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TWENTY-FIVE YEARS OF CORD BLOOD 
TRANSPLANT

Since the first human cord blood transplant, performed in 
1988, cord blood banks have been established worldwide 
for collection and cryopreservation of cord blood for 
allogeneic hematopoietic stem cell transplant. Umbili-
cal cord blood (UCB) has now become a commonly used 
source of hematopoietic stem cells for allogeneic trans-
plantation. Today, a global network of cord blood banks 
and transplant centers has been established for a common 
inventory with an estimated 600,000 UCB banked and an 
estimated 30,000 UCB units distributed worldwide for 
adults and children with severe hematological diseases. 
Several studies have shown that the number of cells is 
the most important factor for engraftment while some 
degree of HLA mismatches is acceptable. The absence 
of ethical concern, the unlimited supply of cells explains 
the increasing interest of using cord blood for stem cell 
therapy.

Much has been learned in a relatively short time on the 
properties of cord blood hematopoietic progenitors and their 
clinical application. Cord blood transplant needs to meet 
several new challenges. First, several methods of improve-
ment of the speed of engraftment and decreasing transplant-
related mortality are investigated such as the increase of 
donor pool to decrease the number of HLA mismatches or 
the use of double cord blood transplants. Other methods are 
currently investigated such as cord blood intrabone infusion, 
ex vivo expansion with cytokine cocktails or homing factors 
or addition of mesenchymal stromal cells. More interest-
ingly, nonhematopoietic stem cells have been isolated from 
cord blood and placenta and could be used for the treatment 
of auto-immune diseases or for regenerative medicine.

E. Gluckman MD, FRCP
Professor Emeritus of Hematology, Eurocord 

Assistance publique des hôpitaux de Paris (APHP) 
Institut universitaire d’Hématologie (IUH) Hospital 

Saint Louis Paris, France
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Chapter 1

Introduction to Cord Blood Stem Cells
Dominique Charron1, Catherine Stavropoulos-Giokas2 and Cristina Navarrete3

1Laboratory “Jean Dausset,” Immunology & Histocompatibility, Hopital Saint Louis, Paris, France; 2Hellenic Cord Blood Bank, Biomedical Research 

Foundation Academy of Athens (BRFAA), Greece; 3Histocompatibility and Immunogenetic Services and NHS-Cord Blood Bank, National Blood and 

Transplant (NHSBT), England, UK; Division of Infection and Immunity, University College London, London, UK

Hematopoietic stem cell transplantation (HSCT) can be 
curative for selected malignant and nonmalignant dis-
eases. In recent years, cord blood (CB) has become a 
standard alternative source of hematopoietic stem cells 
(HSC) to bone marrow (BM) or peripheral blood (PB) for 
allogeneic HSCT mainly in patients who lack a human 
leukocyte antigen (HLA)-matched donor. This transi-
tion of CB from a waste, as it was previously considered,  
to a valuable cell product has been relatively rapid, and it 
has been accompanied by the establishment of dedicated  
facilities for the safe storage of these CB units, i.e., cord 
blood banks (CBBs) and in the development of procedures, 
standards, and regulations to secure the safe storage of high-
quality CB units, i.e., CB banking.

The efficacy of CB HSC for allogeneic transplanta-
tion has significantly increased over the past years and its 
use is nowadays widespread in many transplantation cen-
ters. Since the first CB transplantation was successfully 
performed in a child with Fanconi anemia with his HLA- 
identical sibling, the number of allogeneic unrelated and 
related transplants carried out for various hematological 
and nonhematological disorders has increased steadily. To 
perform these transplants, CBBs were established for the 
collection, cryopreservation, selection, and release of unre-
lated CB units for national and international exchanges. 
More than 25,000 unrelated CB transplants have been per-
formed worldwide, provided by CBBs that have collected 
more than 800,000 CB units.

CB cells have proliferative advantage and decreased 
immune reactivity when compared to other sources of 
hematopoietic stem cells. These properties should give a 
clear advantage for engraftment and diminution of acute 
Graft-versus-Host Disease (aGvHD). However due to the 
reduced volume, total nucleated cells (TNC) and HSC 
numbers present in a CB unit compared to BM or PB, the 
engraftment potential of CB has been limited. In order to 
overcome this issue, clinical protocols for using two CB 
units have been successfully developed and implemented.

Several studies have shown that TNC dose and 
HLA matching are important factors for survival after 

transplantation. Donor search algorithms have now been 
developed indicating that the best units should contain more 
than 2 × 107 TNC and more than 2 × 105 CD34+ cells per 
kilogram of the patient’s body weight. If only HLA-A, -B, 
and DRB1 matching (6/6) are considered, the number of 
HLA mismatches should not be more than two. Additional  
advantages of banked CB compared to BM are the absence 
of risk to the donor, the rapid and direct availability of the 
cells, and the absence of infectious disease at birth.

CB also contains stem cells that have retained embry-
onic properties and they can be isolated, and, when cultured 
in appropriate conditions, they give rise to cell lines that can 
be used for tissue engineering and regeneration of nonhe-
matopoietic organs or tissues.

In the context of regenerative medicine or tissue engi-
neering, CB is also a suitable source of stem cells such as 
mesenchymal stem cells (MSCs), and of endothelial cell 
progenitors. These cells have the potential to differentiate 
into various cell lineages including hepatocytes, muscle, 
cardiac myoblasts, pancreatic islets, keratinocytes, and neu-
ronal cells and blood vessels, respectively.

These cells could be used to replace damaged or degen-
erating tissues or to learn more about development and cel-
lular signaling, in normal cells or tissues or in pathological 
conditions. Possible applications include vascularization or 
bone reconstruction, and many more. Also, these cells could 
be used to deliver missing gene products.

Although the current results are very promising, more 
research is needed in order for these cells to be used in 
clinical settings. Considering the availability of CB and the 
absence of ethical problems associated with their collec-
tion, banking, and manipulation, compared to other sources 
of immature cells, CB could probably become a valuable 
source of cells to be used in stem cell therapy.

In this book, we have tried to cover the main fields of 
interest regarding CB. The book starts with elements of the 
biology behind the product, and continues with a series of 
articles on current and future clinical applications covering 
both transplantation and the field of regenerative medicine. 
There is a section dedicated to the organization and function 
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of the CB banking sector, the current state of regulatory  
affairs, and the challenges of the future. And last, but not 
least, the ethical, economical, societal, and public health 
impact of CB banking is presented.

The presence of relatively mature HSCs in human CB 
was demonstrated by Knudtzon in 1974. Ten years later, 
Ogawa and colleagues documented the presence of primi-
tive HSCs in CB. The current knowledge on CB hematopoi-
esis, the biology of hematopoietic stem and progenitor cells 
present, and their characteristics that give CB its unique 
properties are exposed in Chapter 3, that discusses how 
understanding the cells opens the road to transplantation.

However, it was not until 1989 that experimental and 
clinical studies were published indicating that human CB 
could be used in a clinical setting. The first successful cord 
blood transplantation (CBT) reported in 1988 was made 
possible by close collaboration among three groups: A.D. 
Auerbach (Rockefeller University, New York, USA), H.E. 
Broxmeyer (Indiana University, Indianapolis, USA), and  
E. Gluckman (Saint-Louis Hospital, Paris, France). Based on 
the diagnostic test of Auerbach for Fanconi anemia and the 
basic work on stem cell biology of Broxmeyer, Gluckman  
performed the first CBT in Saint-Louis Hospital, on a 
6-year-old boy from North Carolina with severe Fanconi’s 
anemia, using cryopreserved CB of his HLA-identical 
younger sister who was unaffected by the disorder.

Since the initial HLA-matched sibling CB transplant 
was carried out, the substantial logistics and clinical advan-
tages of CB as a source of HSCs for transplantation have 
become clear. The proliferative capacity of HSCs in CB 
is superior to that of cells in BM or PB from adults. Also, 
the immaturity of lymphocytes in CB dampens the risk of 
aGvHD which remains the main obstacle to the success of 
allogeneic transplantation of HSCs. An additional advan-
tage of CB is the low viral (cytomegalovirus and Epstein-
Barr virus) load of neonatal/fetal blood compared to adult 
blood.

The immune cells present in CB have unique prop-
erties that confer to CB its characteristics in the context 
of transplantation. The relative immaturity of these cells 
could explain the lower incidence of GvHD, but also 
opens roads for the improvement of the therapeutic poten-
tial of CB, by taking advantage of their inherent plasticity 
and flexibility. An overview of the mechanisms involved 
in the regulation and function of the immune component 
of CB is given in Chapter 4, as well as proposed strategies 
for expanding the clinical scope of CB from an immuno-
logical perspective.

The histocompatibility component is equally important. 
HLA is one of the decisive factors for selecting a CB unit 
and the impact of HLA matching on outcomes is critical. 
This affects the immunogenetic typing strategy for bank-
ing. In Chapter 6, the impact of both HLA and non-HLA 
immunogenetic factors is presented and discussed, toward a 

comprehensive immunogenetic assessment to establish the 
basis for a successful donor choice for a given patient.

Serious disadvantages of CB are the low number of 
HSCs compared with BM or mobilized PB, the increased 
risk of graft failure, the delayed hematopoietic engraftment, 
and the lack of donor lymphocyte transfusion for immune 
therapy. Additional possible disadvantages of the CB seem 
to be the difficulty in searching the large number of existing 
CBBs for matched grafts, the variation in the required han-
dling, and, finally, uncertainty concerning aspects of post-
thawing cell recovery and overall quality of CB among the 
CBBs.

A number of strategies have been proposed in order to 
overcome these limitations resulting in experimentation fol-
lowed by trials. In Chapter 11, these strategies are presented: 
from administration of multiple units, to special pretrans-
plantation regimens, passing from expansion and further 
manipulation of CB-derived cell subpopulations. The field 
of CBT is not static and novel approaches are being evalu-
ated with the goal of optimizing transplantation outcomes.

Hematological malignant and nonmalignant diseases 
remain the main indications of CB, which is seen as an 
alternative to BM or peripheral blood stem cells (PBSC). 
Chapter 7 focuses on allogeneic related and unrelated trans-
plantation in children and adults, giving a comprehensive 
view of the state of the field.

But other clinical conditions suitable for CBT have 
emerged. Chapter 8 is dedicated to the treatment of primary 
immune deficiencies and metabolic diseases by CBT. As 
these diseases affect children, CB, in some cases, in con-
junction with assisted reproductive technology and preim-
plantation screening, is a precious graft source, especially 
in cases where the delay in engrafting is of paramount 
importance. Another application field is the use of CB in the  
treatment of autoimmune diseases, as described in Chapter 9.  
Following the successful use of HSCT for the treatment 
of severe autoimmune diseases, the use of CB with the 
added benefit of CB-derived MSCs with known immune- 
modulatory properties is very promising. The use of CB-
derived immune-modulating T regulatory cell (Treg)s and 
MSCs in inflammatory disorders is examined in Chapter 
10, and in Chapter 12, an immunomodulation model for 
treating diabetes with CB-derived cells is described.

Over those years much has been learned about the prop-
erties of CB hematopoietic progenitors and their clinical 
applications. But, CB is a complex tissue containing sev-
eral subpopulations of nonhematopoietic cells, summarized 
in Chapter 2, that have unique functional characteristics 
and distinct differentiation capacity, and have their origins 
in different stages of fetal development. A whole chapter 
(Chapter 5) is dedicated to the endothelial cell compart-
ment of CB, and their potential use as therapy. The non-
hematopoietic stem cells that have been isolated from CB 
such as MSCs and endothelial cells, etc., can be grown and 
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differentiated in various tissues and potentially in the near 
future, the CB cells will be used for the treatment of dis-
eases such as diabetes, arthritis, burns, neurological disor-
ders, and myocardial infarction.

This leads us away from CB transplantation and toward 
the realm of regenerative medicine. This is as yet an 
uncharted territory for now most of the work has been car-
ried out using animal models and clinical trials have not yet 
yielded definitive results. CB, as described in Chapter 13, is 
being used as a source of cells for trials for neurological dis-
eases and conditions, although routine administration (as in 
hematological diseases) is not for the near future. Another 
potential use is as a source of induced pluripotent stem cells 
(iPSCs). The biology and possible applications of iPSCs are 
presented in Chapter 14, as well as issues related to their 
eventual clinical use and ongoing trials.

The first efforts in CB banking were initiated in the lab-
oratory of Broxmeyer at the Indiana University School of 
Medicine, where 7 of the first 10 units of CB collected for 
allogeneic transplantation use, were stored. These prelimi-
nary results led to the institution of CBBs. Besides many 
similarities, CB banking and traditional blood banking 
show a number of important differences.

The first CBBs were established in 1993 at the New 
York Blood Center (National CB program) by Pablo  
Rubinstein, in Milan (Milan CBB) by Girolamo Sirchia, and 
at the Bone Marrow Donor Center in Dusseldorf by Peter 
Wernet. These first three programs aimed at the implemen-
tation of large repositories of cryopreserved CB collected 
from healthy newborns. National regulatory agencies and 
transplant centers are aware of the need for international 
standards in order to promote quality throughout all phases 
of CB banking, with the production of high-quality CB 
units for transplantation. These standards, which include all 
practical aspects of CB banking, such as mother’s informed 
consent, collection techniques, labeling and identification, 
infectious and genetic disease testing, HLA typing, method-
ology of cell processing, cryopreservation, transportation, 
and release, have been extensively published.

Two major models of CBBs that have emerged: those 
dedicated to the collection and distribution of CB units from 
unrelated donors for allogeneic transplantation, routinely 
called “public” CBBs; and those dedicated to the storage 
of CB for related and autologous transplantation, often 
referred as “private” banks. Chapter 20 discusses the value 
of the two models regarding the best interest of the new-
born/donor and the factors influencing the parents’ choice. 
Most of the clinical usage covered by this book concerns 
unrelated allogeneic banks, but one should not forget that 
the majority of cryopreserved CB units in the world are in 
fact stored for personal use. There is a whole industry cen-
tered on this, as is very thoroughly explained in Chapter 23: 
on the one hand publicly funded public banks and on the 
other for-profit commercial banks; both business models 

are analyzed for their efficacy, cost-effectiveness, and also 
their perspectives from a fiscal point of view.

A whole section of this book is dedicated to the regula-
tory and practical aspects of CB banking. Part of the attrac-
tion of CB as a source of HSCs for transplantation comes 
from the fact that it is a readily available and fully traceable 
product, of known quality, thoroughly tested and prepared 
according to stringent standards. In addition, CB collection 
poses no risk to the donor and provides a unique opportunity 
for recruiting donors from ethnic minorities. These donors, 
who are traditionally underrepresented in unrelated volun-
teer donor registries, can provide a higher frequency of rare 
haplotypes, thus reducing the time from initial donor search 
to final selection to a median time of 25–36 days, rather than 
months, typically required for an unrelated donor.

The whole process of banking is explained in succes-
sive chapters, starting with an overview of the CB banking 
process in Chapter 15 that takes the reader from the initial 
donor recruitment and the collection of CB after obtain-
ing maternal consent, to the processing that takes place in 
dedicated laboratories, the testing and HLA typing to the 
subsequent selection and administration of a CB unit for 
transplantation. It continues with a clinician’s point of view 
in Chapter 16: how the selection of the most suitable avail-
able unit for a given patient is made, and how the quality 
indices influence this choice. A large part of this chapter is 
dedicated to the importance of HLA matching and the influ-
ence a particular strategy regarding HLA compatibility can 
have on transplantation outcome.

The need for standards in order to ensure the quality of 
the administered product was recognized early on, with the 
first accreditations taking place in the 1990s. Today, accred-
itation standards are but a part of integrated quality manage-
ment schemes that regiment all aspects of CBB operation 
and extend to the transplantation centers, as described in 
Chapter 17. In addition, legislators have set some general 
sets of rules for CB banking establishments (whatever their 
character: public or private) in the developed world, with 
developing emerging nations following, as CB is seen as a 
national resource that can in part ensure the well-being of 
the population. Chapter 18 is dedicated to the regulations 
governing those establishments, with emphasis on EU and 
North American legislation, and a general overview is given 
for the rest of the world.

Emphasis is also placed on the international cooperation 
and the existence of organizations like WMDA that regulate 
the distribution of CB units. Their operation is described in 
Chapter 19, and it encompasses all stages from the initial 
search from donor to the feedback from the end user.

CBBs are relatively new entities, and their role is most 
probably not fully developed. Regulatory and financial 
issues aside, the existence of CBB has some impact on soci-
ety as a whole. Although CB appears to be conflict-free from 
ethical and moral viewpoints, the development of CBBs, 
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both public and private, and their potential use in the broader 
field of regenerative medicine as opposed to the well-defined 
scope of HSCT, raises ethical dilemmas that will need to be 
contemplated in a rapidly advancing scientific context in a 
diverse but globalized environment. These are discussed in 
Chapter 22, while Chapter 24 discusses the place of CBB in 
Public Health Policy planning in the EU. Chapter 21 gives 
some insight into what could be the future of CBBs, with 
regenerative medicine applications, such as those previously 
described, being integrated in their operations.

The future of CBBs will not be limited to HSCT, but will 
include the fields of immunotherapy and regenerative medi-
cine. Researchers and clinicians could take advantage of the 
whole spectrum of stem cells that make up CB, the cells’ 
plasticity and scientific advances in the fields of induced 

differentiation (as with endothelial progenitors), pluripo-
tency (CB as a source of iPSC), or immunomodulation. 
CBBs have the advantage of already satisfying a number 
of quality and regulatory requirements for clinical admin-
istration, as they already follow stringent protocols with an 
emphasis on safety and traceability, and already adhere to 
Good Manufacturing Process standards.

In this book, we have tried to give an up-to-date descrip-
tion of the field of CB in human medicine. We believe 
that we are at the beginning of an era when the concept of 
advanced therapies and regenerative medicine will finally 
be translated into everyday practice, and that CB could very 
well be at the center of this: this is reflected by the title 
of the book which emphasizes the importance CB could 
achieve in medicine.
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1.  BIOLOGICAL BACKGROUND OF CORD  
BLOOD CELLS—DEVELOPMENT 
OF HEMATOPOIETIC AND 
NONHEMATOPOIETIC CELLS

Cord blood (CB) is characterized by a unique richness in 
hematopoietic stem and progenitor cells, particularly those 
“early” cells which are detected in in vitro assays like the 
long-term culture-initiating cell (LTC-IC) assay and high 
proliferative potential-colony forming cell (HPP-CFC) 
assay or in vivo due to their potential to repopulate non-
obese diabetic/severe combined immunodeficiency (NOD/
SCID) mice (SRC—SCID repopulating cells). It has been 
extensively shown that hematopoietic stem cells (HSC) 
develop during embryogenesis and fetal life in a complex 
process involving multiple anatomic sites and niches (yolk 
sac, the aorta–gonad–mesonephros region, placenta, and 
fetal liver),1 before they colonize the bone marrow (BM), as 
summarized recently.2 As fetal and neonatal hematopoietic 
cells are markedly different from adult HSC with respect to 
their proliferative capacity, it was conceivable that differ-
ent mechanisms and/or niches control engraftment and self-
renewal of HSC during fetal and adult life. Since fetal blood 
is formed in close association with organs, the search for 
cell functions as niches similar to cell types present in adult 

BM environment (osteoblasts, endothelial cells, fibroblasts, 
reticular cells) was a logical consequence.

Although the HSC contained are currently the most 
relevant cells in CB with regard to clinical application, 
it also contains nonhematopoietic cell types which bear 
interesting properties that can potentially be utilized in 
regenerative medicine.

2.  ENDOTHELIAL CELLS IN CB

Endothelial progenitor cells (EPCs) have been investi-
gated as a potential source of cells for vascular repair. First 
described in 1997,3 EPCs have been characterized by many 
investigators based on their morphology and surface anti-
gen expression,4 but frequently without stringent in vivo 
analysis of function.5

By the group of Mervin Yoder,6 endothelial cord form-
ing cells (ECFCs) in CB have been shown to be the only 
circulating cells that possess all the characteristics of an 
endothelial cell progenitor, including distinct functions. 
To isolate ECFCs, CB-derived mononuclear cells (MNC) 
or CD34+/CD45− cells are plated on a collagen-coated sur-
face and form adherent colonies with a cobblestone-like 
morphology between day 7 and 14.6 ECFCs are rare cells, 
found at a concentration of about 0.05–0.2 cells/ml in adult 
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peripheral blood. They are enriched in human umbilical 
CB, being found at a concentration of about 2–5 cells/ml. 
ECFC can be enriched from each CB sample (fresh or cryo-
preserved) applying the isolated CD34+-subpopulation as  
a basis. ECFC progeny express the cell surface antigens  
CD31, CD105, CD144, CD146, von-Willebrand factor, and 
kinase insert domain receptor (KDR), but do not express 
the hematopoietic or monocyte/macrophage cell surface 
antigens CD14, CD45, or CD115.6 Additionally, they are 
characterized by uptake of acetylated-low-density lipopro-
tein (AcLDL). Functionally ECFC progeny form tubes 
when plated alone and form de novo functionally active 
human blood vessels in vivo. One potential clinical use of 
ECFCs is in the treatment of patients with ischemia and 
defective wound healing due to impaired neoangiogenesis.7 
The authors state that the ability of implanted endothelial 
cells to form a vascular network when the host’s angiogenic 
response is inhibited suggests that this strategy could be 
useful in treating patients with impaired wound healing. 
These and other reports suggest that ECFCs represent an 
excellent cell source for vascular engineering strategies. 
While there are not so many data available of the use of 
ECFCs in human clinical trials, the results with preclini-
cal rodent studies provide some hope for patients who suf-
fer from poor vascular function. Moreover, based on their 
growth kinetic, they are interesting candidates for tissue 
engineering in combination with MSC, induced pluripotent 
stem (iPS) cells, or mature tissue cells.

3.  STROMAL CELLS IN CB AND CORD 
TISSUE AS COMPARED TO BM

The heterotopic transplantation of BM results in the for-
mation of ectopic bone and marrow.8 This “osteogenic 

potential” is associated with nonhematopoietic stromal 
cells coexisting with HSC in the BM.9,10 Friedenstein 
and colleagues originally called these cells “osteogenic” 
or “stromal stem cells,”10,11 in the following years the 
terms “mesenchymal stem cells,” “mesenchymal stromal 
cells,” or “skeletal stem cells” have been widely used in 
the literature.12 In the present article, the BM-derived non-
hematopoietic cells are referred to as “bone marrow mes-
enchymal/multipotent stromal cells” (BM MSC). Several 
groups proved the in vivo osteogenic potential—including 
the recruitment of hematopoietic cells of recipient origin— 
of BM MSC after transplantation on a hydroxyapatite 
scaffold.13,14 After the original reports by Friedenstein, 
many other sources of MSC-like cells were described, for 
example adipose15 or fetal tissue. In 2000, the first adher-
ent cells (also termed “MSC”) from CB (as summarized in 
Koegler et al. 16) or in the umbilical cord tissue,17,18 which 
revealed an immunophenotype (CD45−, CD13+, CD29+, 
CD73+, CD105+) similar to BM MSC, however without 
any in vivo reconstitution studies. This was accompanied 
by many other publications, as summarized by Kogler 
et al.18 In 2004, our group was able to detect cells in CB 
with a different proliferative potential, the so-called unre-
stricted somatic stromal cells (USSC),19 and in the fol-
lowing years these data were confirmed by other groups 
(Figure 1).20–22

Several markers described in the literature for defined 
subtypes of MSC from BM, e.g., CD271, CD140b, STRO-1,  
GD2, or NG2 could not be correlated to functional  
subpopulations in CB.

In the publication of 2004,19 we described USSC as a 
homogenous cell population with respect to their pheno-
type. During the following years, further detailed character-
ization in vitro and in vivo applying clonal cell population 

FIGURE 1 Neonatal stromal cells. Neonatal stromal cells were isolated from cord tissue/Wharton’s Jelly (UC MSC) or cord blood, respectively. In 
cord blood, two distinct nonhematopoietic stromal cell populations were described so far: USSC and CB MSC. UC MSC, umbilical cord mesenchymal 
stromal cells; USSC, unrestricted somatic stromal cells; CB MSC, cord blood mesenchymal stromal cells.
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isolated and expanded from CB, clearly revealed distinct cell 
populations.23,24 We termed them according to the revisited 
MSC concept:25 USSC and CB mesenchymal/multipotent 
stromal cells (CB MSC).26 We could also define that clonal 
USSC and CB MSC lines differ most likely in their devel-
opmental origin reflected by a distinct homeobox (HOX) 
gene expression and expression of the delta-like 1 homolog 
(DLK-1), resulting in a completely different differentiation 
and regeneration in vivo applying specific models for neu-
ral, cardial, liver, and mesodermal (skeletal) regeneration. 
About 20 (out of 39) HOX-genes are expressed in CB MSC 
(HOX-positive), whereas native USSC (HOX-negative) 
reveal no HOX-gene expression.27 In addition, USSC dis-
play a lineage-specific lack of the adipogenic differentia-
tion potential along with the expression of DLK-1 (Figure 
2).23,24,28

During recent years more than 300 cell lines were gen-
erated, characterized, and cryopreserved. Moreover, it was 
clearly documented that neonatal CB cells delivered at 
birth (>36 weeks of gestation) do not contain any OCT4A 
positive “embryonic-like” cells, and that the majority 
of data published by other groups were misleading due 
to artifacts based on OCT4A pseudogenes.29 Due to the 
developmental status, it is unlikely that OCT4A is found 
in fetal, neonatal CB of 36 weeks gestation.30 Moreover, 

more than 25,000 allogeneic CB transplantations have 
been performed to date without any germ cell tumor for-
mation (including teratoma). In contrast to iPS cells (also 
from CB cells)31 that form teratomas, the absence of tumor 
formation in clinically relevant models (nude mice) is 
one of the most important features indicating why native 
neonatal CB subpopulations are promising candidates in 
regenerative cell-based approaches.

Beside the cell populations described above, other 
cells with “embryonic characteristics” were claimed to 
be present in CB. These so-called very small embryonic-
like (VSEL) cells were described as being pluripotent 
and positive for expression of OCT4.32 As of today, when 
nearly every cell can be reprogrammed to a pluripotent 
state with a defined set of transcription factors resulting 
in a true “pluripotent nature,” this puts the idea of pluri-
potency in CB to a break. In addition, recent reports doubt 
the existence of these cells.33 This resulted in a report in 
Nature News, summarizing studies refuting the existence 
of VSEL cells in tissue, including CB.34 Since there are 
many publications about the regenerative ability of CB 
cells, we will try to focus on the ones that, in addition to 
the ECFC already highlighted above, could have therapeu-
tic applicability based on cell numbers generated as well 
as functional data available in vitro and in vivo.

FIGURE 2 Discrimination of cord blood-derived stromal cell types. The nonhematopoietic stromal cell types from cord blood—USSC and CB 
MSC—can be distinguished on the basis of differentiation potential and gene expression. (A) In vitro adipogenic differentiation potential (21 days). Lipid 
vacuoles were visualized by Oil Red O staining. Scale bar: 100 μm. (B) RT-PCR analyses to evaluate the expression of DLK-1 in USSC and CB MSC 
(Kluth et al. 2010, Stem Cells Dev). (C) RT-PCR of HOX-genes in the indicated cell types (black: absent (−); green: present, different expression levels 
are reflected by the color-intensity). UC MSC, umbilical cord mesenchymal stromal cells; USSC, unrestricted somatic stromal cells; CB MSC, cord blood 
mesenchymal stromal cells; BM MSC, bone marrow mesenchymal stromal cells; DLK-1, delta-like one homolog; HOX, homeobox.
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4.  ISOLATION, EXPANSION, AND 
CHARACTERIZATION OF CB-DERIVED 
ADHERENT CELLS FROM CB

Cultures of USSC and CB stromal cells are generated by the 
same method. Briefly, blood is collected from the umbili-
cal cord vein directly after clamping, with informed consent 
of the mother. MNC are obtained by density-based Ficoll 
gradient separation and are subsequently cultured in plastic 
culture flasks containing serum-enriched medium supple-
mented with defined amounts of dexamethasone. As soon 
as colonies of adherently growing cells are observed, usu-
ally after 7–21 days in culture at 37 °C with 5% CO2 and 
humidified atmosphere, the dexamethasone is omitted to 
avoid unwanted triggering of osteogenic differentiation.

Classification of the adherent cells into USSC and CB 
MSC can be assessed only after generation by determin-
ing the adipogenic differentiation potential, expression of 
DLK-1 as well as HOX-gene expression. Over recent years, 
we initiated adherent cell cultures from 1009 CB samples, 
from which 40% (n = 394) gave rise to an average of 1–11 
colonies per individual blood sample. Due to their very 
low frequency in CB (1–100 per 1 * 10−8 MNC),23,24,28 
other fetal sources (cord) were also used,35,36 however, 
resulting in stromal cells had a completely different func-
tionality, as discussed below.

5.  GENERATION OF CELL CLONES AND 
CLONAL POPULATIONS

The availability of clones as well as clonal populations is 
mandatory to characterize stromal populations derived from 
CB as compared to those derived from BM.

Colony-clonal populations were obtained during gen-
eration of cell lines by applying special cloning cylinders. 
In this case, cell lines were generated as described before 
and, if distinct, separate colonies were observed, a clon-
ing cylinder was attached on a single colony and cells were 
trypsinated according to the standard protocol. While these 
cells could be regarded as clonal in being derived from one 
single developing colony, expansion of single cells is man-
datory for true clonality. Therefore, cells of one colony or 
of already established cell lines, respectively, were plated at 
low density into six-well cell culture plates. Employing an 
AVISO CellCelector™, single cells were picked and trans-
ported to a defined destination well of a 96-well cell culture 
plate. For verification, pictures were taken before and after 
each picking process to document successful single cell 
selection. By subsequent cultivation, initially with precon-
ditioned medium, clonal lines were established which then 
could be expanded under standard conditions. In the case 
of cells picked from primary colonies, the remaining cells 
were expanded as bulk culture and referred to as initial cell 
line.

6.  USSC AND CB MSC

USSC and CB MSC exhibit a comparable proliferative 
potential (Figure 3(A)36), and can be distinguished on the 
basis of gene expression and differentiation potential 
(Figure 2(A)). Both cell populations can be expanded 
under conditions that conform to clinical requirements 
(“good manufacturing practice;” GMP).37 Here, the  
target cell number to be reached is more than 1.5 × 109 
cells within 30 cumulative population doublings (corre-
sponding to passage 4–5).

Applying in vitro adipogenic differentiation assays, 
CB MSC, but not USSC, can differentiate into adipocytes 
(Figure 2(B)). Former results indicated a correlation of this 
absent adipogenic potential and the expression of DLK-1 
in USSC, since USSC but not CB MSC express DLK-1. 
Therefore, this marker can be applied to discriminate the 
CB stromal cells on a transcript but not protein level.23

Applying microarray- and PCR-analyses, the pres-
ence of HOX-genes was defined as a distinguishing feature 
between USSC and CB MSC besides the expression of 
DLK-1: USSC do not express HOX-genes, while CB MSC 
are HOX-positive (Figure 2(C)27).

In addition to the discriminating features presented 
in Figure 2, further differences between USSC and CB 
MSC were detected. USSC possess a higher hematopoie-
sis-supporting capacity in coculture experiments.24 With 
respect to the immunophenotype, CB MSC reveal a stron-
ger expression of CD146 (melanoma adhesion molecule, 
MCAM) than USSC. During flow cytometric analysis, no 
endothelial (CD31negative), leukocytic (CD45negative), epithe-
lial (CD326negative), or antigen-presenting (HLA-DRnegative) 
phenotype was detected in any cell type analyzed.36

7.  GENERATION OF ADHERENT CELLS 
FROM THE WHARTON’S JELLY (CORD)

The umbilical cord consists of one vein and two arteries, 
which are embedded in a connective tissue, the so-called 
“Wharton’s Jelly” (Figure 1). Many protocols to iso-
late stromal cells from Wharton’s Jelly (often referred to 
as umbilical cord mesenchymal stromal cells, UC MSC), 
with or without an enzymatic digestion step, have been 
published over time. In our group, UC MSC were isolated 
as described in36 by the outgrowth of stromal cells from 
umbilical cord tissue cut into small pieces and cultivated 
in standard culture medium. Commonly, in vitro differen-
tiation assays were performed to prove the identity of the 
isolated cells as being MSC-like with the potential to give 
rise to cells of skeletal tissues (osteoblasts, chondroblasts, 
adipocytes).38 In accordance with our results, further stud-
ies reported a restricted differentiation potential of so-called 
UC MSC concerning in vitro39,40 and in vivo41 assays. 
Compared to USSC and CB MSC from CB as well as to 
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BM MSC, these cells derived from the cord tissue demon-
strated the highest proliferation potential (Figure 3(A)), but 
the lowest (or completely absent) differentiation potential 
toward the osteogenic, chondrogenic, and adipogenic lin-
eage.36 Therefore, it also has to be questioned whether the 
term mesenchymal or multipotent does apply at all to stro-
mal cells from cord tissue.

8.  GENE EXPRESSION PROFILES

Microarray gene expression analysis is a useful tool in com-
paring different cell types and provided further insight into 
the gene expression profile of CB-derived USSC and CB 
MSC in comparison to BM MSC.35

The expression of the majority of genes was shared by 
USSC, CB MSC, and BM MSC (Figure 4(A)). The expres-
sion pattern of USSC and CB MSC was more similar to 
each other than to BM MSC, which reflects the common 
CB origin.

These arrays also gave hints for differences in regard to 
differentiation capacity, and subsequent analysis of specific 

gene expressions was carried out. Special attention was paid 
to genes associated with the process of osteogenesis and in 
according quantitative PCR experiments, a stronger expres-
sion of bone sialoprotein (BSP), osterix (OSX, correctly 
SP7), bone morphogenetic protein 4 (BMP4) and osteo-
calcin (OC) in BM MSC compared to the CB-derived cell 
types was shown (Figure 4(B)35). Unlike BM MSC, the CB 
stromal cells lacked the typical bone signature.

Thus, USSC and CB MSC exhibit a more immature sta-
tus than BM MSC with respect to the genetic control of 
bone formation.

9.  CORRELATION OF HOX-GENE 
EXPRESSION AND REGENERATIVE 
POTENTIAL

The vertebrate skeleton consists of elements which vary 
regarding their embryonic origin. The craniofacial skel-
eton is derived from the cranial neural crest, the axial 
skeleton from the paraxial mesoderm, and the limb skel-
eton from the lateral plate mesoderm.42 Depending on 

FIGURE 3 Characterization: growth 
kinetics and immunophenotype. (A) 
Representative growth kinetics. (B) Flow 
cytometric analysis of CD146 and the 
corresponding isotype controls. Foreskin 
fibroblasts were used as negative control. 
CPD, cumulative population doublings; 
UC MSC, umbilical cord mesenchymal 
stromal cells; USSC, unrestricted somatic 
stromal cells; CB MSC, cord blood mes-
enchymal stromal cells; BM MSC, bone 
marrow mesenchymal stromal cells.
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the embryonic origin, a different HOX-gene expression 
pattern can be detected. While most parts of the skeleton—
including the corresponding tissue-derived progenitor 
cells—are HOX-positive, the craniofacial skeleton is HOX-
negative.43,44

Leucht and coworkers performed transplantation 
experiments in mice and analyzed the influence of the 
Hox-gene expression.44 As illustrated in Figure 5(A), skel-
etal progenitor cells derived from the mesodermal tibia 
(Hoxpositive) were transplanted in defects of the ectodermal 
mandible (Hoxnegative), which resulted in cartilage forma-
tion instead of bone regeneration. On the contrary, the 
transplantation of mandibular cells (Hoxnegative) in a defect 
of the Hox-positive tibia resulted in effective bone repair 
(Figure 5(A)). The Hox-positive cells retained their Hox-
gene expression after transplantation in a Hox-negative tis-
sue. In contrast, Hox-gene expression was adapted in the 
previously Hox-negative cells following transplantation in 
a Hox-positive tissue. These results led to the conclusion, 
that the Hox-negative status of the mandibular cells and 
the potential to adapt a Hox-gene expression after trans-
plantation may be regarded as beneficial concerning the 
regenerative potential.

As described above, CB-derived USSC lack the 
expression of HOX-genes, while CB MSC are HOX-
positive (Figure 2(C)). As illustrated in Figure 5(B), we 
transferred the in vivo model described by Leucht et al. 
to an in vitro coculture model.26 USSC were tagged using 
the green fluorescent protein (GFP) and cocultivated with 
HOX-positive cells (UC MSC, CB MSC, or BM MSC) 
for 5 days. After coculture and cell sorting, the previously 
HOX-negative USSC expressed HOX-genes (Figure 6(A)). 
Analogous to the Hox-negative mandibular cells, which 
started to express Hox-genes after transplantation in the 
tibial defect (Figure 5(A)), USSC were able to adapt a 
HOX-gene expression after cocultivation with HOX-pos-
itive stromal cells. Besides the HOX-gene expression, the 
adipogenic differentiation potential was affected by the 
direct coculture. USSC, which failed to differentiate into 
adipocytes, exhibited an adipogenic potential after cocul-
ture with CB MSC (Figure 6(B)). The direct coculture rep-
resents a simple way to modulate the cell fate decision of 
neonatal stromal cells. Due to their ability to adapt to the 
surrounding tissue, USSC are a promising cell type for the 
potential clinical application in the future, if the mecha-
nisms are enlightened and proven in vivo.

FIGURE 4 Gene expression profile. (A) The gene expression of USSC, CB MSC, and BM MSC (each in triplicate) was analyzed applying PrimeView™ 
Human Gene Expression Arrays. The Venn-diagram illustrates the common and unique expression of genes. The gene expression was filtered for each 
cell type: A probe set had to be expressed above the background (twentieth and hundredth percentile of the raw signal distribution) in at least two out of 
three replicates. This resulted in 39,519 transcripts for the “group USSC,” 39,493 transcripts for CB MSC, and 39,454 transcripts for BM MSC which 
were compared. (B) Quantitative RT-PCR analyses of genes expressed differentially in USSC, CB MSC, and BM MSC. Illustrated are the arithmetic 
means and standard deviations of at least three different cell lines per cell type. *p = 0.01–0.05, significant; **p = 0.001–0.01, very significant (unpaired 
t-test). RPL13A was used as housekeeping gene. USSC, unrestricted somatic stromal cells; CB MSC, cord blood mesenchymal stromal cells; BM MSC, 
bone marrow mesenchymal stromal cells; BSP, bone sialoprotein; OSX (SP7), osterix; BMP4, bone morphogenetic protein 4; OC (BGLAP), osteocalcin; 
RPL13A, ribosomal protein L13A.
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FIGURE 5 Influence of HOX-gene expression on regenerative potential. (A) Schematic illustration of in vivo experiments by Leucht et al. (2008, 
Development) analyzing the influence of HOX-gene expression of transplanted cells on bone repair. (B) Scheme of the in vitro coculture (5 days) of HOX-
negative USSC with other HOX-positive cells. HOX, homeobox; USSC, unrestricted somatic stromal cells; MSC, mesenchymal stromal cells; GFP, green 
fluorescent protein; FACS, fluorescence-activated cell sorting.

