astrocytes and neurons that express neurofilament, sodium
channel protein, and neurotransmitter phenotypes. Stereo-
tactic implantation of these pluripotent UCB-derived
CD45– cells into intact adult rat brain reveal that human
Tau-positive cells persisted for up to 3 months and showed
migratory activity and a typical neuron-like morphology.
In vivo differentiation along mesodermal and endodermal
pathways has also been demonstrated in animal models.
Bony reconstitution was observed after transplantation of
calcium phosphate cylinders loaded with pluripotent UCB-
derived cells in nude rat femurs. Chondrogenesis occurred
after transplanting cell-loaded gelfoam sponges into nude
mice. Transplantation in a non-injury model, the pre-im-
mune fetal sheep, revealed up to 5% human hematopoietic
engraftment. More than 20% albumin-producing human
parenchymal hepatic cells and substantial numbers of hu-
man cardiomyocytes in both atria and ventricles of the
sheep heart were detected many months after transplanta-
tion of these pluripotent, CD45– cells from UCB. No tumor
formation was observed in any of these models. Additional
studies have examined UCB cells cultured from CD34+

endothelial precursor cells (EPC), which can be expanded
in vitro to clinically relevant numbers. In vivo, these cells
proliferate, form vascular structures, and improve left ven-
tricular function after experimental myocardial infarction.
UCB cells migrate to infarcted, not to normal myocardium,
where they engraft, participate in neoangiogenesis, and ben-
eficially influence remodeling processes.43 Similar findings
in myocardial infarction induced in Wistar rats by coro-
nary artery ligation confirm efficacy of UCB CD34(+) cells
which have been noted to significantly improve ventricu-
lar function compared to cytokine control animals.44 UCB
therefore may potentially be useful for cell therapy of is-
chemic vascular disease.

Taken together, these early preclinical studies support
the hypothesis that multipotential stem cells derived from
UCB exhibit functional characteristics similar to that ob-
served in adult marrow-derived stem cells in mediating
vascular and potential organ regenerative capabilities.

Summary
Banked unrelated umbilical cord blood (UCB) has emerged
as an alternative allogeneic stem cell source, providing
available and suitably HLA-matched donors for patients
requiring allogeneic transplantation. Early clinical reports
of UCB transplantation, in pediatric and adult recipients,
show slower rates of hematopoietic engraftment, higher rates
of infection, yet importantly, a low incidence of severe

(grade III/IV) acute GVHD, even when HLA-disparate grafts
are infused. Cellular and molecular mechanisms of reduced
incidence of severe GVHD and graft-versus-malignancy ef-
fects in UCB grafting need further study. Preliminary ob-
servations suggest that UCB from unrelated donors is a
feasible alternative source of stem cells for transplantation
in adults, resulting in durable although delayed hemato-
poietic reconstitution, with low incidence and severity of
acute GVHD. Preliminary work examining functionality of
UCB-derived CD45+ and CD45– stem cells in regenerative
medicine applications are intriguing. Strategies to improve
kinetics of hematopoietic recovery after UCB grafting in
children and adults are warranted.

References
1. Gluckman E, Broxmeyer HA, Auerbach AD, et al. Hemato-

poietic reconstitution in a patient with Fanconi’s anemia by
means of umbilical-cord blood from an HLA-identical sibling.
N Engl J Med. 1989;321:1174-1178.

2. Wagner JE, Barker JN, DeFor TE, et al. Transplantation of
unrelated donor umbilical cord blood in 102 patients with
malignant and nonmalignant diseases: influence of CD34 cell
dose and HLA disparity on treatment-related mortality and
survival. Blood. 2002;100:1611-1618.

3. Locatelli F, Rocha V, Reed W, et al; Eurocord Transplant
Group. Related umbilical cord blood transplantation in
patients with thalassemia and sickle cell disease. Blood.
2003;101:2137-2143.

4. Rocha V, Wagner JE, Sobocinski KA, et al. Graft-versus-
host disease in children who have received a cord-blood or
bone marrow transplant from an HLA-identical sibling.
Eurocord and International Bone Marrow Transplant
Registry Working Committee on Alternative Donor and Stem
Cell Sources. N Engl J Med. 2000;342:1846-1854.

5. Gluckman E, Rocha V, Boyer-Chammard A, et al. Outcome
of cord-blood transplantation from related and unrelated
donors. Eurocord Transplant Group and the European Blood
and Marrow Transplantation Group. N Engl J Med.
1997;337:373-381.

6. Rubinstein P, Carrier C, Scaradavou A, et al. Outcomes
among 562 recipients of placental-blood transplants from
unrelated donors. N Engl J Med. 1998;339:1565-1577.

