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Introduction

Since the first related donor umbilical cord blood (UCB) trans-
plant in 1988 for a patient with Fanconi anemia, and the first 
successful unrelated donor UCB transplant in 1993, an estimated 
15,000 UCB transplantations have been performed [23]. Today, 
this approach is being applied to patients of all ages with a va-
riety of diseases, including nonmalignant hematologic disorders 
and congenital metabolic disorders, as well as hematologic ma-
lignancies [2, 15, 16]. Between 2004 and 2007, the Center for 
International Blood and Marrow Transplant Research (CIBMTR) 
reported that for patients under age 20 years, 40% of unrelated 
donor stem cell grafts were collected from the bone marrow, 40% 
from umbilical cord blood, and 20% from peripheral blood. In 
contrast, for patients over age 20 years, only 7% of unrelated stem 
cell grafts were derived from UCB during the same time period. 
There are a number of factors contributing to increased usage of 
UCB stem cells. The most important factor is that results with 
UCB have improved progressively. 

Furthermore, the cord blood banking infrastructure has improved, 
allowing for increased availability of high quality unrelated UCB. 
Compared to stem cell grafts obtained from unrelated adult do-

nors, UCB stem cells can be procured more quickly, without risk 
or inconvenience to the donor. Finally, there is the possibility that 
contained within the UCB are totipotential stem cells with rege-
nerative potential for non-hematopoietic tissues [23, 38]. This is 
particularly relevant when treating inborn errors of metabolism, 
which can result in damage to neuronal tissue.

This review will focus on the use of UCB transplantation to treat 
inherited or acquired hematopoietic disorders. Included are in-
born errors of metabolism, in which promising outcomes have 
been demonstrated with allogeneic stem cell transplantation. As 
a group, bone marrow failure and congenital immunodeficiency 
disorders, as well as inborn errors of metabolism are rare. As a 
result, the worldwide experience with UCB transplantation is li-
mited. Despite this, it is clear that UCB has proven to be a viable 
and effective stem cell source that will continue to play a major 
role in allogeneic stem cell therapy.

Use of UCB stem cell grafts for allogeneic transplantation; hi-
storical perspective

The 1988 report of successful engraftment and outcome of a pa-
tient with Fanconi anemia who was transplanted with cord blood 
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from a new-born HLA-identical sibling, generated considerable 
interest in further development of this novel transplant approach 
[15]. From 1988 until 1993, UCB transplants were limited to 
grafts collected from HLA-identical related donors. This early ex-
perience was important in that it confirmed the pre-clinical obser-
vation that contained within the UCB graft were true pluripotent 
long-term repopulating cells. What also became apparent from 
the early experience was that the graft vs host disease (GvHD)-
inducing potential of HLA-matched related cord blood T-cells 
was less than been observed with similarly matched bone marrow 
grafts [37, 47]. The encouraging results in matched related donor 
cord blood transplantation prompted Kurtzberg and colleagues 
to perform the first mismatched cord blood transplantation [24]. 
This series of three patients and the larger series later reported by 
Wagner and colleagues were notable for the engraftment potential 
and low GvHD potential of these unrelated, cryopreserved cells 
[24, 48]. Due to the limited number of stem cells contained within 
the cord blood graft, early experience was restricted primarily to 
children where the UCB cell dose relative to body weight was 
more favorable.  However, as promising outcome data began to 
emerge from large UCB bank and international registry studies, 
the experience in adult patients began to grow.
 
In recent years, great strides have been made in identifying fac-
tors predictive of successful outcome.  The two most important 
characteristics of an UCB graft are the cellular content and donor-
recipient HLA-matching. It is generally accepted that a total nu-
cleated cell dose under 2 x 107/kg recipient body weight results in 
an unacceptably high rate of graft failure. CD34+ cell content and 
colony forming unit potential of the donor graft have also proven 
to be predictive of donor cell engraftment [25]. However, prac-
tical issues surrounding accurate characterization of prospective 
units for their progenitor cell content remain to be worked out. For 
example, while CD34+ cell content is often enumerated by indi-
vidual cord blood banks prior to cryopreservation, there remains 
considerable concern that inter-bank comparison of these values is 
not valid due to subtle differences in CD34+ quantification techni-
ques. Therefore, choosing cord blood units based on CD34+ cell 
content as measured by different banks is not yet realistic.