FIGURE 6 Influence of coculture on HOX-gene expression and differentiation potential. HOX-negative USSC were cocultivated (CC) with HOX-
positive cells (UC MSC, CB MSC, or BM MSC) for 5 days, followed by GFP-mediated cell sorting. (A) RT-PCR of HOX-genes in the indicated cell types 
(black: absent (−), green: present, different expression levels are reflected by the color-intensity). (B) After FACS, USSC were cultivated for one further 
passage before adipogenic differentiation and Oil Red O staining (d21). Scale bar: 25 μm. HOX, homeobox; UC MSC, umbilical cord mesenchymal 
stromal cells; USSC, unrestricted somatic stromal cells; CB MSC, cord blood mesenchymal stromal cells; BM MSC, bone marrow mesenchymal stromal 
cells; GFP, green fluorescent protein; FACS, fluorescence-activated cell sorting.
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10.  BONE AND CARTILAGE FORMING 
POTENTIAL OF CORD BLOOD 
STROMAL CELLS

For the purpose of bone and cartilage regeneration 
(lost due to trauma, surgical resection of tumors, skel-
etal disorders, and aging), cell-based strategies are cur-
rently the gold standard of treatment. The use of freshly 
isolated CD146-positive BM MSC, in contrast to the 
extensively expanded counterpart, provides an important 
therapeutic tool for bone regeneration, although not for  
cartilage.

Bone is a highly vascularized connective tissue under-
going continuous remodeling and regeneration processes. 
The intrinsic regeneration potential is initiated in response 
to injury, as well as during normal skeletal develop-
ment reflected by continuous remodeling throughout 
adult life.45 Many bone and cartilage associated diseases 
require regeneration in large scale, e.g., large bone defects 
also known as “critical size” defects due to trauma, sur-
gical resection of tumor, infection, or skeletal disorders.  
Especially for treatment of these defects, a cell-based 
strategy is the most promising approach as long as a suf-
ficient number of cells can be supplied. Clinically, stromal 
cells can be used as cell suspension expanded by culture 
or simply as BM concentrate.46 In this context, ex vivo 
expanded mesenchymal stromal cells (BM MSC) have 
demonstrated their ability to function as a tissue repair 
model in manifold therapeutic applications investigated 
in clinical trials.47 However, the outcome of tissue repair 
is strongly associated with the applied cell concentration, 
which is lower in BM transplants compared to cultured 
cells. Moreover, large-scale cell amplification by ex vivo 
expansion harbors the risks of dilution of the relevant 
osteogenic clones, xenogenic incompatibility, and cellu-
lar transformation.10,48 For de novo cartilage repair there 
are no established methods available, simply based on the 
fact that adult BM does not contain the early chondrogenic 
progenitors in sufficient amounts to regenerate large areas 
of defects. For all clinical applications one should choose 
the best characterized cells for a directed and specific tis-
sue repair. As shown in Figure 4 and summarized in Bosch 
et al.,35 Kluth et al.,23 Liedtke et al.,26 and many other 
publications in vitro and in vivo, fetal stromal cells (both 
USSC and CB MSC) have specific signatures for bone and 
cartilage formation.

11.  WHY DO WE HAVE THESE 
PROGENITORS OR ELUSIVE  
CELLS IN CB?

The correct formation of the skeleton during embryo-
genesis and fetal development, and its preservation dur-
ing adult life is essential and is maintained through the 

complementary activities of bone-forming osteoblasts 
and bone-resorbing osteoclasts.49 The stability and 
strength of bones is accomplished by mineralization of 
the extracellular matrix, leading to a deposition of cal-
cium hydroxyapatite.50 The osteogenesis can be split into 
two different processes: intramembranous and endochon-
dral ossification.51 The intramembranous ossification is 
characterized by mesenchymal cells that condense and 
directly differentiate into osteoblasts and thereby deposit 
bone matrix. This process of bone formation is limited to 
certain parts of the skull as well as part of the clavicle. 
All other bones of the skeleton are formed by endochon-
dral ossification. The formation of skeletal elements by 
endochondral ossification begins with the migration of 
undifferentiated mesenchymal cells to the zones that are 
destined to become bone. The undifferentiated cells con-
dense, resulting in an increase in cell packing and form-
ing of the cartilaginous anlagen. This process is regulated 
by mesenchymal–epithelial cell interactions. The next 
step, the aggregation of chondrogenic progenitor cells 
into precartilage condensations, is dependent on cell–cell 
and cell–matrix interactions.51 The following transition 
from a chondrogenic progenitor cell to a chondrocyte is 
marked by a change in the extracellular matrix composi-
tion. The chondrocytes thereby acquire a rounded mor-
phology and undergo hypertrophy (substantial increase 
in size). This chondrocyte hypertrophy triggers the initial 
osteoblast differentiation from perichondrial cells. Blood 
vessels start to invade the cartilage from the perichon-
drium and thereby transport osteoclast cells into the bone 
to degrade the existing cartilage matrix producing mar-
row cavity. Additionally, the blood vessels transport peri-
chondrial cells to nascent BM, where they differentiate  
into osteoblasts. Many different transcription factors  
and regulatory signals are involved in the endochondral 
ossification, such as the transcription factor of the sex-
determining region Y (SRY)-related high mobility group 
box, SOX9,50 the Runt domain-containing transcription 
factor 2 (RUNX2),52 Osterix (OSX),50 BSP,53 and para-
thyroid hormone-related protein (PTHLH).52 All of the 
transcription factors are regulated by a variety of devel-
opmental signals, including Hedgehog (HH) proteins, 
NOTCH signaling, WNT signaling, BMP signaling, and 
fibroblast growth factor (FGF)-signaling.50 It has been 
shown already that distinct populations can be defined, 
each of them representing progenitors of skeletal devel-
opment during fetal life.27,54 The transcription factor 
analysis of the subpopulation suggests that the stromal 
components in CB are elusive cells circulating from dif-
ferent stages of fetal development.

For bone- and cartilage-forming cells it can be con-
cluded that CB contains natural progenitors, however with 
a different signature in vitro and a distinct in vivo regenera-
tive capacity as compared to BM MSC.
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12.  USSC AND MSC FROM CB SUPPORT 
HEMATOPOIETIC CELLS

Another potential application of neonatal stromal cells is as 
a supportive mean for hematopoietic cells in general and for 
HSC in particular. Although technical procedures and pro-
tocols have been optimized since Eliane Gluckman’s first 
transplantation in 1988,55 the limited number of cells avail-
able from one single CB still is one of the major hurdles 
for transplantation purposes. With a harvested volume of 
usually between 50 and 150 ml, total nucleated cell (NC) 
counts and numbers of HSC rarely exceed 2 * 109 or 1 * 107, 
respectively. With requirements of at least 3.7 * 107 cells 
per kilogram body weight for NC, and a desired amount 
of more than 1 * 105/kg for HSC, the utilization in adults is 
highly restricted.

Accordingly, great efforts were made to find appropriate 
ways to overcome this problem and to provide cell counts 
sufficient even for heavy-weight patients. Among the ideas 
pursued, two basic principles can be distinguished: the 
expansion of the hematopoietic cells prior to transplanta-
tion in vitro, and the improvement of engraftment during or 
after transplantation in vivo.

Both approaches have their own advantages and dis-
advantages which have to be taken into consideration. For 
example, in vitro expansion not only requires GMP-grade 
equipment and reagents, but also requires development a  
certain time ahead of transplantation. Additionally, exhaus-
tion of stem cells might occur and result in impaired 
capability of long-term reconstitution. On the other hand, 
manipulating engraftment in vivo is much more compli-
cated and it goes without saying that any possible negative 
side effect on the patient has to be thoroughly excluded.

Double cord blood transplantation (DCBT), since being 
described in 2005 by the group of John E. Wagner,56 doubt-
lessly has become a standard method in clinics. Here, the 
property of CB to be less restricted in regard to HLA-
matching is utilized to successfully combine two individual 
CB units for treatment of a single patient. However, this 
still might not be sufficient for heavy-weight patients and/or  
patients with rare HLA-type.

Cytokine-driven expansion is performed in vitro by 
addition of specific hematopoietic cytokines. These cyto-
kines, namely stem cell factor (SCF) as the most promi-
nent one, lead to an extensive proliferation already at low 
concentration and multiple protocols for cytokine cocktails 
are described in literature. While this expansion results in 
increased numbers of hematopoietic stem and progenitor 
cells, the influence on the stemness of these cells has to be 
evaluated. For example, already short expansion in medium 
enriched with SCF, thrombopoietin (THPO), FMS-related 
tyrosine kinase 3 ligand (FLT3LG), and interleukin 6 (IL-6) 
leads to a strong expansion of cells isolated by fluorescence-
activated cell sorting (FACS). On day 3, nearly all resulting 

cells are positive for surface expression of CD34, but analy-
sis has already revealed distinct changes on protein level.57 
Since cytokines are very potent, fine tuning can be consid-
ered as most critical in order to prevent cells from exhaustion 
and loss of long-term repopulating cells. Novel protocols tar-
get the NOTCH-pathway and might help in finally achiev-
ing efficient expansion of early stem and progenitors cells,58 
but currently the clinical application is restricted to partial 
expansion only (either of half a CB unit or, in case of DCBT, 
of one complete unit). Another aspect might also be the 
manipulation of not the total cell number, but the engraft-
ment itself. Here, the application of prostaglandin ex vivo 
prior to transplantation has recently been reported as result-
ing in a more rapid engraftment in a clinical trial.59

Finally, as a third option, nonhematopoietic stromal 
cells are used as a supportive tool, either in vitro or in vivo. 
Here, CB-derived stromal cells demonstrate a promis-
ing effect which also bears potential clinical importance.  
Therefore, the following section will comprise and discuss 
data from cocultivation as well as cotransplantation in an 
animal model.

Multipotent/mesenchymal stromal cells, such as BM 
MSC, CB MSC, or USSC, secrete various cytokines. 
Among these cytokines, many are known for their influence 
on hematopoietic cells, either as inducer of proliferation, as 
chemoattractor, or for differentiation. In the hematopoietic 
niche located in the adult BM, stromal cells are involved 
in maintaining the quiescence of HSC but they also are 
responsible for the mobilization and chemotaxis of HSC 
after injury (e.g., through secretion of stromal-derived fac-
tor 1, which strongly attracts HSC via the chemokine recep-
tor CD184, also know as CXCR4).

Assuming that these cells do not only provide a cyto-
kine composition which is well tuned to HSC, but also pro-
vide cell–cell contact, which might be an additional need, 
cocultivation of stromal cells and HSC in order to mimic the 
natural hematopoietic environment is a sound approach for 
in vitro expansion prior to transplantation.

Since stromal cells do grow adherently on plastic 
surfaces, as in culture flasks or well plates, they form a 
so-called feeder layer without the need of further manipu-
lation. Though, to prevent these cells from overgrowing, 
they have to be stopped from proliferating in long-term 
expansion. This can be achieved either by treatment with 
mitomycin C or by irradiation. Subsequently, either the 
total fraction of MNC or isolated CD34-positive HSC 
from CB can be seeded on these layers in medium, e.g., 
Dulbecco’s modified Eagle medium (DMEM) with 30% 
fetal calf serum (FCS).

Within a few days, while controls of HSC in FCS-
enriched medium without stroma results in maintenance or 
even loss of cells, a definite expansion of the nonadherent 
cells can be observed on various feeder cells, such as USSC, 
CB MSC, or BM MSC.
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However, flow cytometric analysis of these cells after 
staining against human CD34 and human CD45 (pan- 
leukocyte marker) will reveal that expression of CD34 is not 
detectable on the surface of all cells and that the percentage 
of CD34-positive cells decreases with days in culture. For 
estimation of HSC-expansion, this percentage has to be set 
off against the total cell counts. Further analysis comprises 
the assessment of colony-forming cells (CFC), which is a 
more functional test. In this assay, defined numbers of cells 
are seeded in growth factor-enriched semisolid media that 
induces strong proliferation and differentiation in HSC. 
This leads to the formation of clearly distinguishable ery-
throid (red) or myeloid (white) colonies within 14 days 
of culture and correlates with the presence of stem and  
progenitor cells in the sample (a complete scheme of cocul-
ture and respective analysis is depicted in Figure 7(A)).

For CB-derived stromal cells, it was already published 
in 2005 that these are capable of expanding hematopoietic 
cells in coculture in specific medium (Myelocult H5100) 
more than 100-fold within 4 weeks,60 which was distinctly 
higher than on BM MSC. Interestingly, while total cell 
count constantly increased, expansion of CD34-positive 
cells and CFC reached a maximum by day 14 and decreased 
with further coculture. This might indicate that an exagger-
ated expansion here also leads to exhaustion of early stem 
and progenitor cells.

However, more recent data demonstrate that this abil-
ity to support HSC is much stronger in USSC than in 

CB MSC. Even in short time expansions for a maximum  
of 14 days and using DMEM with FCS as medium, 
which is less supportive to HSC than Myelocult H5100, 
expansion of total cells, CD34-positive cells as well as 
of CFC was clearly detectable on USSC-feeder. Under 
these conditions, cocultivation on CB MSC also resulted 
in expansion of total cell count, but only a maintenance 
of CD34-positive cells and CFC could be achieved24 (see 
Figure 7(B)), similar to stromal cells derived from BM 
(data not published).

While cocultivation on neonatal stromal cells might pro-
vide a gentle expansion of HSC in vitro, application as sup-
portive cells in vivo is another promising approach. Since 
stromal cells from CB can be generated, expanded, and 
cryopreserved under GMP-conform conditions,37 they are 
potentially directly applicable, e.g., in transplantation.

First of all, it had to be verified that these cells do 
not bear the risk of intrinsic tumorigenicity. According 
to experiments in which CB- and BM-derived stromal 
cells were injected subcutaneously in the flank of nude 
mice, no tumor formation related to the human cells was  
demonstrated.61

In a further step to evaluate effects on engraftment 
and hematopoiesis, USSC cells were cotransplanted 
intravenously with CB-derived HSC, and isolated by 
magnetic- activated cell sorting (MACS) into immune-
deficient mice (NOD/SCID) after sublethal irradiation. 
Additionally, a group of animals received stromal cells 

FIGURE 7 Hematopoietic support of cord blood-derived stromal cells. (A) Schematic illustration of coculture experiments with MACS-isolated 
CD34-positive cells on stromal feeder layers. (B) Under identical conditions, coculture of cord blood-derived HSC resulted in a higher expansion of total 
cells, CD34-positive stem/progenitor cells and colony-forming cells on USSC than on CB MSC. (C) In NOD/SCID-mice, cotransplantation of USSC 
resulted in higher percentages of human leukocytes in the bone marrow after 4–8 weeks. MNC, mononucleated cells; MACS, magnetic-activated cell sort-
ing; CFC, colony forming cells; USSC, unrestricted somatic stromal cells; CB MSC, cord blood mesenchymal stromal cells.
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only and another group HSC only. After 4 and 8 weeks, 
respectively, animals were sacrificed and analyzed. For 
assessment of reconstitution, occurrence of human hema-
topoietic cells in peripheral blood, spleen, and BM was 
analyzed by flow cytometry while solid organs (brain, 
heart, kidney, liver) were tested in immunohistochemis-
try by staining against human nuclei.

Albeit animals that received stromal cells only were 
completely negative for the presence of human cells in 
all organs tested and no difference could be observed in 
the percentage of engrafted human HSC between animals 
that were transplanted with CD34-positive cells alone or 
cotransplanted with stromal cells, the latter ones had a 
significantly higher percentage of human leukocytes 
(detected by expression of human CD45 in flow cytom-
etry) in the BM.61 While after 4 weeks cotransplantation 
resulted in a 5.2-fold higher amount, this difference was 
less marked after 8 weeks (2.1-fold higher in cotrans-
planted animals). This leads to the conclusion that prob-
ably a paracrine effect enhances the initial engraftment of 
the HSC and results in faster generation of more differ-
entiated cells within the first period after transplantation. 
The impact observed was higher than that reported for 
other cotransplanted cells and also could be beneficial 
for human patients in regard to a faster reconstitution. 
Apart from this effect, CB-derived stromal cells are also 
reported to be more immunosuppressive than BM MSC 
and might help in avoidance of severe acute graft-versus-
host-disease (GvHD). So far, clinical results are still rare 
but first reports are promising, including the combina-
tion of cotransplantation with the already established 
DBCT.62

Despite these clearly demonstrated effects on hema-
topoietic cells in vitro and in vivo, the mechanisms are 
yet not fully understood. However, it will at least in part 

be related to cytokines secreted by the stromal cell type 
utilized. For example, CB-derived stromal cells in gen-
eral demonstrated at least a two-fold higher expression of 
SCF in quantitative real-time PCR than BM stromal cells, 
while vice versa, IGF-2 was expressed 10-fold more in 
BM MSC than in USSC or CB MSC. The findings that 
CB MSC do express a higher level of SCF, known as 
the most potent inducer of proliferation in hematopoietic 
stem and progenitor cells, is somewhat surprising since 
capacity for hematopoietic support in coculture expan-
sion was comparable to that of BM MSC. Either the 
positive effect of SCF is counteracted by an inhibiting 
factor in CB MSC and BM MSC or enhanced in USSC. 
Analysis of additional cytokines revealed further differ-
ences between USSC and other stromal cells: IGFB-1 is 
expressed 10-fold higher than in CB MSC or BM MSC, 
while SDF-1 expression is five-fold lower (Figure 8(A)). 
Especially the lower expression of stromal-cell-derived 
factor 1 (SDF-1) might explain the differences in hema-
topoietic support, since this cytokine is known not only 
as a potent chemoattractant (in its secreted form63) for 
HSC, but also functions as an inducer of quiescence (if 
presented membrane-bound by stromal cells64).

Taken together, these results not only confirm that 
USSC are distinctly different from CB MSC or BM MSC, 
but also might indicate that USSC are of different ori-
gin than CB MSC. Chou and Lodish65 reported a DLK-
1-positive subpopulation in murine fetal liver cells with an 
increased capacity of hematopoietic support. With USSC 
being positive for DLK-1 on the transcript level, showing 
a hematopoietic support superior to comparable stromal 
cells and expressing some cytokines described by Chou 
and Lodish (Figure 8(B)), it can be speculated that these 
cells are descendants of the fetal liver while CB MSC are 
the progeny the of fetal BM cells.

FIGURE 8 Hematopoietic cytokines expressed by stromal cells. (A) USSC, CB MSC, and BM MSC demonstrate distinctly different expression 
profiles for selected hematopoietic cytokines in real-time PCR analysis. (B) Comparing USSC with a subpopulation of murine fetal liver cell described 
by Chou and Lodish in 201065 reveals similarities with regard to expression of specific cytokines. GAPDH, glycerinaldehyde 3-phosphat dehydrogenase; 
FGF-1, fibroblast growth factor 1; IGF-2, insulin-like growth factor 2; IGFBP1, insulin-like growth factor-binding protein 1; SCF, stem cell factor; SDF-1, 
stromal cell-derived factor 1; ANGPTL-3, angiopoietin-like 3; THPO, thrombopoietin; USSC, unrestricted somatic stromal cells; CB MSC, cord blood 
mesenchymal stromal cells; BM MSC, bone marrow mesenchymal stromal cells.
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13.  LIVER REGENERATION AND POTENTIAL 
OF CB-DERIVED STEM CELLS TO 
UNDERGO HEPATIC DIFFERENTIATION

To date the clinical importance of cellular therapies for 
hepatic surgery is demonstrated by application of mature 
donor hepatocytes in certain disease forms. The marginal 
number of available donor tissues, and thus donor cells, 
determines the global restriction for therapeutic hepatocyte-
based applications. Thus, appliance of differentiated stem 
cells could increase availability of hepatic cells for trans-
plantation purposes.

The consideration of nonhepatic stem cells as sources 
for hepatocytes or hepatocyte-like cells in rodents rose 
after identification of donor cells in livers after stem cell 
transplantation.66 Further studies revealed that a broad 
spectrum of extrahepatic stem cells repopulate rodent liv-
ers.67 Nevertheless, it has been discussed controversially 
whether extrahepatic stem cells retain nonhepatic features 
after transplantation and whether the hepatic transformation 
is caused by cell fusion with hepatic cells or is committed 
intrinsically.68 Other groups reported that transplanted CB 
stem cells express some liver markers but differ in many 
aspects from definitive hepatocytes.69 A principal proof of 
the ability of extrahepatic stem cells to undergo hepatic dif-
ferentiation is performed by in vitro differentiation analy-
sis. Many scientists focused on differentiation of umbilical 
CB stem cells into the hepatic lineage. Different cell culture 
strategies were applied to induce differentiation. Mostly the 
authors described protocols reflecting embryonic develop-
ment of the liver to achieve proper differentiation. For stro-
mal cells from CB it could be shown to respond to signaling 
molecules of hepatic differentiation, followed by induction 
of hepatic gene expression, performance of hepatic func-
tions, and in vivo liver repopulation capacity.70

First reports for USSC of hepatic differentiation could 
be reported after transplantation of USSC in a noninjury 
model, the preimmune fetal sheep model. USSC engrafted 
into host livers and revealed over 20% cells of total liv-
ers.19 These cells could be characterized by human albumin 
and expression of hepatocyte paraffin 1 (HepPar1), fur-
ther serum of born sheep showed human albumin content 
demonstrating the functionality of engrafted USSC to pro-
duce and release serum proteins.19 In in vitro approaches it 
was reported that USSC differentiate into cells expressing 
liver markers like albumin, hepatocyte nuclear factor 4 α 
(HNF4α), and glycogen synthase 2 (GYS2) to different pro-
tocols71 were applied. Ghodsizad et al.72 could demonstrate 
the engraftment of USSC into mature sheep livers after 
portal injection. In this noninjury model over 80% of total 
cells around portal veins contributed to a human phenotype. 
Technically an adult sheep model was applied where portal 
vein cannulation was performed under systemic administra-
tion of heparin, while a port access sheet was placed into 

the portal vein. An angiography catheter was placed into 
the left portal vein and acute hepatic ischemia was induced 
by selective injection of micro beads. Subsequently, USSC 
were injected into the right portal vein. Sheep were sacri-
ficed after 1 month and livers were analyzed by HepPar1 
and human albumin staining of formalin-fixed sections. A 
majority of chimeric liver parenchymal cells showed Hep-
Par1 and human albumin expression. In order to demon-
strate hepatic-like phenotype resulting from differentiation 
and not from fusion events, single HepPar1 positive and 
negative cells were microdissected from 2-μm liver sections 
for single cell PCR analysis. Coamplification of species-
specific genes, such as human VH1, human TCRVβ7.2, 
ovine VH7, and TCRCδ loci from single cells allowed 
selective detection of human DNA in HepPar1 positive and 
ovine DNA in HepPar1 negative cells, thereby demonstrat-
ing that USSC differentiation in vivo was not caused by cell 
fusion.

The differentiation capacity of USSC into endodermal 
tissue was further proven by in vitro assays, although the 
in vitro testing is always more “artificial” as compared to 
in vivo regenerative or injury models.

It could be demonstrated that induction of hepatic 
markers in USSC is possible upon treatment with growth 
factors, retinoic acid, and administration of different cocul-
ture assays. Hepatic-like identity of differentiated USSC 
was confirmed by functional assays for glycogen syn-
thesis (periodic acid-Schiff staining) and albumin secre-
tion (enzyme-linked immunosorbent assay; ELISA).71,73 
Assessment of the hepatic differentiation was also ana-
lyzed applying a novel three-stage protocol resembling 
embryonic developmental processes of hepatic endoderm. 
Hepatic preinduction was performed by Activin A and 
FGF4 resulting in enhanced expression of SOX17 and 
Forkhead box protein A2 (FOXA2) as demonstrated by 
real-time PCR and immunohistochemical analysis. Differ-
entiation into mature hepatic cells was achieved sequen-
tially by retinoic acid, FGF4, hepatocyte growth factor 
(HGF), epidermal growth factor (EGF), and oncostatin 
M (OSM) resulting in gene expression of GYS2, glucose 
6-phoshatase (G6PC), fructose 1,6-bisphosphatase (FBP1), 
arginase1 (ARG1), and HNF4α after differentiation, thus 
indicating a more mature state. Functional testing speci-
fied the hepatic-like nature of differentiated USSC by albu-
min secretion, urea formation, and cytochrome-p450-3A4 
(CYP3A4) enzyme activity.74 In order to characterize the 
differentiated cells at a metabolic level, USSC were incu-
bated with [1–13C] glucose, and neutralized perchloric 
acid extracts were analyzed by nuclear magnetic resonance 
spectroscopy. Corresponding to GYS2, G6PC, and FBP1 
expression, formation of both glycogen and some gluco-
neogenetic activity could be observed providing evidence 
of a hepatocyte-like glucose metabolism in differentiated 
USSC.74 Since USSC already express transcription factors  
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of the early hepatic endoderm development, such as  
GATA binding protein 6 (GATA6), hematopoietically 
expressed homeobox gene (HEX), or prospero-related 
homeobox 1 (PROX), they are also an attractive source for 
reprogramming.74

Since USSC resemble in their expression status  
(DLK-1-positive, HOX-negative) fetal liver cells, their 
regenerative potential toward endoderm is logical biologi-
cal evidence, however, the potential so far is much lower as 
compared to mature liver cells and reprogrammed cells (iPS 
cells) differentiated toward the endodermal lineage.

14.  CARDIAL REGENERATION IN VIVO

Human heart infarction involves the dramatic loss of cardio-
myocytes. Therefore investigators sought to identify endog-
enous cells or stem cells with the ability to differentiate into 
committed cardiomyocytes and to regenerate the myocar-
dium.75,76 Dozens of stem cell types have been reported 
to have cardiac potential, including pluripotent embryonic 
stem cells, iPS cells and adult progenitor cells from BM, 
peripheral blood, or intrinsic cardiac cells.77 For donor cell 
types as BM MSC, MNC from BM, and endothelial cells 
from different sources already in clinical studies, the domi-
nant in vivo effect may be neoangiogenesis and not cardiac 
specification. Moreover, despite some encouraging results 
from clinical trials, disagreement exists about the efficiency 
of the treatment, making this issue controversial in the 
field of stem cell therapy. Moreover for skeletal myoblasts, 
despite integration and survival, arrhythmia was found in 
clinical trials.

These obstacles provided the basis why researchers 
were interested in CB subpopulations, since CB exhibit 
great functional plasticity and can adapt in a new environ-
mental niche to give rise to cell lineages for the new tissue 
site as described above for the adaptation of HOX-negative 
cells to HOX-positive tissue.26 In two early reports, surgi-
cally implanted USSC into the infarcted heart in a porcine 
model revealed improvement of the regional and global 
left ventricular function, but only very few cells were 
detected in the myocardium after 4–8 weeks, and it could 
not be documented whether the effects were a result of de 
novo formation of cardiomyocytes together with a vascu-
lar restoration, or a paracrine effect.20,78 USSC transplan-
tation in a rat model resulted in functional improvement 
after myocardial infarction, however the observed func-
tional effects could not be confirmed in two reports.79,80 
Besides minor variations in terms of isolation and cultiva-
tion of CB-derived adherent cells, the reason for the “neg-
ative” results remained unclear.80 Mechanistic insights are 
required to evaluate the route of application of cells and 
the discrimination between differentiation and paracrine 
mechanisms. Applying a Wistar rat model with cyclospo-
rin A for immunosuppression and an additional model of 

nude rats, Ding et al.81 recently analyzed the fate of cells 
directly after coronary delivery. In detail, the differentia-
tion of cells into vascular cells and cardiomyocytes was 
assessed. A major finding of the study was that about 
80% of the initially infused USSC were retained in the 
heart directly after transplantation, however, the retained 
USSC underwent apoptosis so that the long-term engraft-
ment was very low (0.13%). This small fraction adopted 
a cardiomyocytic phenotype (morphologically, positive 
for alpha-actinin and the mitochondrial human protein, 
hMITO as well as human nuclei). Some cells were incor-
porated into the vascular wall. The major observation of 
the study of Ding et al. is that the majority of USSC disap-
peared over time, independent of the applied model (also 
in nude rats lacking T cells). The reason for this observa-
tion was based on a high apoptosis activity analyzed by 
active-caspase 3 in the USSC. In addition, a substantial 
infiltration of CD11b positive cells into the myocardium 
7 days after transplantation was noticed. In summary, the 
functional implications of the study clearly document that 
the number of surviving and differentiating USSC after 
transplantation was very small, so that reported benefi-
cial effects observed in different models were unlikely to 
be a result of functional replacement of cardiomyocytes, 
but of paracrine factors stimulating the repair of resident 
cardiac progenitors in the heart. Moreover, the integration 
of USSC into the endothelium may support vasculogenic 
regeneration.

15.  IN VITRO DIFFERENTIATION POTENTIAL  
TOWARD CARDIOMYOCYTES

In 2007, Nishiyama et al. described an MSC population 
in CB expressing GATA4 and Nkx2.5, cardiac actin as 
well as troponin T at default state, and termed these cells 
“cardiac progenitors.” They had a very limited prolifera-
tion potential and were genetically manipulated for expan-
sion.82 In order to critically evaluate and confirm published 
data, eGFP-labeled USSC were cocultivated with neonatal 
rat cardiomyocytes. A significant number of USSC were 
stained positive for the cardiac markers alpha-actinin and 
cardiac troponin T, respectively, 3 and 7 days after coculti-
vation. A clear striation pattern of cardiac troponin T could 
be observed together with a spontaneous contraction of the 
cells. Gene expression profile of the isolated cells revealed 
the expression of GATA4 and the cardiac markers cTnT 
and cardiac actin, but only after cocultivation with neonatal  
cardiomyocytes.81

In summary, the application of USSC or MSC from 
CB in cardiac regeneration may involve both paracrine 
mechanisms, inflammatory mediators that support cardio-
myogenesis as well as support of neovascularization. It will 
be of critical importance to understand the mechanisms at 
the cellular level ongoing in vivo. In vitro differentiation 
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experiments can never reflect the in vivo situation, however, 
they can help to compare the distinct progenitor cells to the 
adult mature cardiomyocyte and differentiated embryonic 
or reprogrammed stem cells.

16.  CB SUBPOPULATIONS FOR NEURONAL 
REGENERATION

During the past 10 years CB has created great interest as a 
valuable source for neural stem cells or scientifically more 
precisely for the support of neural regeneration.

Although studies including our own have shown how 
subsets of CB cells differentiate under defined conditions 
into neurons, astrocytes, and microglia in vitro by more or 
less “artificial methods and substances,”83 which do not 
reflect the in vivo situation, it is as of today common knowl-
edge that CB stem cells secrete trophic factors that initiate 
and maintain the process of repair toward neurons in vivo.84 
In the meantime this resulted in the first clinical trials in 
treatment of neurological disorders such as cerebral palsy 
in children. Here, application of autologous or allogeneic 
matched CB resulted in amelioration of the motor skills and 
cognitive functions.85

In 2001, Chen et al.86 were the first to demonstrate that 
the infusion or intracerebral transplantation of CB stem 
cells into rats that had been stroke-induced by occlusion 
of the middle cerebral artery displayed beneficial effects. 
The underlying mechanisms of these observations have not 
yet been elucidated, though the most straightforward idea 
is that stem cells differentiate into mature cell types and 
simply replace the lost tissue. However, there is increasing 
evidence that transplanted cells may secrete neurotrophic or 
neuroprotective factors87 that can counteract degeneration 
or promote regeneration. It was demonstrated that USSC 
isolated from human CB are strongly attracted by HGF that 
is secreted by ischemia-damaged brain tissue and by apop-
totic neurons in vitro and in vivo.87 In opposition, necrotic 
neurons do not secrete hepatocyte growth factor and there-
fore have no potential to initiate migration of USSC. In all 
paradigms used in this study the secretion of HGF by neural 
target tissue and the expression of the HGF receptor c-MET 
in USSC directly correlated to migrational potency of USSC 
but also MSC, indicating that the HGF/c–MET axis is the 
driving force for migration toward neuronal injury.

Besides stroke and cerebral palsy, the treatment of 
spinal cord injury with stem cells is in the focus of many 
researchers. The major problem in spinal cord injury is 
the breakdown of the blood–spinal cord barrier associ-
ated with invasion of inflammatory cells, the activation of 
the glia, and subsequent axonal degeneration.84 Stem cell 
populations derived from BM or peripheral blood have been 
transplanted in animal models and in pilot clinical stud-
ies as also summarized. Reports on the functional recov-
ery were frequently only based on a single behavioral test. 

Although improvement of sensory and motor activity was 
reported in some studies,88 no recovery was observed in 
others. Preclinical studies with MSC isolated from BM or 
CB in rodent spinal cord injury suggested variable mecha-
nisms underlying the observed effect as differentiation into 
oligodendroglia. Here, Schira et al. transplanted USSC into 
a rodent model of acute spinal cord injury and investigated 
their survival, migration, and neural differentiation potential 
as well their influence on axonal regrowth, lesion size, and 
protection from spinal tissue loss. Moreover three differ-
ent locomotor tasks (open field Basso–Beattie–Bresnahan  
locomotion score, horizontal ladder walking test, and  
CatWalk gait analysis) were applied. In the report, immune-
suppressed adult rats received a highly reproducible dorsal 
hemisection injury at thoracic level Th8. Immediately after 
hemisection USSC were transplanted close to the site of 
the injury. Two days after transplantation grafted cells were 
located at the injection site, and one week after transplanta-
tion in the lesion center but without revealing immunoreac-
tivity for the axon marker neurofilament. Three weeks after 
transplantation, USSC were mainly confined to the injury 
site, but in close proximity to the grafted USSC, neurofila-
ment positive host cells were present in the lesion center. 
Although the USSC itself did not differentiate toward neu-
rons or glia cells, they reduced the tissue loss significantly. 
This leads to improved locomotor function 16 weeks after 
transplantation. In three different test systems the graft-
ing of USSC into the traumatic spinal cord injury signifi-
cantly reduced the lesion size and enhanced the amount of 
spared tissue, indicating a strong neuroprotective function 
of USSC similar to BM MSC. USSC release a wide range  
of cytokines including stromal cell-derived factor 1  
(SDF-1),60 which induces homing of HSC and neural stem 
cells in ischemic and injured brain, and HGF, which is a 
known survival factor of neural development. The different  
growth factors or the combination of several as in other 
models of tissue regeneration are likely to participate in the 
positive regeneration effects observed.

Although most studies using CB stem cells for the treat-
ment of neurological disorders in animal models, but also 
already in the clinic are very promising, several questions 
such as the route of administration, the amount of cells and 
the mode of action, the observed side effects, and mainly 
the scientific mechanisms have to be addressed before stem 
cells from CB can be brought into the clinical arena as a 
therapeutic strategy to treat neurological disorders.

17.  REPROGRAMMED SUBPOPULATIONS 
FROM CB

Since their first description by the group of Yamanaka 
in 200789 iPS including CB-derived cells have received 
major attention by the scientific CB community and two 
distinct fields of interest were established: the application 
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in regenerative medicine to deliver specific cells or tissue 
on demand, and the use in diagnostic systems. While the 
original protocol described lentiviral insertion of genes 
for the transcription factors Oct4, Sox2, Klf4, and c-Myc, 
this method bears the potential risk of disrupting normal 
genes or of activating oncogenes in close proximity to 
the integration site. This can be avoided by using more 
sophisticated integration-free methods, such as appliance 
of episomal plasmids90 Sendai-virus,91 mRNA92 or direct 
addition of the according proteins,93 and small molecules. 
Although generation frequencies reported for different 
reprogramming systems vary, they are still generally low, 
ranging from 0.001% to 0.1%. Furthermore, especially the 
protooncogene c-Myc is seen critically, therefore multiple 
different combinations of factors, including L-Myc and 
Lin28, are currently proposed for generation, with only 
Oct4 and Sox2 being overexpressed in the most minimal-
ist protocols.94 In regard to cell origin, publications dem-
onstrate that cells from CB in general, and in particular 
CD34-positive HSC, are a better choice than adult cells. 
Not only that generation frequencies for iPS are higher, 
these biologically younger cells also bear a lower risk of 
acquired genetic alterations. In addition, isolation and 
cryopreservation of these cells is well established, making 
CB cells an easily available source. Although, as a disad-
vantage, it has to be taken into consideration that innate 
genetic mutations of the donor might not be obvious 
directly at birth,95 CB-derived cells are the most promis-
ing candidates for standardized generation of iPS. Nearly 
all cell subpopulations, including MSC, USSC, ECFC, 
and CD34-positive cells from CB were analyzed in repro-
gramming using lentivirus- and Sendai-virus-based proto-
cols, respectively. Both approaches resulted in cells with 
embryonal stem cell-like morphology with no detectable 
difference in growth or expression of pluripotency mark-
ers. However, for standardization CB-derived cells, which 
have a constant frequency both in fresh and cryopreserved 
CB, are among the most interesting candidates. iPS are a 
promising tool for disease modeling, toxicological tests, 
and basic science, and further improvements of genera-
tion (integration-free), maintenance (serum-/feeder-free), 
and differentiation (new differentiation pathways, higher 
efficiency) are likely to further extend their applicability. 
Therefore, although iPS are already becoming a laboratory 
standard, it is very likely that it will still take some years 
until they are finally transferable into the clinic, since it is 
mandatory that the technology needs to be improved first 
before CB-IPS banking is routinely feasible.

18.  CONCLUSION

CB contains valuable nonhematopoietic progenitor cells 
from different stages of fetal development circulating in the 
CB as “elusive” cells. In order to characterize them with 

regard to their true differentiation potential, for each cell 
population clonal cells and in vivo experimental design is 
required. The results summarized here clearly show that 
USSC are different from CB MSC. The difference exists 
both for HOX-genes, playing an important role in skeletal 
formation as well as for transcription factors detecting dif-
ferences between these cell populations, but also in dif-
ferences to BM MSC. Although USSC and MSC have no 
clear “bone signature” they are able to differentiate under 
appropriate conditions toward bone and cartilage. USSC 
share many markers with early liver development and are 
therefore able to reconstitute the liver upon injury. Although 
there were in vitro differentiation data available to show dif-
ferentiation of CB-derived cells toward neurons (ectodermal 
tissue) and cardiomyocytes, all in vivo experiments clearly 
indicate that no transdifferentiation occurred. Though, as 
recently also described by Bianco et al. for cultivated mes-
enchymal cells from BM,25,96 it has to be considered that 
the positive data published in different models are prob-
ably mainly related to trophic factors, immune modulation, 
or antiinflammatory effects. Based on the developmental 
advantage of CB subpopulations they might be ideal tools 
to analyze the fate of the distinct population in extensive 
preclinical models and define the mechanisms behind the 
improvements observed in beginning clinical trials.