7. Kurtzberg J, Laughlin M, Graham ML, et al. Placental blood
as a source of hematopoietic stem cells for transplantation
into unrelated recipients. N Engl J Med. 1996;335:157-166.

8. Wagner JE, Rosenthal J, Sweetman R, et al. Successful
transplantation of HLA-matched and HLA-mismatched
umbilical cord blood from unrelated donors: analysis of
engraftment and acute graft-versus-host disease. Blood.
1996;88:795-802.

9. Laughlin MJ, Barker J, Bambach B, et al. Hematopoietic
engraftment and survival in adult recipients of umbilical cord
blood from unrelated donors. N Engl J Med. 2001;344:1815-
1822.

10. Barker JN, Davies SM, DeFor T, Ramsay NK, Weisdorf DJ,
Wagner JE. Survival after transplantation of unrelated donor
umbilical cord blood is comparable to that of human
leukocyte antigen-matched unrelated donor bone marrow:
results of a matched-pair analysis. Blood. 2001;97:2957-
2961.

11. Laughlin MJ, Eapen M, 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.

12. Rocha V, Labopin M, Sanz G, et al; Acute Leukemia Working
Party of European Blood and Marrow Transplant Group;



Hematology 2005 383

Eurocord-Netcord Registry. Transplants of umbilical-cord
blood or bone marrow from unrelated donors in adults with
acute leukemia. N Engl J Med. 2004;351:2276-2285.

13. Gluckman E, Rocha V, Arcese W, et al; Eurocord Group.
Factors associated with outcomes of unrelated cord blood
transplant: guidelines for donor choice. Exp Hematol.
2004;32:397-407.

14. Hamza NS, Lisgaris M, Yadavalli GK, et al. Infectious
complications after unrelated HLA-mismatched allogeneic
umbilical cord blood transplantation in adults. Br J Haematol.
2004;124:488-498.

15. Ruggeri L, Capanni M, Casucci M, et al. Role of natural killer
cell alloreactivity in HLA-mismatched hematopoietic stem
cell transplantation. Blood. 1999;94:333-339.

16. Flomenberg N, Baxter-Lowe LA, Confer D, et al. Impact of
HLA class I and class II high-resolution matching on
outcomes of unrelated donor bone marrow transplantation:
HLA-C mismatching is associated with a strong adverse
effect on transplantation outcome. Blood. 2005;104:1923-
1930.

17. Mommaas B, Stegehuis-Kamp J, van Halteren AG, et al.
Cord blood comprises antigen-experienced T cells specific
for maternal minor histocompatibility antigen HA-1. Blood.
2005;105:1823-1827.

18. Roy V, Verfaillie CM. Expression and function of cell adhesion
molecules on fetal liver, cord blood and bone marrow
hematopoietic progenitors: implications for anatomical
localization and developmental stage specific regulation of
hematopoiesis. Exp Hematol. 1999:302-312.

19. Peled A, Kollet O, Ponomaryov T, et al. The chemokine SDF-
1 activates the integrins LFA-1, VLA-4, and VLA-5 on
immature human CD34(+) cells: role in transendothelial/
stromal migration and engraftment of NOD/SCID mice.
Blood. 2000;95:3289-3296.

20. Zheng Y, Watanabe N, Nagamura-Inoue T, et al. Ex vivo
manipulation of umbilical cord blood-derived hematopoietic
stem/progenitor cells with recombinant human stem cell
factor can up-regulate levels of homing-essential molecules
to increase their transmigratory potential. Exp Hematol.
2003;31:1237-1246.

21. Hiruma K, Nakamura H, Henkart P, et al. Clonal deletion of
postthymic T cell: Veto cells kill precursor cytotoxic T
lymphocytes. J Exp Med. 1992;175:863-870.

22. Bender J, Unverzagt K, Walker D, et al. Phenotypic analysis
and characterization of CD34+ cells from normal human
bone marrow, cord blood, peripheral blood, and mobilized
peripheral blood from patients undergoing autologous stem
cell transplantation. Clin Immunol Immunopath. 1994;70:10-
18.

23. Gomi S, Hasegawa S, Dan K, Wakabayashi I. A compara-
tive analysis of the transplant potential of umbilical cord
blood versus mobilized peripheral blood stem cells. Nippon
Ika Daigaku Zasshi. 1997;64:307-313.

24. Theunissen K, VerfaillieC. A multifactorial analysis of
umbilical cord blood, adult bone marrow and mobilized
peripheral blood progenitors using the improved ML-IC
assay. Exp Hematol. 2005;33:165-172.