As the outcome data are presented in this review, it is important to 
remember that earlier results were significantly compromised by 
lack of a clear understanding of the many factors that contribute 
to successful UCB transplantation. While advances in supportive 
care, patient selection, and transplantation techniques have impro-
ved outcomes of allogeneic stem cell transplantation as a whole, 
the advances are more pronounced with UCB transplantation.

Umbilical cord blood transplantation for inherited im-
munodeficiency disorders

Lymphoid immunodeficiency disorders

Severe Combined Immunodeficiency Disorders (SCID)

Included in this discussion of UCB transplantation for SCID will 
be the classical form of SCID characterized by an X-linked muta-
tion of the common gamma-chain, adenosine deaminase deficient 
SCID, autosomal recessive SCID, and Omenn syndrome. Data on 
cord blood transplantation for treatment of these disorders remain 
scant. The largest single center series comes from Diaz de He-

redia and colleagues who report the outcomes of 12 SCID pati-
ents (median age 11.6 months) transplanted with UCB at three 
Spanish hospitals between 1996 and 2002 [10]. All but 2 patients 
received a high dose busulfan/cyclophosphamide preparative re-
gimen. Two patients received a reduced intensity melphalan/flu-
darabine preparative regimen. All patients achieved donor stem 
cell engraftment. The 5-year overall survival (which includes 3 
additional patients with non-SCID immunodeficiency disorders) 
was 73%, with 3 patients dying from graft versus host disease, 
and one from progressive interstitial lung disease. Importantly, 
all surviving children had normal age-adjusted levels of T-cells, 
B-cells and NK cells by 24 months following transplantation.  In 
contrast to what has been observed following stem cell transplan-
tation without conditioning, quantitative and qualitative T-cell 
and B-cell functions are durable following UCB transplantation 
using high intensity transplant conditioning. 

The outcomes of 16 children transplanted with UCB for treatment 
of SCID are reported in three separate retrospective reports [5, 
22, 45]. One of 16 failed to engraft, and 13 of 16 are long-term 
survivors with normalization of immune function.

Wiscott-Aldrich Syndrome

Wiscott-Aldrich Syndrome (WAS) is due to an X-linked muta-
tion in the WASP gene, with an incidence of 4 per million live 
male births. The role of stem cell transplantation for treatment 
of this disorder has been firmly established. The initial reports 
demonstrated cure rates as high as 89% when matched unrelated 
donor transplantation is performed before the age of 5 years [13]. 
The published experience of UCB transplantation for WAS has 
grown significantly in the past few years. In 2003, Knutsen and 
colleagues were among the first to demonstrate feasibility of UCB 
transplantation for WAS with successful treatment of 3 children 
age 2–8 yrs [21]. More recently, the Duke University group repor-
ted the outcome of 15 patients transplanted with UCB between 
1998 and 2007 [42]. All patients achieved donor cell engraftment 
following a conditioning regimen consisting of busulfan, cyclo-
phosphamide, +/- ATG. Six of 15 patients died from transplant-
related complications, resulting in an overall survival of 60%. 
Chronic GvHD was observed in 11 of 12 surviving patients (li-
mited in 10, extensive in 1). The authors found this incidence of 
chronic GvHD to be in excess of what has been observed in other 
patients with congenital immunodeficiency disorders transplanted 
with UCB. They postulate a potential link to pre-existing eczema, 
which is commonly seen in patients with WAS. 

A recent review of registry data collected by the CIBMTR (unpu-
blished) compared 113 WAS recipients of unrelated bone marrow 
with 65 WAS recipients of unrelated cord blood transplants car-
ried out between 1995 and 2005. This analysis showed equivalent 
3-year survival for recipients age <5 years at the time of trans-
plantation (73% vs 75%). Taken together, these data support the 
use of UCB for stem cell transplantation of WAS.