LIST OF ACRONYMS AND ABBREVIATIONS
AcLDL Acetylated-low density lipoprotein
ARG1 Arginase1
BM MSC Bone marrow mesenchymal/multipotent stromal cells
BMP4 Bone morphogenetic protein 4
BSP Bone sialoprotein
c-MET MET or MNNG HOS transforming gene
CB Cord blood
CB MSC Cord blood mesenchymal/multipotent stromal cells
CB-SC Cord blood stromal cells
CD Cluster of differentiation
CFC Colony-forming cell
CPD Cumulative population doubling
CYP3A4 Cytochrome-p450-3A4
DCBT Double cord blood transplantation
DLK-1 Delta-like 1 homolog
DMEM Dulbecco’s modified Eagle medium
ECFC Endothelial cord forming cell
EGF Epidermal growth factor
EPC Endothelial progenitor cell
FACS Fluorescence-activated cell sorting
FBP1 Fructose 1,6-biphosphatase
FCS Fetal calf serum
FGF Fibroblast growth factor
FLT3LG Fms-related tyrosine kinase 3 ligand
FOXA2 Forkhead box protein A2
G6PC Glucose 6-phosphatase
GATA4 GATA binding protein 4
GATA6 GATA binding protein 6
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GFP Green fluorescent protein
GMP Good manufacturing practice
GvHD Graft-versus-host-disease
GYS2 Glycogen synthase 2
HepPar1 Hepatocyte paraffin 1
HEX Hematopoietically expressed homeobox gene
HGF Hepatocyte growth factor
HH Hedgehog protein
HNF4α Hepatocyte nuclear factor 4 alpha
HOX Homeobox
HPP-CFC High proliferative potential-colony-forming cell
HSC Hematopoietic stem cells
IGF Insulin-like growth factor
IGFBP Insulin-like growth factor-binding protein
IL-6 Interleukin 6
iPS Induced pluripotent cells
KDR Kinase insert domain receptor
LTC-IC Long-term culture-initiating cell
MNC Mononuclear cells
MSC Mesenchymal/multipotent stromal cells
NC Nucleated cells
Nkx2.5 NK2 homeobox 5
NOD/SCID Nonobese diabetic/severe combined immunodeficiency
OC Osteocalcin
OCT4A Octamer binding transcription factor 4
OSM Oncostatin M
OSX (SP7) Osterix
PCR Polymerase chain reaction
PROX Prospero-related homeobox 1
PTHLH Parathyroid hormone-related protein
RPL13A Ribosomal protein L13A.
RUNX2 Runt domain-containing transcription factor 2
SCF Stem cell factor
SCID Severe combined immunodeficiency
SDF-1 Stromal cell-derived factor 1
SOX9 Sex-determining region Y-related high mobility group box 9
SOX17 SRY (sex-determining region Y)-box 17
SRC SCID-repopulating cells
TCR T-cell receptor
THPO Thrombopoietin
UC MSC Umbilical cord mesenchymal stromal cells
USSC Unrestricted somatic stromal cells
VSEL Very small embryonic-like cells
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1.  USE OF PLACENTAL CORD BLOOD  
AS A SOURCE FOR HEMATOPOIETIC 
STEM/PROGENITOR CELLS 
TRANSPLANTATION: A 
HISTORICAL PERSPECTIVE

Nowadays, allogeneic hematopoietic stem cell (HSC) 
transplantation is an established life-saving procedure 
for numerous inherited and acquired blood disorders. 
However, only 30% of the patients who may benefit from 
an allogeneic stem cell transplant have a matched sibling 
donor. The remaining 70% of the patients must find a 
match in national and international registries of marrow 
donors. Although over the years the ability of these reg-
istries to provide suitable matches has greatly improved, 
the probability of finding a match for non-Caucasian 
patients, African–American, and other minorities, is 
much lower (20–45% vs 60%).1 This moral imperative 
prompted investigations into the use of placental cord 
blood (PCB), a discarded resource, for transplantation.

PCB had been recognized as a rich source of hematopoi-
etic stem/progenitor cells (HSPCs) by developmental biology 
studies performed in the 1980s.2,3 Based on this recognition, 
proof-of-principle experiments established that as little as 

10 μL of PCB is sufficient to protect mouse models from 
sublethal irradiation.4 Proof-of-principle that PCB contains 
numbers of HSPCs sufficient to reconstitute hematopoiesis in 
man was obtained in 1986 in a pediatric patient with Fanconi 
anemia.5 These experiments led to the hypothesis that PCB, 
if stored with rational criteria, may represent an alternative, 
potentially more potent, source of HSPCs for transplanta-
tion of those patients who cannot find a graft in bone marrow 
registries. This hypothesis was tested by developing good  
manufacturing practice conditions to store placental/umbilical  
cord blood for clinical use in 1995,6 and by demonstrating  
that PCB stored with these criteria may be used for alloge-
neic transplants of patients who would not otherwise have a 
compatible graft in 1998.7 Presently, PCB is considered an 
established alternative, and potentially superior, source of 
HSPCs for transplantation, and as of 2011, more than 25,000 
PCB transplants have been performed worldwide.1 Several 
national placental blood banking programs have been ini-
tiated and more than 500,000 cord blood units have been 
donated for public use.1

It is widely recognized that the number of hematopoi-
etic cells present in a single PCB is sufficient to restore the 
marrow and to sustain long-term hematopoietic recovery 
in related and unrelated recipients. However, the number 
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of white blood cells (WBCs) transplanted per kilogram of 
body weight (WBC dose) is strongly predictive of the speed 
of myeloid engraftment and represents the single param-
eter that mostly affects, besides the underling disease, the 
morbidity and mortality of PCB transplantation.1,7 Since 
the number of WBC of a PCB is limited, the use of PCB 
as stem source is restricted to patients with reduced body 
weights (20–40 kg), i.e., mostly pediatric.1 This chapter will 
summarize the biological properties of HSPCs that estab-
lished their usefulness for transplantation, strategies under 
investigation to overcome current barriers to the use of PCB 
for transplantation in adults, and possible future clinical 
applications of PCB in nonhematopoietic diseases.

2.  CHARACTERIZATION OF PCB HSPCs

The cell ultimately responsible for hematopoietic recon-
stitution after transplantation is the HSC.8,9 The gold stan-
dard for assessing stem cell function is transplantation in 
immunocompromised hosts. For human stem cells several 
immunodeficient xenotransplantation models have been 
developed as surrogate assays.10,11 In these xenotransplan-
tation assays, PCB has been observed to generate more 
hematopoietic cells than either adult human bone marrow 
or mobilized peripheral blood.12

The capacity of HSCs to generate progenitor cells of 
different lineages can be assessed very efficiently by their 
clonogenic potential in vitro to form colonies representing 
different lineages (colony-forming cells, CFC) under spe-
cific semisolid culture conditions.8,9 Extensive studies in 
mice have established that the number of CFC in a given 
tissue is genetically determined and correlates with the 
number of stem cells present in the tissue, as determined 
by in vivo reconstitution assays.13 In humans, the use of 

CFC as a surrogate assay for the HSC has been validated 
by clinical studies indicating that in autologous bone mar-
row transplants, the CFC dose (number of cells injected per 
kilogram of body weight) is positively correlated with early 
engraftment time.14 Likewise, the analyses of the outcomes 
of transplantation with autologous mobilized peripheral 
blood, indicated that time to engraftment is also inversely 
correlated with the dose of cells positive for CD34, an anti-
gen expressed on the surface of human stem/progenitor 
cells.15–18 These observations, based on CFC or CD34+ cell 
determinations, provided a yardstick for quantitative com-
parisons between stem cells present in circulation during 
the course of human ontogenesis.

Fetal blood obtained under ultrasound guidance for 
diagnostic or therapeutic purposes was compared to neona-
tal and adult blood.19,20 It was found that fetal or neonatal 
blood contained HSPCs similar in frequency to those pres-
ent in adult bone marrow samples, and 100 times greater 
than those present in adult blood. In fact, CD34+ cells rep-
resent ∼30% of the cells in the lymphocyte gate both from 
fetal blood and PCB (Table 1). In addition, the frequency 
of CD34+ cells lacking the CD38 antigen, a phenotype 
that defines primitive hematopoietic progenitors,15 in fetal– 
neonatal blood is 1–2%, similar to that of CD34+/CD38− 
cells in adult bone marrow, but it is <0.01 in adult blood. 
In fetal blood and PCB, CFC are so numerous that they can 
be enumerated by culturing 1 μL of sample directly, while 
enumeration of CFC in adult blood usually requires enrich-
ment in mononuclear cells by density separation (Table 1).

In addition to their presence in great numbers, hema-
topoietic progenitors present in fetal blood and PCB are 
 considered more immature than those present in adult 
blood. This “immaturity” is represented by the size of the 
 colonies they generate (a measure of the number of divisions 

TABLE 1 Frequency of Stem/Progenitor Cells (Defined by Flow Cytometry or by Colony Assay) in Fetal Blood, Cord 
Blood, and Adult Blood. Flow Cytometry Determination of the Frequency of Stem/Progenitor Cells in Adult Marrow  
is also Reported for Comparison

Fetal Blood Cord Blood Adult Blood Adult Marrow

Flow cytometry (percent of the cells in the lymphocyte gate)

CD34+ 30.7 31.0 0.01 18.9

CD34+, CD38− 1.04 1.81 <0.01 0.60

Colony-forming cells/microliter of blood

BFU-E 0.5 ± 0.1 2.7 ± 0.1 bd nd

CFU-GM 14.7 ± 2.0 26.1 ± 0.5 bd nd

CFU-GEMM 3.5 ± 0.8 12.2 ± 0.2 bd nd

Total 18.0 ± 1.6 40.9 ± 0.6 bd nd

F, G-CSF, and EPO. bd = below detectable levels. nd = not done in this set of experiments. Colony growth was measured in cultures stimulated with 
SCF, IL-3, GM-CSF, G-CSF and EPO.
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completed before their terminal maturation is activated); 
the presence within a single colony of cells of multiple lin-
eages (an indication that their differentiation potential is 
not restricted); and the number of times their progeny will 
generate additional colonies upon replating (a measure of 
self-replication events allowed before commitment to matu-
ration becomes irreversible) (Table 2). The majority of the 
progenitor cells detected in fetal blood and PCB give rise 
to colonies visible to the naked eye (>1 mm in diameter) 
containing more than 5000 cells of erythroid, megakaryo-
cytic, myeloid, and monocytic lineages and upon replating, 
each of them generates at least 150 secondary multilineage 
 colonies, the cells from which tertiary multilineage colonies 
can be generated upon replating (Table 2).21,22 By contrast, 
the majority of the colonies generated by mononuclear cells 
from adult blood contain mainly erythroid or myeloid cells, 
an indication that they derive from more restricted progeni-
tor cells and they can be replated only once.

In addition to the differences mentioned above, progeni-
tor cells from fetal blood, PCB, or adult blood express other 
intrinsic differences. Fetal blood and PCB progenitor cells, 
in addition to their increased division number, proliferate 
more rapidly than adult cells: their average doubling time in 
culture is 20 h compared to 32 h of adult cells,23 their prog-
eny reach terminal maturation in vitro 6 days earlier23 and 
with fewer growth factors (1–2 growth factors vs the 3–4 
required by adult cells)24,25 (Table 2). Furthermore, when 
transplanted into irradiated adult recipients, fetal HSPCs 
expand faster than adult bone marrow cells.26,27

A key role in the duplication of the chromosomes is 
played by the telomere, a repeated DNA sequence located at 
the end of a chromosome, which guarantees the fidelity of 
DNA duplication.28 Telomeres are duplicated by a specific 
enzyme complex including the telomerase enzyme. Since 
the elongation reaction catalyzed by this enzyme is partially 
inefficient, the length of the telomere decreases with each cell 
division.29 It is not surprising then that the telomere length 
of CD34+ cells purified from fetal liver and PCB is longer 
than that of cells purified from adult marrow30 (Table 2).  

Mice with targeted deletion of their telomerase gene (by 
homologous recombination) have telomereless chromo-
somes and experience normal life span only until the third 
generation.31 By virtue of their longer telomeres, PCB 
CD34+ cells, even upon ex vivo expansion, likely remain 
active in the transplanted recipient longer than cells from 
adult bone marrow.

Furthermore, during ontogenesis fetal/PCB stem cells, 
beyond their aforementioned proliferative advantages, are 
distinguished by additional intrinsic properties manifested 
through differential expression of different sets of genes. 
Thus, selective expression of some genes (Sox 17, Ezh2, 
Hmga232–34) is required for maintenance of fetal properties, 
whereas other genes (bmi1, Gfi1, Etv6, and Cebpα35–38) are 
important in adult stem cells but dispensable for fetal stage 
HSCs. In addition to these changes, there are differences 
in the expression program of downstream cells represent-
ing specific fetal lineages, most notably exemplified by 
hemoglobin switches and growth factor responsiveness in  
erythroid cells.39–41

It is of interest that the behavior of fetal stem/pro-
genitor cells changes gradually postnatally (after the first 
2–3 weeks in mice and during the first 2 years in humans). 
Although microenvironmental (ME) influences have been 
implicated to mediate these changes, there is also evidence 
for a cell autonomous control mechanism, as illustrated by 
gradual changes in expression profiles, mentioned above, in 
conjunction to responses from ME cues prevailing in adult 
environments.

3.  STRATEGIES TO OVERCOME 
CURRENT LIMITATIONS IN PCB 
TRANSPLANTATION

The use of PCB for transplantation has specific advantages 
over the use of bone marrow or mobilized peripheral blood: 
it is easy to collect with no risk to the mother or the child; 
it is available immediately on demand; it may be received 
for use on average 25–36 days earlier than unrelated bone 

TABLE 2 Differences Among Progenitor Cells Present in Fetal, Cord, and Adult Blood

Fetal Cells Neonatal Cells Adult Cells References

Duplication time in vitro 20 ± 2 h 26 ± 2 h 32 ± 2 h 23

Differentiation time in vitro 10 days 14 days 16 days 23

Differentiation program Fetal Hb In switching Adult Hb 39,40

Proliferation potential 4 replating 3 replating 1 replating 21,22

Response to single GF 100% 30–60% 10–30% 24,25

Average telomere length 12.8 ± 0.3 12.3 ± 0.4 8.4 ± 0.3 29,30

Presence in circulation High High Low -
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marrow donation; there is a tolerance 1–2 antigen mismatch 
without influencing graft-versus-malignancy effects; it has 
a lower risk of infection transmission; there is an increase in 
the likelihood of non-Caucasian patients finding a match.1,42 
However, PCB has one serious drawback: it contains a 
limited number of cells. Therefore, the results of the PCB 
transplants in adult patients are not as impressive as those 
obtained in pediatric transplantation programs. Strategies 
to overcome this PCB limitation by increasing the num-
ber and/or the engraftment performance of the cells pres-
ent in the graft, or to influence engraftment by altering the 
conditioning regiment of the host, are continuously being 
explored. These strategies are summarized in Table 3 and 
discussed further below.

4.  INCREASING THE HSPCs OF THE GRAFT

The undertaking of systematic collecting and storing of 
cord blood for transplantation was pioneered by the New 
York Blood Center in NY, USA, supported by NIH funding 
(National Heart, Blood and Lung Institute, Bethesda, WA, 
USA).6 The first 6000 PCB units collected from 1992 to 
1999 by this program were routinely characterized for their 
volume and WBC content. Selected units were also assayed 
for CFC (40.8% of the units stored) and CD34+ (5% of the 
units stored) content. PCB units collected under this pro-
gram provided within a few years more than 550 PCB grafts 
in the US and 17 other countries.42 The results of this sig-
nificant clinical experience, the first of its type, were instru-
mental in establishing the use of PCB as a source of stem 
cells for transplantation. Of the 381 patients transplanted 
as of 10/31/1996, CFC counts were available on 130 units, 
most of which (67%) had a graft volume ≤60 ml. These data 
allowed comparison of predictions of time to engraftment 
obtained on the basis of WBC and CFC dose. By multivari-
able analyses, CFC dose was found to predict time to neu-
trophil engraftment better than WBC counts.43,44 These data 
validated the importance of CFC level for engraftment and 
have been translated into three currently pursued strategies 
to improve the outcome of PCB transplantation by increas-
ing the number of HSPCs present in the graft: (1a) by stem/
progenitor cell expansion ex vivo; (1b) by transplantation of 
two PCB; and (1c) by collecting cells present in additional 
extraembryonic tissues.

4.1  HSPC Expansion Ex vivo

The recognition that PCB HSPCs are less likely than adult 
cells to decrease or lose their proliferative potential when 
expanded ex vivo with a cocktail of cytokines (Table 3) 
has motivated several attempts to manipulate PCB grafts 
ex vivo. However, because of the possibility that any expan-
sion process may ultimately exhaust HSCs, a conservative 
study design has always been adopted. As a result all studies 

initiated up to now use a combination of unmanipulated 
PCB together with ex vivo expanded PCB. The ex vivo 
expanded PCB may be represented either by a portion of 
the same PCB or by a different PCB unit.

The first attempts used cocktails of cytokines that had 
proved themselves effective in rendering human HSPCs 
susceptible to retroviral infection, such as the combination 
of stem cell factor, FLT-3 ligand, and thrombopoietin.15 
More recent ex vivo expansion strategies are exploring 
the use of coculture with mesenchymal stem cells (MSCs) 
(either generated ex vivo from the bone marrow of a family 
member or off-the-shelf commercial cell lines), or cultures 
with activators of the Notch and PGE2 signaling pathways.1

Notch delivers paracrine signals among neighboring cells 
that promote cell growth during embryogenesis. HSPCs from 
PCB are still capable of responding to this signal. Stimula-
tion of PCB with a cytokine cocktail composed of stem cell 
factor, FLT-3, thrombopoietin, and interleukin 6 in combina-
tion with a molecularly-engineered chimera of the extracel-
lular domains of Notch ligand isoforms results in a 222-fold 
increase in the number of CD34+ cells and a 16-fold increase 
in repopulating cells in a mouse model.45 These results 
inspired a clinical trial that has recruited so far 100 patients.1 
Preliminary results of this trial are very promising, as they 
indicate that this procedure makes time to neutrophil recovery 
1 week shorter than that of double PCB transplants.

The use of PGE2 as a cell cycle regulator was suggested 
by earlier studies, which demonstrated that PGE2 enhances 
the formation of hematopoietic colonies from human pro-
genitor cells.46 This effect was rediscovered by mass screen-
ing that identified PGE2 in zebra fish as a potent stimulator 
of stem cell proliferation.47 These findings, along with 
effects of PGE2 on stem/progenitor cell trafficking48 and 
the results of preclinical studies indicating that PGE2 treat-
ment enhances engraftment of human cord blood in xeno-
transplantation models,49 formed the basis of a clinical trial 
currently in progress to evaluate the engraftment of dou-
ble PCB units, one of which is treated with PGE2 shortly 
before infusion. The results presented so far with a small 
number of patients indicate that the PGE2-treated PCB  
prevails.50

4.2  Transplantation of Two PCB

The concept of considering the use of two unmanipulated 
PCB for the same transplant (double cord blood transplant) 
was primarily inspired by the known low immunogenicity 
of PCB. Double PCB transplants were pioneered at the 
University of Minnesota. The initial program involved 
21 adults with hematological malignancies who received 
sequential infusion of two PCB after host conditioning. All 
patients engrafted neutrophils within 15–41 days. Presently, 
there have been at least 438 double PCB transplants per-
formed worldwide (Table 3). These larger trials confirmed 
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TABLE 3 Summary of the Present Clinical Experience with Cord Blood Transplantation and of Ongoing Clinical Trials Testing Strategies to Improve the 
Outcome of Cord Blood Transplantation

Clinical Experience with Established Protocols

Source No. of Cases 
(up to 2011)

Disease Treated Advantages Limitations www. clinicaltrials.gov 
number

Single PCB 25,000 Benign 
 hematological 
 disorders and 
 leukemias

Source of stem cells for 
patients who otherwise do not 
have a match

Cell dose: 2.5–5.0 × 107 total nucleated 
cells/kg of body weight

Not applicable

1–2 antigen mismatch 
 tolerance

This dose limits the use of single PCB 
to patients with a body weight of 
20–40 kg (mostly children)

Double PCB 438 Hematological 
malignancy

Increased speed of engraftment Increased GVHD rates (grade II skin 
GVHD)

NCT00412360
Randomized children 
with leukemia with 
single versus double PCB

Decreased relapse rates One PCB prevails

Strategies to Improve the Stem/Progenitor Cells in the Graft

Coculture with MSC <100 Hematological 
malignancies

Early neutrophil and platelet 
recovery

Double PCB transplantation in which 
the nonexpanded unit prevails

NCT00498316

Notch-mediated  
expansion

<100 Hematological 
malignancies

Time to neutrophil recovery 
1 week shorter than with 
double PCB

Unknown NCT01701323

Ex vivo PGE2 treatment Unknown Hematological 
malignancy

Prompt (17 days) neutrophil 
engraftment

Double, one unmanipulated and one 
PGE2-treated, PCB transplantation
The PGE2-treated unit prevails

NCT00890500

Collection of cells from 
other discarded sources

Recruiting Hematological and 
nonhematological 
malignancy

Not available Increased risk of bacterial 
 contamination

NCT01586455
NCT00596999-Cell gene

Strategies to Improve the Lodging Ability

Intrabone injection 32 Acute leukemia Rapid recovery Increased risk of infection NCT00696046

Copper chelator (tetraethy-
lenepentamine)
Sponsored by Gamida 
cell Ltd

Unknown Hematological 
malignancies

Increased migration toward 
SDF1 and enhanced homing 
to bone marrow

Unknown: analyses of results on single 
PCB transplants in progress

NCT01221857
Trial open for double 
PCB transplants

Ex vivo treatment with 
fucosyltransferase-VI

Recruiting Hematological 
malignancies

Not available Study design: Double PCB transplant, 
one treated and one not treated

NCT01471067

Continued

http://www.clinicaltrials.gov/


32 
SEC

T
IO

N
 | II C

ord B
lood C

ells B
iology

Ex vivo treatment 
with sitagliptin, a 
 CD26/ dipeptidyl 
 peptidase inhibitor

24 High-risk 
 hematological 
 malignancies

Encouraging but not yet con-
clusive

Study design: Systemic  administration 
to patients receiving single PCB 
transplant

NCT00862719

Strategies to Affect the Microenvironment of the Recipient

Reduced conditioning 
regimen (12 different 
protocols)

<150 patients 
in total

Hematology 
 malignancy and 
hematology benign 
diseases

Improve long-term survival Unknown Nonregistered

Strategies to Improve Recovery of Immunological Functions of the Recipient

Cord blood-derived  
virus-specific cytotoxic  
T lymphocytes

Recruiting Hematologic 
 malignant and 
hematologic benign 
diseases

Not applicable Study design: Administration of 
 PCB-derived multivirus-specific T cells 
for prevention and treatment of EBV, 
CMV, and adenovirus

NCT01017705

Cord blood-derived NK 
cells

Recruiting Refractory AML 
patients

Endpoint: NK-cell expansion 
and function in vivo

Study design: Phase 2 trial using T-cell 
deleted double PCB recipients with 
posttransplantation IL-2

NCT01464359

Cord blood-derived Tregs 23 Various Endpoint: Safety, reduced 
GVHD compared with historic 
control was observed

Study design: Injection of Treg purified 
from a third PCB and amplified in vitro 
to recipients of double PCB transplants

NCT00602693

AML, acute myeloid leukemia; EBV, Epstein Barr Virus; CMV, cytomegalovirus; GVHD, graft versus host disease; NK, Natural Killer; PCB, placental cord blood; MSC, mesenchymal stem cells.

TABLE 3 Summary of the Present Clinical Experience with Cord Blood Transplantation and of Ongoing Clinical Trials Testing Strategies to Improve the 
Outcome of Cord Blood Transplantation—cont’d
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that double PCB transplants have increased the speed 
of engraftment and decreased relapse rates compared to  
historical controls with single PCB transplants. It is of inter-
est that one PCB, not necessarily the one with greater cell 
dose, prevails and the recipients may express single PCB 
hematopoiesis as early as 12 days after transplantation.51  
It was recently shown that effector CD8+ T cells play a crit-
ical role in the dominant unit that actively rejects the los-
ing unit of PCB.52 However, no factors have been identified  
that predict which unit will become dominant and further 
investigations in that direction are necessary.

In addition to early engraftment, recipients of double 
PCB have been consistently reported to experience low 
relapse rates.1 This intriguing finding, the mechanism of 
which is not completely understood, will be analyzed in a 
randomized prospective trial which will evaluate the out-
come of randomized children with leukemia transplanted 
with either a single or double PCB. Apart from the PGE2 
trial described above, a trial with double PCB, one of 
which is expanded on MSCs, has been initiated. In this trial 
engraftment was prompt with neutrophil recovery in 15 days 
and platelet recovery in 40 days. Based on these prelimi-
nary results, a large multinational randomized trial has been 
planned that will compare the results of double unmanipu-
lated PCB with those of double PCB in which one of the 
units will be expanded in coculture with MSC1 (Table 3).

4.3  Collecting Cells Present in Additional 
Extraembryonic Tissues

The amount of blood lost during normal birth is on aver-
age 250 mL.53 Since the average volume of a single PBC 
collection is 50–150 mL, a significant portion of blood and 
its content of HSPCs is still discarded. This realization has 
motivated the use of alternative maneuvers (such as perfu-
sion of cord and placenta vessels with solutions containing 
proteases) that might increase the number of HSPCs col-
lected. The placenta, however, is a contractile muscle the 
vessels of which collapse within minutes after birth. There-
fore, perfusion of this organ is challenging and difficult to 
standardize into good manufacturing practice conditions. In 
addition, these procedures increase the number of cells col-
lected by only 20%, but increase the probability of bacterial 
contamination by several fold.

Circulating HSPCs in fetal blood allow the coloniza-
tion of new hematopoietic sites as they become available. 
In the fetus, the major hematopoietic organ is the liver but, 
as development of the skeleton progresses, new hematopoi-
etic niches become available in the bones, the permanent 
hematopoietic site after birth.54 Further, it has been recently 
discovered that, in addition to the liver, HSPCs are present 
in great numbers in proximity to the endothelium of blood 
vessels, especially those of the placenta which contain 
HSPCs in numbers far greater than expected on the basis 

of its blood volume.55 Physical/enzymatic dissociation of 
the cellular elements of the placenta followed by physi-
cal enrichment of the stem/progenitor cells has been pro-
posed as a procedure that might provide great numbers of 
HSPCs.55 A clinical trial is currently open for recruitment 
that will evaluate the performance of cells collected from 
the placenta as a source for transplantation in hematological 
and nonhematological disorders.1

5.  IMPROVING THE LODGING CAPACITY 
OF THE PCB GRAFT

5.1  Intrabone Injection

PCB units are generally infused intravenously and cells 
remain in circulation for only a few hours before reach-
ing the marrow or other tissue sites. Although studies in 
mice have demonstrated that intrafemoral injection does 
not affect the stem cell dose that ensures radioprotection,56 
intrafemoral injection bypasses the homing to other tis-
sue sites,  especially lung, and may increase the homing of 
human HSPCs in xenotransplantation models.57 Based on 
these considerations, a phase I/II study was conducted to 
evaluate the effect of intrabone transplantation of PCB in 
acute leukemia, reporting modest improvements in speed of 
neutrophil recovery compared to historical controls.58

5.2  In vitro or In vivo Treatments 
with Homing-enhancing Agents

One of the major pathways in stem cell mobilization and 
homing is the one mediated by the chemokine SDF1 (also 
known as CXCL12) produced by bone marrow stromal cells 
(including endothelial cells) interacting with the CXCR4 
receptor expressed by HSPCs.59,60 Down-modulation of 
CXCR4 expression induces HSPC mobilization, whereas 
increased levels of SDF1 in marrow improves HSPC hom-
ing. Other pathways include those with participation of 
integrin, selectin, or CD44 ligands.61,62 These observations 
suggest that efforts to increase either the activity of SDF1 in 
the marrow of the recipient, or enhance the ability of PCB 
HSPCs to interact with ligands within bone marrow should 
improve homing/engraftment of donor cells.

One of the proteins identified by Dr Broxmeyer’s group 
is dipeptidyl peptidase 4 (DDP4), a protein expressed both 
as a type II cell surface protein recognized by the CD26 
antibody and in a soluble form.63,64 DDP4 truncates pro-
teins with a penultimate alanine, proline, or other selective 
amino acids at their aminoterminal, including several che-
mokines, colony-stimulating factors, and interleukins that 
regulate HSPC functions. DDP4 cleaves and inactivates 
SDF1 and inhibition of its activity in vivo with small pep-
tides, such as diprotin A, enhances chemotaxis toward SDF1 
and homing and engraftment of HSPCs.64 Based on these 
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results, a clinical trial was conducted to evaluate the effects 
of systemic administration of sitagliptin, a small inhibitor 
of DDP4 approved by the Food and Drug Administration 
for treatment of type 2 diabetes in patients with high-risk 
hematological malignancies transplanted with one PCB.65 
The results of the first 24 patients enrolled in the trial are 
indicative of enhanced time to neutrophil recovery, but must 
be confirmed by a larger trial.

Other studies in xenotransplantation models have dem-
onstrated that engraftment of PCB CD34+ cells occurs more 
rapidly and is of greater magnitude if the cells are pretreated 
with an enzyme (fucosyltransferase-VI) that increases the 
level of fucosylation on specific membrane proteins.66 
These observations provided the rationale for a clinical trial 
open for recruitment that will evaluate hematopoietic recov-
ery in patients receiving double PCB, one untreated and one 
pretreated with fucosyltransferase-VI.1

6.  IMPROVING THE STEM CELL RECEPTIVITY 
OR IMMUNOLOGICAL STATUS OF THE 
HOST

6.1  Reduced Conditioning Regimen

The use of a reduced conditioning regimen has been shown 
by Kurzberg et al. to improve the outcome of PCB transplan-
tation in children with hematological malignancy.67 Based 
on this encouraging early result, at least 12 different proto-
cols are investigating the effects of a reduced conditioning 
regimen on the outcome of transplantation in 40–60 year 
old adults with hematological malignancies1 (Table 3).

6.2  Injection of PCB-derived Immune Cells

PCB transplantation is associated with a delayed recov-
ery of the immune functions and a higher risk of morbid-
ity and mortality due to opportunistic infections. In addition, 
although promising, the outcomes of double PCB are associ-
ated with increased expression of graft-versus-host disease 
(GVHD). To address these immunological concerns, clinical 
trials are in progress to assess outcomes of transplantation 
of PCB in association with administration of PCB-derived 
immune cells. The possibility of generating anti-EBV, CMV, 
and adenovirus-specific T cells ex vivo from PCB68 has been 
exploited in a trial (NCT01017705) to analyze the use of 
PCB-derived T cells primed to deliver a multiviral response 
for prevention and treatment of viral infections after PCB 
transplantation. Another trial will analyze the efficacy of 
posttransplantation IL-2 administration to increase the cyto-
toxicity of PCB-derived natural killer cells and the frequency 
of remission. Tregs (regulatory T cells), a cell population that 
modulates immune functions, generated ex vivo from a third 
PCB, will be administered to patients receiving double PCB 
transplants in an attempt to decrease GVHD.69

7.  ADDITIONAL CLINICAL USES OF CORD 
BLOOD UNDER INVESTIGATION

The original patent on PCB as a source of stem cell 
 transplantation filed in 1991 listed as many as 98 possible 
different applications.4 These included not only transplan-
tation to cure congenital (35 applications) and acquired  
(20 applications) defects of the HSCs, but also to restore 
altered immunological functions in patients with solid 
tumors (12 applications), autoimmune diseases (5 applica-
tions), bacterial or fungal infections, and to treat congenital 
metabolic disorders (9 applications).

In addition to HSCs and to progenitor cells restricted 
toward all myeloid and lymphoid lineages, PCB contains 
stem and progenitor cells for endothelial cells (hemangio-
blasts and hemogenic endothelium), MSCs, and unrestricted 
somatic stem cells.70 This recognition has been exploited 
and fueled the development of several for-profit PCB banks 
established worldwide aiming at dedicated PCB uses.71

The number of clinical trails that are exploring new 
applications of PCB is also exponentially increasing.70,71 
A search of ClinicalTrials.gov database, a USA registry of 
Government and privately supported clinical trials, with the 
keywords “cord blood stem cells” performed in 2011 gener-
ated over 120,000 hits. The majority of the hits referred to 
trials for hematological disorders, but 31 regarded applica-
tions for nonhematological disorders. In addition to trans-
plantation to generate hematopoietic cells as a source of 
metabolites not produced in metabolic diseases (as men-
tioned in the original US patent), additional clinical trials 
are exploiting the presence of endothelial stem/progenitor 
cells in PCB to generate in vitro blood vessels for regenera-
tive medicine in stroke and other conditions of vessel degen-
eration (see as an example72). The presence of MSC also 
suggests clinical applications for unmanipulated and in vitro 
modified PCB as tissue repair in hearing loss, Alzheimer’s 
disease, and to prevent GVHD.73,74 The presence of unre-
stricted somatic stem cells is encouraging the use of PCB 
possibly in combination with synthetic scaffold devices for 
repairing cartilage and bone injury, for osteoarthritis and 
systemic sclerosis.75–77 Last but not least, PCB has been also 
suggested as a possible source to provide ex vivo expanded 
cells as a cell therapy for burns and wound healing.78

8.  CONCLUDING REMARKS

The exciting biology of PCB cell repertoire and their func-
tional potential is currently unfolding. Exploitation of this 
knowledge will certainly expand in the future the roster of 
clinical indications using PCB. As a renewable resource of 
primary human cells with superior functional potential, PCB 
has unique advantages over other sources of cells for potential 
uses in regenerative medicine, and all indications thus far sug-
gest a productive journey in future therapeutic uses of PCB.

http://ClinicalTrials.gov
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1.  INTRODUCTION

Cord blood (CB) is a well-established source of hematopoi-
etic stem cells (HSC) for transplantation.1,2 The key immu-
nological advantages of CB include the tolerance to antigen 
mismatches that confers a decreased incidence of Graft-
versus-Host Disease (GvHD) while maintaining the pursued 
antitumor effect.2 In the past years, significant progresses 
have been made to improve the clinical outcome of CB trans-
plantation (CBT), but delayed hematopoietic engraftment 
and increased treatment-related mortality remain obstacles to 
the widespread use of CB. Although CBT has mainly been 
used as a treatment of blood disorders, it has now been pro-
posed that CB cell therapies could be used to support CBT, 
to treat nonhematopoietic diseases, or as a form of cellular 
regenerative therapy or immune modulation.3

This chapter will cover the definition of immune proper-
ties of CB cells and its consequences in CBT and cell therapy.

2.  IMMUNE PROPERTIES OF CORD BLOOD 
CELLS

CB contains higher numbers of T cells, natural killer (NK) 
cells, and B cells in comparison to peripheral blood (PB) or 

to the bone marrow (BM), but fewer γδ T cells and NKT 
cells.4–6 Moreover, most T lymphocytes present in CB are 
naïve, with CB being usually characterized by an increased 
number of CD45RA+ lymphocytes over CD45RO memory 
lymphocytes.4,5 In addition, several studies have reported 
that overall CB mononuclear cells produce less cytokines  
than PB mononuclear cells.6–8 This section presents  
the characteristics—phenotype and function—of each 
immune cell type present in CB in comparison to their  
adult counterparts.

2.1  Monocytes and Dendritic Cells

Monocytes are innate immune cells that can act as antigen 
presenting cells (APC), and are key in the production of 
inflammatory cytokines and in the generation of a specific 
immune response. Monocytes are characterized by their 
high expression of CD14, which has been reported to be 
similar between CB and PB monocytes. CB and PB exhibit 
similar frequencies of monocytes and monocyte subsets.9 
In addition, the expression of markers key in APC func-
tion such as CD11c, CD80/CD86, CD163, and HLA-DR 
was similar in CB and PB monocytes. Monocyte subsets in 
CB produced higher levels of IL-12 and TNF in response 
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to peptidoglycan,9 however lower production of cytokines, 
in particular TNF, by CB monocytes in response to other 
stimuli has also been reported.10 CB and PB monocytes 
express similar levels of Toll-like receptors (TLR) but CB 
monocytes do not produce similar levels of TNF in response 
to TLR ligands.11,12

Dendritic cells (DC) are APC that play a key role in the 
induction of T-cell responses, in immunity after hematopoi-
etic stem cell transplantation (HSCT), and in this context 
in the induction of GvHD. Absolute numbers of myeloid 
and lymphoid DC, two different types of circulating DC in 
humans, were reported to be lower in CB than in the BM 
but higher than in PB.13 The frequency of lymphoid DC in 
CB is also much higher than in PB, with most DC in CB 
being lymphoid.14 Impaired APC functions of CB DC, such 
as capture of antigens or stimulation of allogeneic T cells 
have been reported as compared to PB DC.14,15 TLR expres-
sion is similar on CB and PB APC, however the responses 
to TLR ligands, in particular, production of cytokines such 
as TNF are different with weaker responses generated by 
CB DC.16

DC derived from CB monocytes had a similar pheno-
type as those derived from PB monocytes with, however, a 
lower expression of HLA-DR, CD40, and CD80.17,18 More-
over, CB-derived DC exhibited impaired IL-12 secretion in 
response to stimuli that impacted on the capacity of T cells 
to produce cytokines, in particular IFN-γ.17,19 However, 
another study reported CB-derived DC to be immature with 
lower capacity to produce cytokines such as IFN and TNF-
α.20 In addition, CB-derived DC expressed lower levels of 
CD1a, and MHC class II, and exhibited lower endocyto-
sis capacity as well as lower ability to stimulate T cells in 
mixed lymphocyte reaction.21

2.2  NK Cells

NK cells are innate immune cells that can eliminate tumor 
cells or virus-infected cells without prior stimulation that 
are also key effectors of the Graft-versus-Leukemia (GvL) 
effect after HSCT. It has been reported that NK cells are 
more abundant in CB than in PB, constituting up to 33% 
of CB lymphocytes.22 The two major populations of NK 
cells, CD56dim and CD56bright NK cells, exist in similar 
proportions in CB and PB.23–25 Phenotypic and functional 
similarities and differences between PB and CB NK cells 
have been reported.26 Some groups found that CB NK 
cells are mature,23 and others that CB NK cells are phe-
notypically and functionally immature as compared to PB 
NK cells.27,28

CB NK cells are less cytotoxic than resting PB NK cells 
against K562 cells.23,24,28 A lower expression of adhesion 
molecules and a higher expression of inhibitory recep-
tors might account for the reduced cytotoxicity of CB NK 
cells.24,28,29 Nevertheless, CB NK cell cytotoxicity can be 

enhanced after IL-2, IL-12, or IL-15 stimulation.23,27,28 
No difference in production of IFN-γ between CB and PB 
NK cells has been observed.23,25,29 Moreover, CB NK cells 
seem to have a great potential to migrate to the BM, but not 
to lymph nodes as compared to PB NK cells, as suggested 
by the trafficking receptors they expressed.28 In terms of 
repertoire acquisition and functional education, CB NK 
cells are functionally educated toward their cognate human 
leukocyte antigen (HLA) class I ligand.30

2.3  Unconventional Lymphoid T Cells

The so-called unconventional lymphoid T cells include 
NKT cells, γδ T cells, and mucosal-associated invariant T 
cells (MAIT). They play an increasing role at the interface 
between innate and adaptive immunity.