25. Ng YY, van Kessel B, Lokhorst HM, et al. Gene-expression
profiling of CD34+ cells from various hematopoietic stem-cell
sources reveals functional differences in stem-cell activity. J
Leukoc Biol. 2004;75:314-323.

26. Barker JN, Weisdorf DJ, DeFor TE, Blazar BR, Miller JS,
Wagner JE. Rapid and complete donor chimerism in adult
recipients of unrelated donor umbilical cord blood transplan-
tation after reduced intensity conditioning. Blood.
2003;102:1915-1919.

27. Isoyama K, Ohnuma K, Kato K, et al; Japanese Cord Blood
Bank Network. Cord blood transplantation from unrelated
donors: a preliminary report from the Japanese Cord Blood
Bank Network. Leuk Lymph. 2003;44:429-438.

28. Michel G, Rocha V, Chevret S, et al; Eurocord Group.
Unrelated cord blood transplantation for childhood acute
myeloid leukemia: a Eurocord Group analysis. Blood.
2003;102:4290-4297.

29. Laughlin MJ, Eapen M, Rubinstein P, et al. Outcomes after
transplantation of cord blood or bone marrow from unrelated
donors in adults with leukemia. Obstet Gynecol Surv.
2005;60:295-296.

30. Barker JN, Weisdorf DJ, DeFor TE, et al. Transplantation of
2 partially HLA-matched umbilical cord blood units to
enhance engraftment in adults with hematologic malignancy.
Blood. 2005;105:1343-1347.

31. DiGiusto DL, Lee R, Moon J, et al. Hematopoietic potential of
cryopreserved and ex vivo manipulated umbilical cord blood
progenitor cells evaluated in vitro and in vivo. Blood.
1996;87:1261-1271.

32. Pierelli L, Scambia G, Bonanno G, et al. CD34+/CD105+
cells are enriched in primitive circulating progenitors residing
in the G0 phase of the cell cycle and contain all bone marrow
and cord blood CD34+/CD38low/– precursors. Br J
Haematol. 2000;108:610-620.

33. Zhang Y, Li C, Jiang X, et al. Human placenta-derived
mesenchymal progenitor cells support culture expansion of
long-term culture-initiating cells from cord blood CD34+ cells.
Exp Hematol. 2004;32:657-664.

34. Kadereit S, Deeds LS, Haynesworth SE, et al. Expansion of
LTC-ICs and maintenance of p21 and BCL-2 expression in
cord blood CD34(+)/CD38(–) early progenitors cultured
over human MSCs as a feeder layer. Stem Cells.
2002;20:573-582.

35. Chalmers I, Janossy G, Contreras M, Navarrete C.
Intracellular cytokine profile of cord and adult blood
lymphocytes. Blood. 1998;92:11-18.

36. Kadereit S, Mohammad S, Miller R, et al. Reduced NFAT1
protein expression in human umbilical cord blood T lympho-
cytes. Blood. 1999;94:3101-3107.

37. Liu E, Law HK, Lau YL. Tolerance associated with cord blood
transplantation may depend on the state of host dendritic
cells. Br J Haematol. 2004;126:517-526.

38. Brahmi Z, Hommel-Berrey G, Smith F, Thomson B. NK cells
recover early and mediate cytotoxicity via perforin/
granzyme and Fas/FasL pathways in umbilical cord blood
recipients. Hum Immunol. 2005;62:782-790.

39. Saavedra S, Sanz GF, Jarque I, et al. Early infections in
adult patients undergoing unrelated donor cord blood
transplantation. Bone Marrow Transplant. 2002;30:937-943.

40. Tomonari A, Iseki T, Ooi J, et al. Cytomegalovirus infection
following unrelated cord blood transplantation for adult
patients: a single institute experience in Japan. Br J
Haematol. 2003;121:304-311.

41. Barker JN, Hough RE, Van Burik JA, et al. Serious infections
after unrelated donor transplantation in 136 children: impact
of stem cell source. Biol Blood and Marrow Transplant.
2005;11:362-370.

42. Kogler G, Sensken S, Airey JA, Trapp T, et al. A new human
somatic stem cell from placental cord blood with intrinsic
pluripotent differentiation potential. J Exp Med. 2004;200:123-
135.

43. Ma N, Stamm C, Kaminski A, Li W, et al. Human cord blood
cells induce angiogenesis following myocardial infarction in
NOD/scid-mice. Cardiovasc Res. 2005;66:45-54.

44. Hirata Y, Sata M, Motomura N, et al. Human umbilical cord
blood cells improve cardiac function after myocardial
infarction. Biochem Biophys Res Commun. 2005;327:609-
614.