The CIBMTR has received registration reports of UCB transplan-
tation for other rare lymphoid immunodeficiency disorders. These 
include Cartilage Hair Hypoplasia, X-linked Lymphoproliferative 
syndrome, Common Variable Immunodeficiency, Reticular dys-
genesis and Bare Lymphocyte syndrome. Unfortunately, the out-
comes of these transplants are not available for review.
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Myeloid immunodeficiency disorders

Chronic Granulomatous Disease (CGD)

CGD is a congenital neutrophil disorder that is a consequence of 
an X-linked or autosomal recessive mutation in the NADPH-oxi-
dase complex. The curative potential of stem cell transplantation 
has been clearly demonstrated [17, 40]. There are 8 reported ca-
ses of UCB transplantation for CGD [4, 31, 32, 35, 43]. Reduced 
intensity conditioning was successfully used in the oldest patient 
of this compilation of reports (age 20 yrs). The others were con-
ditioned with high intensity regimen; 2 experienced primary graft 
failure. Six of 8 patients are long-term survivors.

Leukocyte adhesion deficiency is another life-threatening mye-
loid immune disorder. To date, there are no published reports of 
UCB transplantation for treatment of this disorder.

Immune/Inflammatory disorders

Hemophagocytic Lymphohistiocytosis (HLH)

The familial or inherited form of HLH as well as the EBV-asso-
ciated HLH will be considered together in this review. In general, 
the outcomes of allogeneic stem cell transplantation following 
high dose conditioning, regardless of the stem cell source, are 
not as favorable as that observed for other inherited immunode-
ficiencies. This has prompted a movement toward the use of re-
duced intensity preparative regimens for this disorder [8]. Ohga 
and colleagues recently reviewed data from the Japanese Society 
of Pediatric Hematology [34]. Outcomes of 57 patients (familial 
HLA-43, EBV-associated HLH-14), 21 of whom received UCB 
grafts, are reported. The overall survival by log-rank analysis of 
the UCB transplant recipients was 66%, which did not differ from 
recipients of related or unrelated bone marrow or peripheral blood 
stem cell transplantation.

Chediak-Higashi

The team from the University of California at Los Angeles has 
reported in abstract form successful UCB transplantation of 3 pa-
tients with Chediak-Higashi. Limited information is available on 
long-term outcome [50].

Umbilical cord blood transplantation for inborn errors 
of metabolism

Current data supports the use of allogeneic stem cell transplan-
tation for the treatment of lysosomal and peroxisomal storage 
disorders. Enzyme replacement therapies are currently avai-
lable, but questions remain as to the long-term efficacy of the-
se therapies and their ability to positively impact the natural 
history of the disorder. Stem cell transplantation provides the 
opportunity for enzyme replacement via “cross correction” of 
enzyme-deficient cells by neighboring donor derived, enzyme-
replete cells [9, 20]. Furthermore, stem cell transplantation 
(and UCB transplantation in particular) provides the potential 
for repair of damaged non-hematopoietic tissue such as mi-
croglial cells in the brain and Kupffer cells in the liver via 
differentiation of tissue-specific progenitor cells or transdiffe-
rentiation.

Lysosomal and peroxisomal storage diseases affect multiple or-
gan systems, with the central and peripheral nervous system parti-
cularly impacted. Depending on the extent of damage at the time 
of stem cell transplantation, the impact of allogeneic SCT may 
require extensive and sophisticated neurocognitive testing to ob-
jectively measure response. It is clear that many of the neuroco-
gnitive deficits incurred by the patients will not be corrected by 
stem cell transplantation. However, a plateau in survival appears 
to be evident from a large, single center series of UCB transplants 
for inherited metabolic disorders [36, Fig. 3]. Longer follow-up 
and more experience will be required to optimize the timing and 
impact of this treatment modality.