NKT cells are a rare subset of T cells with immune reg-
ulatory functions. The invariant NKT cell (iNKT) subset 
expresses the Vα24-Vβ11 TCR in humans. Low numbers 
of NKT cells have been found in CB as well as γδ T cells, 
however it is possible to expand efficiently both cell types 
in vitro.31 Interestingly, CB NKT cells show an activated 
phenotype as compared to PB NKT cells,32,33 highlighting 
the fact that NKT cells get stimulated before birth as opposed 
to other cell types in CB. Memory NKT cells were present at 
the same frequency in CB and PB, were polyclonal, and were 
poor cytokine producers in response to stimuli.32 CB NKT 
cells showed a Th2-biased response as demonstrated by 
their phenotype and cytokine production.34 In fact, another 
study describes that CB NKT cells have a preferential capac-
ity to differentiate into IL-4+IFN-γ − NKT2 cells35 while 
another group reported that NKT cells could produced both 
IL-4 and IFN-γ depending on the conditions used to expand  
these cells.36

MAIT express the semi-invariant TCR Vα7.2 in humans 
and are restricted by the MHC-Ib molecule MR1. As with 
conventional T cells, iNKT and MAIT are selected in the 
thymus in an MHC-dependent manner on CD1d and MR1, 
respectively. In the periphery, MAIT have a high ability to 
expand following exposure to antigenic stimuli, especially 
of bacterial origin,37 and are therefore mostly of memory 
phenotype. In CB they are already functional while keeping 
a naïve phenotype as for other T cells.38

2.4  T Cells

As previously mentioned, CB contains the same percent-
age of CD3+ T cells as PB, however absolute numbers of 
T cells are increased in CB.5,6 Notably, the ratio between 
CD4 and CD8 T cells is similar in CB as in PB. CB T cells 
are naïve, with most T cells being CD45RA+CD62L+ 
recent thymic emigrants.39,40 CB contains low levels of 
memory or mature T cells that express CD45RO. Interest-
ingly, it has been reported that a higher percentage of T 
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cells from CB divide in response to stimuli, but that CB 
T cells maintain a CD45RA phenotype even in these con-
ditions.41 Recently, CB CD4+ T cells have been reported 
to have a higher calcium flux following CD3 engagement 
than their adult CD4+ naïve counterpart but similar to 
adult CD4+ recent thymic emigrants,42 highlighting their 
specific properties compared to adult naïve T cells. CB 
CD4 T cells are immature and exhibit a CD45RA phe-
notype. Consistently, CD4+ CD25+ regulatory T (Treg) 
cells are mostly naïve, have a higher frequency in CB, and 
can suppress the proliferation of allogeneic effector cells 
after stimulation with cytokines and anti-CD3/anti-CD28 
as efficiently as PB Treg cells.43–45

CB T cells have been reported to be less cytolytic.46 
This could be explained by the fact that CB lymphocytes 
express lower levels of perforin.47 In addition, CB mono-
nuclear cells have been shown to produce less cytokines 
than their adult counterparts8,48 and to express lower levels 
of T helper (Th)1 over Th2 cytokines, which correlate with 
a lower expression of T-bet in CB T cells.49 Moreover, in 
comparison to PB T cells, CB T cells express lower levels of 
NF-κB, STAT4, and NFATc2 (nuclear factor of activated T 
cells), transcription factors key in the regulation of cytokine 
expression.49

2.5  B Cells

CB B cells have been shown to be immature and naïve 
with an increased percentage of CD5+ B cells and B1 
cells.50,51 CD20+CD27+CD43+ B1 cells have been found 
in CB and it was demonstrated that these cells are func-
tional in comparison to those in adult PB.52 Moreover, 
CD34+ Pax-5+ B cell progenitors are also present in CB. 
Interestingly, it was shown that B cell progenitors in CB 
exhibit a different phenotype from those in the BM.53 CB 
B cells express different membrane immunoglobulin iso-
types; however, they have been shown to secrete low levels 
of IgG and IgA. Moreover, CB B cells were functional 
after culture with T-cell supernatants.54,55 However, it  
has been reported that CD40 signaling in CB B cells is 
inefficient.56

3.  IMMUNE RECONSTITUTION AFTER CBT

A main concern after CBT is the profound and long-lasting  
immunodeficiency,57 since CB units have one to two log 
lower HSC absolute numbers compared to BM or PB as 
stem cell source. A potent immune reconstitution (IR) 
is essential to limit the infection risk and disease relapse. 
Reconstitution of the different lymphocyte populations 
(B, T, NK, NKT cells) and APC of myeloid origin (mono-
cytes, macrophages, and DC) should be considered not only 
quantitatively but foremost qualitatively in terms of func-
tional subsets. General parameters of IR have been recently 

reviewed extensively in adults and children;58–61 therefore 
we will focus here on some aspects of CBT IR, includ-
ing evaluation of T-cell diversity and recovery, immuno-
logical issues of double CBT, and the impact of Killer-cell  
immunoglobulin-like receptor (KIR)–ligand incompatibility  
in CBT.

3.1  T-cell IR after CBT: Thymic-independent 
versus Thymic-dependent Pathways

Immaturity and naïvety of CB T cells could explain the 
lower GvHD risk but also raises some concern about the 
quality of IR in CB transplanted patients. Evaluation of IR 
after HSCT has recently improved through the development 
of direct methods for analysis of T-cell diversity (Immuno-
scope or spectratyping and high-resolution TCR sequenc-
ing), ex vivo thymic function (TCR rearrangement excision 
circles), and viral-specific immune responses (HLA class I 
tetramers). Regeneration of the T-cell population proceeds 
normally on two different pathways.

The thymic-independent pathway includes transfer of 
graft-derived mature donor T cells followed by antigen-
driven expansions, mainly specific for reactivating herpes 
viruses such as cytomegalovirus (CMV) and Epstein Barr 
virus (EBV). This provides the first wave of T-cell recon-
stitution after transplantation, which is helpful to control 
viral reactivations early after transplant and which will be 
limited in CBT due to the lack of memory T cells. Homeo-
static expansion of CB naïve T cells is however possible, as 
shown by comparing CBT and T-cell-depleted transplants 
from unrelated PB stem cell62 or HLA haploidentical set-
tings.63 In vivo T-cell depletion using thymoglobulin (ATG) 
has a profound detrimental effect on IR in CBT.64

The thymic-dependent pathway involves selection 
of graft-derived precursor cells, accounts for the more 
durable reconstitution of the T-cell compartment, and 
generates a diverse TCR repertoire. Thymopoiesis peaked 
approximately 6–12 months after HSCT60 and is strongly 
impacted by ATG conditioning regimen.57 In the first year 
post-transplant, thymic naïve CD31+CD45RA+CD4+  
T cells are lower after CBT than after BM as HSC source.65 
In the long term, 2 years after transplant and beyond, anal-
ysis of T-cell IR after CBT compared to identical sibling 
BM transplant precisely matched for age and GvHD grade 
indicated that, despite the much lower number of CD34+ 
cells infused, recovery of T lymphocyte diversity was com-
parable, or even better, in CBT recipients.66 An efficient 
recovery of T-cell diversity in CD4 and CD8 populations 
has been reported after double CBT by high-throughput 
sequencing techniques. At 6 months post-transplant, CD4+ 
T-cell diversity was about 28-fold higher compared to 
T-cell-depleted recipients.67 An efficient thymic function 
may also be crucial for a durable antileukemic immune 
response in children after CBT.63 Peculiar properties of 
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lymphoid progenitors in CB could favor a strong thymic 
rebound and a durable long-term reconstitution of the TCR 
diversity. Indeed, a CD34+Lin-CD10+CD24− population 
of lymphoid progenitors with thymic seeding properties 
(thymic seeding progenitors) can be found in healthy adult 
donors in the periphery, but also at least at a five-fold 
higher frequency in CB samples.68

In the short term after transplant (first 3 months), 
specific immune responses against herpes viruses (EBV, 
CMV) measured by the frequency of antigen-specific 
CD8 T cells may be delayed and less efficient in CBT 
compared to BM transplant. Clearance of CMV viremia 
after double CBT appears dependent on the reconsti-
tution of thymopoiesis69 but also on in vivo expansion 
of CMV-specific CD4 and CD8 naïve T cells.70 There 
is a high risk of EBV reactivation and development of 
post-transplant lymphoproliferative disorders in such a 
naïve immune environment. These patients need a close 
monitoring of EBV reactivation and of the EBV-specific 
T-cell immune responses in order to initiate early spe-
cific therapies such as rituximab (anti-CD20 monoclo-
nal antibody)71 and could also benefit from viral-specific 
adoptive cellular therapies (see below).

3.2  Double Cord Blood Transplantation

Double-unit CBT may increase the availability of this 
transplant procedure to adults, improve engraftment, and 
speed neutrophil recovery.72 Single CB unit dominance 
is usually achieved within the first month of the double 
CB transplant. Engraftment kinetics of the various leuko-
cyte subsets are variable after double CBT.73 Single-donor 
dominance is dependent on the dose of CD3+, CD4+, and 
naïve CD3+CD8+ T cells,74 in favor of an alloreactive graft- 
versus-graft effect. With regard to the HLA choice between 
the units and between units and the recipient, the best 
choice presently appears to match at the allelic level for 
HLA-A, -B, -DRB1 between CB units and the recipient but 
not unit to unit.75 However, as in other HSCT settings, a 
complete HLA-matching at the allelic level for HLA-A, -B, 
-C, and -DRB1 between CB units and the recipient appears 
to be the best choice.76 The naïvety of CB lymphocytes and 
the possible situation of a KIR-ligand mismatch in single- 
and even more frequently in double-unit CBT raises the 
issue of a potential antileukemic effect of KIR-ligand mis-
matches, very much in line with the GvL effect of such mis-
match in other T-cell-depleted HSCT settings, especially  
haplo identical HSCT.77 Indeed, data still remain controver-
sial for CBT, a beneficial effect of KIR-ligand incompat-
ibility with decreased relapse and improved overall survival 
having been reported by some78 but not other authors.79 
Finally, double-unit CBT seems to be associated with an 
increased risk of severe infections and delayed IR while 
preserving a GvL activity.80,81

4.  GENERATION OF IMMUNE COMPETENT 
CELLS FROM CORD BLOOD

In this section we will focus only on cellular immunother-
apy approaches that use CB-derived lymphocytes. CB cell 
therapies have mainly consisted of the adoptive transfer of 
a well-defined cellular product to treat the slow and often 
incomplete IR observed after CBT with two main objec-
tives: improving the immune control of pathogens without 
increasing the risk of alloreactivity; and enhancing cytotox-
icity against hematological cancer.

4.1  Evidence of CB Immune Competent Cells 
Post-infusion

Clinical protocols tuning the immunosuppressive regi-
men required for CB engraftment and GvHD prophylaxis 
demonstrated the ability of CB lymphocytes to undergo 
maturation in vivo. It has recently been shown that omis-
sion of T-cell depletion in vivo promotes rapid expansion 
of naïve CD4+ CB lymphocytes and restores adaptive 
immunity within 2 months after CBT in children.82 Nota-
bly, early T-cell expansion was thymic-independent with 
a rapid shift from a naïve to a central memory pheno-
type and early recovery of Treg cells. Viral infections 
were more frequent in those patients, however the infec-
tions resolved rapidly in most cases and virus-specific 
T-lymphocytes were detected within 2 months post-CBT. 
Acute GvHD was frequent but steroid responsive, and 
the incidence of chronic GvHD was low, further confirm-
ing the skewed immune response of CB toward tolerance. 
This study is the proof of concept that T cells present in 
the graft can expand in vivo and induce protective cel-
lular immunity against infections. The authors suggested 
that this could be due to the specific immunological and 
ontological qualities of fetal-derived lymphocytes as 
mentioned above.

Donor lymphocyte infusions (DLIs) are often used to 
treat both viral infections and leukemia relapses after trans-
plantation, but are associated with potentially life-threat-
ening GvHD. In this context, are CB T cells a good DLI 
alternative in CBT? As previously mentioned, CB T cells 
are mostly naïve CD4 T cells.6 Notably, infused T lympho-
cytes will need to meet antigens in secondary lymphoid 
organs in order to generate effector cells. Davis et al. also 
showed that expansion with IL-7 promotes the preservation 
of a broad polyclonal T-cell receptor repertoire and of a 
phenotype that favors lymph node homing.83 IL-7 is present 
at high levels in the serum of patients who are lymphopenic 
post-transplantation,84 and this has also been observed in 
adult recipients of CB. Falkenburg et al. already showed the 
competency of CB-derived lymphocytes having normal fre-
quencies of cytotoxic and helper T-lymphocyte precursors 
against noninherited maternal antigens and noninherited 
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paternal antigens.85 Furthermore, Canto et al. analyzed 
the maturation of CB CD4+CD45RA+ cells indicating 
that Th effector cells generated from naïve CB cells were 
intrinsically as competent as naïve PB cells and respond to 
TCR-mediated stimulation.86 Moreover, CB effector cells 
produce higher IL-10, but its inhibitory effect on prolifera-
tion may be partially compensated by the higher production 
of IL-2 and enhanced expression of CD25.87 Altogether, 
Foxp3 expression, a characteristic of Treg cells, and the 
low level of IL-17 gene expression suggest that CB-derived 
CD4+ T cells may be an appropriate source for DLI. A 
first attempt to improve IR could be the post-engraftment 
infusion of donor CB lymphocytes, spare from the original 
infused graft in the absence of immunosuppression.

These data demonstrate the therapeutic ability of CB-
derived cells to foster IR and eventually control opportunistic 
infections and relapse. The availability of a well-developed 
cellular immunotherapy technology based on selection, 
activation, expansion, and/or gene modification of primary 
cells may facilitate the engineering of different cellular 
products derived from CB for adoptive therapy. Ex vivo 
generation of immune cells could remedy the cell dose 
problem intrinsic in the limited amount of blood normally 
collected from the residual placenta. However, the relative 
immune (in)competence secondary to the naïve nature of 
CB immunity, a unique characteristic of newborns, can be 
overcome by protocols aiming at an ex vivo maturation of 
these cells. We present below different CB-derived cellular 
products for immunotherapy that have been proposed in the 
scientific literature.

4.2  Ex vivo Expansion of Naïve T Lymphocytes

CB T cells can be expanded ex vivo using different strategies. 
Robinson et al. showed that a combination of IL-2, IL-12, 
anti-CD3, and IL-7 significantly enhanced the proliferation, 
activation, maturation, and cytotoxic potential of CB T cells 
of both fresh and thawed CB mononuclear cells.88 Follow-
ing this finding, several authors have proposed the use of 
CB aliquots followed by ex vivo manipulation as DLI after 
CBT.89 Notably, ex vivo manipulation may also include pro-
tocols aiming at TCR-transduction for cellular engineering. 
It is known that naïve lymphocytes isolated from PB provide 
superior in vivo survival and function. Therefore, the use of 
CB lymphocytes, which comprise mainly naïve cells, for 
transducing viral or cancer-specific TCR makes a lot of sense. 
There is growing evidence that comparable TCR expression 
can be achieved in adult and CB cells, but the latter expressed 
an earlier differentiation profile. Further antigen-driven 
stimulation skewed adult lymphocytes toward a late differ-
entiation phenotype associated with immune exhaustion. 
In contrast, CB T cells retained a less-differentiated pheno-
type after antigen stimulation, remaining CD57-negative but 
were still capable of antigen-specific polyfunctional cytokine 

expression and cytotoxicity.90 CB T cells also retained longer 
telomeres and in general possessed higher telomerase activity 
indicative of greater proliferative potential. CB lymphocytes 
therefore have properties indicating prolonged survival and 
effector function favorable to immunotherapy, especially in 
settings where donor lymphocytes are unavailable such as in 
solid organ and CBT.90

4.3  CB as Source of Treg Cells

CB is a superior source of naïve Treg cells compared to 
adult PB. CB harbors a subset of CD4+CD25 high Treg 
cells that require antigen stimulation to show expansion and 
become functional, suppressive Treg cells.91 Initial stud-
ies have shown that CB-derived Tregs can be effectively 
expanded ex vivo using anti-CD3/CD28 beads with IL-2. 
In an animal model of allogeneic GvHD, ex vivo expanded 
CB-Treg cells significantly prevented immunoreactivity 
in vivo by modulating cytokine secretion and polarizing 
the Treg/Th17 balance toward Treg cells, which suggests 
the potential use of expanded CB Tregs as a therapeutic 
approach for this complication.92 Yang et al. observed in 
the serum of the CB-Treg-treated mice that the production 
of transforming growth factor-β increased continuously, as 
opposed to IL-17, which decreased quickly. Consistent with 
the changes of cytokines, the percentage of mouse CD4+ 
forkhead box protein 3+ Treg cells increased, while that of 
Th17 cells decreased.92

This finding has been also shown in a humanized mouse 
model of alloreactivity. Interestingly, the authors’ approach 
was to combine primary, nonexpanded Treg cells from dif-
ferent donors, as an attempt to increase the diversity of anti-
gens to suppress, to increase the cell dose of the therapeutic 
product. In vitro, pooled freshly isolated CB Treg cells were 
as suppressive as adult PB-derived Treg cells. However, in 
a mouse model of human skin allodestruction, pooled CB 
Treg cells were more potent at suppressing alloresponses 
and prolonging skin survival compared with pooled PB-
derived Treg cells. The higher survival capacity of CB Treg 
cells and their lower expression of HLA-ABC suggest that 
lower immunogenicity may account for their superior effi-
cacy in vivo.93 Other intrinsic characteristics of CB Tregs 
may also play a role in this enhanced suppressor activity.

CB Treg cells can be expanded in vitro. The feasibility 
and safety of expanded Treg infusion after double CBT in 
humans has been reported94 (study registered at http://www.
clinicaltrials.gov as NCT00602693).

4.4  CB-derived NK Cells

Recent clinical studies suggest that the adoptive transfer 
of donor NK cells may improve clinical outcome in hema-
tological malignancies and in some solid tumors by direct 
antitumor effects as well as by reduction of GvHD. NK 

http://www.clinicaltrials.gov/
http://www.clinicaltrials.gov/
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cells have also been shown to enhance transplant engraft-
ment during allogeneic HSCT for hematological malignan-
cies.95 Based on these observations, different groups are 
pursuing the possibility of in vitro generation of functional 
NK cells, and attempt to define a convenient therapeutic  
cellular product to support CBT or to be used as co-adjuvant  
therapy for cancer. Some publications have already shown 
the ability to generate ex vivo functional NK cells from 
CB.96 Ex vivo generation of immune competent CB-
derived NK cells has been attempted from two different 
sources described below.

4.4.1  From CB Lymphopid Progenitor Cells

CB CD34 selected cells can be differentiated in vitro 
toward the NK cell lineage for immunotherapeutic pur-
poses. Stroma and cytokines support NK cell differentia-
tion resulting in a phenotype consistent with CD56bright 
NK cells. For clinical-grade production, heparin-based 
methods could serve as an alternative to stroma.97 The 
ex vivo differentiation system faithfully reproduces 
major steps of the differentiation of NK cells from their 
progenitors, and constitutes an excellent model to study 
NK cell differentiation as well as being valuable to gen-
erate large-scale NK cells for immunotherapy. There are 
evidences that these cells are functional in in vivo mod-
els. Some authors have demonstrated that these cells can 
actively migrate to the bone marrow, spleen, and liver 
early after infusion. Also, these cells can be directed to 
inflamed tissues upon expression of CXCR3 and CCR6 
via the CXCR3/CXCL10-11 and CCR6/CCL20 axis. A 
low dose of IL-15 mediates efficient survival, expan-
sion, and maturation of CB NK cells in vivo and find-
ings in AML models showed that a single CB-NK cell 
infusion combined with supportive IL-15 administration 
efficiently inhibited growth of human leukemia cells 
implanted in the femur of mice, resulting in significant 
prolongation of mice survival.98

4.4.2  From Mature CB NK Cells

Following isolation of CD56+CD3− CB NK cells, different 
methods to expand in long-term cultures these mature cells 
to yield high numbers of relatively pure cellular popula-
tions per donor have been described. As proposed by Kang 
et al., cells generated could be comparable to those previ-
ously utilized in clinical applications. Ex vivo-expanded CB 
NK cells exhibited a marked increase in antitumor cytolytic 
activity coinciding with the significantly increased expres-
sion of NKG2D, NKp46, and NKp44 activating receptors. 
Strong cytolytic activity was observed against a wide range 
of tumor cell lines in vitro. These CB-derived NK cells dis-
play a distinct microRNA expression profile, immunophe-
notype, and greater antitumor capacity in vitro compared to 
PB NK cells used in recent clinical trials.99

4.5  Adoptive Immunotherapy Using Highly 
Enriched Antigen-specific T Cells

Cellular immune functions are impaired after HSCT and solid 
organ transplantation or in cancer and autoimmune diseases 
treated with intensified immunosuppression. Thus, control of 
opportunistic pathogens is lost and severe infections break 
out. Defective cellular immunity can be restored upon endog-
enous IR or, if delayed, exogenous IR with pathogen-specific 
T lymphocytes selected or expanded from appropriate donors 
can be applied.100 Methods for the identification of antigens, 
selection and expansion of specific T cells, and safer manipu-
lation of cellular products have been applied with promising 
advances.20 For CB, the challenge is that the majority of T 
lymphocytes have not been exposed to infections and there-
fore there are no possibilities to select specific populations 
from the memory compartment to generate cellular products. 
This implies that in CB, a pre-activation step is necessary. 
This step is still under scrutiny in many research laboratories. 
To give evidence of the progress of this approach, publica-
tions orientated to the in vitro generation of specific T cells 
targeting pathogen and leukemia are presented below.

4.5.1  In vitro Generation of Pathogen-specific 
T Cells from Cord Blood Mononuclear 
Cells

Seminal advances come from the Bollard group in  
Houston.101 In an effort to better mimic the in vivo priming 
conditions of naïve T cells, they established a method that 
used CB-derived DC transduced with an adenoviral vec-
tor (Ad5f35pp65) containing the immunodominant CMV 
antigen pp65, hence driving T-cell specificity toward CMV 
and adenovirus. For the first stimulation, the authors use 
these matured DC as well as CB-derived T cells in the pres-
ence of the cytokines IL-7, IL-12, and IL-15. At the second 
stimulation, EBV-transformed B cells or EBV-lymphoblas-
toid cell lines (LCL), which express both latent and lytic 
EBV antigens, were used instead. Ad5f35pp65-transduced 
EBV-LCL were used to stimulate T cells in the presence 
of IL-15 at the second stimulation. Subsequent stimulations 
used Ad5f35pp65-transduced EBV-LCL and IL-2. From 
50 × 106 CB mononuclear cells, they were able to generate 
upward of 150 × 106 virus-specific T cells that lyse antigen-
pulsed targets and release cytokines in response to antigenic 
stimulation. These cells were manufactured in a good man-
ufacturing practice (GMP)-compliant manner using only 
the 20% fraction of a fractionated CB unit and have been 
translated for clinical use.

Leukemia-specific cytotoxic T lymphocytes (CTL) 
can be expanded from CB. Below, we present papers that 
explore two models to generate CTL clones specific against 
leukemic antigens, in particular Wilms’ Tumor antigen 1 
(WT1) and acute lymphoblastic leukemia (ALL) blasts.
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WT1-CTL can be generated from healthy adult donors 
and from CB by stimulation with an overlapping pool of 
peptides derived from full-length WT1 and selecting anti-
gen-specific cells based on the expression of CD137. The 
rapid expansion with anti-CD3 and IL-2 resulted in a 100- 
to 200-fold expansion. These CTL lysed WT1 expressing 
targets, including leukemia lines, in an HLA-restricted 
manner.102 Furthermore, another group proved the ability 
of CB T lymphocytes to specifically recognize ALL xeno-
geneic blasts. CD34+-derived DC electroporated with 
total RNA from an ALL xenograft generate antileukemic 
CTL with specificity for the ALL xenograft while sparing 
autologous CB mononuclear cells. CD4+ T cells domi-
nated the CD3+ T-cell compartment of the CTL, although 
CD8+ T cells accounted for an average of 30% of the 
CD3+ T cells present. Expansion of both CD4+ and CD8+ 
memory and terminal effector memory subsets from pre-
dominantly naïve cells was evident. NK cells accounted 
for an average of 13% of the final antitumor lymphoid 
cells produced. Blocking experiments confirmed that the 
CD8+ T-cell compartment was responsible for the antileu-
kemic activity of the polyclonal CTL pool,103 suggesting 
an important role of CD8 cells present in the CB grafts in 
immunological responses.

These promising results both suggest the ability to 
promote specific CTL clones against pathogens and can-
cer and open the door for developing ex vivo systems 
to produce more efficiently cells in clinical-grade condi-
tions for cellular immunotherapy using banked CB units. 
This will help selection of HLA-specific clones using 
the increased number of CB units banked worldwide 
and eliminate requirement for adult donors as a cellular 
source.

5.  CONCLUSION

The increasing knowledge of CB immunity has proven in 
the past years that CB should be considered as a reliable 
source of HSC with beneficial properties in terms of tol-
erance induction and maintenance of an antitumor effect. 
However, enhancement of immune recovery, especially 
pathogen-specific immunity, remains a challenge. Charac-
terization of CB immune populations and CBT immune 
recovery will further benefit from the recent technologi-
cal improvements in “-omics.” CB immune cells and also 
CB lymphoid progenitors appear inherently flexible and 
plastic. CB cells are in a global immunosuppressive envi-
ronment to prevent an aberrant immune activation during 
the period of intense bacterial colonization occurring at 
birth.104 A better understanding of the environmental and 
epigenetic mechanisms driving CB plasticity could help 
in purposely designing cell therapy products derived from 
CB in CBT but also in broader clinical indications, such as 
autoimmunity and aging.

LIST OF ABBREVIATIONS
ALL Acute lymphoblastic leukemia
APC Antigen presenting cells
BM Bone marrow
CB Cord blood
CBT CB transplantation
CTL Cytotoxic T lymphocytes
CMV Cytomegalovirus
DC Dendritic cells
EBV Epstein Barr virus
GMP Good Manufacturing practice
GvHD Graft-versus-Host Disease
GvL Graft-versus-Leukemia
HSC Hematopoietic stem cells
HSCT Hematopoietic stem cell transplantation
HLA Human leukocyte antigen
LCL Lymphoblastoid cell lines
NK Natural killer cells
NKT Natural killer T cells
NFATc2 Nuclear factor of activated T cells
PB Peripheral blood
Treg Regulatory T cells
Th T helper
TLR Toll-like receptors
WT1 Wilms’ Tumor antigen 1
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1.  INTRODUCTION

The blood vascular network delivers nutrients, oxygen, 
factors, and cells to tissues and organs and removes toxic 
waste products, while the lymphatic vascular system  
collects immune cells, tissue-extravasated fluids, and macro-
molecules and returns them to the venous circulation. While 
the vasculature is fundamental to human survival, when  
dysregulated or damaged it plays a significant role in pathol-
ogies (e.g., cardiovascular disease, acute lung injury, renal 
disease, cancer, diabetic retinopathies, diabetes, preeclamp-
sia), but, in the regenerative medicine setting, it is also  
crucial for most tissue repair and regeneration. The vascu-
lature has therefore become a major therapeutic target, and 
predictions are that many millions of individuals will reap 
the benefit of research conducted in this area.

Blood vessels are formed by three main mechanisms: 
vasculogenesis (de novo generation from endothelial 
precursors or angioblasts); angiogenesis (remodeling 
and expansion of pre-existing vessels by intussusceptive 

angiogenesis or extant endothelial cell sprouting and pro-
liferation); and arteriogenesis (the growth of collateral 
vessels from arterioles by endothelial cell proliferation 
and enhanced lumen formation downstream of a vascular 
obstruction).1–3 The resulting arteries, veins, and smaller 
vessels differ in their complexity. For example, the vascu-
lar wall of human arteries and veins is composed of three 
layers, the lumen facing tunica intima, the tunica media, 
and the outer tunica adventitia, while the capillaries  
comprise endothelia ensheathed in or associated with, to 
varying degrees, pericytes/stromal cells as well as other 
cell types.3,4 Furthermore, significant endothelial heteroge-
neity not only exists among the arterial, venous, and lym-
phatic macrovasculature,5 but also between and within the  
different tissue and organ microvascular capillary beds.6 
Interestingly, embryonic stem cell-derived endothelial 
precursor cells have been shown to be educated to adopt 
the phenotype of the tissue in which they reside following 
transplantation, at least when examined in murine models.6
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During placentation and fetal life, vascular develop-
ment is closely associated with hematopoietic development 
and there is evidence that human endothelial and hema-
topoietic cells differentiate in the placenta, yolk sac, and 
embryo either from a common bipotent hemangioblast pro-
genitor cell, or that hematopoietic cells transiently bud off 
from hemogenic endothelium by the process of endothelial 
hematopoietic transition.7–10 There are reports that human 
umbilical cord blood contains hemogenic endothelium.11,12 
Unfortunately, there is no single cell surface marker to iden-
tify endothelial stem cells or their progeny and, given their 
close association with hematopoietic cells during develop-
ment, it is not surprising that cells within the endothelial 
lineage share key cell surface markers in common with 
hematopoietic cells. This lack of an easy phenotypic dis-
tinction between these cell types has also led to substantial 
confusion over the past one to two decades about the iden-
tity of progenitor cells belonging to the endothelial lineage 
compared to those proangiogenic cells, which belong to the 
hematopoietic lineage, circulate in the blood and promote 
blood vessel formation.

In 1963, Stump et al. demonstrated that “circulat-
ing endothelial cells” could repopulate dacron grafts 
after transplantation into the aorta of pigs.13 Subsequent 
research by Asahara and colleagues led to the hypothesis 
that “endothelial progenitor cells (EPCs)” could circu-
late in the human blood and contribute to revasculariza-
tion by becoming incorporated into active sites of blood 
vessel regeneration in damaged tissues (e.g., as assessed 
in rodent hind limb ischemic or bone marrow transplant 
models).14–16 These studies ignited interest in the concept 
of postnatal vasculogenesis and subsequently led to the 
use of such cells in clinical trials or as diagnostic markers. 
However, more recent evidence, which has been reviewed 
in detail,17–19 supports the view that these so-called “EPCs” 
comprise proangiogenic cells (PACs) or circulating angio-
genic cells (CACs) of hematopoietic origin and not endo-
thelial lineage cells.

A major step forward in identifying precursors for the 
endothelial lineage postnatally came from the identification 
of late outgrowth endothelial cells (late OECs). These could, 
for example, be detected when human peripheral blood 
cells (following bone marrow or mobilized peripheral blood 
allografting) were cultured on collagen 1-coated plates in 
endothelial growth medium for several weeks and they were 
also shown to be of both donor and recipient origin.20 In 
2004/2005, Ingram et al., using a similar culture technique, 
were instrumental in identifying a hierarchy of endothelial 
precursor cells in adult human peripheral and umbilical cord 
blood, as well as in the umbilical cord.21,22 This endothelial 
lineage hierarchy was reminiscent of the hierarchical organi-
zation described, some years earlier, for clonogenic myeloid 
lineage cells where more primitive high proliferative potential 
colony-forming cells (HPP-CFCs) gave rise to more mature 
low proliferative potential (LPP-) CFCs and then smaller 
myeloid cell clusters.23–25 Using clonogenic assays, Ingram 
et al. plated single early passage late OECs from human 
peripheral blood, umbilical cord blood, and umbilical cord 
into individual wells of 96-well collagen 1-coated plates and 
assessed the size and number of primary endothelial colonies 
or clusters developing over 14 days.21,22 They classified the 
originating cells as high proliferative potential endothelial 
colony-forming cells (HPP-ECFC), low proliferative poten-
tial endothelial colony-forming cells (LPP-ECFC), endothe-
lial clusters, and mature nondividing endothelial cells based 
on the cell numbers generated by day 14 (Figure 1).

It is now generally accepted that these ECFCs are syn-
onymous with late OECs and that they are distinct from 
proangiogenic cells (PACs) or early outgrowth cells of 
hematopoietic origin (referred to as early EPCs). However, 
their relationship with endothelial stem cells remains to be 
defined. A discussion of the properties of ECFCs derived 
from umbilical cord, umbilical cord blood, and placenta 
will form the basis of this review, and, as appropriate, com-
parisons will be made with proangiogenic cells and ECFCs 
derived from other sources.

FIGURE 1 Clonogenic Endothelial Colony-Forming 
Cell (ECFC) Assay. (A) A primary culture of human 
umbilical cord endothelial cells. (B) Single human 
umbilical cord endothelial cells transduced with eGFP 
were plated into 96-well plates (C left) and cultured 
for 14 days. Single colonies that formed and contained 
>2000 cells were derived from HPP-ECFCs (B left), 
while those with >50 and up to 2000 cells were derived 
from LPP-ECFC (B right). (C) Colonies were replated 
into 24-well plates to assess secondary colony formation. 
Secondary colonies that were 50% confluent or more 
after 7 days were replated into six-well plates to access 
the growth of tertiary colonies.



Endothelial Cells Chapter | 5 51

2.  THE HUMAN ENDOTHELIAL COLONY-
FORMING CELL HIERARCHY

Ingram, Yoder, and colleagues21,22 were the first to describe, 
in human umbilical cord blood, adult peripheral blood and 
tissues, a hierarchy of lineage-restricted endothelial precur-
sors based on their proliferative potential in vitro. In this 
hierarchy (Figure 1), these endothelial precursors gradually 
lose their proliferative capacity, with HPP-ECFC giving rise 
to LPP-ECFC which then generate endothelial clusters and 
eventually mature into nondividing endothelial cells.21,22 
HPP-ECFC were identified if they generated endothelial 
colonies of more than 2000 cells but retained their ability to 
form secondary and, in some cases, tertiary colonies upon 
replating in vitro. LPP-ECFC were defined as those endo-
thelial precursors capable of forming colonies of greater 
than 50 cells and up to 2000 cells provided they did not 
form secondary colonies upon replating, while endothelial 
clusters contained 2–50 cells. Other studies have demon-
strated that human umbilical cord HPP-ECFCs that gener-
ated larger primary colonies (>4000 cells) also generated 
more tertiary colonies and therefore generally possessed 
higher proliferative potentials than those forming smaller 
colonies (<4000 cells), while the progeny of ECFCs from 
the larger primary colonies preferentially contributed to 
vascular tubule formation in vitro in the presence of stro-
mal cells.26 In vivo, the early passage ECFCs from term 
human umbilical cord, umbilical cord blood, placenta, or 
adult peripheral blood could also form vascular structures 
and inosculate with murine vessels when implanted with 
stromal cells in a collagen–fibronectin matrix or in matrigel 
in vivo in murine immunodeficient models of vasculogen-
esis.27–39 Notably, extended culture of ECFCs or late OECs 
decreased their vasculogenic potential,32 while proangio-
genic myeloid cells could promote vessel formation both 
in vitro and in vivo.40,41 Furthermore, clonogenic murine 
nestin+ stromal cell lines support not only hematopoiesis,42 
but also vasculogenesis/angiogenesis in vitro.43

Human ECFC-derived progeny from umbilical cord 
blood, umbilical cord, placenta, and adult peripheral blood 
has typical cobblestone morphology in vitro (Figure 1(A)) 
and express combinations of cell surface markers, which 
are not specific for endothelial lineage cells but together 
are consistent with an endothelial phenotype, e.g., CD31, 
CD144, CD146, and CD105, and lack CD45 and CD14 
expression.17–19,44 Expression of the CD34 surface marker 
was more evident on ECFC-derived cells at earlier passage 
in vitro and declined after serial passaging,26,45 although 
early passage placental ECFC were reported to be CD34 
negative.27 These cells also take up acetylated low density 
lipoproteins (LDL) and express UEA lectin, characteristics 
which are not, however, exclusive to endothelial cells.17–19 
However, cell surface CD34 was generally significantly 
higher and persisted in culture for longer on umbilical cord 

blood than on adult peripheral blood ECFC-derived cells.44 
Human umbilical cord ECFCs when cultured in vitro could 
resist short exposures to acute (24 h) hypoxia, but not lon-
ger chronic (14 day) exposures to severe (1.5%) hypoxia.26 
They have also been shown to be more proliferative at 
higher (8% and 21% oxygen) rather than lower (<8% oxy-
gen) oxygen tensions.45

3.  DIFFERENCES BETWEEN HUMAN 
UMBILICAL CORD BLOOD ECFCs 
AND THOSE SOURCED FROM ADULT 
PERIPHERAL BLOOD, UMBILICAL CORD, 
AND PLACENTA

Differences were first noted between ECFCs derived from 
adult human peripheral blood and those found in umbili-
cal cord blood. In relation to ECFC content, umbilical cord 
blood from healthy donors has been demonstrated to con-
tain significantly more ECFCs than adult peripheral blood, 
and these have a higher proliferative potential, with popu-
lation doubling times reported as being 2.5-fold higher in 
umbilical cord blood than in adult peripheral.21,45 The esti-
mated number of ECFCs in adult human peripheral blood 
donors is around 1.1 ± 0.5 ECFCs per 108 mononuclear 
cells or 0.05–0.2 ECFCs per ml of blood, although this can 
vary with age and disease status.21,45 This compares with 
around 400 proangiogenic cells per ml of normal human 
adult peripheral blood.46,47 On average, reports suggest that 
there are approximately 10- to 50-fold more ECFCs in the 
human umbilical cord blood at term (e.g., various reports 
state 12 ± 4, 8.2 ± 1.8, 30.8 ± 23.8, 40.1 ± 6.9 per 108 mono-
nuclear cells) than in adult peripheral blood from normal 
blood donors.21,44,48–50 Furthermore, the umbilical cord 
blood endothelial precursors from early passage endothe-
lial outgrowth cultures were more proliferative and found 
to undergo at least 100 population doublings compared to 
20–30 for adult peripheral blood and to contain enhanced 
telomerase activity.21 This higher proliferative capacity has 
been confirmed by others. For example, Athanassopoulos 
et al.44 showed that umbilical cord blood ECFCs gave rise 
to 1–2 × 1013 endothelial cells over a 7-week period, in con-
trast to 109–2 × 1011 endothelial cells from adult peripheral 
blood. Ingram et al.21 also noted that some single human 
umbilical cord blood HPP-ECFC could generate as many as 
1012 endothelial progeny over 12–13 weeks of culture and 
that, upon replating, approximately five-fold more umbili-
cal cord blood ECFCs generated secondary colonies than 
peripheral blood ECFCs. Interestingly, there also appeared 
to be greater heterogeneity in ECFC content in adult human 
peripheral blood from different healthy Caucasoid blood 
donors than in umbilical cord blood from healthy Cauca-
soid donors at term.44 Human umbilical cord and cord blood 
ECFC-derived cells could generate significantly more 
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microvascular networks in vitro than similar cells from adult 
peripheral blood in a 14-day ECFC–stromal cell coculture 
assay, although the content of the latter was more vari-
able than those sourced from umbilical cord or cord blood 
at birth.44 Human umbilical cord and cord blood ECFC-
derived cells could also form increased vessels in surrogate 
vasculogenesis models in vivo than such cells when sourced 
from adult peripheral blood.51 Studies in Rhesus monkeys 
have demonstrated a similar hierarchy of ECFC, which 
expresses similar surface markers to those found in the 
human.52 With increasing postnatal age, the HPP-ECFCs 
in these nonhuman primates declined in the circulation and 
lost their ability to form vessels in immunodeficient mice,52 
confirming similar observations in humans.

Further examples of differences between human umbili-
cal cord and adult peripheral blood ECFCs include reports 
of the greater sensitivity of the latter to hydrogen perox-
ide induced oxidative stress than umbilical cord ECFCs,53 
although He et al.54 have shown opposing findings. However, 
there are differences in their transcriptional profiles, with 
the former expressing less prothrombotic and proinflam-
matory genes55 and differences in their miRNA profiles.56 
Human umbilical cord blood ECFCs have additionally been 
found to possess more robust angiogenic potentials (short-
term proliferative and migratory) under physiological and 
ambient normoxic and ischemic conditions although the 
comparison was with human dermal microvascular endo-
thelial cells rather than adult peripheral blood.45

Differences have been reported to exist between human 
umbilical cord blood, umbilical cord, and placental ECFCs. 
Studies on early passage (p3–4) human umbilical vein and 
aortic endothelial cell cultures revealed that these contained 
fewer HPP-ECFC than the umbilical cord blood itself,22 
although it is reported that higher numbers of ECFCs are 
found in umbilical arteries than the umbilical vein.57 In 
contrast, the human placenta contained significantly more 
ECFCs than umbilical cord blood and the ECFCs isolated 
from the human placental chorionic villi at term generated 
significantly more vessels in vivo in NOD-Scid mice when 
transplanted with human dermal fibroblasts than those from 
umbilical cord blood.27

4.  OBSTETRIC FACTORS AND ECFC 
CONTENT IN UMBILICAL CORD BLOOD 
AT TERM

Human umbilical cord blood has the advantage that it can 
be tissue typed using next generation sequencing to high 
resolution to improve graft matching, prescreened for viral 
biomarkers, assessed for hematopoietic stem/progenitor  
cell (HSPC) content (generally using CD34 positivity 
and clonogenic myeloid cell content), and processed and 
banked ready for transplantation.58 Since the first umbilical 
cord blood transplant in 1988,59 knowledge of the optimal 

selection criteria for umbilical cord blood units for HSPC 
transplantation has grown significantly. Key criteria depend 
on obstetric factors at the time of collection, the total nucle-
ated and CD34+ cell content, optimal HLA and blood group 
matching of the recipient and donor, and the quality of the 
processing, storage, and testing procedures.58,60,61 Other 
quality measurements such as HLA typing to assess the 
donor’s noninherited maternal HLA antigens also influence 
transplant success.62 Typical obstetric factors that have been 
assessed in relation to nucleated cell and HSPC content in 
human umbilical cord blood include birth and placental 
weight, infant gender, parity of the mother, nucleated red 
cell content, low venous pH, prolonged first stage of labor, 
and Apgar scoresa. Positive correlations have been observed 
between placental weight and infant weight at birth with 
umbilical cord blood volume, total nucleated and CD34+ 
cell content, and total hematopoietic clonogenic myeloid 
cells, and it has been suggested that each 500 g increase in 
birth weight contributes to a 28% increase in CD34+ cell 
counts.61 Based on such parameters, a “cord blood Apgar” 
score has been developed and this is designed to predict 
umbilical cord blood HSPC engraftment posttransplant and 
hence provide the optimal umbilical cord blood unit for 
transplantation into an individual recipient.63

In an attempt to define obstetric factors that might 
affect the content of umbilical cord blood ECFCs at term 
in healthy deliveries and hence predict their potential for 
banking, Coldwell et al.50 examined potential correlations 
between prenatal, perinatal, and postnatal factors recorded 
for the mother and infant and the ECFC content of human 
umbilical cord blood as assessed in day 14 mononuclear cell 
clonogenic cultures. Prenatal factors examined included 
maternal parity, gravidity, age, ethnic group, the infant’s 
gender, and the gestational period. Perinatal features exam-
ined were the duration and stages of labor, delivery method, 
route of delivery, weight of placenta, birth weight, ethnic 
group of the infant, and Apgar scores at 1, 5, and 10 min. 
Postnatal factors included the umbilical cord blood volume, 
nucleated cell count, nucleated red blood cell concentra-
tion, and ECFC content. Notable demographic factors for 
52 umbilical cord blood donors included mode of delivery 
(27% vaginal, 71% caesarean, and 2% caesarean after first 
stage labor), average maternal age of 29.3 years, infant gen-
der (61% male, 39% female), ethnic origin (90% white cau-
casoid), neonatal weight (3.43 ± 0.47 kg), placental weight 
(704 ± 144 g), gestational age (37–41 weeks; 39 ± 1), and 
Apgar scores (3.3% with Apgar1min scores < 7). Parity and 

a The Apgar score was developed as a simple means to quickly assess 
the health of the newborn immediately after birth (1–10 min) and hence 
measures the baby’s ability to adapt to the extrauterine environment.58 The 
Apgar score ranges from 0 to 10 and assesses five criteria: Appearance, 
Pulse, Grimace, Activity (muscle tone), and Respiration, which are 
allocated a score of 0–2, and with normal total Apgar scores ranging from 
7 to 10.100
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gravidity were higher than the UK national averages. The 
only statistically significant predictor of ECFC frequency 
in umbilical cord blood at term was found to be placental 
weight and a formula was devised to predict the ECFC fre-
quency from placental weight, where Epred is the predicted 
ECFC per cord blood unit and P is placental weight (g):

 
Epred =

(
1.2421 +

3.226 × 103

P2/3

)10

 

Notably, although there were no correlations with such 
obstetric factors as parity, mode of delivery, or infant gen-
der, skewing of the donor population in these studies was 
toward uncomplicated pregnancies and caesarian deliveries 
at term from Caucasoid mothers, mostly with normal Apgar 
scores and gestational ages. The formula above might there-
fore be used with defined ethnic groups with healthy term 
deliveries to confirm its robustness.

5.  ECFC CONTENT AND FUNCTION IN 
UMBILICAL CORD BLOOD BASED ON 
GESTATIONAL AGE

The significant numbers of ECFCs that circulate in the 
human umbilical cord blood and their decline in numbers, 
immaturity, and function in the circulation in adult life are 
reminiscent of HSPCs, which are found in higher numbers, 
are more proliferative, and are more immature in umbili-
cal cord blood than in the adult circulation under normal 
homeostatic conditions, with the adult human peripheral 
blood containing principally committed erythroid progeni-
tors.64 Hypotheses for the circulation of restricted hemato-
poietic progenitor cells in the adult circulation are: (1) that 
this is a remnant of the circulating HSPC pool during fetal 
development; or (2) that these circulating progenitors have 
the opportunity to rapidly enter the bone marrow or relevant 
tissues in response to hematological stress, thereby allow-
ing their rapid maturation and maximizing the delivery of 
oxygen to tissues when most needed. Eaves and colleagues 
have also provided evidence from murine studies for a 
developmental switch from a fetal to adult HSC type at a 
specific time shortly after birth.65,66 Whether such a switch 
occurs with ECFCs has not been determined. One hypoth-
esis for the higher content of circulating HPP-ECFCs at 
birth as opposed to adult peripheral blood is that circulat-
ing and highly proliferative ECFCs are readily available to 
enter the developing tissues and contribute to organogenesis 
(e.g., kidney, retina, lungs, bone) by enhancing microvascu-
lar development during late gestation and in early postnatal 
life, in response to rapid tissue and organ growth.

The importance of vascular development during the 
later stages of fetal development is exemplified as fol-
lows. Firstly, in premature infants who develop respira-
tory distress syndrome and subsequent bronchopulmonary 

dysplasia following treatment with supplemental oxygen 
and positive-pressure ventilation, both alveolarization and 
the development of the pulmonary microvasculature are 
disrupted.67 Experimental evidence in surrogate models 
suggests that cellular therapies and biologics associated 
with neovascularization and derived from the umbilical 
cord blood/cord, placenta, or bone marrow (ECFCs, mes-
enchymal stem cells (MSCs), PACs) may provide treatment 
options in ameliorating these problems.68,69 However, if 
autologous cell therapies are required, such cells, particu-
larly if sourced from preterm infants, would need to be 
functionally effective. In this respect, there is an association 
of increased cardiovascular and other disease risk in adult-
hood with very low birth weight and evidence of impair-
ment of ECFC function in the umbilical cord of low birth 
weight infants.70–74 A second example where ECFCs poten-
tially play a role in tissue development is in the ability of 
ECFCs derived from umbilical cord blood to enhance bone 
formation by circulating fetal osteogenic progenitor cells.75

An assessment of the content of ECFCs in umbili-
cal cord blood during the third trimester of pregnancy has 
come from three main studies, although some data are con-
flicting. Firstly, to address whether ECFCs were present in 
the umbilical cord blood throughout the third trimester of 
pregnancy and whether ECFC proliferation is negatively 
affected by hyperoxia (effects which may contribute to poor 
vascular growth and bronchopulmonary dysplasia), Ingram 
and colleagues examined the ECFC content of preterm 
umbilical cord blood and the effects of hyperoxia on human 
umbilical cord blood ECFC function.48,49 In the first stud-
ies, Javed et al.48 compared the ECFC content in preterm 
human umbilical cord blood (24–37 week gestational age) 
to that of term umbilical cord blood and found approxi-
mately twice the number of ECFC at 37–40 weeks as at 
32–36 weeks of gestation. Furthermore, around three-fold 
more ECFCs were found in the umbilical cord blood at term 
than at 24–31 weeks of gestation.49 There were no differ-
ences reported between the ECFC content of umbilical cord 
blood based on mononuclear cell number at 24–28 weeks 
of gestation when compared to 29–32 weeks of gestation. 
Baker and colleagues subsequently compared the ECFC 
content and the proliferative potential of ECFCs in human 
umbilical cord blood from preterm (28–35 weeks gesta-
tional age; n = 26) and term (n = 24) infants.49 In contrast 
to the studies from Javed et al.,48 they detected around five-
fold more ECFCs in these preterm as opposed to the term 
umbilical cord blood samples (51 ± 7 vs. 12 ± 4 ECFCs per 
108 mononuclear cells). Furthermore, they found that, while 
both sources of ECFCs formed vascular networks in matri-
gel, the preterm ECFCs were more proliferative, continued 
to proliferate once they had reached confluence in vitro, and 
their rate of proliferation decreased in response to hyper-
oxia (40% oxygen), when compared to term ECFCs. In 
these studies, the numbers of HPP-ECFC and LPP-ECFC 
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were not individually assessed. In contrast to the studies of 
Baker et al.49 but in agreement with those of Javed et al.,48 
Ligi et al.70 demonstrated a significant increase in ECFCs 
over the third trimester of pregnancy. In agreement with 
studies of Coldwell et al.,50 they found that ECFC content 
varied significantly in babies with increased birth weights 
(i.e., >2.7 kg and by around 10- to 30-fold, up to almost 
60 ECFC per 108 mononuclear cells plated).70 However, by 
extending the culture period for ECFCs from 14 to 28 days, 
Ligi et al.70 found an inverse correlation between the time 
taken for ECFCs to form endothelial colonies in vitro and 
infant birth weight. They further demonstrated that the low 
birth weight early passage preterm ECFC-derived cells had 
impaired proliferative and migratory function both in vitro 
and in vivo and had upregulated angiostatic gene profiles 
compared to those obtained from umbilical cord blood 
at term.70 In particular, they demonstrated a reduction in 
VEGF and an increase in antiangiogenic sVEGFR-1 and 
PF4, but not thrombospondin-1, in the associated umbilical 
cord-derived serum.71 No other obstetric factors that they 
examined (maternal age, parity, gravidity, mode of deliv-
ery, infant gender, and Apgar score) were found to predict 
the ECFC content in umbilical cord blood70,71 in agreement 
with data from Coldwell et al.50

As a second example, ECFCs from umbilical cord 
blood may also contribute to bone formation. Liu et al.75 
demonstrated that healthy human umbilical cord blood 
ECFCs expressed higher levels of osteogenic and proan-
giogenic factors than did adult peripheral blood ECFCs, 
with secreted factors from the ECFCs promoting osteo-
genesis in vitro by fetally-derived MSCs. Taken together 
with studies from Roubelakis et al.34 who demonstrated 
enhanced vasculogenesis of human umbilical cord ECFC-
derived cells in the presence of second trimester MSCs and 
from canine and rodent models of enhanced bone repair 
when MSCs are coimplanted with ECFCs from different 
sources,76–78 these results suggest that umbilical cord blood 
ECFCs may enhance skeletal as well as vascular develop-
ment in the presence of MSCs in the perinatal period. In the 
event of bone injury in the early postnatal period, umbilical 
cord or cord blood and placental ECFCs and MSCs may 
prove effective in enhancing bone repair.

In conclusion, these and related studies suggest that 
the content of ECFCs in umbilical cord blood at term is 
individually variable, that their numbers may be inversely 
related to placental weight, and that umbilical cord blood 
ECFC functions are decreased when subjected to chronic 
severe hypoxia or hyperoxia or when obtained from preterm 
low birth weight infants. The research also demonstrates 
that it is not as easy to predict ECFC content in umbili-
cal cord blood obtained at term from healthy infants based 
on obstetric factors as it is to predict the HSPC content, 
where a “cord blood Apgar score” to predict the likelihood 
of HSPC engraftment posttransplant has been developed. 

Finally, circulating and tissue resident ECFCs may contrib-
ute to rapid fetal tissue and organ growth in the third trimes-
ter of pregnancy and in early postnatal life. On the contrary, 
the effects of an adverse antenatal environment on vasculo-
genesis from ECFCs or their precursors may predispose to 
diseases or disorders affecting the vasculature postnatally 
and in adult life.

6.  THE DIABETIC ENVIRONMENT AFFECTS 
UMBILICAL CORD BLOOD ECFCs

The incidence of diabetes (Type 1, Type 2, and gestational 
diabetes) is increasing significantly worldwide (www. 
diabetes.org.uk). Maternal diabetes is associated with mor-
bidities in the fetus and neonate and the increased long-
term risk of later cardiovascular and other diseases in these 
infants.79 It has been reported that hyperglycemia is a pri-
mary causative agent for vascular disease in diabetics, and 
that this reduces vascular function and the growth of new 
blood vessels.80 Additionally, it has been demonstrated that 
proangiogenic cells (otherwise termed “early EPCs”) are 
reduced in the circulation of patients with diseases which 
affect the vasculature including diabetes, rheumatoid arthri-
tis, preeclampsia, peripheral vascular disease, and coronary 
artery disease.81

The effects of hyperglycemia on endothelial precursor 
and proangiogenic cell function have been assessed in vitro 
and in vivo in surrogate models of human vasculogenesis. 
Chen et al.82 showed that, when both PACs and ECFCs 
(late OEC) from healthy human blood donors were exposed 
in vitro to high glucose concentrations (10–25 mM), their 
numbers and proliferative abilities declined, both cell types 
showed increased senescence and the ECFCs were less 
migratory and formed fewer tubules in matrigel assays. 
They also provided evidence that hyperglycemic condi-
tions impaired nitric oxide (NO) mechanisms rather than 
oxidative stress mechanisms in the cells by decreasing 
eNOS, FoxO1, and Akt phosphorylation and bioavailable 
NO. Building on these studies, Ingram et al.82 examined 
both the ECFC content of human umbilical cord blood 
from diabetic and healthy mothers at 38–42 weeks of gesta-
tion and the effects of hyperglycemia on normal umbilical 
cord blood ECFC function in vitro. They found (albeit in a 
sample of four infants without hyperglycemia and born to 
diabetic mothers) almost a four-fold reduction in umbilical 
cord blood ECFCs compared to healthy controls (13.2 ± 2.6 
vs. 40.1 ± 6.9 ECFC colonies per 108 mononuclear cells, 
respectively). The former ECFCs also showed a reduced 
proliferative response to FGF-2 and VEGF following serum 
starvation, and a 66% reduction in vascular tubule formation 
in matrigel in vitro. Transplantation of early passage human 
ECFCs in NOD-Scid mice revealed a two-fold reduction 
in the resulting perfused vasculature in the umbilical cord 
blood from diabetic pregnancies. These researchers also 

http://www.diabetes.org.uk
http://www.diabetes.org.uk
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demonstrated that hyperglycemic conditions, particularly 
when mimicked with 10–15 mM dextrose and compared to 
normoglycemic conditions (5 mM dextrose), reduced the 
numbers of human term umbilical cord blood ECFC pro-
duced in vitro and their ability to form tubules in matri-
gel assays in vitro by inducing cellular senescence rather 
than apoptosis. Further reports have indicated a three-fold 
increase in oxidative DNA damage in ECFCs obtained from 
diabetic pregnancies.53

7.  PROCESSING AND CRYOPRESERVATION 
AFFECT ECFC NUMBERS IN UMBILICAL 
CORD BLOOD

It is notable that the content of ECFCs has been reported to 
vary approximately 5- to 30-fold in human umbilical cord 
blood at term. While this may in part be due to obstetric 
or genetic factors or to environments which affect ECFC 
numbers, the quality of the collection, processing, and, if 
used, cryopreservation of umbilical cord blood prior to 
ECFC culture may also affect the ECFC content of human 
umbilical cord blood. The importance of such quality con-
trol measures is exemplified in the human HSPC transplant 
setting. Prior to HSPC transplantation and in accordance 
with FACT-Netcord accreditation standards, donated 
umbilical cord blood is collected, held at 22 ± 2°C for up 
to 48h prior to processing, then cryopreserved under con-
trolled rate freezing conditions, and stored long-term below 
−150°C.58 Our own practice at the UK NHS cord blood 
bank is to maintain umbilical cord blood units at 22 ± 2°C 
for up to 24 h before processing because of better viabil-
ity of HSPCs postthawing and prior to transplant, and the 
success of transplant outcomes using such umbilical cord 
blood units.83 More specifically, the impact on CD34+ cell 
viability in human umbilical cord blood units (n = 28) was 
assessed on three consecutive days, both before and after 
cryopreservation, by flow cytometry using 7-aminoacti-
nomycin-D (7-AAD) and Annexin-V methods. The mean 
viability of CD34+ cells precryopreservation remained high 
(>92% ± 4%) over three days, whereas storage time sig-
nificantly affected the viability of CD34+ cells postcryo-
preservation, falling by approximately 5% per extra day in 
storage from 84% ± 6% on day 1, to 79 ± 7 (p <0.0057) on 
day 2, and to 74% ± 8% (p <0.0001) on day 3 for 7-AAD 
staining and by around 7% per extra day in storage from 
77 ± 9 on day 1, to 70 ± 13 (p <0.0194) on day 2, and to 
63 ± 15 (p <0.0002) on day 3 for Annexin-V. Several stud-
ies have shown that the functionality of CD34+ cells can 
be reduced significantly after cryopreservation and that 
Annexin-V negative human CD34+ cells correlated with 
NOD-Scid mouse hematopoietic repopulating ability, indi-
cating as would be expected that apoptotic CD34+ cells fail 
to engraft.84 Scaradavou and colleagues85 have also demon-
strated that umbilical cord blood units with <75% CD34+ 

viable cells postthaw are very unlikely to engraft in double 
umbilical cord blood transplants.

As cell viability and recovery after banking are critical 
for the subsequent use of cells as a cell therapeutic or in the 
research setting, studies have therefore also been conducted 
on the recovery of ECFCs from cryopreserved human umbil-
ical cord blood units. Although Lin et al.20 found that there 
were no statistically significant differences in the late OEC 
(ECFC) content between cryopreserved and fresh umbilical 
cord mononuclear cells, both Coldwell et al.50 and Vanneaux 
et al.86 recovered significantly fewer ECFCs from cryopre-
served than from fresh umbilical cord blood units. Storage of 
umbilical cord blood at 22 ± 2°C for up to 24 h was prefer-
able to storage at 4°C prior to freezing,50 with storage for the 
former yielding four times more ECFCs than the latter and 
with the HPP-ECFC being less affected by cryopreservation 
than the total ECFC population. When fresh cord blood units 
were divided into two equal parts and analyzed for ECFC 
content before and after cryopreservation, approximately 
one-third of the cryopreserved umbilical cord units yielded 
ECFC compared to 100% of the fresh units and the total 
ECFC recovery after cryopreservation in those units, which 
contained ECFCs was around 50% lower than that found in 
the original fresh umbilical cord blood sample. Broxmeyer 
and colleagues87 noted that human umbilical cord blood units 
which had been stored for over 20 years still contained ECFCs 
but with expected recoveries of 10–20% based on historical 
controls and with a loss of proliferative potential. Thus, the 
lower content of ECFC recovered from cryopreserved human 
umbilical cord blood units needs to be considered if autolo-
gous cord blood units are banked for later uses in regenera-
tive medicine. Improved cryopreservation technologies are 
also needed for these cells, as ECFCs do not all survive cryo-
preservation in the 10% dimethylsulfoxide solution used for 
HSPCs. It is important to also note that, once ECFCs are cul-
tured, cryopreservation does not appear to affect the recovery 
of the resulting endothelial lineage precursors.

8.  THE PHENOTYPIC IDENTITY OF ECFCs

A key research question is whether cells within the ECFC 
lineage hierarchy can be distinguished from each other or 
from other cell types in blood or tissues. Since endothelial 
and hematopoietic precursors share cell surface markers in 
common, and as both cell types enhance vessel formation, 
the main thrust of the research to date has been to distin-
guish these precursor cells from one another. When sections 
of the umbilical cord are stained, it is relatively easy to iden-
tify endothelial cells with CD34 or CD31, vascular smooth 
muscle cells with smoothelin or calponin, and pericytes/
mesenchymal stem/stromal cells in Wharton’s jelly with 
CD10 (Figure 2). However, of these markers, CD34, CD31, 
and CD10 are shared with hematopoietic cells,23 which in 
contrast to ECFC also express CD45.17–19,41
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Because of their rarity, studies on the identity of human  
HSPCs sourced from human umbilical cord blood, granulocyte-
colony stimulating factor (G-CSF) mobilized peripheral 
blood, and bone marrow were fraught with difficulty until the 
discovery of CD34 and CD133 cell surface markers allowed 
enrichment of these cells.88,89 These markers identified cell 
subpopulations, which occurred at frequencies of around or 
less than 1%, contained HSPCs, formed clonogenic hemato-
poietic colonies in vitro, and could repopulate hematopoiesis 
in vivo in immunodeficient mice, rhesus monkeys, and the 
human after transplantation into the peripheral blood.90 Sub-
sequent studies91–93 have allowed the enrichment of HSCs 
and their immediate progeny based on multiple markers, 
which include lineage negative selection, CD45 (the common 
leukocyteleukocyte antigen), CD34 positivity and then divi-
sion into subsets based on such markers as CD133 positiv-
ity, CD110 (the thrombopoietin receptor), CD135 (the Flt-3 
receptor), CD123 (the IL-7 receptor), CD49f (alpha 6 integ-
rin), and CD90 (also known as Thy-1). A further marker used 

is vital staining for aldehyde dehydrogenase (ALDH) and 
segregation of progenitors into ALDHhi or ALDHlo cells.94 
From these studies, the HSCs were estimated to represent 
less than 1 in 10,000 mononuclear cells in human umbilical 
cord blood and yet these cells can reconstitute hematopoiesis 
over an individual’s life span. The identity of the ECFCs or 
their precursors in umbilical cord blood has presented a fur-
ther challenge as these cells also generally represent much 
less than 1 in 10,000 mononuclear cells. Although endothe-
lial cells in different tissues possess different expression pro-
files either at the cell surface or transcriptome levels,6 it is not 
currently anticipated that the circulating endothelial precur-
sors that generate these endothelia possess such differences.

In developing ECFC enrichment procedures, the first stud-
ies defined the phenotype of endothelial lineage cells and the 
ECFCs contained therein after the primary culture (but low 
passage) of human ECFCs from umbilical cord, umbilical 
cord blood, placenta, and adult peripheral blood into endothe-
lial cells. The cells generated were CD45−, CD31+, CD144+, 
CD146+, and CD105+, but demonstrated variable expression 
of CD34 and lacked CD133.17–19 These markers do not segre-
gate HPP-ECFC from LPP-ECFC within endothelial cultures. 
It has, however, been possible to segregate ECFC with differ-
ent proliferative abilities on the basis of their ALDH activity. 
Nagano et al.95 have demonstrated in this way that early pas-
sage ALDHlo umbilical cord blood endothelial precursors were 
more proliferative in both normoxia and hypoxia (5% O2), 
showed enhanced migration toward CXCL12, failed to form 
tubules in short-term matrigel assays, and showed enhanced 
function in vivo in an ischemic hind limb model when com-
pared to ALDHhi cells, suggesting the latter were more mature.

Prior to culture, ECFCs have been enriched from fresh 
human umbilical cord blood or adult peripheral blood by 
immunomagnetic or flow sorting. These are based initially 
on CD34 or CD31 positivity and CD45 negativity, as this dis-
tinguishes the ECFC from PACs.96–99 Using polychromatic 
flow cytometry, Estes and colleagues98,99 defined ECFCs as 
being CD31+CD34brightCD45−CD133−CD14−CD41a−CD2
35a−, proangiogenic cells as CD31+CD34brightCD45dimCD1
33+CD14−CD41a−CD235a−, and nonangiogenic cells were 
CD31+CD34brightCD45dimCD133−CD14−CD41a−CD235a−.  
The ECFC-containing subset was below the detection 
limit in the blood of healthy adult donors, but detectable 
in individuals undergoing treatment for cancers and those 
with vascular disease. Umbilical cord blood ECFCs also 
expressed CD146 and CD105.99 Mund et al.99 have also 
reported that flow cytometric isolation of ECFCs has a 
detrimental effect on their recovery and has recommended 
immunomagnetic selection of these cells. Our own studies 
suggest that a variety of factors including the antibody clone 
used, prolonged staining, the interval between collection of 
the umbilical cord blood and the magnetic bead isolation 
or flow cytometry, the temperature of the collection and of 
subsequent isolation all affect ECFC recoveries.

FIGURE 2 Immunohistochemical Staining of Sections of Human 
Umbilical Cord. Paraffin-embedded sections were stained for the different 
markers indicated on each image. CD34 and CD31 were detected on the 
endothelium in the umbilical vein and arteries. No staining of these cells 
was detected with CD45 staining. Vascular smooth muscle (VSM) cells 
were positive for smoothelin and calponin, while the perivascular (PV) and 
Wharton’s jelly (WJ) cells were negative. CD10 was positive on Wharton’s 
jelly stromal cells only as indicated.
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9.  THE USE OF UMBILICAL CORD BLOOD 
OR PLACENTAL ECFCs AS A CELLULAR 
PRODUCT IN REGENERATIVE MEDICINE

There are a number of clinical scenarios alluded to earlier 
(e.g., lung injury, bone repair) in which ECFCs along with 
proangiogenic hematopoietic cells or MSCs sourced before 
or at birth may provide cellular products for promoting 
revascularization. However, the treatment of full thickness 
skin loss represents a challenging clinical entity and is used 
here as an exemplar of where umbilical cord-, cord blood-, 
or placental-derived ECFCs may provide a useful clinical 
application in the future. There are currently no tissue-engi-
neered substrates that can fully replicate the epidermal and 
dermal in vivo niches to fulfill both aesthetic and functional 
demands. The current gold standard treatment of autologous 
skin grafting is inadequate because of poor textural durabil-
ity, scarring, and associated contracture. This is particularly 
the case when split thickness grafts are used, even when in 
combination with one of the many proprietary dermal sub-
stitutes currently available for clinical use.

One option that is currently being explored that may 
improve the quality of existing dermal substitutes is to pre-
vascularize them so that incorporation with the wound bed 
occurs more rapidly (reviewed in 41). This would increase 
the trajectory of wound healing and, based on studies exam-
ining time-to-healing versus scarring, would improve the 
final aesthetic result. When considering a suitable endothe-
lial cell source for this purpose, it is necessary to have cells 
that can be easily isolated and expanded rapidly in vitro 
prior to their clinical application, making ECFCs an excel-
lent option. However, as stated above, HPP-ECFCs are more 
readily harvested from umbilical cord, cord blood, or the 
placenta than peripheral blood and are also found in much 
higher numbers in the former. This leaves two potential 
options that would enable clinicians to use such ECFCs for 
clinical applications: (1) isolate ECFCs from fresh umbili-
cal cord, cord blood, or placenta and freeze them in a bank 
for use should the need arise at some time in the donor’s 
future (as stated above, it would be unsatisfactory to freeze 
cells prior to culture as the prospect of isolating HPP-ECFCs 
from such a harvest would be significantly reduced); (2) use 
freshly isolated and expanded ECFCs from umbilical cord, 
cord blood, or placenta in an acute wound reconstruction 
scenario. In adults with large wounds, for example, due to 
trauma or a significant burn, option 1 would be a useful, 
although an expensive clinical application unless the cell 
bank is used to treat various other vascular diseases or to 
promote tissue regeneration where revascularization is a 
key. Option 2 may provide a more suitable model particu-
larly where a congenital condition is identified before or at 
birth. The conditions where skin reconstruction is required 
in neonates such as giant congenital melanocytic nevus 
and aplasia cutis congenita have historically been managed 

with split skin grafts. Therefore, using recently isolated and 
expanded umbilical cord, cord blood, or placental ECFCs 
to produce a prevascularized scaffold layer underneath the 
graft to improve the quality of skin grafts applied to wounds 
in these patients maybe a useful novel application for these 
cells.

In view of the vasculogenic properties of ECFCs, human 
skin substitutes are just one of several potential clinical 
roles for these cells. ECFCs have been shown to contribute 
to vessel formation when implanted subcutaneously within 
collagen, fibrin, or matrigel matrices and also to improve 
perfusion in animal hind limb ischemia models or to pro-
mote bone repair, therefore patients with impaired vascu-
lar function may also benefit from umbilical cord-, cord 
blood-, or placental-derived ECFCs either in the acute post-
natal period, or later in life using cryopreserved ECFCs.

10.  CONCLUSIONS

Studies over the past one to two decades have demonstrated 
that both proangiogenic cells of hematopoietic origin and 
endothelial precursor cells circulate in the umbilical cord 
blood and peripheral blood. Although these share cell sur-
face markers in common, they can be segregated from one 
another principally on the basis of differential cell surface 
expression of the leukocyte common antigen, CD45. A 
hierarchy of endothelial precursors was found to exist in 
the umbilical cord blood, adult peripheral blood, and in 
some tissues including the umbilical cord and placenta. 
Those endothelial precursors that proliferate significantly 
are termed ECFC and these may have high (HPP-ECFC) or 
low (LPP-ECFC) proliferative abilities. The proangiogenic 
cell content in the circulation is significantly higher than the 
ECFC content and the proliferative abilities of the ECFCs 
decline with age. Both proangiogenic hematopoietic cells 
and ECFC are involved in vessel formation. It has been 
hypothesized that, in response to tissue injury or expan-
sion, the proangiogenic hematopoietic cells first create a 
proangiogenic environment and this permits or encourages 
the ECFC to form or repair the vasculature in late gesta-
tion and postnatally. The numbers of ECFCs in umbilical 
cord blood appear to increase during the third trimester of 
pregnancy and may contribute to perinatal organogenesis. 
Perinatally and in the early postnatal period, ECFC func-
tion can be compromised by adverse environments, such 
as hyperoxia, severe hypoxia, oxidative stress, and hyper-
glcemia, and it has been proposed that this can contribute 
to certain diseases that affect the vasculature in adult life. 
ECFCs have been shown to improve or contribute to revas-
cularization in preclinical surrogate models, such as islet 
cell transplantation, bone repair, retinal and hind limb isch-
emia, and myocardial infarction, and to reduce bronchopul-
monary dysplasia. They may also have a role in congenital 
wound repair. Whether there are sufficient ECFCs that can 



58 SECTION | II Cord Blood Cells Biology

be harnessed from blood or tissues for vascular repair in the 
human is unclear, as the origin of the circulating ECFCs 
is not understood. However, cells with the potential to 
give rise to hemogenic endothelium have been reported in 
human umbilical cord blood. Furthermore, it is encourag-
ing that fully functional human tracheal grafts, which are 
precolonized with autologous epithelial and chondrogenic 
cells ex vivo, can be fully revascularized by the recipient’s 
own cells posttransplantation, and that it is now possible 
to reprogram cells with exogenous factors to enhance their 
vasculogenic potential.

GLOSSARY
Apgar Score Developed by Dr Virgina Apgar as a backronym of her 

surname and used as a simple means to quickly assess the health of 
the newborn immediately after birth (1–10 min). Hence the Apgar 
Score measures the baby’s ability to adapt to the extrauterine envi-
ronment by assessing five criteria: Appearance, Pulse, Grimace, 
Activity (muscle tone), and Respiration, which are allocated a score 
of 0–2, and with normal total Apgar scores ranging from 7 to 10.

CAC Circulating angiogenic cell thought to be of hematopoietic origin 
and which promotes vessel formation. May be equivalent to a PAC.

ECFC A progenitor cell for the endothelial lineage that forms clono-
genic colonies of >50 cells over 14 days of culture.

EPC A term used to describe endothelial progenitor cells, but more 
often describes proangiogenic hematopoietic cells, and thus there 
are recent suggestions that the use of this acronym should be dis-
continued.

HPP-CFC A progenitor cell for the myeloid lineage that forms large 
clonogenic colonies visible with the naked eye over 14 days of  
culture.

HPP-ECFC A progenitor cell for the endothelial lineage that forms 
clonogenic colonies of ≥500 cells over 14 days of culture.

HSPC Includes multipotent hematopoietic stem cells for the myeloid 
and lymphoid lineages and their committed progeny, the hemato-
poietic progenitor cells.

LPP-CFCs A progenitor cell for the myeloid lineage that forms clono-
genic colonies of ≥50 cells over 14 days of culture, but is not visible 
with the naked eye.

LPP-ECFCs A progenitor cell for the endothelial lineage that forms 
clonogenic colonies of ≥50 and <500 cells over 14 days of culture.

Obstetric Factors Typical obstetric factors include birth and placental 
weight, infant gender, parity of the mother, nucleated red cell con-
tent of cord blood, low venous pH of cord blood, prolonged first 
stage of labor, and Apgar scores.

PAC Proangiogenic cell that promotes vessel formation.

LIST OF ACRONYMS AND ABBREVIATIONS
ALDH Aldehyde Dehydrogenase
ECFCs Endothelial Colony-Forming Cells
EPCs Endothelial Progenitor Cells
FGF-2 Fibroblast Growth Factor-2
HLA Human Leucocyte Antigen
HPP-CFCs High Proliferative Potential Colony-Forming Cells
HPP-ECFCs High Proliferative Potential Endothelial Colony-

Forming Cells

HSPC Hematopoietic Stem Progenitor Cells
LPP-CFCs Low Proliferative Potential Colony-Forming Cells
LPP-ECFCs Low Proliferative Potential Endothelial Colony-Forming 

Cells
NHS National Health Service
NO Nitric Oxide
NOD-Scid Nonobese Diabetic–Severe Combined Immunodeficient
OEC Outgrowth Endothelial Cells
PACs Proangiogenic Cells
PF4 Platelet Factor 4
sVEGF Soluble Vascular Endothelial Growth Factor Receptor-1
UEA Ulex Europaeus Lectin
VEGF Vascular Endothelial Growth Factor
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1.  INTRODUCTION

Cord blood (CB) transplantation is a fast growing medi-
cal procedure that originated 25 years ago when the first 
umbilical cord blood transplantation was performed and 
reported.1 CB was identified as a valid source of hemato-
poietic stem cells (HSCs), therefore with a real potential 
for reconstituting hematopoiesis in vivo. Cryopreservation 
of cord blood cells was achieved with no significant loss 
in their hematopoietic capacity. This led to the concept of 
storing and banking CB cells for deferred use, whether in an 
autologous or an allogeneic setting.

The first cord blood transplantation (CBT) was per-
formed in a child suffering from Fanconi anemia, using 
a human leukocyte antigen (HLA) identical CB collected 
and cryopreserved at birth from a sibling.1 The full hema-
topoietic restoration and the absence of Graft-versus-Host 
Disease (GvHD) were highly encouraging. This original 
patient is alive and doing well after 25 years with full hema-
tological and immunological reconstitution.

Once the hematopoietic capacity of CBT was recognized, 
two concerns were immediately identified: the number of 
stem cells in the cord blood unit (CBU) and the immunoge-
netic barrier. The importance of immunogenetic differences 
between cord and recipient was addressed concurrently 
with the issues of allogeneic bone marrow transplantation 
(BMT). Even transplantation from an HLA-identical sib-
ling could result in allogeneic-driven complication, which 
reveals that both HLA and non-major histocompatibility 
complex (MHC) immunogenetics are key elements to the 
success of HSC transplantation, no matter what the source 
of stem cells.