Krabbe’s disease

The potential for UCB transplantation to favorably impact on the 
natural history of inborn errors of metabolism was elegantly de-
monstrated by Escolar and colleagues in patients with Krabbe’s 
disease [11]. Children born with Krabbe’s disease are deficient 
of the lysosomal enzyme galactocerebrosidase. As a result, the 
children experience rapidly progressive neurologic deterioration 
and death at an early age. Escolar et al found that when children 
undergo UCB transplantation prior to the onset of symptoms, most 
will go on to have age-appropriate cognitive and motor function, 
along with 100% overall survival. Those who underwent UCB 
transplantation after the onset of symptoms showed little impro-
vement in neurologic function and had an overall survival of only 
43%. The study demonstrates the importance of early recognition 
of inborn errors along with early intervention with stem cell trans-
plantation before irreversible damage occurs.

Hurler’s syndrome

Hurler’s syndrome is an autosomal recessive mucopolysaccha-
ridosis caused by deficiency of alpha-L-iduronidase. Multiple 
organs, including the central nervous system, heart, bone, eyes, 
and liver are affected.  Although enzyme replacement therapy has 
been available since 2003, due to poor CNS penetration, it does 
not completely prevent neurologic deterioration. Therefore, allo-
geneic stem cell transplantation remains the treatment of choice. 
Both European and North American registry data suggest that 
over 500 patients with Hurler’s syndrome have been treated with 
allogeneic stem cell transplantation. Staba and colleagues repor-
ted the Duke University experience with UCB transplantation for 
20 children with Hurler’s syndrome [41]. The patients were pre-
pared with high dose conditioning and received UCB units from 
mismatched unrelated donors. The median cell dose was 8.8x107 
nucleated cells/kg. Only one patient failed to engraft with donor 
cells. Long-term survival was achieved in 17 of 20 patients with 
all surviving patients having normal alpha-L-iduronidase activity. 
Many of the surviving children continue to have neurocognitive 
impairment. Despite this, 81% of the surviving school-age child-
ren attend school in age-appropriate classrooms [36]. However, 
many Hurler’s patients continue to have problems with skeletal 
deformities that require corrective surgery.

Boelens and colleagues reviewed data from the European Blood 
and Marrow Transplant Registry regarding outcome of patients 
with Hurler’s syndrome undergoing allogeneic transplantation 
[6]. While overall survival was not affected by cell source selec-
tion, the data suggested that UCB grafts significantly improved 
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the chance for achieving full donor chimerism and, as a result, 
normal circulating enzyme levels compared to patients receiving 
peripheral blood or bone marrow grafts.

X-linked Adrenoleukodystrophy (X-ALD)

X-ALD is a peroxisomal disorder stemming from a defective 
ABCD1 gene. This results in accumulation of long chain fatty 
acids, which has devastating neurologic consequences. The the-
rapeutic potential of UCB transplantation was best described by 
Beam and colleagues who report the outcomes of 12 boys, 3 of 
whom were transplanted early in life, before symptoms of the di-
sease developed [3]. All patients received high dose conditioning 
with busulfan, cyclophosphamide, and anti-thymocyte globulin 
followed by partially matched unrelated UCB transplantation. 
Extensive baseline neurophysiologic, neuroimaging and neurode-
velopmental testing was performed prior to transplantation and 
followed serially after the transplantation. One patient died early 
from toxicity and another experienced primary graft failure, but 
was rescued with a second transplant. Overall survival at 6 months 
was 67%. The authors found that the degree of pre-transplant 
ALD-associated brain involvement (Loes score) was a strong pre-
dictor of post-transplantation cognitive and motor outcome. Many 
of the patients with severe neurocognitive impairment at the time 
of transplantation experienced disease progression despite trans-
plantation. In contrast, the 3 boys who were asymptomatic at the 
time of transplant had excellent outcomes.

Composite reports of UCB transplantation for rare inborn errors

Disease-specific reports of allogeneic transplantation for rare in-
born errors of metabolism lack the detail or sample size to draw 
definitive conclusions about outcomes [30, 36, 44]. Table 1 lists 
the disorders that have been treated with UCB transplantation. 
Questions remain as to the appropriate timing for the transplant 
as well as the therapeutic benefit. It is for this reason that use of 
allogeneic SCT for treatment of many of these disorders remains 
investigational. 
Hurler syndrome
Krabbe‘s disease
Sanfilippo syndrome
Metachromatic leukodystrophy
Adrenoleukodystrophy
Tay Sachs disease
Hunter syndrome
Lesch-Nyhan disease
Sandhoff disease
Hurler Scheie
Neimann-Pick
Alpha mannosidosis
GM1 gangliosidosis
I-cell disease
Maroteaux-Lamy syndrome
Pelizaeus-Merzbacher disease
Fucosidosis
Wolman disease (Acid Lipase Deficiency)