This chapter reviews the impact of immunogenetic fac-
tors, HLA and non-HLA, in the outcome of CBT. While 
early studies suggested that the requirement for HLA 
matching could be less stringent than in unrelated donor 
bone marrow transplantation (UDBMT), it is today evident 
that a full HLA matching remains an optimum according 
to most recent studies. This will naturally affect the HLA 
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typing resolution level required for CB banking in the 
future. Clinical data will further help define the optimal 
strategy of immunogenetic typing for cord blood banking. 
On the other hand, the higher level of HLA mismatching 
observed in CBT compared to UDBMT cohorts points 
to the possibility that anti-HLA antibodies in the recipi-
ent could have an effect on engraftment, as evidenced in 
a series of recent reports. Finally, data on the role of non-
HLA immunogenetics in CBT remains scarce and warrants 
further investigation.

2.  STRUCTURE, FUNCTION, AND 
POLYMORPHISM OF HLA

HLA genes are the human MHC and code for molecules 
expressed on the surface of almost all nucleated cells. The 
HLA molecules control the immune response through rec-
ognition of “self and non-self” and therefore have a decisive 
role in the compatibility of tissue and organ transplantations. 
Immune responses against HLA incompatibility represent 
the major barrier to hematopoietic stem cell transplantation 
(HSCT).

The human MHC spans over 4 Mb of the short arm of 
chromosome 6 (6p21.3) and contains a large number of 
genes that are subdivided into three classes (class I, II, and 
III) on the basis of functional and structural differences. 
Two of these three classes (class I and II) code for the HLA 
molecules. The class I region encodes the classical HLA 
molecules HLA-A, -B, and -C. The class II region com-
prises the HLA-DR region (containing the DRA, DRB1, 
and depending on the haplotype DRB3, DRB4, or DRB5 
genes), the HLA-DP region (containing the DPA1, DPB1 
genes) and the HLA-DQ region (containing the DQA1, 
DQB1 genes).

The main function of HLA molecules is presenting the 
antigenic peptides to T lymphocytes, initiating the specific 
immune response. CD4+ T cells recognize peptides pre-
sented by HLA class II, and CD8+ T cells recognize pep-
tides presented by HLA class I.

HLA molecules have similar structures, with three 
regions: extracellular; intramembranous; and short intra-
cellular. The extracellular region is divided into domains, 
coded by the exons of HLA genes. The domains further from 
the cell membrane constitute the peptide-binding groove, 
interacting with T cell receptors. The class I molecules are 
heterodimers constitutively expressed on all nucleated cells, 
however at varying levels. They are composed of a poly-
morphic glycoprotein chain encoded by a class I gene that is 
noncovalently associated with and stabilized by a nonpoly-
morphic β2-microglobulin chain, encoded by a gene located 
on chromosome 15. Three domains characterize the extra-
cellular region: alpha 1; alpha 2; and alpha 3 domains. The 
alpha 1 and 2 domains are the site of the peptide-binding 
groove and are encoded by the second and third exon of 

the gene. The high polymorphism of HLA class I is located 
in these two domains. The class II molecules are heterodi-
mers composed of an alpha and a beta chain, coded by the 
A and B genes of the class II loci. HLA class II expres-
sion is restricted to cells of the immune system (antigen 
presenting cells). Class II molecules have a similar struc-
ture to class I; the peptide-binding groove is constituted by 
the first domain of alpha and beta chains encoded by the 
second exon of the corresponding genes, with most of the 
polymorphism located in this site. The class II beta chain is 
much more polymorphic than the alpha chain and therefore, 
current HLA typing is mainly performed on the beta chain 
(HLA-DRB1, HLA-DRB3, HLA-DRB4, HLA-DRB5, 
HLA-DQB1, and HLA-DPB1).

HLA class I and II genes are the most polymorphic 
regions of the human genome. More than 12,000 alleles 
(2946 HLA-A, 3693 HLA-B, 2466 HLA-C, 1582 DRB1, 
509 DQB1, and 472 DPB1 alleles) were recognized in the 
last release 3.18.0 (2014-10) of the “IMGT/HLA Database” 
that provides a specialist database for sequences of the HLA 
and comprises the official sequences for the World Health 
Organization (WHO) Nomenclature Committee for factors 
of the HLA system (http://www.ebi.ac.uk/imgt/hla/). The 
number of known alleles is continuing to increase because 
of the use of sequence-based typing methods in many HLA 
laboratories. Most of the new alleles are detected only once 
and the new mutations are mainly concentrated in the exons 
encoding the antigen-presentation domains. However, 
to date, the sequencing of introns is not included in most 
settings of sequence-based typing, and extensive intron 
sequencing would probably allow the detection of even 
more new alleles with intronic mutations.

The set of HLA alleles inherited from one parent is 
referred to as a haplotype and is located on chromosome 
6. On the haplotypes, certain alleles are in linkage disequi-
librium, meaning that certain alleles occur together with a 
greater frequency than would be expected by chance. This 
is more frequently observed between closely located loci 
such as HLA-B and C genes or HLA-DRB1 and DQB1, but 
also between alleles of the same region (DPA1 and DPB1, 
DQA1 and DQB1). Two hot spots of recombination also 
exist in the HLA region, between HLA-DP and DQ, and 
HLA-A and B regions. Certain haplotypes are common in 
particular ethnic groups; in HSCT, the probability of iden-
tifying an HLA-matched unrelated donor is higher when 
patient and donor originate from the same ethnic group.

3.  HLA TYPING TECHNIQUES

3.1  Serological Typing

HLA polymorphism was first explored by a serological 
method, microlymphocytotoxicity typing, which is based on 
the recognition of shared epitopes on the HLA molecules by 
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specific sera or monoclonal antibodies.2 It defines a low reso-
lution typing (also called generic typing), and is still in use in 
many laboratories, especially for organ transplantation. This 
method is also useful to clarify the absence on the cell surface 
of some null alleles detected by molecular typing. Microlym-
phocytotoxicity defines 22 HLA-A, 36 HLA-B, 9 HLA-C, 
14 HLA-DR, and 6 HLA-DQ specificities, but is completely 
inadequate to cover the diversity of the HLA system.

3.2  DNA-based Techniques3,4

The DNA-based techniques for HLA typing were introduced 
to alleviate the deficiencies of serological typing. They are 
based on the nucleotide sequence information of the poly-
morphic DNA segments, using polymerase chain reaction 
(PCR) technology. A number of HLA typing methods have 
been developed, mainly PCR-SSP (sequence-specific prim-
ers), reverse PCR-SSOP (sequence-specific oligonucle-
otide probes), or PCR-SBT (sequence-based typing). PCR 
is an “in vitro” method of nucleic acid synthesis by which 
a particular segment of DNA can be specifically replicated. 
It involves two primers that flank the sequence of the DNA 
fragment to be amplified. These primers hybridize to oppo-
site strands of the target sequence and are oriented so that 
DNA synthesis by the enzyme Taq polymerase proceeds 
across the region between the primers. The use of cycles of 
heat denaturation, annealing of the primers to their comple-
mentary sequences, and extension of the annealed primers by 
DNA polymerase, results in an exponential accumulation of 
the specific target fragment, about 2n (where n is the number 
of cycles of amplification).

Different levels of HLA typing resolution were defined: 
the low resolution or two-digit typing (e.g., HLA-A*02) 
provides a definition of a broad group of alleles that corre-
sponds to a serologically defined antigen. The intermediate 
resolution typing defines a combination of specific alleles. 
The use of National Marrow Donor Program (NMDP) codes 
(http://bioinformatics.nmdp.org/HLA/hla-res-idx.html) 
can be helpful in this setting to describe allele ambigui-
ties (A*68:02 or 68:08 or 68:09 or 68:18N = A*68UDD). 
The high resolution typing is defined as “identifying HLA 
alleles at a level of resolution which defines the first and sec-
ond fields according to WHO Nomenclature, at least resolv-
ing all ambiguities resulting from polymorphisms located 
within exons 2 and 3 for HLA class I loci, and exon 2 for 
HLA class II loci, and all ambiguities that encompass a null 
allele” (standards of the European Federation for Immu-
nogenetics). Finally, the allelic or four-digit typing (e.g., 
A*02:01) discriminates the individual alleles and resolves 
the tissue type to the allele level, with no ambiguity.

3.2.1  PCR-SSP Technique

The principle of PCR-SSP is the development of typing sys-
tems based on the extension of primers with 3′ ends that are 

either matched or mismatched with the target sequence. Com-
pletely matched primers will be efficiently used in the PCR 
reaction. However, primers with a 3′ single-base mismatched 
with the target sequence do not amplify efficiently. So, choos-
ing primers in polymorphic regions allows specific amplifica-
tion. Commercial SSP trays of HLA class I and II contain 
multiple pairs of PCR primers that are designed to anneal 
within DNA regions present in certain alleles or groups of 
alleles. If the corresponding alleles are present, their specific 
amplicons can be detected by gel electrophoresis. The num-
ber of primer pairs needed to perform typing is a function of 
the gene polymorphism and also the level of typing resolution 
required. While somewhat cumbersome as a method, SSP is 
still used for emergency HLA typing and to resolve ambigui-
ties that result from PCR-SSO or -SBT methods.

3.2.2  Reverse Dot Blot PCR-SSOP Technique

One of the first widely employed methods for detecting HLA 
alleles was PCR-SSO typing. In this approach, the PCR 
primers were selected from a conserved region on the exon 
of a particular locus to give locus-specific amplification. 
To analyze the sequence polymorphisms in the amplified 
exons, oligonucleotide probes are hybridized under condi-
tions where a probe complementary to the target genomic 
sequence would bind and a probe with a single destabiliz-
ing mismatch would not. A typical pattern of oligonucle-
otide probes hybridized to the amplified DNA is necessary 
to define an allele or a group of alleles. The resulting probe 
hybridization pattern is interpreted as an HLA genotype 
with appropriate genotyping software. In the reverse dot 
blot PCR-SSO technique, PCR product is labeled with bio-
tinylated primers and hybridized to a panel of immobilized 
probes. This process makes SSO typing with large numbers 
of probes easy. In the early approaches, the oligonucleotide 
probes were blotted onto a solid media, which was often 
a nylon membrane. This concept of labeled amplicons and 
immobilized probes was later extended from nylon mem-
branes to beads, as in the widely used flow cytometry 
Luminex HLA typing system, and to microarray assays. 
These latter media, which allow the fixation of many probes, 
are well adapted to the increasing need of probes in relation 
to the increasing number of HLA alleles. The reverse dot 
blot PCR-SSO technique is well adapted to large series of 
HLA typing and is able to give low or intermediate resolu-
tion typing according to the number of probes used.

3.2.3  PCR-SBT Typing

The great advantage of SBT is that it allows a complete 
determination of the exon sequences and not only of the 
polymorphic regions, as do PCR-SSO and SSP techniques. 
It is the only technique that directly detects the nucleotide 
sequence of an allele, thus allowing exact assignment. The 
technique by Sanger that uses dye terminator chemistry 
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is most commonly used for routine HLA typing. DNA 
sequencing developed by Sanger takes advantage of using 
2′,3′ dideoxynucleotides as substrates such that when it is 
incorporated at the 3′ end of the growing chain, chain elon-
gation is stopped selectively at A, C, G, T, because the chain 
lacks a 3′ hydroxyl group. Four different dyes are used to 
identify the A, C, G, and T extension reaction, and each 
dye emits light at a different wavelength when excited by 
a laser. Amplification and direct sequencing by PCR-SBT 
of the relevant exons constitute one approach to high-reso-
lution typing. However, just as for SSO typing, ambiguities 
resulting from cis/trans assignment of base calls in het-
erozygous samples represent a substantial source of ambi-
guities. Complementary typing using PCR-SSP might be 
necessary to reach high resolution typing. Another way to 
deal with this problem is the practice of workflows involv-
ing a preliminary typing by SSO or SSP, followed by the 
separate amplification of the two alleles of a heterozygote 
and the sequencing of the separated alleles. However, given 
the large and continually increasing number of alleles in 
the HLA sequence database, dealing with the ambiguity of 
most HLA typing methods remains a critical challenge.

3.2.4  Next-generation Sequencing

One technical approach to the issue of ambiguity is to har-
ness the power of next-generation sequencing methods to 
achieve very high resolution and very high-throughput HLA 
typing. Three next-generation sequencing systems exist and 
the resolution of HLA genotyping ambiguity is facilitated 
by two properties of all next-generation sequencing sys-
tems: (1) the “clonal sequencing of DNA molecule,” which 
allows setting the phase of linked polymorphisms within 
the amplicon; and (2) the “massively parallel sequenc-
ing,” which allows determination of a very large number of 
sequences in a single run and, thus, the capability of provid-
ing many exonic and intronic sequences per gene.

In the next few years, new sequencing techniques will 
undoubtedly allow the sequencing of HLA class I and class 
II genes at an allelic resolution in a faster, more automated, 
and more cost-effective way.

4.  CBT RESULTS

Since the first report of a successful CBT in 1988, great 
interest has developed in the use of CB as an alternative 
stem cell source to treat cancer and genetic diseases. The 
parameters that affect clinical outcome have also been 
intensely studied in this clinical setting. As CBT moved 
into ever more clinical settings (from sibling HLA-matched 
donors to unrelated mismatched donors, from children to 
adult patients, from single to double CBT, from myeloab-
lative to reduced intensity conditioning regimens), the 

clinical and biological characteristics that affect CBT have 
been more defined.

4.1  Impact of HLA in Myeloablative Single 
Unrelated Unit CBT for Malignant 
Hematological Diseases in Children and 
Adults

Very rapidly after the first unrelated single unit CBT in 1996, 
retrospective studies showed that unrelated CBT (UCBT) is 
an acceptable alternative to HLA unrelated BMT. UCBT 
is able to reconstitute hematopoiesis, but with a delayed 
recovery, is not associated with a higher incidence of GvHD 
despite increased HLA disparities, and does not result with 
a higher risk of relapse5 compared to UDBMT. A recent 
retrospective analysis of the data concerning 1525 adult 
patients with acute leukemia transplanted between 2002 
and 2006 with CB (n = 165), PBSC (n = 888), or bone mar-
row (n = 472), revealed that the leukemia-free survival after 
CBT with 4–6/6 HLA match was comparable with that after 
8/8 and 7/8 allele-matched unrelated donor transplantation. 
However, transplant-related mortality (TRM) was higher 
after UCBT than after 8/8 allele-matched unrelated donor 
transplantation. Grade 2–4 acute and chronic GvHD were 
lower in CB compared with 10/10 allele-matched unrelated 
donor transplantation, while the incidence of chronic, but 
not acute GvHD, was lower after CB than after 8/8 allele-
matched BMT. These data support the use of UCB for 
malignant diseases when a fully matched donor is unavail-
able, and when a transplant is needed urgently.6

In earlier series, two factors were recognized as impor-
tant for hematopoietic recovery: cell dose measured as total 
nucleated cells (TNC); and HLA-matching (defined as 
matched or mismatched based on HLA-A and -B low reso-
lution and HLA-DRB1 high resolution typing). In 1997, the 
Eurocord group first described the association of TNC dose 
and HLA-match with neutrophil and platelet recovery and 
survival in 143 patients, mostly children, receiving a related 
or unrelated CBT. A closer HLA-match was associated with 
a better engraftment and survival.7 These results have since 
been confirmed in a series of 562 children and adults who 
received unrelated CBT.8 The Minnesota group also showed 
that the number of HLA disparities (6/6 and 5/6 vs 4/6 or 
more) was associated with better engraftment and lower 
transplant related mortality. In addition, 1-year mortality 
was increased two times after CBT for patients receiving 
a 2 or 3/6 HLA graft. These two early studies clearly high-
lighted that HLA-matching and cell dose are crucial factors 
for improving the outcome of CBT, although they predomi-
nantly involved children.

Other studies reported the outcome and risk fac-
tors of single unit unrelated CBT in adults and demon-
strated the feasibility of CBT with delayed hematopoietic 
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engraftment.9–11 The impact of cell dose in these studies 
was also found to be associated with engraftment or sur-
vival in different cohorts after myeloablative conditioning 
regimen,12,13 but the number of HLA disparities was not 
associated with any outcome. This observation was prob-
ably related to the small number of patients reported or to 
the advanced disease status of a large portion of the studied 
patients (53% in Arcese et al. study 2006).12,13 The same 
phenomenon exists in UDBMT: the impact of HLA-mis-
matches does not appear in patients with advanced disease 
despite a strong impact observed in patients with early dis-
ease and the same observation could also exist in UCBT.

Two large more recent studies have examined cell dose 
and HLA in conjunction with the outcome of single unit 
CBT for malignant diseases after myeloablative condition-
ing regimen. The COBLT study (191 pediatric patients with 
hematologic malignancies that had at least a 3/6 HLA match 
CB) found that both HLA and cell dose played a role in 
engraftment: cell dose was positively associated with neu-
trophil and platelet recovery, whereas better HLA-matching 
was associated with neutrophil but not platelet engraftment. 
This study also found that disparate HLA matching was sig-
nificantly associated with grade III–IV acute GvHD (5 or 
6/6 matched vs 4/6 or less). Survival was impacted by the 
total precryopreserved TNC dose (>2.5 TNC × 107/kg) but 
not by HLA-matching. Even if HLA-matching decreases 
GvHD, overall survival may not be affected because of com-
peting contributions of GvHD and graft-versus-leukemia.14

A cohort study of the New York Blood Center’s CBT 
(1061 patients who received single-unit myeloablative 
CBT for leukemia and myelodysplasia) found the impact 
of HLA-matching on neutrophil and platelet engraftment, 
aGvHD, TRM, treatment failure, and overall mortality. The 
study of the combined impact of TNC dose and HLA-match 
demonstrated that HLA match can compensate for low TNC 
dose: the best outcome for neutrophil and platelet engraft-
ment, aGvHD, TRM, treatment failure, and overall mortal-
ity was associated with the transplantation of 0-MM units 
(“6/6” HLA-matched), regardless of the TNC dose; the next 
best survival outcomes (TRM, treatment failure, and over-
all mortality) were observed in recipients of 1-MM with a 
TNC dose of 2.5 × 107/kg or greater, or 2-MM units with a 
TNC dose of 5.0 × 107/kg or greater. Importantly, there was 
no difference in survival outcomes between 1-MM units 
that provided a TNC dose of 2.5–4.9 × 107/kg and 2-MM 
units that provided a dose of 5.0 × 107/kg or greater. How-
ever, the extent to which better HLA-match can compensate 
for low TNC dose has limits. No advantage was detected 
in TRM for 1-MM units over 2-MM units when the TNC 
dose was less than 2.5 × 107/kg.15 A more recent Japanese 
study confirmed the effect of HLA disparities on mortal-
ity in 498 children, but not in 1880 adults, who received a 
single CBT.16

4.2  Impact of HLA in Reduced Intensity 
Conditioning Regimen and Double 
Unrelated Unit CBT for Malignant 
Hematological Diseases

CBT is often used as a “last chance” transplant due to high 
TRM and low engraftment rates. Early efforts to reduce 
TRM and low engraftment focused on reducing the condi-
tioning regimen toxicity and increasing the CB cell dose. 
Reduced intensity conditioning (RIC) showed reduced 
early mortality and allowed treatment of older patients.

To abrogate the obstacle of cell dose in adult patients, 
Barker and colleagues showed that two partially HLA-
matched CB units could be infused into a patient and that 
this infusion enhanced engraftment in adults with hemato-
logic malignancy. Only one CB unit eventually provided 
predominant hematopoietic reconstitution.17 After RIC 
regimen, rapid and complete donor chimerism has also been 
achieved in adult recipients of CBT.18 Following the use of 
RIC regimen and double CB transplants, the number of adult 
patients transplanted with CB has increased. Brunstein and 
colleagues demonstrated the effectiveness of double CBT 
(dCBT) after myeloablative conditioning regimen in 128 
dCBT. The authors showed that leukemia-free survival after 
dCBT is comparable to that observed after matched-related 
and matched-unrelated transplantation, and that the higher 
risk of TRM is counterbalanced by lower relapse rates.19 
They suggested that for patients without an available HLA-
matched donor, the use of two partially HLA-matched UCB 
units is a suitable alternative. MacMillan and coworkers ret-
rospectively compared the outcomes of single versus double 
CBT. Although cGvHD rates were similar (17% vs 18%), 
grade II–IV aGvHD rates were greater in the double CBT 
group (58% vs 39%, p < 0.01)20 but they did not find an 
effect of HLA matching of the engrafting unit on aGvHD. 
A higher risk of grade II–IV aGvHD associated with less 
relapse was also observed by Veineris et al. in recipients 
receiving dCBT.21 The study of 110 patients with hema-
tological diseases treated mostly by dCBT (n = 93) after a 
nonmyeloablative regimen showed that neutrophil recov-
ery was high and achieved in 92%, but that neither TNC, 
CD34+, CD3+ cell counts, nucleated cell viability, nor HLA- 
matching were predictive of engraftment.22 When the effect 
of HLA-match on engraftment after dCBT was examined, 
single-unit dominance was observed in almost all double 
CBT outcomes.23 A high incidence of sustained donor 
engraftment was observed (93%) with a median time to 
neutrophil recovery of 23 days. Engraftment was associated 
with TNC dose and CD34+ cells infused and also with the 
viability of the CD34+ cells post thaw, but not with HLA 
disparity even at high resolution typing.23 Furthermore, after 
dCBT with a myelo- or nonmyeloablative conditioning regi-
men, grade III to IV aGvHD incidence was found to be lower 
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if the engrafting unit HLA-A, -B, -DRB1 allele match was 
>4/6 to the recipient, whereas engrafting unit infused TNC 
and unit-to-unit HLA-match were not significant.24

The Eurocord registry in collaboration with the French 
Society for blood and marrow transplantation and cellular 
therapy (SFGM-TC) addressed the feasibility of RIC using 
a single CBT for hematological malignancies (n = 176) and 
studied a cohort of 155 single or double CBT with a homog-
enous RIC regimen (n = 155). The results suggest that TNC, 
CD34+ cell dose, and the number of HLA disparities continue 
to play a critical role in engraftment and risk of TRM after 
CBT in the RIC setting.25 Several studies compared single 
versus dCBT in adult patients but results are somehow con-
tradictory, a controversy far from being resolved. Indeed, the 
influence of HLA-matching and TNC on engraftment as well 
as other transplantation outcomes after dCBT or RIC regimen 
should be retackled in further studies using larger and more 
homogeneous series of patients. This would allow the draw-
ing of definitive conclusions on the impact of HLA matching 
in dCBT as well as in RIC setting. Although double unit grafts 
have been widely adopted as an easy strategy to increase graft 
cell doses in unrelated CBT, there is still little information 
to guide transplant centers in the selection of the graft. Nev-
ertheless, based on the importance of TNC dose and HLA-
match demonstrated in large analyses of single-unit CBT15 
as well as a recent analysis of 84 dCBT recipients,23 current 
opinion with regard to CB selection recommends screening 
for grafts with 4–6 HLA-matches and >2.0 × 107 cells/kg for 
each unit of a double-unit graft. This approach increases the 
likelihood of engraftment by infusing 2 units with at least an 
adequate cell dose in each unit. This recommendation may 
need to be revised in the future when much larger numbers of 
dCBT recipients will be available for analysis.26

4.3  Impact of HLA in CBT for Nonmalignant 
Diseases

Nonmalignant diseases comprise acquired aplastic anemia 
and inborn diseases including hemoglobinopathies, heredi-
tary metabolic disorders, and primary immunodeficiencies.

4.3.1  CBT in Patients with Hemoglobinopathies 
and Inherited Bone Marrow Failures

In view of the low incidence of GvHD associated with the pro-
cedure, allogeneic CBT is particularly appealing for patients 
with inherited and primary immunodeficiency disorders. 
Several studies showed that survival outcomes after matched 
related CBT were comparable to matched related BMT with 
a lower risk of GvHD, and demonstrated that related donor 
CBT is a safe and effective option for patients with hemo-
globinopathies.27–30 Based on this, Locatelli and colleagues 
recommended collection and freezing of CB units in families 
in which a child is affected with genetic or hematological 

disease.28 The same observation was reported for inherited 
bone marrow failures in a Eurocord/EBMT (European Soci-
ety for Blood and Marrow Transplantation) study. In patients 
with hereditary bone marrow failure syndromes, related CBT 
was associated with excellent outcomes (cumulative inci-
dence of neutrophil and platelet recovery at 60 days is 95% 
and 90%, respectively, and a low rate of acute grade III-IV 
and chronic GvHD of 5% and 10%, respectively).31

CBT using unrelated HLA mismatched units were per-
formed in small cohorts or in single cases with encourag-
ing results; this suggests that CBT should be considered in 
patients if they lack a suitable matched-related donor.32,33 
The outcome of HLA-mismatched unrelated CBT after a 
myeloablative (n = 30) or RIC (n = 14) conditioning regi-
men in 44 patients suffering from inherited bone marrow 
failure has been recently reported. The risk of graft failure 
and chronic GvHD in this cohort was high (50% and 53% 
respectively).31 In order to overcome the risk of rejection, 
the authors recommended a selection of the CB units similar 
to that for aplastic anemia: high number of nucleated cells 
infused (>4 × 107 CNT/kg) and no more than one HLA mis-
match. The results of CBT performed in 88 patients with 
primary immunodeficiency patients (SCID (n = 40), Wiskott- 
Aldrich syndrome (n = 23), chronic granulomatous disease 
(n = 7), severe congenital neutropenia (n = 5), and other 
immunodeficiencies (n = 13)) were reported and confirmed 
the negative impact of two or more HLA mismatches.34

Altogether these studies emphasize the importance of 
both HLA matching and TNC dose, but the use of unre-
lated CB for patients with inherited bone marrow failure 
still requires larger studies and better consideration of the 
conditioning regimens.

4.3.2  CBT in Patients with Severe Acquired 
Aplastic Anemia

Recently, Eurocord/EBMT collaboration reported results 
of 71 UCBT performed for severe acquired aplastic anemia 
(SAA) using a single or double CB, with an RIC in 68% 
of patients. This study highlights the fundamental role of 
cell dose for both engraftment and overall survival (OS) in 
patients with SAA undergoing CBT. Higher prefreezing TNC 
dose (>3.9 × 107/kg) significantly increases engraftment and 
overall survival.35 The importance of TNC dose infused for 
engraftment and survival was already shown by Minck et al.36

Eurocord also studied a cohort of 279 patients with non-
malignant diseases who received a single UCBT between 
1994 and 2005. A total of 40% of the patients suffered from 
SAA, 36% from primary immunodeficiency and 24% from 
hereditary metabolic disorders. Engraftment, GvHD, TRM, 
and OS were influenced by HLA mismatching. OS (CI of 
at 100 months = 49%) was influenced by cell dose and by 
the number of HLA mismatches. The group of patients 
who received a CBT with <3.5 × 107 TNC/kg and a 2–3 
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HLA-mismatched transplant had <10% survival. Increasing 
cell dose partially abrogated the effect of HLA mismatches, 
and there was no statistical difference between the groups 
receiving >3.5 × 107 TNC/kg with a 0–1, 2-, or 3-HLA-
mismatched CBT.37 Thus, for nonmalignant disorders, HLA 
matching is critical and patients should receive a higher cell 
dose to obtain engraftment than patients with a malignant 
disease; for patients who need a 4/6 HLA graft, a CB unit 
containing more than 4–5 × 107/kg at collection should be tar-
geted. It has been suggested that, for each HLA disparity, the 
TNC dose should be increased by an increment of 1.5 × 107/
kg, however this recommendation has not yet been validated.37

5.  OTHER HLA CRITERIA FOR CBU 
SELECTION

5.1  HLA Mismatch Direction

Stevens examined the relationship between direction of 
HLA mismatch and transplantation outcomes in 1202 recip-
ients of single CB units. Patients with mismatch in the “GvH 
direction only” had lower TRM (HR = 0.5, P = 0.062), over-
all mortality (HR = 0.5, P = 0.019), and treatment failure 
(HR = 0.5, P = 0.016), resulting in outcomes similar to those 
of matched CB grafts. In contrast, mismatches in the “rejec-
tion direction only” had slower engraftment, higher graft 
failure, and higher relapse rates (HR = 2.4, P = 0.010). Based 
on these findings, the authors recommended that transplant 
centers give priority to “GvH direction only” mismatched 
units over other mismatches and to avoid selecting “rejec-
tion direction only” mismatches, if possible.38 However, the 
same study realized with 2977 Japanese patients and with 
1565 patients from the Eurocord registry did not confirm the 
above findings.39,40 The lack of clear evidence does not rec-
ommend changing the current practice for CBU selection.

5.2  HLA High Resolution Typing

Many studies stressed the importance of both HLA matching 
(based on HLA-A, -B at low resolution and -DRB1 at high 
resolution) and TNC infused; however, questions arise: which 
is more important and would a higher HLA matching improve 
CBT outcome? Various studies addressed this question. For 
instance, a study on 122 UCBT performed by Kogler et al. 
revealed the large number of actual HLA disparities when 
analyzed with HLA-A, -B, -C, -DRB1, -DQB1 allelic subtyp-
ing (5 cases with 0 mismatch and 12 with 1 mismatch); the 
authors conclude that there is no benefit from additional high 
resolution typing for HLA-A, -B, -C, -DRB1, -DQB1 locus 
for outcomes after UCBT in this limited and heterogeneous 
group of patients.41 However, the number of matched or with 
1-mismatch unit CBT was probably too small to allow detect-
ing the effect of HLA disparity. Kurtzberg et al. showed in 191 
children suffering from hematologic malignancy that high 

resolution matching for HLA-A, -B, -DRB1 locus increased 
the risk of severe acute GvHD if the donor–recipient pairs 
were matched for fewer than 5 of 6 alleles.14 Nonetheless, in 
a larger cohort of 803 patients transplanted with a single UCB 
for leukemia and myelodysplastic syndrome, Eapen et al. 
found that a mismatch at HLA-C locus increased the risk of 
TRM in HLA-A, -B, -DRB1 matched transplants, and that 
the risk of TRM was higher with mismatches at two, three 
or four loci compared with matched units. The risk of TRM 
was not significantly different between matched and one mis-
match units.42 More recently, in a larger cohort of 1568 single 
UCBT for hematologic malignancy, Eapen M and colleagues 
also reassessed the overall effect of HLA disparity based on 
high resolution typing for HLA-A, -B, -C, and -DRB1 loci on 
nonrelapse mortality. Only 7% of units were allele matched at 
HLA-A, -B, -C, -DRB1; 15% were mismatched at one, 26% 
at two, 30% at three, 16% at four, and 5% at five alleles. NRM 
was higher with units mismatched at more than one allele 
compared to HLA-matched units (p <0.001). The observed 
effects were independent of cell dose and patient age. These 
data supported allele-level HLA-matching in the selection of 
single UCB units.43 Accordingly, matching for HLA-C and for 
HLA class I alleles should be included in the CB unit selection 
when possible, in order to minimize the mortality risks.

5.3  (HLA) Noninherited Maternal Antigen

During pregnancy, bidirectional transplacental traffick-
ing of maternal cells into the fetus exposes him or her to 
maternal cells expressing both inherited maternal antigens 
and noninherited maternal antigens (NIMA), resulting in 
the development of NIMA specific responses. Two recent 
studies evaluated the impact of fetal exposure to NIMA on 
the outcome of unrelated CBT. The first one included 1121 
patients with hematologic malignancies who received single 
unit CBT and demonstrated a survival advantage to choos-
ing CBU in which there was a match between the patient 
and the NIMA of the unit.44 The second study compared 48 
NIMA-matched to 116 non-NIMA-matched pairs and con-
firmed the survival advantage of the NIMA-matched CBT 
(55% vs 38% respectively).45 These observations suggested 
that in utero exposure of the fetus to NIMA antigens induces 
regulator T cells to those maternal antigens. Consequently, 
when faced with the choice of multiple HLA-mismatched 
UCB containing adequate cell doses, selecting an NIMA-
matched CB may improve survival after mismatched CBT.

However, in a mouse model, it was shown that expo-
sure to NIMA antigens could lead to tolerance induction or 
sensitization,46–48 and that the difference of reactivity was 
influenced by the amount of maternal microchimerism and 
the timing of exposure. An in vitro test could predict the 
reactivity to NIMA antigens by the level of IFN-γ produc-
ing cells.46 Importantly, however, in human, the graft-versus-
leukemia effect is not abrogated, as demonstrated by the low 
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rate of relapse observed in patients transplanted for myeloid 
leukemia with NIMA matched transplants.44 This might be 
explained in part by the sensitization of CB cells against 
NIMA antigens. In fact, regulatory T cells could coexist with 
cytotoxic T cells in CB similar to that which has been shown 
for the minor histocompatibility antigens HA-1 in healthy 
individuals.49 Another possibility is that during pregnancy, 
the maternal T cells have been exposed and sensitized against 
inherited paternal antigens (IPA) expressed on the fetal cells 
that enter the maternal circulation. Some of these maternal T 
cells can cross the placenta and enter the fetus where they can 
persist for a long time. When infused with the CBU, these 
cells might reduce the risk of relapse and possibly increase 
the risk of GvHD in recipients bearing the IPA antigens. This 
hypothesis was supported by the fact that patients who share 
HLA antigens with their graft’s IPAs had lower risk of relapse 
in CB transplant than those without shared antigens.50

5.4  Anti-HLA Antibodies

Anti-HLA antibodies may occur due to the allo-immuniza-
tion against HLA through blood transfusions, pregnancy, 
and organ transplantations, but also in some unexposed 
individuals.51,52 In patients with hematologic diseases, anti-
HLA antibodies may be more frequently detected because 
of the frequent use of transfusion therapy.51 In a series of 
294 patients, Ruggeri et al. estimated the incidence of pre-
formed anti-HLA antibodies to be 23% among individuals 
being considered for CBT.53 The impact of donor specific 
antibody (DSA) on outcome has been extensively described 
in solid organ transplantation,54 in which HLA matching is 
less respected than in HSCT. In a case control study of unre-
lated donor recipients, Spellman et al. reported pretransplant 
DSA to be associated with graft failure and higher mortal-
ity.55 In the CBT setting, three series reporting respectively 
386,56 73,57 and 294 patients53 receiving single or double 
CBT showed an increased risk of graft failure and lower 
survival for patients with DSA. Only one report of 126 dou-
ble UCBT showed no association between the presence of 
DSA and transplant outcome.58 Moreover, the association 
between graft failure and antibody response proves stronger 
in case of intense antibody response.53,57 It is therefore pref-
erable to consider screening and identification of specific 
anti-HLA antibodies when selecting a CBU. Units against 
which there are very intense antibody responses should be 
particularly avoided. DSA search is an effective tool to be 
included in the algorithm for the best CBU selection.

5.5  Non-HLA Immunogenetics

5.5.1  ABO Blood Group

ABO major incompatibility was found to be associated with a  
worse outcome in HSCT from related and unrelated donors.  

In CBT, a recent study did not observe an impact of ABO 
incompatibility on aGvHD or cGvHD in recipients of single 
and dCBT, both in univariate and multivariate analysis.59 How-
ever, this has not been confirmed by other studies; ABO major 
incompatibility has been associated with decreased survival 
and disease-free survival rates in adults with hematological 
malignancies,13,60 and with higher TRM after RIC UCBT.25 
Therefore, when several CBU are available, the use of a unit 
that is ABO compatible should be taken into consideration.

5.5.2  Killer Cell Immunoglogulin-like Receptor

Natural killer (NK) cells are part of the innate immune system 
and are involved in viral immunity and cancer surveillance. 
The physiology of NK cells is finely regulated, to control 
cytotoxicity and cytokine production. NK cells express 
on their surface inhibitory killer cell immunoglobulin- 
like receptors (KIR) that recognize allotypic determinants 
(KIR ligand) shared by certain HLA alleles. KIR 2DL1 
recognizes HLA-C alleles coding for a Lysine residue in 
position 80 (group C2 HLA-C alleles) and KIR2DL2 or 
KIR2DL3 recognize HLA-C alleles coding for an aspara-
gine residue in position 80 (group C1 HLA-C alleles). KIR 
3DL1 is the receptor for HLA-B alleles sharing Bw4 super-
typic specificity and KIR3DL2 was shown to function as a 
receptor for HLA-A3/-A11. NK cells expressing inhibitory 
KIR receptors that do not recognize ligands on the target 
cells are released from HLA inhibition and mediate cyto-
toxicity and cytokine production, leading to target destruc-
tion. In allogeneic HSCT, NK alloreactivity is determined 
by the specificity of the KIR receptors on the donor cells 
for recipient HLA class I. Some donors have a subset of 
NK cells that do not express inhibitory KIRs recognizing 
their cognate HLA class I ligand on recipient cells. This 
corresponds to a KIR-ligand mismatch situation, leading 
to the risk of allogeneic reaction. Studies in haploidentical 
transplants showed that KIR ligand incompatibilities in the 
GvH direction were associated with decreased incidence of 
relapse and an improved disease-free and overall survival.61 
However, several studies concerning HSCT with unrelated 
donors did not reveal any impact. In UCBT for acute leu-
kemia, KIR ligand incompatibilities were associated with 
a decreased incidence of relapse and an improved disease 
free and overall survival.62 However, Burnstein and cowork-
ers did not confirm this effect and rather observed a sig-
nificant association between KIR-ligand incompatibilities 
and increased risk of grade III–IV GvHD and death.63 A 
recent study showed that KIR-ligand incompatibility was 
not associated with relapse reduction after double umbili-
cal cord blood transplantation.64 Currently, the impact of 
KIR-ligand incompatibilities remains unclear. Other series 
of patients and functional studies analyzing the impact of 
KIR-ligand matching are needed before this factor can be 
included in the algorithm of CBU selection.
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5.5.3  Cytokine Polymorphisms and Minor 
Histocompatibility Antigens

In HLA-identical BMT, certain recipient cytokine gene 
polymorphisms and minor histocompatibility antigen 
(mHag) differences influence the occurrence and severity 
of acute GvHD. Little was done concerning the impact 

of cytokine polymorphisms and mHag in CBT. Never-
theless, the impact of TNF-α and IL-10 polymorphism 
genotypes and of H-Y, HA1, and CD31 mHag incom-
patibilities on acute GvHD occurrence was analyzed in 
a cohort of 115 unrelated mismatched CBT,65 but no 
impact was detected. However, Mommas et al. observed 
pre-existing and ex vivo-generated specific T cells 
directed against the maternal mHag HA1 in CB, indicat-
ing that CB T cells can elicit cytotoxic T cells against 
maternal mHag which can contribute to the in vivo graft- 
versus-leukemia activity after transplantation.66 The 
absence of clinical impact observed in the studied CBT 
cohort might be explained in part by the fact that the 
HLA mismatch effects are very strong and could mask 
the effect of cytokine polymorphisms or mHag incom-
patibility.