Table 1. Inborn metabolism errors treated with umbilical cord blood transplantation

The common theme among all the reports is that the earlier the 
transplant is done, the better the outcome. In the largest of these 
composite reports from the Duke University group, 159 child-
ren representing 16 different inborn errors of metabolism were 
transplanted following high dose conditioning (busulfan, cyclo-
phosphamide, and equine anti-thymocyte globulin) over a 12-year 
period, ending in 2007. The probability of engraftment, acute and 
chronic GvHD, overall survival and factors influencing survival 
has been shown [36, Fig. 1]. Of note, the 1 and 5 year overall sur-
vivals for the most common disorders treated on the study (Hurler, 
Hunter, and Sanfilippo syndrome, metachromatic leukodystrophy, 
and adrenoleukodystrophy) were all similar. This suggests that ti-
ming of the transplant, not the underlying disease, is most impor-
tant in predicting outcome.

Umbilical cord blood transplantation for hemoglobino-
pathies

Related UCB transplantation for β-thalassemia and sickle cell 
disease

Unlike the situation with inborn errors of metabolism, there 
is an established role for allogeneic stem cell transplantation 
for the treatment of β-thalassemia and sickle cell disease [27, 
28, 49]. The published experience of UCB transplantation for 
β-thalassemia remains quite limited [12, 26]. The largest report 
comes from the Eurocord registry data describing the outcome 
of 33 β-thalassemia patients transplanted with matched related 
UCB grafts [26]. All patients had a low disease severity (Pesaro 
1 in 20 pts, Pesaro 2 in 13 pts). All patients received high dose e 
conditioning and GvHD prophylaxis with cyclosporine alone or 
combined with methotrexate. Seven of 33 patients experienced 
graft failure, but were rescued with either autologous stem cells 
or bone marrow from the original matched sibling cord blood 
donor at a later date.  With a median follow-up of 24 months, all 
33 patients were alive and well, but 4 retained the β-thalassemia 
phenotype.

The Locatelli report also included outcomes of 11 patients 
with sickle cell disease transplanted with UCB from related 
donors matched 6/6 (9 pts) or 5/6 (2 pts) [26]. The conditio-
ning and GvHD prophylaxis regimens were similar to those 
used for the β-thalassemia patients. Primary engraftment was 
achieved in 10 of 11 patients, and all 11 patients are alive and 
well (1 with sickle cell disease) with a median follow-up of 
24 months.

Unrelated UCB transplantation for β-thalassemia and sickle 
cell disease

There has yet to be enough published experience with unrelated 
UCB transplantation for β-thalassemia or sickle cell disease to ful-
ly assess the risk versus benefit considerations. The relative dearth 
of reports in the literature likely portrays unresolved challenges 
that remain with this mode of therapy. The few available reports 
suggest feasibility of unrelated UCB transplantation for hemoglo-
binopathies [1, 18, 19, 46]. However, it appears that establishment 
of stable donor engraftment is more challenging in this population 
of patients [1]. This may be related to the chemotherapy naïve 
status of the patients combined with a highly proliferative, cellular 
bone marrow milieu.
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Umbilical cord blood transplantation for bone marrow 
failure disorders

The published experience with UCB for treatment of acquired 
bone marrow failure disorders is outlined in Table 2. Most inve-
stigators have relegated UCB transplantation to a treatment of last 
resort. Thus, those transplanted with UCB represent an extremely 
high-risk subset of patients who have failed prior therapy. Inter-
pretation of the data is further compromised by the heterogeneous 
transplantation techniques. The data suggests that UCB transplan-
tation for severe aplastic anemia is feasible. Larger studies will be 
needed to garner a better understanding of the relative risk of graft 
failure compared to patients with other non-malignant or mali-
gnant disorders.
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