6.  CONCLUSION

The genetic risks associated with HLA loci and allele his-
toincompatibility represent a central and critical issue in 
HSCT.67,68 While originally considered as a less stringent 
requirement in CBT compared to BMT, all recent data point 
out the benefit of a full HLA matching in this context. The 
newer data provide a rationale to implement comprehensive 
pretransplant genetic assessment in order to lower the risks 
of GvHD, infections, graft failure, relapse, TRM, and over-
all survival. System biology approaches based on data from 
experimental, clinical epidemiology, and modeling will 
undoubtedly bring a forward looking strategy in this field 
in order to establish the tailored and personalized treatment 
unique to each patient.69

LIST OF ABBREVIATIONS
aGvHD Acute graft versus host disease
BMT Bone marrow transplantation
CB Cord blood
CBT Cord blood transplantation
CBU Cord blood unit
cGvHD Chronic graft versus host disease
dCBT Double cord blood transplantation
DSA Donor specific antibodies
EFI European Federation for Immunogenetics
GvHD Graft versus host disease
HLA Human leukocyte antigen
HR Hazards ratio
HSC Hematopoietic stem cell
HSCT Hematopoietic stem cell transplantation
IMA Inherited maternal antigen
IPA Inherited paternal antigen
KIR Killer cell immunoglogulin-like receptor
mHag Minor histocompatibility antigen
MHC Major histocompatibility complex
NIMA Noninherited maternal antigen
OS Overall survival

Recommendations for Cord Blood Unit (CBU) Selection 
in 2014. Three Criteria are Major for the Choice of 
CBU: Human Leukocyte Antigen (HLA) Matching, Total 
Nucleated Cell Dose at Freezing, and Patient HLA 
Antibodies

Human Leukocyte Antigen (HLA) Match

 l  Compatibility 6/6, 5/6, or 4/6
 l  Antigenic HLA-A and B, allelic DRB1
 l  Prefer HLA-A and B mismatches to DRB1
 l  For nonmalignant diseases:
 l  Matching is particularly critical and DRB1 mismatch 

should be avoided
 l  Double cord blood transplantation (CBT):
 l  4/6 minimum between the two units

Total Nucleated Cell (TNC) Dose at Freezing

Compatibility 6/6 or 
5/6

 l  Malignant diseases: 
≥3 × 10e7 TNC/kg

 l  Nonmalignant diseases: 
≥3.5 × 10e7 TNC/kg

Compatibility 4/6  l  Malignant diseases: 
≥3.5 × 10e7 TNC/kg

 l  Nonmalignant diseases: 
≥4 × 10e7 TNC/kg

⇛ If these cell doses are not met with one unit, a double CBT 
should be performed
≥2 × 10e7 TNC/kg for each unit

Anti-HLA Antibodies

Exploration of anti-HLA immunization by a sensitive  
method for all recipients
⇛ Units against which there are a very intense antibody  
response should be particularly avoided

Other Criteria for CB Selection

When faced with multiple cord blood units (CBU) that  
fit the above criteria, the following criteria should be  
considered:
 l  HLA high resolution typing: Matching for HLA-C (-DQB1) 

and for HLA class I alleles should be included in the CBU 
selection HLA mismatch in the “GvH direction only”  
should be preferred.

 l  Dose of CD34+ cells ≥1.5 × 105/kg
 l  ABO matching: The use of ABO compatible units should  

be taken in consideration
 l  Noninherited maternal antigen match: Select an NIMA-

matched CBU?
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PBSC Peripheral blood stem cell
PCR Polymerase chain reaction
RIC Reduced intensity conditioning
SAA Severe acquired aplastic anemia
SBT Sequence-based typing
SSO Sequence-specific oligonucleoprobe
SSP Sequence-specific primer
TNC Total nucleated cell
TRM Transplant related mortality
UCBT Unrelated cord blood transplantation
UDBMT Unrelated donor bone marrow transplantation
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1.  INTRODUCTION

Allogeneic hematopoietic stem cell (HSC) transplantation 
is the transfer of HSC from a healthy donor into an immu-
nosuppressed host, allowing the formation of new donor 
hematopoiesis and reestablishing functional immunity. 
Over the last 50 years, allogeneic HSC transplantation has 
become an established curative therapy for the treatment of 
many malignant and nonmalignant disorders, particularly 
acute leukemia and lymphoproliferative conditions. World-
wide, there are over 25,000 allogeneic HSC transplants 
(HSCTs) performed each year. In 2012, 15,351 allogeneic 
HSCTs were reported to the European Blood and Marrow 
Transplantation (EBMT) group, performed across 48 coun-
tries (mainly European) in over 650 transplant centers.1 Of 
these, 14,165 were first transplants with 71% (n = 10,080) 
treating leukemia, 15% (n = 2182) lymphoproliferative dis-
orders, and 12% (n = 1734) nonmalignant disorders.

Over the last 30 years, there have been many improve-
ments in clinical HSC transplantation. One of the most 
significant advancements has been the extended use of 
“alternative donors.” For many years, a human leukocyte 
antigen (HLA)-matched sibling was the only donor rou-
tinely used. However, only 25–30% of patients who need 
an allogeneic HSCT will have a suitable HLA-identical 
sibling, with only a one in four chance of any individual 
sibling being HLA-matched. For the remainder, the pre-
ferred strategy is to search for an unrelated HLA-matched 
volunteer donor through international donor registries. 
However, to extend the possibility of HSC transplantation 
to even more patients, single HLA-mismatched unrelated 
donors, cord blood (CB) donors, and full-haplotype mis-
matched family members have increasingly been used. Of 
the 15,531 allogeneic HSCT reported to the 2012 EBMT 
survey, 38% (n = 5806) of donors were HLA-identical 
siblings, 0.3% (n = 46) syngeneic twins, 49% (n = 7530) 
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unrelated volunteers, 4% (n = 694) unrelated CB, and 8% 
(n = 1217) other family members.1 Nowadays, an alterna-
tive HSC donor can be found for virtually all patients and 
many retrospective studies have shown that both CB donors 
and haploidentical family donors are suitable alternatives 
to HLA-matched or -mismatched unrelated donors with 
acceptable overall outcomes.2,3 The decision on whether 
to employ an HLA-mismatched unrelated volunteer, an 
unrelated CB unit, or a haploidentical relative depends on 
patient-, disease-, and transplant-related factors. The advan-
tages and limitations of each of these strategies (HLA-
mismatched donor, CB, and haploidentical relative) are 
summarized in Table 1.

2.  CLINICAL CB TRANSPLANTATION

Umbilical CB transplantation has extended the possibility 
of performing allogeneic HSC transplantation to patients 
that otherwise lack a suitable HLA-matched donor. In the 
2012 EBMT survey, there were 758 allogeneic CB trans-
plants performed with 8% (n = 58) from HLA-identical 
sibling donors, 92% (n = 694) from unrelated donors, and 
0.8% (n = 6) from other family members.1 Due to the rela-
tive immaturity of placental cells, CB lymphocytes have 
lower alloreactivity compared to conventional bone mar-
row (BM) or peripheral blood (PB) lymphocytes.4 As such, 
HLA mismatches between CB and recipient are better toler-
ated, with a lower incidence of Graft-versus-Host Disease 
(GvHD) and less-stringent HLA-matching requirements 

compared to BM and peripheral blood stem cell (PBSC) 
transplants.5–7 Traditionally, only HLA matching at HLA-A 
and HLA-B (low resolution; antigen), and HLA-DRB1 
(high resolution; allele) have been used, with mismatches 
at one or two HLA-loci usually being tolerated if sufficient 
cell doses are transplanted.8–10 Suitable CB units for trans-
plantation can, therefore, be found for the vast majority of 
patients, including those with infrequent haplotypes and/or 
from ethnic minority groups that are underrepresented in 
international volunteer donor registries. Cryopreserved CB 
units also have many logistical advantages including: being 
immediately available; avoiding long delays to transplanta-
tion; lack of donor attrition with the ability to process and 
store the donor cells long-term; and having no associated 
risks to the donor.11

Today, clinical CB transplantation includes:

 1.  Use of CB from an HLA-identical sibling donor (related 
CB transplantation); administered as a single CB unit or 
in combination with BM cells from the same donor.

 2.  Use of cryopreserved (“banked”) CB units from unre-
lated donors; administered as single (one donor) or dou-
ble CB units (two different donors).

 3.  Investigational use of unrelated CB injected directly into 
bone, expanded in vitro, or in combination with third-
party donor cells (haploidentical or mesenchymal cells).

 4.  Use of autologous CB cells; remains controversial with 
little scientific data to support its routine use in clinical 
practice (this will not be discussed in this chapter).

TABLE 1 Comparison of Alternative Donor Sources, Advantages, and Disadvantages of Using Single HLA-Mismatched 
Unrelated Donors, Cord Blood, and Haploidentical Family Members

Mismatched Unrelated Cord Blood Haploidentical

HLA matching 9–10/10 (HLA-A, -B, -C, 
DRB1 ± DQB1) at allelic level

4–6/6 (HLA-A and -B (antigen); 
HLA-DRB1 (allele)

50%

Rare haplotypes available 2–10% 20% N/A

Donor availability 3–6 months 1 month Immediate

Donor attrition 20–30% 1–2% <1%

Risk to donor Low None Low

Cell dose High Low High

Post-transplant  
immunotherapy

Yes No Yes (limited dose)

Cost Low/medium High Low

Clinical advantages Good engraftment; low relapse Low GvHD Good engraftment

Clinical disadvantages Increased GvHD Graft failure; delayed myeloid 
recovery; delayed immune  
reconstitution; increased  
infections

Delayed immune recovery;  
increased infections; 
increased relapse (T-cell 
depletion/RIC)

Abbreviations: GvHD, Graft-versus-Host Disease; HLA, human leukocyte antigen; RIC, reduced intensity conditioning.
Adapted from Rocha and Locatelli (2008).11
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3.  CLINICAL USE OF RELATED CB CELLS 
FOR ALLOGENEIC TRANSPLANTATION

In 1988, Gluckman et al. reported the first allogeneic HSCT 
using CB as the source of HSC for hematopoietic recon-
stitution in a 5-year-old boy with Fanconi anemia (FA).12 
After his initial diagnosis, his mother became pregnant 
again with a girl who was known to be HLA-identical to her 
brother but not affected by the same disorder. The CB cells 
were collected at delivery, cryopreserved, and later trans-
planted to her brother. The transplant was successful and the 
patient remains alive and well today. Since this first report, 
many cases of CB transplantation from HLA-identical sib-
lings have been reported. In Europe alone, around 700 cases 
have been performed, although the number of related CB 
transplants does not appear to be increasing year-on-year 
(V. Rocha, personal information). Most related CB trans-
plant recipients are children, and the vast majority of the 
CB units are HLA-identical. Around 150 of these children 
also received BM cells from the same donor in addition to 
CB, due to the relatively low number of CB cells available. 
In the 519 related CB transplants with outcome data avail-
able, the cumulative incidence of neutrophil engraftment 
by day 60 was 91 ± 3% with a median of 22 days (range, 
12–80 days).13 The number of infused CD34+ cells was asso-
ciated with the cumulative incidence of neutrophil recovery, 
being 95 ± 2% if the infused CD34+ dose was >1.4 × 105/kg, 
but only 90 ± 3% if the CD34+ dose was lower (P = 0.02). 
The cumulative incidence of acute and chronic GvHD at 
100 days and 4 years was 12 ± 3% and 13 ± 2%, respectively. 
The 4-year cumulative incidence of nonrelapse mortal-
ity (NRM) for malignant diseases was 8 ± 2%. The 4-year 
overall survival (OS) for all patients was 75 ± 2%, 91 ± 3% 
for patients with nonmalignant conditions, and 56 ± 4% for 
patients with malignant diseases.

In 2000, Eurocord in collaboration with the International 
Blood and Marrow Transplantation Registry (IBMTR) 
compared 113 HLA-identical sibling CB transplants 
(1990–1997) to 2052 HLA-identical sibling bone marrow 
transplants (BMTs) performed over the same period.14 The 
median number of total nucleated cells (TNC) infused in 
the CB transplants was 0.47 × 108/kg compared to 3.5 × 108/
kg for the BM transplants (P < 0.001). This comparative ret-
rospective analysis demonstrated inferior neutrophil recov-
ery (day 60) for CB transplantation compared to BM (89% 
(95% CI, 82–94%) vs 98% (95% CI, 97–99%), respectively; 
P = 0.02). However, CB transplantation was associated 
with a lower risk of acute GvHD (100 days: 14% (95% CI, 
8–22%) vs 24% (95% CI, 22–26%), respectively; P = 0.02) 
and chronic GvHD (3 years: 6% (95% CI, 2–13%) vs 15% 
(95% CI, 13–17%), respectively; P = 0.02). This lower inci-
dence of GvHD seen with CB transplantation probably 
reflects the relative immunological immaturity of CB. T 
cells within CB are antigen naïve, being less responsive to 

allogeneic stimulation and produce lower levels of effector 
cytokines compared to activated T cells from adult blood.4 
CB dendritic cells also have lower antigen-presenting activ-
ity and reduced expression of co-stimulatory molecules 
(CD80, CD86).15 In addition, CB contains more regulatory 
T cells (Tregs), with greater potential for expansion and 
increased suppressive function compared to adult Tregs.16 
OS at 3 years was similar after CB transplantation and 
BMTs for both malignant (46% (95% CI, 31–62%) vs 55% 
(95% CI, 52–58%), respectively; P = 0.69) and nonmalig-
nant (86% (95% CI, 75–94%) vs 84% (95% CI, 81–87%), 
respectively; P = 0.82) disorders.

3.1  Related CB Transplantation for Malignant 
Disorders

Many studies have reported outcomes after related CB trans-
plants for patients with malignant diseases.14,17 In 2010, 
Eurocord and the EBMT group reported risk factor analysis 
and long-term outcomes of 147 HLA-identical sibling CB 
transplant recipients with hematological malignancies.18 
The CB transplants were performed from 1990 to 2008 with 
a median follow-up of 6.7 years (range, 7 months to 18 years). 
All donors were younger siblings and the patient’s diagno-
sis pre-dated the donor’s birth. Of the 142 CB transplants 
with further information available, the mother was pregnant 
at the time of diagnosis in 60 cases, and the CB unit was 
stored or used immediately after birth. In 82 cases, the CB 
donor was conceived after diagnosis, although it is unknown 
whether any of these pregnancies were conceived with the 
intention of providing an HLA-matched donor. The median 
age of the patients was 5 years (range, 1–32 years), and acute 
leukemia was the most common diagnosis (n = 109; 74%). 
The CB grafts contained a median of 4.1 × 107/kg (95% CI, 
1.20–7.45 × 107/kg) TNC after thawing. The cumulative 
incidence of neutrophil recovery at day 60 was 90 ± 3%. 
Higher infused TNC dose (>4.1 × 107/kg) (HR 1.72 (95% 
CI, 1.20–2.45); P = 0.003) and use of methotrexate as GvHD 
prophylaxis (HR 0.48 (95% CI, 0.31–0.73); P < 0.001) were 
independent predictors of neutrophil recovery. The cumu-
lative incidence of acute and chronic GvHD was 12 ± 3% 
and 10 ± 2% at day 100 and 2 years, respectively. The 5-year 
cumulative incidence of NRM, relapse, disease-free survival 
(DFS), and OS were 9 ± 2%, 47 ± 4%, 44 ± 4%, and 55 ± 4%, 
respectively. In subgroup analysis of patients with acute leu-
kemia, 5-year DFS were 57 ± 9%, 46 ± 7%, 31 ± 13%, and 
21 ± 11% if transplanted in first complete remission (CR1), 
second CR (CR2), third CR (CR3), and refractory dis-
ease, respectively. In multivariate analysis, later transplants 
(performed after 2000) (P = 0.003), a higher infused TNC 
dose (>4.1 × 107/kg) (P = 0.02), and transplanting early/ 
intermediate disease (P = 0.04) were associated with improved 
DFS. Related CB transplantation, therefore, provides a suit-
able alternative to BM or PBSC transplants in children with  
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malignant diseases and, importantly, avoids any risk to the 
sibling donor. However, cell dose may become a limiting 
factor in larger children.

3.2  Related CB Transplantation for 
Nonmalignant Disorders

The majority of related CB transplants are performed in 
children with nonmalignant genetic disorders, with hemo-
globinopathies (e.g., thalassemia major (TM) or sickle 
cell disease (SCD)) and BM failure syndromes (e.g., FA) 
being the most frequent indications. Several years ago, the 
Eurocord group retrospectively reviewed the results of 44 
CB transplants performed for thalassemia (n = 33) or SCD 
(n = 11).19 The median age of the recipients was 5 years 
(range, 1–20 years) and the median number of TNC infused 
was 4.0 × 107/kg (range, 1.2–10 × 107/kg). Eight patients 
had graft failure (1 SCD and 7 thalassemia). The cumulative 
incidence of neutrophil recovery by day 60 was 89%, with a 
median time of 23 days (range, 12–60 days). The estimated 
probabilities of acute GvHD (grade II–IV) and limited 
chronic GvHD were 11% and 6%, respectively. Thirty-six 
of the 44 children remained disease-free, with a median fol-
low-up of 24 months (range, 4–76 months), and no patient 
died after transplantation during the follow-up period. The 
2-year DFS was 79% and 90% in the thalassemia and SCD 
groups, respectively. Of note, the use of methotrexate for 
GvHD prophylaxis was again associated with a greater 
risk of treatment failure (HR 6.6 (95% CI, 1.47–25.86); 
P = 0.01). More recently, Eurocord in collaboration with 
the EBMT group retrospectively compared outcomes in a 
larger cohort of 485 patients with TM or SCD who were 
treated with an HLA-identical sibling CB transplant (n = 96) 
or BMT (n = 389).20 In keeping with the earlier studies, CB 
transplants had inferior neutrophil recovery compared to 
BMT, with a cumulative incidence at day 60 of 90 ± 4% and 
92 ± 1%, respectively (P = 0.01). The median time to neutro-
phil recovery was also slower in the CB transplant recipients, 
with a median time of 23 days (range, 9–606 days) compared 
to 19 days (range, 8–56 days) in the BMT group (P = 0.002). 
CB transplant recipients had less acute GvHD (10 ± 3% vs 
21 ± 2%; P = 0.04), and no CB transplant patients experi-
enced extensive chronic GvHD. With a median follow-up of 
70 months, the 6-year OS after CB transplant and BMT was 
very similar at 95 ± 1% and 97 ± 2%, respectively (P = 0.92). 
The 6-year DFS was 86 ± 2% and 80 ± 5% in TM patients 
after BMT and CB transplant, respectively, while the cor-
responding DFS in SCD patients was 92 ± 2% and 90 ± 5%, 
respectively. However, in multivariate analysis, DFS was 
not statistically different between CB transplant and BMT 
recipients. Within the CB transplants only (n = 96), use of 
methotrexate (HR 3.81 (95% CI, 1.40–10.87); P = 0.004) 
and later transplants (performed after 1999) (HR 0.33 (95% 
CI, 0.12–0.89); P = 0.02) were independent predictors of 

DFS. In summary, related CB transplantation therefore 
offers excellent outcomes for patients with TM and SCD, 
and may even be preferable to BMT because of the lower 
incidence of GvHD.

3.3  Directed Related Donor CB Banking

In view of the encouraging clinical outcomes of HLA-iden-
tical sibling CB transplantation, there has been increased 
interest in the use of directed donor CB banking. If the 
mother of a child diagnosed with a malignant or nonmalig-
nant disorder that is potentially curable by HSC becomes 
pregnant, efforts should be made to cryopreserve the CB 
from the new sibling. If HSC transplantation becomes nec-
essary and the new sibling is a suitable donor, preemptive 
collection of the CB has, therefore, avoided the risks and 
discomfort associated with a BM harvest and may be asso-
ciated with lower rates of GvHD. A number of studies have 
reported efforts to systematically identify, collect, and store 
CB units for family-directed use.21,22 Over a 10-year period, 
NHS Blood and Transplant for England and Wales collected 
268 directed CB units; 87% (n = 235) were collected for an 
existing sibling that may require an HSCT and 13% (n = 35) 
were collected because there was a pre-existing family his-
tory of serious inherited disease.21 Sixty-five (28%) of the 
CB units collected for existing siblings were HLA matched, 
but only 13 of these were used for transplantation. None of 
the CB units collected with a preexisting family history of 
inherited disease were used. In a similar report, only one 
of 48 CB units collected at delivery from a woman with an 
existing child that may have required HSC transplantation 
was used.22 Therefore, while directed CB banking may have 
an important role, it is associated with a relatively low prob-
ability of usage and careful consideration needs to be given 
to which units are stored long-term. Furthermore, directed 
CB banking raises important ethical questions, particularly 
as to whether any pregnancy should ever be conceived with 
the aim of providing an HLA-matched sibling donor for a 
child with a pre-existing disease. With the increased devel-
opment and use of private cord banks, every effort must be 
made to ensure these transplants and cord banks always 
meet the current international clinical and ethical standards 
required for CB transplantation.

4.  CLINICAL USE OF UNRELATED CB CELLS 
FOR ALLOGENEIC TRANSPLANTATION

Following the promising results with related CB trans-
plantation and the lower incidence of GvHD, many cen-
ters proposed the use of unrelated CB and the formation 
of volunteer unrelated CB banks. In 1991, the first public 
CB bank was established at the New York Blood Center 
(NYBC). Shortly afterward in 1993, the first unrelated CB 
transplant was performed in a 4-year-old boy with acute 
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lymphoblastic leukemia (ALL).23 To date, over 130 pub-
lic CB banks across the world have now collected over 
600,000 volunteer, altruistic CB units. Basic HLA typing 
and clinical data for each unit are stored on searchable 
international registry databases, such as the as Bone Mar-
row Donor World Wide and NetCord Foundation, allow-
ing transplant centers to identify and locate potentially 
suitable CB units for transplantation. As a result of these 
initiatives, over 30,000 unrelated CB transplants have now 
been performed worldwide.

Initial progress in unrelated CB transplantation was 
made with the improved understanding of minimum cell 
dose and HLA-matching requirements for successful out-
comes. CB units, on average, contain only 10% of the num-
ber of CD34+ HSC/progenitor cells compared to BM grafts, 
and only 5% compared to PBSC grafts. From the seminal 
publications on unrelated CB transplantation in the late 
1990s, it was recognized that low CB cell doses (TNC and/or 
CD34+ cells) were associated with an increased risk of graft 
failure, significant delays in engraftment, and increased risk 
of early transplant-related mortality (TRM), mainly due to 
infection.17,24 Inferior transplant outcomes were also asso-
ciated with a higher number of HLA mismatches between 
CB unit and recipient. This new understanding, therefore, 
directly led to improvements in collection and use of CB 
units with higher cell doses and less HLA disparity. Com-
bined with improvements in supportive care, several studies 
showed outcomes of unrelated CB transplantation compa-
rable to that of HSCT using conventional donors.6,25 Fur-
thermore, with increased use of CB transplantation in adults 
and the need to increase the infused CB cell dose in larger 
patients, the use of double CB transplants was pioneered.26 
The use of two CB units, each from a different unrelated 
donor, produced a significant reduction in the risk of graft 
failure and opened up the possibility of HSCT with CB 
donors for all patients.

4.1  Unrelated CB Transplantation in Children

Many published studies have demonstrated that unrelated 
CB transplantation in children is associated with sustained 
myeloid engraftment, a low incidence of GvHD, and com-
parable overall outcomes to using conventional HSCT 
donors.5,9,27 Results from the first prospective phase 2 
multicenter trial of unrelated CB transplantation (COBLT) 
for children (<18 years) with hematological malignancies 
were published in 2008.27 Unrelated CB transplants were 
performed in 191 children with a median age of 7.7 years 
(range, 0.9–17.9 years). Most patients were transplanted for 
acute leukemia (n = 161; 84%). The median collected TNC 
and CD34+ dose was 5.1 × 107/kg (range, 1.5–23.7 × 107/kg) 
and 1.9 × 105/kg (range, 0.0–25.3 × 105/kg), respectively. 
CB units and recipients were HLA-matched for 5–6/6 
HLA-loci (HLA-A and -B (antigen); HLA-DRB1 (allele)) 

in 39% of transplants (n = 75), with the reminder having 
two or three HLA disparities. The cumulative incidence 
of neutrophil recovery (day 42), acute GvHD (day 100), 
chronic GvHD (2 years), and relapse (2 years) was 80% 
(95% CI, 75–85%), 20% (95% CI, 14–26%), 21% (95% 
CI, 15–28%), and 20% (95% CI, 15–26%), respectively. In 
multivariate analysis, greater HLA matching (P = 0.04) and 
higher TNC dose (P = 0.04) were independently associated 
with improved neutrophil recovery. Two-year OS was 50% 
(95% CI, 42–57%). In multivariate analysis, cytomegalovi-
rus (CMV) serostatus (P < 0.01), ABO matching (P = 0.02), 
recipient gender (P < 0.01), and TNC dose (P = 0.04) were 
independent predictors for OS. This prospective trial, 
therefore, reinforced the use of CB donors in children with 
malignant diseases. Many retrospective series of children 
receiving unrelated CB transplantation for specific diseases 
have also been published, including ALL,9 acute myeloid 
leukemia (AML),28 myelodysplastic syndromes (MDS),29 
hemoglobinopathies,30 Hurler syndrome,31 FA,32 and pri-
mary immunodeficiency.33

4.1.1  Malignant Hematological Disorders in 
Children

Acute lymphoblastic leukemia: Although the outcomes in 
children treated for ALL with chemotherapy alone remain 
very good, approximately 20–30% will require an alloge-
neic HSCT.34 Eurocord retrospectively reviewed the results 
of 532 unrelated CB transplants in children with ALL 
(Eurocord, unpublished data). B-cell precursor ALL was 
the most frequent phenotype. Patients were transplanted in 
CR1 (n = 186; 35%), CR2 (n = 238; 45%), or CR3/advanced 
disease (n = 108; 20%). The median age was 6.8 years. Most 
transplants used single CB units, with a median infused 
TNC dose of 4 × 107/kg, and were mismatched at one or two 
HLA-loci. The cumulative incidence of neutrophil recovery, 
acute GvHD, and TRM were 82%, 27%, and 21%, respec-
tively. In multivariate analysis, infused TNC >4 × 107/kg 
and disease status (CR1) at transplantation were associated 
with improved neutrophil recovery. The 2-year cumulative 
incidence of relapse was 37%, with disease status and use of 
total body irradiation (TBI) being independent predictors of 
relapse. The 2-year leukemia-free survival (LFS) was 38% 
(49% for CR1, 42% for CR2, 10% CR3/advanced disease). 
In 2012, Eurocord also analyzed the outcomes of 170 unre-
lated CB transplants in children with ALL who had mini-
mal residual disease (MRD) monitoring available prior to 
transplantation.35 All children, median age 6.5 years (range, 
<1–17 years), were transplanted in CR using a myeloabla-
tive conditioning (MAC) regimen. At 4 years post-trans-
plant, the cumulative incidence of relapse was 30 ± 3%. 
In multivariate analysis, positive MRD before transplant 
was an independent predictor of relapse (HR 2.2 (95% CI, 
1.2–3.9); P = 0.001). LFS was also improved in patients 
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transplanted with negative MRD (54% vs 29%, P = 0.003) 
with MRD also being an independent predictor of LFS (HR 
0.5 (95% CI, 0.3–0.8); P = 0.003). MRD assessment prior to 
CB transplantation may therefore identify children at higher 
risk of relapse after CB transplantation and, as such, further 
approaches to reduce their risk of relapse post-transplant 
should be investigated.

Acute myeloid leukemia: In 2003, Eurocord reviewed 
the results of 95 CB transplants performed in children with 
AML.28 As with ALL, most transplants used single CB 
units, with a median collected TNC dose of 5.2 × 107/kg, 
and with one or two HLA disparities. The median age of the 
children was 4.8 years (range, <1–15 years). The cumulative 
incidence of neutrophil recovery at day 60 was 78 ± 4% and 
the incidence of acute GvHD at day 100 was 35 ± 5%. The 
2-year incidence of relapse was 29 ± 5% with 2-year LFS 
being 59 ± 11% if transplanted in CR1, 50 ± 8% for CR2, 
and 21 ± 9% for relapsed disease. In multivariate analysis, 
disease status and major ABO incompatibility were inde-
pendently associated with LFS and OS. Following these 
findings, Eurocord analyzed the impact of cytogenetic and/
or molecular markers on the outcomes of 390 CB transplants 
in children with AML (Eurocord, unpublished data). The 
median infused TNC and CD34 cell doses were 4.9 × 107/kg 
and 1.9 × 105/kg, respectively, and the majority (81%) of CB 
grafts had one or two HLA disparities with the recipient. 
MAC regimens were used for 87% of the transplants. The 
cumulative incidence of day 60 neutrophil recovery was 
85% and was significantly associated with the infused TNC 
dose and CD34 cell dose. At day 100, the cumulative inci-
dence of acute GvHD (grade II–IV) was 34%. At 2 years, 
LFS was 63% if transplanted in CR1, 43% for CR2, and 
22% for more advanced disease. In subgroup analysis of 
patients transplanted in CR2, favorable disease status based 
upon prognostic cytogenetic/molecular markers (P = 0.005) 
and a previous CR longer than 7 months (P = 0.03) were 
associated with improved LFS. In summary, the results of 
CB transplantation for childhood AML remain encouraging 
when no HLA-identical donors are available. Furthermore, 
use of cytogenetic/molecular markers may be able to iden-
tify children in CR with high risk of relapse post-CB trans-
plantation, and thus, may benefit from novel interventions 
to further improve outcomes.

MDS and juvenile myelomonocytic leukemia: MDS are 
a rare group of diseases in children but HSC transplanta-
tion remains the only curative treatment. In a collabora-
tive study between European Working Group on childhood 
MDS, the Center for International Blood and Marrow 
Transplant Research (CIBMTR), and the Eurocord-EBMT 
Group, the outcomes of 70 children with MDS (refractory 
cytopenia (n = 33); refractory anemia with excess blasts 
(n = 28); refractory anemia with excess blasts in transfor-
mation (n = 9)), who received a CB transplantation were 
retrospectively examined.29 The median age of the children 

at transplantation was 7 years (range, 1–18 years) and all 
received MAC regimens. The collected TNC dose was 
5.75 × 107/kg (range, 1–28 × 107/kg) and 38 transplants 
(54%) were HLA-matched at ≥5/6 HLA-loci. The day 
60 cumulative incidence of neutrophil recovery was 76% 
(95% CI, 64–74%). A TNC dose >6 × 107/kg (HR 0.55 
(95% CI, 0.33–0.93); P = 0.02), CB units matched ≥5/6 
HLA-loci (HR 0.47 (95% CI, 0.25–0.90); P = 0.02), use of 
TBI conditioning regimens (HR 0.47 (95% CI, 0.25–0.85); 
P = 0.01), and presence of monosomy 7 (HR 0.58 (95% CI, 
0.33–0.99); P = 0.045) all favored improved engraftment.  
The 3-year DFS was 39% (95% CI, 33–45%). CB trans-
plants performed before 2001 (HR 2.38 (95% CI, 1.14–
5.00); P = 0.02) and karyotypes other than monosomy 7 
(HR 2.04 (95% CI, 1.11–3.70); P = 0.02) were independent 
predictors for higher risk of treatment failure. In a separate 
analysis, Eurocord analyzed the outcomes of 110 children 
with juvenile myelomonocytic leukemia, receiving a single-
unit CB transplant (1995–2010).36 The median TNC dose 
infused was 7.1 × 107/kg (range, 1.7–27.6 × 107/kg) and 
59% (n = 65) of CB units had 0–1 HLA mismatches. The 
median follow-up was 44 months (range, 3–169 months). 
The cumulative incidence of neutrophil recovery by day 
60 was 82 ± 4%, with a median time of 25 days (range, 
10–60 days). The cumulative incidence acute GvHD (grade 
II–IV) at 100 days was 41 ± 4%. At 5 years, the cumulative 
incidence of relapse was 33 ± 5%, with age at diagnosis 
>1.4 years independently associated with increased relapse 
(HR 2.8 (95% CI, 1.4–7.0); P = 0.004). The 5-year DFS 
and OS were 44 ± 5% and 52 ± 5%, respectively. In multi-
variate analysis, factors associated with better DFS were 
age at diagnosis >1.4 years (P = 0.005), 0–1 HLA-matched 
CB units (P = 0.009), and the absence of monosomy 7 
(P = 0.02). In summary, these data demonstrate that unre-
lated CB transplantation provides reasonable outcomes, in 
the absence of a suitable HLA-matched sibling donor, for 
the relatively small group of children with MDS.

4.1.2  Nonmalignant Hematological Disorders 
in Children

Congenital BM failure syndromes: Several years ago, the 
Eurocord group reported the outcomes of CB transplanta-
tion in 93 patients, mainly children, with FA.32 The median 
age of the recipients was 8.6 years (range, 1–45 years). The 
median TNC dose collected and infused were 5.9 × 107/
kg (range, 0.8–24.0 × 107/kg) and 4.9 × 107/kg (range, 
1–19.2 × 107/kg), respectively. Half the CB units (n = 37) 
were matched with the recipient at 5–6/6 HLA-loci. The 
60-day cumulative incidence of neutrophil recovery was 
60 ± 5%. In multivariate analysis, neutrophil recovery was 
improved by using Fludarabine as part of the conditioning 
regimen (P = 0.05) and an infused TNC dose ≥4.9 × 107/
kg (P = 0.03). The cumulative incidence of acute GvHD 
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(grade II–IV) and chronic GvHD was 32 ± 5% and 16 ± 4% 
respectively. The 3-year OS was 40 ± 5% and was improved 
if the recipient’s CMV serology was negative (HR 2.82 
(95% CI, 1.45–5.59); P < 0.001); the infused TNC dose was 
≥4.9 × 107/kg (HR 1.75 (95% CI, 0.99–3.16); P = 0.05); and 
if the conditioning regimen contained Fludarabine (HR 1.79 
(95% CI, 1.02–3.13); P = 0.04). Eurocord also reviewed 
the outcomes of 44 CB transplants given to patients with 
congenital BM failure syndromes other than FA (Diamond 
Blackman (n = 18); congenital amegakaryocytic thrombo-
cytopenia (n = 13); dyskeratosis congenital (n = 6); severe 
congenital neutropenia (n = 15); Shwachman–Diamond syn-
drome (n = 1); unclassified (n = 1)).37 The median infused 
TNC dose was 6.1 × 107/kg (range, 0.3–18 × 107/kg) with 
three CB transplants using double-unit grafts. The day 60 
cumulative incidence of neutrophil recovery was 55% with 
17 patients having primary graft failure. The 100-day cumu-
lative incidence of acute GvHD was 24% and the 2-year 
cumulative incidence of chronic GvHD was 53%. The 
2-year OS was 61% (95% CI, 47–75%) and was improved 
with age under 5 years (RR 0.29 (range, 0.1–0.8); P = 0.02), 
and an infused TNC dose ≥6.1 × 107/kg (RR 0.31 (range, 
0.11–0.86); P = 0.03). Both studies showed reasonable 
results, although there was a high incidence of primary graft 
failure. Therefore, in this clinical setting, it is recommend 
that selected CB units should have high cell doses (infused 
TNC >4 × 107/kg) and no more than one HLA disparity. In 
addition, due to the high probability that these patients will 
have received multiple transfusions prior to transplantation, 
it is recommended that they are tested for the presence of 
donor-specific anti-HLA antibodies (DSA).

Metabolic disorders: CB transplantation has become 
an attractive option for the treatment-inherited metabolic 
disorders, such as Hurler syndrome, due to the poten-
tial for cure and the low rates of GvHD. In 2013, Euro-
cord retrospectively reviewed the outcomes after HSCT 
(CB (n = 116), unrelated donor (n = 105), HLA-matched 
sibling (n = 37)) in 258 children with Hurler syndrome.31 
The median age of the children was 16.7 months (range, 
2.1–228 months). In the CB group, the median TNC and 
CD34+ cell dose infused were 8.8 × 107/kg (range, 1.2–
32 × 107/kg) and 3.0 × 105/kg (range, 0.2–105 × 105/kg), 
respectively. The 5-year event-free survival (EFS) and OS 
for all transplants were 63 ± 3% and 74 ± 3%, respectively. 
When analyzing the outcomes according to the donor, the 
5-year EFS was 81% for HLA-matched sibling donors and 
HLA-matched (6/6) CB transplants; 68% and 57% for one- 
and two-antigen mismatched CB transplants, respectively; 
and 66% and 41% for matched and mismatched unrelated 
transplants, respectively. In multivariate analysis, the age at 
transplantation (<16.7 months) and donor source were inde-
pendent predictors of EFS. Compared with HLA-matched 
sibling donors and CB transplants, CB transplants mis-
matched at two HLA-loci (HR 2.5 (95% CI, 1.09–5.87); 

P = 0.03) and HLA-mismatched unrelated transplants (HR 
2.7 (95% CI, 1.30–5.54); P = 0.007) had significantly lower 
EFS. Matched (10/10) unrelated donors or 5/6 UCB (when 
combined) showed a nonsignificant trend (P = 0.07) toward 
lower EFS. Based upon these observations, CB transplanta-
tion remains a suitable option for the treatment of Hurler 
syndrome, although the use of CB units with two or more 
HLA mismatches is not recommended due to the inferior 
outcomes.

Primary immunodeficiency: CB transplantation has 
been successfully used in the treatment of children with 
primary immunodeficiency. In 2012, Eurocord retrospec-
tively compared the outcomes of 74 CB transplants to 
175 mismatched related donor (MMRD) transplants in 
patients with severe combined immunodeficiency (SCID) 
or Omenn syndrome.33 In the CB transplant cohort, 67% 
(n = 50) of patients received grafts with 0 or 1 HLA mis-
matches. The 5-year OS was 57 ± 6% for CB transplants and 
62 ± 4% MMRD transplants, respectively (P = 0.68). For the 
CB transplants, the 5-year OS was higher in patients with 
SCID receiving HLA-matched (6/6) (76%, n = 21) or single 
HLA-mismatched (5/6) (62%, n = 29) CB grafts compared 
to 4/6 HLA-mismatched CB units (35%, n = 24). These data 
demonstrate that CB transplantation can be considered for 
severe immunodeficiencies, although use of CB units with 
≥2 HLA disparities is not recommended.

Hemoglobinopathies: Unrelated CB transplantation 
and use of alternative donors have been used in the treat-
ment of TM and SCD. However, the use of unrelated CB 
transplantation remains controversial, as some studies 
have shown high rates of graft rejection.38 In 2012, the 
Eurocord–CIBMTR collaboration published a retrospec-
tive analysis of 51 unrelated CB transplants for children 
with TM (n = 35) or SCD (n = 16).30 Twenty-five CB units 
had 0–1 HLA disparities, with the remainder mismatched 
at 2–3 HLA-loci. The median TNC dose infused was 
5 × 107/kg (range, 1.1–23 × 107/kg). The day 60 cumula-
tive incidence of engraftment was 63 ± 9% with CB units 
containing >5 × 107/kg, and only 32 ± 8% with lower cell 
doses. Twenty-seven patients had primary graft failure 
(20 with thalassemia and 7 with SCD), which was the 
main cause of treatment failure. The cumulative inci-
dence of acute GvHD at day 100 was 23 ± 2%. OS and 
DFS were 62 ± 9% and 21 ± 7% for the TM patients and 
94 ± 6% and 50 ± 9% for the SCD patients, respectively. 
In multivariate analysis, engraftment (HR 2.2 (95% CI, 
0.96–3.6); P = 0.05) and DFS (HR 0.4 (95% CI, 0.2–0.8); 
P = 0.01) were improved with a higher infused TNC dose 
(>5 × 107/kg). Therefore, these data rehighlight the rela-
tively high rates of primary graft failure with unrelated 
CB transplantation for hemoglobinopathies. It is, there-
fore, recommended that if transplanting children with 
hemoglobinopathies, only CB units with high cell doses 
should be considered.
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4.1.3  Outcomes of CB Transplantation 
Compared to Other Graft Sources in 
Children

As the number of registered volunteer donors and/or num-
ber of cryopreserved CB units continues to rise, for many 
children, the search process may identify multiple donor 
options. Therefore, to aid the clinician in selecting the 
most appropriate donor, several retrospective studies have 
attempted to directly compare the outcomes of CB trans-
plantation with unrelated BM transplantation in children 
with acute leukemia.5,39 Overall, recipients of CB trans-
plantation were generally transplanted sooner compared 
to children given an unrelated BMT. In CB transplanta-
tion, neutrophil and platelet recovery were delayed, acute 
GvHD was decreased, but OS was not significantly dif-
ferent compared to BMTs. The Eurocord group reported 
higher TRM with CB transplants (HR 2.13 (95% CI, 1.20–
3.76); P < 0.01), mainly due to infection-related mortality 
as a result of delayed engraftment. However, all patients in 
the Eurocord series were transplanted before 1998 when 
CB transplantation was still in its infancy. A subsequent 
meta-analysis was published in 2007.40 In total, the out-
comes of 161 pediatric CB transplants were compared to 
the 316 pediatric unrelated BMT. In this analysis, the inci-
dence of acute GvHD did not differ although the incidence 
of chronic GvHD was lower with CB transplantation. Fur-
thermore, there was no significant difference in 2-year OS 
between the two transplant methods. Of note, all of the 
earlier studies analyzed HLA-matched BMT using low-
resolution typing for HLA-A and -B, and high-resolution 
typing for HLA-DRB1. However, current selection of unre-
lated BMT donors is now based upon high-resolution typ-
ing (allelic) at HLA class I (HLA-A, -B, and -C) and class 
II (DRB1 ± DQB1). Therefore, on behalf of the CIBMTR 
and the New York Cord Blood program, Eapen et al. (2007) 
reviewed the outcomes in 885 children with acute leuke-
mia transplanted using unrelated CB (n = 503) or unrelated 
BM (n = 282).9 CB units and recipients were HLA-matched 
(n = 35) or HLA-mismatched for one (n = 201) or two HLA-
loci (n = 267) (antigen level for HLA-A, -B; allelic level for 
HLA-DRB1). BM grafts and recipients were matched at 
the allele level for HLA-A, -B, -C, and -DRB1 (n = 116) 
or mismatched at one (n = 44) or two alleles (n = 122). 
Overall, CB recipients were younger, more likely be non- 
Caucasian, have relapsed disease, receive an HLA-mismatched 
graft, and have a female donor. Compared to BMT (HLA-
matched and -mismatched), the cumulative incidence of 
neutrophil recovery at day 42 was significantly lower 
after a mismatched CB transplant (P < 0.0001). Matched 
CB transplants also showed a nonsignificant trend toward 
lower neutrophil recovery (P = 0.06). TRM was higher in 
transplants using two-antigen HLA-mismatched CB (any 
cell dose) or using one-antigen HLA-mismatched CB 

grafts with low cell doses (TNC <3 × 107/kg) compared to 
HLA-matched BMT. The 5-year LFS was 38% using HLA-
matched BM; 37% using HLA-mismatched BM; 60% using 
HLA-matched CB; 36% using single mismatched CB with 
TNC <3 × 107/kg; 45% using single mismatched CB with 
TNC >3 × 107/kg; and 33% using two HLA-matched CB. 
Overall, these data support the use of unrelated CB trans-
plantation and demonstrate it is an acceptable alternative  
to unrelated HLA-matched BM transplantation in children.  
However, the choice of whether to use an unrelated BM donor 
or CB must take other factors into consideration including  
the urgency of the transplant, the cell dose available,  
and the degree of HLA matching.

4.2  Unrelated CB Transplantation in Adults

Initially, the use of CB transplantation was largely restricted 
to children, mainly because of the lower cell doses (per 
kilogram recipient body weight) available to adults and 
higher TRM. However, over the last 10 years, unrelated 
CB transplantation has increasingly been used in adults. To 
date, more than 10,000 unrelated CB transplants have been 
performed in Europe and reported to Eurocord, with almost 
50% of these performed in adults (V. Rocha, personal infor-
mation). The number of adults receiving a CB transplant 
has increased since 2004, and from 2006 the number of 
adults has surpassed the number of children being trans-
planted with CB. This increase has been largely driven by 
improved collection and selection of CB units; new devel-
opments in CB transplantation including use of double CB 
transplantation (i.e., using two CB units from different 
unrelated donors) and RIC regimens; more clearly defined 
indications; and greater transplant center experience. As 
such, an increasing number of studies are now demonstrat-
ing similar outcomes in adults when using CB compared 
to HLA-matched or -mismatched unrelated donors.41,42 In 
contrast to children, the majority of CB transplants in adults 
are performed for malignant disorders using double CB 
transplantation.

4.2.1  Malignant Hematological Disorders in 
Adults

Acute lymphoblastic leukemia: Many of the larger studies of 
unrelated CB transplantation in adults with acute leukemia 
combine the results for ALL and AML together. However, 
smaller single-center studies have shown promising results 
in adult CB transplantation for ALL.43 A Japanese study 
retrospectively reported outcomes after CB transplantation 
in 256 adults with ALL.44 The median age of the patients 
was 40 years (range, 16–74 years), with 39% of the patients 
having Philadelphia positive (Ph+) disease. All transplants 
used a single CB unit with median infused TNC dose of 
2.50 × 107/kg (range, 1.51–5.00 × 107/kg). The 2-year DFS 
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and OS rates were 36% (95% CI, 33–39%) and 42% (95% 
CI, 39–45%), respectively. In multivariate analysis, younger 
patients (<51 years) (HR 1.9 (95% CI, 1.3–2.8); P = 0.001), 
disease remission at transplantation (HR 2.2 (95% CI, 1.5–
3.2); P < 0.0001), no acute GvHD (grade III–IV) (HR 2.0 
(95% CI, 1.2–3.2); P = 0.006), and the presence of chronic 
GvHD (HR 2.4 (95% CI, 1.1–5.1); P = 0.02) were indepen-
dently associated with improved OS. More recently, Euro-
cord and the Acute Leukemia Working Party (ALWP) of 
EBMT performed a larger retrospective survey on the out-
comes after CB transplantation for 421 adults with ALL.45 
B-ALL was the most common phenotype (n = 271; 65%) 
and 46% (n = 195) patients were in CR1, 32% (n = 136) 
in CR2, and 22% (n = 90) had advanced disease at trans-
plant. The median age of the patients was 32 years (range, 
18–76 years). Single CB grafts were used in 59% (n = 248) 
and the median-collected TNC dose was 4.0 × 107/kg 
(range, 1.4–9.4 × 107/kg). The majority of CB transplants 
(61%) used CB units with ≥2 HLA disparities and an MAC 
regimen (74%). The cumulative incidence of day 60 neu-
trophil recovery was 78 ± 2%. The cumulative incidence of 
acute GvHD (100 days) and chronic GvHD were 33 ± 2% 
and 26 ± 2%, respectively. The 2-year NRM was 42 ± 2% 
with younger age (<35 years), CR at transplantation, and 
RIC regimens associated with lower NRM. The incidence 
of relapse at 2 years was 28 ± 2%, with CR at transplantation 
and MAC associated with lower relapse risk. The estimated 
2-year LFS was 39% for patients in CR1, 31% for CR2, 
and 8% for advanced disease. In multivariate analysis, age 
≥35 years (HR 1.3 (95% CI, 1.1–1.7); P = 0.03), advanced 
disease (HR 2.8 (95% CI, 2.2–3.7); P < 0.0001), and use of 
MAC (HR 1.4 (95% CI, 1.1–1.9); P = 0.03) were associated 
with inferior LFS. In summary, unrelated CB transplanta-
tion in adult patients with ALL is an important option for 
those without an HLA-identical sibling. However, further 
studies will be required to determine the optimal condition-
ing regimens to reduce NRM without increasing relapse 
in this high-risk population. Furthermore, it remains to 
be determined whether post-CB transplantation adjuvant 
therapies, e.g., tyrosine kinase inhibitors, further improve 
outcomes.

Acute myeloid leukemia: CB transplantation is a poten-
tial curative treatment for many adult patients with AML 
that otherwise lack a suitable HLA-matched donor.46 In 
2013, Eurocord retrospectively reviewed the results of 604 
CB transplants performed in adults (median age 41 years) 
with AML between 2000 and 2011 (Eurocord, unpublished 
data). At transplantation, 38% (n = 229) were in CR1, 38% 
(n = 228) in CR2–3, and the remaining 24% (n = 147) had 
advanced disease. Of those with further data evaluable at 
diagnosis (n = 339), 31% were classified as high risk using 
cytogenetic and molecular prognostic markers. Double CB 
grafts were used in 40% of the transplants (n = 243) with a 
median infused TNC and CD34+ dose of 3.1 × 107/kg and 

1.2 × 105/kg, respectively. Thirty-nine percent of CB units 
were mismatched at 0–1 HLA-loci with the remaining 61% 
having 2–3 HLA disparities. RIC regimens were used in 
approximately half (49%) of these transplants. The cumula-
tive incidence of neutrophil recovery, acute GvHD (II–IV), 
and 1-year TRM were 80%, 26%, and 21%, respectively. 
The cumulative incidence of relapse at 2 years was 38%; 
being 27% for patients in CR1, 29% in CR2–3, and 56% 
for advanced disease. On subgroup analysis of condition-
ing regimen, 2-year LFS was 50% for patients in CR1, 
27% for CR2–3, and 17% for advanced disease when using 
MAC. For those CB transplants using RIC, the correspond-
ing 2-year LFS were 35%, 44%, and 18%, respectively. 
Although longer follow-up will be required (median follow-
up only 13 months), this large series provides useful data on 
the overall outcomes of CB transplantation in adults with 
AML. In particular, it highlights the need to carefully con-
sider the conditioning regimen, taking into account disease 
status and age of the patients.

Myelodysplastic syndromes: Compared to acute leu-
kemia, the recent outcomes of CB transplantation in 
adult patients with MDS are generally less well reported. 
However, in 2011, Eurocord and EBMT reported the out-
comes in 108 adults who received CB transplants for MDS 
(n = 69) or secondary AML (n = 39).47 The median age 
was 43 years (range, 18–72 years). Seventy-seven patients 
(71%) received single CB units and 57 (53%) patients were 
given MAC. The cumulative incidence of neutrophil recov-
ery was 78 ± 4% at 60 days with a median time of 23 days 
(range, 6–51 days). The 2-year NRM was 49 ± 5% and was 
significantly higher after MAC (HR 2.38 (95% CI, 1.32–
4.17); P = 0.009). Two-year DFS and OS were 30 ± 5% and 
34 ± 5%, respectively. Patients with high-risk disease (blasts 
>5% and/or IPSS ≥ int-2) had significantly worse DFS (HR 
0.57 (95% CI, 0.32–0.99); P = 0.047).

Lymphoid malignancies: The role of CB transplantation 
for patients with lymphoma or chronic lymphoid leukemia 
(CLL) also appears promising. Several years ago, Eurocord 
and the Lymphoma Working Party of EBMT evaluated 104 
unrelated CB transplants in adults (median 41 years, range, 
16–65 years) with lymphoid malignancies.48 Seventy-eight 
(75%) patients received a single CB transplant and 64 
(62%) received an RIC regimen. Progression-free survival 
(PFS) and OS at 1-year were 40% and 48%, respectively. 
PFS was improved in those with chemosensitive disease 
(HR 0.54 (95% CI, 0.31–0.93); P = 0.03), who received 
higher cell dose (≥2 × 107/kg) (HR 0.49 (95% CI, 0.29–
0.84); P = 0.009) and following use of low-dose TBI (HR 
0.40 (95% CI, 0.23–0.69); P = 0.001).

4.2.2  Single Unrelated CB Transplants in Adults

As single CB transplantation was increasingly being used 
to treat adults, it became necessary to understand how the 
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outcomes compared to conventional BMT, particularly 
considering the lower cell doses available in CB. Three 
large retrospective studies directly compared the results of 
single CB transplantation with related or unrelated BMT 
in adults.6,25,49 All three studies demonstrated that CB 
transplantation was associated with delayed neutrophil 
and platelet recovery and a lower incidence of acute or 
chronic GvHD compared to BM transplantation. However, 
the results for TRM and DFS were more discrepant. In the 
Eurocord study of 98 CB transplants and 584 HLA-matched 
BMT (1998–2002), TRM (HR 1.13 (95% CI, 0.78–1.64); 
P = 0.50) and LFS (HR 0.95 (95% CI, 0.72–1.25); P = 0.70) 
were not significantly different between the groups.6 At a 
similar time, an IBMTR and NCBP study demonstrated in 
150 CB transplants and 450 BMT (1996–2001), that TRM 
was higher (HR 1.89 (95% CI, 1.45–2.48); P < 0.001) and 
DFS lower (HR 1.48 (95% CI, 1.18–1.86); P = 0.001) in 
CB transplants compared to HLA-matched BM.25 Of note, 
there were no significant differences when comparing CB 
with HLA-mismatched BM. In contrast, a Japanese analysis 
of 68 CB transplants with 45 BMT (1996–2003) observed 
lower TRM (HR 0.32 (95% CI, 0.12–0.86); P = 0.02) and 
improved DFS (HR 0.27 (95% CI, 0.14–0.51); P < 0.01) 
when comparing CB with BM transplantation.49 These stud-
ies highlight the difficulties of comparing different nonran-
domized studies, particularly with differing combinations 
of HLA-matched and -mismatched CB and BM transplants. 
Unsurprisingly, an overall meta-analysis of these stud-
ies, comparing 316 adults undergoing CB transplantation 
with 996 adults undergoing unrelated BMT, demonstrated 
delayed neutrophil recovery in CB transplantation but no 
significant difference in TRM and DFS.40

One significant limitation of the three studies above, 
particularly in relation to today’s clinical practice, is that the 
BMT donors were HLA typed using low-resolution meth-
ods for HLA-A and -B and high-resolution typing for HLA-
DRB1. However, selection of an unrelated donor is now 
based on high-resolution (allelic) typing for class I (HLA-
A, -B, and -C) and class II (HLA-DRB1 ± DQB1). There-
fore, in 2010, Eurocord in collaboration with the CIBMTR 
compared the outcomes of 165 unrelated CB transplants 
with 1360 unrelated donor HSCT (BM (n = 472) and PBSC 
(n = 888)) in adult patients (>16 years) with acute leukemia 
(2002–2006).50 CB transplants were matched at HLA-A and 
-B at the antigen level and HLA-DRB1 at allele level (n = 10) 
or mismatched for one or two antigens (n = 155). Only CB 
grafts meeting the current recommended selection crite-
ria for choosing CB units (≤2/6 HLA disparities and TNC 
dose at freezing >2.5 × 107/kg) were included in this analy-
sis. PBSC and BM grafts were matched at high resolution 
(allele) for HLA-A, -B, -C, and DRB1 (n = 632 and n = 332, 
respectively) or mismatched at one HLA-locus (n = 256 
and n = 140, respectively). Day 42 neutrophil recovery was 
inferior after CB transplantation (80%) compared to PBSC 

(96%) and BM (93%) (P < 0.0001). Acute GvHD (grade II–
IV) was lower in CB transplants compared to HLA-matched 
PBSC (HR 0.57 (95% CI, 0.42–0.77); P < 0.01) but not 
when compared to HLA-matched BM (HR 0.78 (95% CI, 
0.56–1.08); P = 0.13). However, chronic GvHD was lower 
in CB transplants compared to both HLA-matched PBSC 
and BM (HR 0.38 (95% CI, 0.27–0.53); P < 0.01 and HR 
0.63 (95% CI, 0.44–0.90); P = 0.01, respectively). TRM was 
higher after CB transplantation compared to allele-matched 
PBSC (HR 1.62 (95% CI, 1.18–2.23); P < 0.01) or BM (HR 
1.69 (95% CI, 1.19–2.39); P < 0.01). However, importantly, 
LFS after CB transplantation was not significantly different 
to either HLA-matched or single HLA-mismatched PBSC 
or BM transplantation. These findings were supported by 
a similar Japanese analysis of 351 CB transplants with 
1028 BMT (1996–2005) which also observed similar DFS 
(HR 0.97 (95% CI, 0.92–1.35); P = 0.75) when comparing 
CB transplants with single HLA-mismatched BM (HLA-
DRB1).51 These results, therefore, support the use of CB 
transplantation when an HLA-matched donor is unavail-
able. Furthermore, CB transplantation may be considered 
when an urgent HSCT is required and there may be a sig-
nificant delay in identifying a suitable HLA-matched donor.

4.2.3  Double Unrelated CB Transplants in 
Adults

To overcome the issue of low infused CB cell dose in larger 
children and adults, in 2001, the Minneapolis group dem-
onstrated that transplanting two partially HLA-matched CB 
units from different donors was feasible.52 Although two CB 
units are infused, one unit normally wins the immunological 
battle to provide long-term donor engraftment. However, 
despite the fact that most double CB transplant recipients 
are heavier than patients receiving a single unit, the cumula-
tive incidence of myeloid recovery does not differ between 
the two groups, suggesting an initial response from the non-
engrafting unit. For malignant disease, there may also be an 
additional immunological benefit of using two CB units. In 
analysis of 177 patients receiving a myeloablative CB trans-
plant for acute leukemia (ALL (n = 88) and AML (n = 89)), 
the cumulative incidence of relapse was significantly lower 
in those patients (CR1/2 only) receiving two CB units (RR 
0.5 (95% CI, 0.2–1.0); P = 0.04).53 It was, therefore, pro-
posed that using two CB units might have a greater early 
Graft-versus-Leukemia (GvL) effect. However, DFS was 
not significantly different between single and double CB 
transplant recipients, at 40% (95% CI, 30–51%) and 51% 
(95% CI, 41–62%), respectively (P = 0.35), possibly due to 
the limited sample size. Shortly afterward, Eurocord and 
the ALWP of EBMT reviewed the outcomes after single CB 
(TNC >2.5 × 107/kg) or double CB transplantation in adult 
patients with acute leukemia in remission (AML and ALL) 
(Eurocord, unpublished data). Using double CB grafts was 
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associated with a reduced risk relapse and improved LFS, 
but only in patients transplanted in CR1 using an RIC regi-
men. Eurocord has also reported similar findings in CB 
transplantation for lymphoid malignancies.48 In a retrospec-
tive review of CB transplant outcomes in 104 adults receiv-
ing a transplant for lymphoid malignancy (NHL (n = 61), 
Hodgkin’s lymphoma (n = 29), and CLL (n = 14)), the risk 
of relapse or progression at 1 year was significantly lower 
in double CB transplants compared to single CB transplants 
(13% vs 38%, P = 0.009). This remained significant in mul-
tivariate analysis (RR 0.28 (95% CI, 0.09–0.87); P = 0.03).

Double CB transplantation has led to a significant 
increase in the number of adult patients receiving CB 
transplants and the results from many retrospective stud-
ies support the efficacy and safety of the procedure.26 In 
2011, Eurocord reported the outcomes of 35 double CB 
transplants in recipients with high-risk hematological dis-
eases. The median infused TNC and CD34+ doses were 
4 × 107/kg (range, 1.8–9.7 × 107/kg) and 3 × 105/kg (range, 
0.5–7.5 × 105/kg), respectively. The cumulative inci-
dence of neutrophil recovery at day 60 was 72 ± 8% with 
a median time of 25 days (range, 11–42 days). The pre-
dicted 2-year OS was 48 ± 8%.54 Likewise, in a long-term 
SGGM-TC follow-up study of 136 double CB transplants 
in patients with hematological malignancies, the cumula-
tive incidence of neutrophil engraftment by day 60 was 
91% (95% CI, 89–94%), with 2-year TRM 27% (95% CI, 
23–31%).55 The 3-year OS and PFS were 41% (95% CI, 
34–51%) and 35% (95% CI, 24–44%), respectively. More 
recently, Eurocord and EBMT compared the results of 
239 single (n = 156) and double (n = 83) CB transplants in 
adults with acute leukemia in CR1 using MAC regimens.56 
The cumulative incidence of neutrophil engraftment at 
day 60 was similar in single and double CB transplants 
(82 ± 6% vs 90 ± 6%, respectively), although a TNC dose 
>3.2 × 107/kg was independently associated with higher 
neutrophil engraftment (HR 0.63 (95% CI, 0.36–0.86); 
P = 0.01). Double CB transplantation had higher rates of 
acute GvHD (grade II–IV) at day 100 but there was no 
difference in the 2-year risk of relapse in this study. LFS 
was 43 ± 3% at 2 years post-transplant. Interestingly, in 
subgroup analysis, single CB transplants using non-TBF 
(Thiotepa/Busulfan/Fludarabine) conditioning regimens 
were associated with inferior LFS compared to double CB 
transplants (HR 1.6 (95% CI, 1.03–2.49); P = 0.03). How-
ever, no difference in LFS was observed between single 
CB transplants using TBF conditioning and double CB 
transplants (P = 0.98). These important findings, therefore, 
suggest that the overall outcomes of single CB transplanta-
tion, when using sufficient cell doses (TNC >2.5 × 107/kg) 
and specific MAC regimens (e.g., TBF), may have simi-
lar results to double CB transplantation in adult patients 
with hematological malignancy. Further studies will be 
required to confirm these observations.

To compare the results of double CB transplantation to 
using other donor sources, Brunstein et al. (2010) published 
a retrospective study of 536 patients with malignant disease 
(AML (n = 211), ALL (n = 236), CML (n = 70), and MDS 
(n = 19)) transplanted with an HLA allele-matched (8/8) 
related donor (MRD; n = 204) or unrelated donor (MUD; 
n = 152), single allele-mismatched unrelated donor (MMUD; 
n = 52) or a double CB graft (n = 128).41 The majority of 
patients were adults, with a median age of 25 years (range, 
10–46 years), and all received an MAC regimen with cyclo-
phosphamide and TBI. For the CB transplants, the median 
TNC dose was 4.0 × 107/kg (range, 2–30 × 107/kg) and the 
majority (61%) had ≥2 HLA mismatches with the recipi-
ent in one or both of the CB units transplanted. Double CB 
transplantation was associated with a significantly lower 
cumulative incidence of neutrophil recovery, acute GvHD 
(grades II–IV), and chronic GvHD compared to other donor 
sources. The risk of NRM at 2 years was higher after double 
CB transplantation (34% (95% CI, 25–42%)) compared 
to MRD (24% (95% CI, 17–39%)) and MUD transplants 
(14% (95% CI, 9–20%)). Conversely, the 5-year risk of 
relapse was lower following double CB transplantation (CB 
15% (95% CI, 9–22%); MRD 43% (95% CI, 35–52%); 
MUD 37% (95% CI, 29–46%); and MMUD 35% (95% 
CI, 21–48%)). Overall, the 5-year LFS was comparable for 
all groups (CB 51% (95% CI, 41–59%); MRD 33% (95% 
CI, 26–41%); MUD 48% (95% CI, 40–56%; and MMUD 
38% (95% CI, 25–51%)). Therefore, in the absence of an 
HLA-matched sibling, LFS after double CB transplantation 
appears comparable to the results when using a MUD and 
provides a suitable alternative in adult patients requiring an 
HSCT.

As the use of double CB transplantation in adults has 
continued to increase, there has been a corresponding 
expansion in the use of RIC regimens to allow older adults 
to benefit from this procedure. In 2007, the Minnesota 
group reported the results for 110 adult patients receiving 
a CB transplant for hematological diseases using a non-
myeloablative regimen consisting of single fraction of TBI 
(200 cGy), Fludarabine, and cyclophosphamide (TCF).57 
The median age of the recipients was 51 years (range, 
17–69 years). The majority of transplants (n = 93; 85%) 
used two CB units with a median infused TNC and CD34+ 
dose of 3.7 × 107/kg (range, 1.1–5.3 × 107/kg) and 4.7 × 105/
kg (range, 0.7–18.8 × 105/kg), respectively. Of note, the cell 
doses were similar between the single and double CB trans-
plants (TNC dose 3.3 vs 3.7 × 107/kg (P = 0.2) and CD34 
dose 3.8 vs 4.9 × 105/kg, (P = 0.60), respectively). Neutrophil 
recovery occurred in 92% of transplants with a median time 
of 12 days (range, 0–32 days). TRM, DFS, and OS at 3 years 
were 26% (95% CI, 18–34%), 38% (95% CI, 28–48%), and 
45% (95% CI, 34–56%), respectively. The Société Française 
de Greffe de Moelle-Thérapie Cellulaire (SFGM-TC) in  
collaboration with Eurocord later reviewed the outcomes  
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of 155 RIC CB transplants (Eurocord, unpublished data). 
The cumulative incidence of neutrophil engraftment by day 
60 was 80 ± 3% with higher CD34 cell dose (>1.2 × 105/kg) 
(HR 1.51; P = 0.04) and greater HLA matching (0–1 HLA 
disparities) (HR 1.5; P = 0.05) associated with improved 
neutrophil recovery. The 18-month cumulative incidence 
of TRM was 18 ± 3% with an estimated OS and DFS of 
62 ± 5% and 51 ± 4%, respectively. These studies, therefore, 
demonstrated that RIC regimens have acceptable outcomes 
following CB transplantation and have become the basis 
for many CB transplants worldwide, particularly in older 
patients. However, as with MAC regimens, CB cell dose 
and HLA matching still appear to be critical factors for the 
overall results, particularly engraftment.

Several groups have demonstrated that RIC CB trans-
plants for hematological malignancy have comparable out-
comes to RIC transplants using conventional HSC donors. 
In 2012, Brunstein et al. analyzed the outcomes of 160 dou-
ble CB transplants with 414 PBSC transplants using unre-
lated donors.42 All patients were adults (>18 years) with 
acute leukemia (ALL (n = 50), AML (n = 523)). Four groups 
were evaluated: CB transplants receiving TBI/Cyclophos-
phamide/Fludarabine conditioning (CB-TCF) (n = 120); CB 
transplants receiving other RIC conditioning (CB-other) 
(n = 40); HLA-matched (8/8) PBSC transplants (n = 313); 
and single HLA-mismatched (7/8) PBSC transplants 
(n = 111). Compared with HLA-matched PBSC transplants, 
TRM and overall mortality were similar after double CB 
transplants using TCF conditioning (RR 0.72; P = 0.72 and 
RR 0.93; P = 0.60, respectively) but higher after double CB 
transplants using other RIC regimens (HR 2.70; P = 0.0001 
and HR 1.79; P = 0.004, respectively). However, compared 
with single HLA-mismatched PBSC transplants, TRM, but 
not overall mortality, was lower after double CB transplants 
using TCF conditioning (RR 0.57; P = 0.04 and RR 0.87; 
P = 0.41, respectively). Two-year OS were 37% (95% CI, 
28–48%), 19% (95% CI, 4–34%), 44% (95% CI, 38–50%), 
and 37% (95% CI, 27–46%) for the CB-TCF, CB-other, 
PBSC HLA-matched, and PBSC HLA-mismatched trans-
plants, respectively. Therefore, double CB transplants 
using a TCF RIC regimen appears to provide comparable 
outcomes to using an HLA-mismatched unrelated PBSC 
donor in adult patients with acute leukemia. However, care 
must be taken as not all RIC regimens produce the same 
results. A similar comparison of donor source (matched 
sibling, unrelated, or CB) in RIC HSCT for older patients 
(>50 years) with AML in CR was recently published.58 
The 3-year cumulative incidence of TRM was 18% (95% 
CI, 10–28%), 14% (95% CI, 5–28%), and 24% (95% CI, 
15–34%) with sibling, unrelated, and CB transplantation, 
respectively (P = 0.22). The corresponding 3-year LFS was 
48% (95% CI, 38–62%), 57% (95% CI, 42–78%), and 33% 
(95% CI, 23–45%), respectively (P = 0.009). However, in 
multivariate analysis, compared to sibling HSCT, use of 

unrelated donors (HR 1.26 (95% CI, 0.58–2.73); P = 0.56) 
or CB grafts (HR 1.23 (95% CI, 0.72–2.08); P = 0.45) was 
not associated with a significant difference in LFS. There-
fore, these data support the continued use of RIC-unrelated 
CB transplantation for the treatment of older patients with 
AML with comparable outcomes to using conventional 
donor sources.

5.  SELECTION OF CB UNITS FOR 
TRANSPLANTATION

5.1  Cell Dose and HLA Matching

The two most important considerations when selecting 
CB units for HSCT are cell dose and the HLA matching 
between the recipient and CB unit. Many retrospective 
studies have found them to be critical independent fac-
tors for engraftment and overall outcome, including sur-
vival.8–10 Eurocord analyzed the interaction between cell 
dose and HLA disparity in 550 single-unit CB transplants 
(1994–2001) in recipients with malignant disorders.8 The 
60-day cumulative incidence of neutrophil engraftment for 
all patients was 74% (95% CI, 70–78%), with an incidence 
of 83% for those using HLA-matched (6/6) CB grafts com-
pared to 53% when using CB units with at least three HLA 
mismatches. In multivariable analysis, the number of HLA 
disparities (HR 0.79 (95% CI, 0.68–0.91); P = 0.001) and 
the TNC dose at freezing (≥4 × 107/kg) (HR 1.004 (95% CI, 
1.001–1.006); P < 0.0001) were independently associated 
with neutrophil recovery. Eapen et al. (2007) also analyzed 
the interaction between cell dose and HLA, comparing out-
comes of 503 CB transplants and 282 unrelated BMT in 
children with acute leukemia.9 The probability of neutro-
phil recovery by day 42 was similar after unrelated BMT- or 
HLA-matched (6/6) CB transplants. For the single HLA-
mismatched (5/6) CB transplants, a cutoff for the collected 
TNC was observed with higher cell doses (>3.0 × 107/kg) 
resulting in a higher probability of engraftment. However, 
a dose effect was not seen in CB transplants mismatched 
at two HLA-loci (4/6), suggesting that cell dose may not 
be able to overcome the increasing adverse impact of HLA 
mismatching in the setting of two or more HLA disparities. 
Later, Barker et al. (2010) analyzed the interaction between 
the collected TNC dose and HLA matching in a retrospec-
tive analysis of 1061 CB transplants.10 All patients received 
single-unit MAC CB transplants for the treatment of acute 
leukemia or myelodysplasia. TNC dose was significantly 
associated with neutrophil and platelet engraftment in a 
dose-responsive manner. Using a reference TNC dose of 
2.5–4.9 × 107/kg, the HR for neutrophil engraftment was 0.7 
(95% CI, 0.6–0.8) (P < 0.001) for TNC 0.7–2.4 × 107/kg; 1.2 
(95% CI, 1.0–1.5) (P < 0.001) for TNC 5.0–9.9 × 107/kg; and 
1.8 (95% CI, 1.3–2.5) (P < 0.001) for TNC >10.0 × 107/kg. 
Likewise, the degree of HLA matching was also associated 
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with engraftment. Using a reference group of single HLA-
mismatched transplants (5/6), the HR for neutrophil engraft-
ment was 1.8 (95% CI, 1.3–2.5) (P < 0.001) for matched 
CB units (6/6); 1.0 (95% CI, 0.9–1.20) (P = 0.90) for two 
HLA mismatches; and 0.8 (95% CI, 0.6–1.1) (P = 0.16) for 
three HLA mismatches. Analyzing the interaction between 
TNC dose and HLA matching (reference group was CBU 
with a single HLA mismatch and TNC 2.5–5.0 × 107/kg) on 
engraftment, TRM and overall mortality demonstrated that 
the best outcomes were achieved in matched CB transplants 
irrespective of TNC dose. CB transplants using CB with a 
single HLA mismatch and TNC >2.5 × 107/kg or two HLA 
mismatches and TNC >5.0 × 107/kg/kg were next. Using 
CB units with two HLA mismatches and TNC >5.0 × 107/
kg had faster engraftment than CBU with a single HLA 
mismatch and TNC dose >2.5 × 107/kg, although there 
was no significant difference in survival. Transplants using 
CBU with two HLA mismatches and TNC 2.5–5.0 × 107/
kg had higher mortality, followed by CBU with 1–2 HLA 
mismatches and TNC <2.5 × 107/kg or >2 HLA mismatches 
irrespective of dose. In a more recent analysis of 1658 sin-
gle CB transplants for hematological malignancies using 
high-resolution typing at HLA-A, -B, -C, and -DRB1, using 
CB units with TNC <3.0 × 107/kg was associated with sig-
nificantly higher NRM, independent of HLA matching.59 
However, compared to CB units containing TNC >3.0 × 107/
kg, further increases in cell dose were not associated with 
any further improvement in NRM.

In all these analyses, the interaction between cell dose 
and HLA matching was studied in patients with malignant 
disorders. However, in nonmalignant conditions, such as 
hemoglobinopathies, the required CB cell dose and the 
interactions with HLA matching may be somewhat dif-
ferent. This is because patients with nonmalignant con-
ditions can have a full hematopoiesis and/or are unlikely 
to have received chemotherapy or immunosuppression 
before transplant conditioning. In addition, they have often 
received multiple previous transfusions, increasing the risk 
of developing anti-HLA antibodies and, thus, increasing the 
risk of nonengraftment and mortality.

In 2009, Eurocord published recommendations to guide 
clinicians when selecting a CB unit for transplantation, 
taking into account the impact of diagnosis, cell dose, and 
HLA incompatibilities.7 For malignant diseases, Eurocord 
currently recommends a minimum target TNC dose of 
3.0–3.5 × 107/kg at collection or 2.5–3.0 × 107 kg at infu-
sion. If this cell dose cannot be achieved with a single CB 
unit, double CB transplantation should be considered. Well-
matched CB units (6/6 for HLA-A and -B antigen; HLA-
DRB1 allele) should ideally be selected, although one- or 
two-antigen mismatched units (5/6 or 4/6 HLA-matched) 
can be used if HLA-matched CB units are not available. 
Recently, Eapen et al. (2014) also demonstrated that HLA-
allele mismatches, when using high-resolution HLA typing 

at HLA-A, -B, -C, and -DRB1, have an important impact on 
NRM.59 In this study, 42% of the CB units with 2-antigen 
mismatches (4/6 HLA matched) had ≥4 allele mismatches 
and were associated with higher NRM. It is therefore rec-
ommended that additional high-resolution HLA typing 
should be performed if possible, especially for CB units 
matched at only 4/6 HLA-loci. When considering locus-
specific effects, single allele mismatches at HLA-A, -C, or 
-DRB1 were associated with a three-fold increase in NRM. 
An isolated allele mismatch at HLA-B was better tolerated, 
although the likelihood of identifying such a unit is rela-
tively low because HLA-B and -C loci are in linkage dis-
equilibrium. Increasing cell dose may attenuate the effect 
of HLA mismatching, but not for CB grafts with ≥3 of 6 
or ≥4 of 8 HLA incompatibilities and, therefore, selection 
of these units is not recommended for routine use. Patients 
with a nonmalignant disease should receive a higher TNC 
dose to obtain engraftment which should not be <4.0 × 107/
kg at collection or <3.5 × 107/kg at infusion. HLA matching 
also has an important role in engraftment, GvHD, TRM, and 
survival when treating nonmalignant conditions. The effects 
of HLA mismatches are partially reduced by increasing the 
cell dose. However, CB units containing ≥2 HLA incompat-
ibilities with a TNC dose of <3.5 × 107 TNC/kg should gen-
erally be avoided. Experience of double CB transplantation 
for nonmalignant disorders remains too limited to allow 
routine recommendation in this setting. A summary of the 
current CB selection criteria is shown in Table 2.

5.2  Other Considerations in Selecting  
a CB Unit

In addition to cell dose and HLA matching, there are a num-
ber of other factors that need to be considered when select-
ing a CB unit for transplantation.

5.2.1  Markers of Cell Content

It remains to be determined which phenotypic marker is the 
best measure of cell content in CB grafts and how these 
relate to clinical outcomes following transplantation. The 
majority of studies have reported the TNC dose at freez-
ing and/or after thawing. However, when selecting units 
based upon prefreeze counts, it should be noted that there 
is a median loss of approximately 20% of nucleated cells 
after thawing. CD34+ cell dose may be a better pheno-
typic marker since it more accurately reflects HSC con-
tent and the loss of CD34 cells after thawing may be less 
pronounced. However, lack of previous standardization of 
CD34+ quantification could mean that older CD34 counts 
are less reliable. Another factor that remains to be resolved 
is the association of TNC and/or CD34+ cell viability with 
clinical outcomes, since the techniques used for measuring 
viability have varied between different transplant centers 
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TABLE 2 Recommendations for Selection of Cord 
Blood Units in Allogeneic Transplantation, Proposed 
Selection Criteria for Choosing Suitable Cord Blood 
Units for Allogeneic Hematopoietic Stem Cell 
Transplantation

 1.  Initial selection of cord blood units (CBU) should consider:
 a.  HLA typing of the recipient and CBU
 b.  CBU cell dose
 c.  Patient diagnosis
 d.  Avoid CBU that matches the specificity of any anti-HLA 

antibodies within the recipient.

 2.  Recommendations for HLA matching
    HLA matching is currently based upon low-resolution (anti-

gen) typing for HLA-A and -B, and high-resolution typing 
(allele) for HLA-DRB1. If many CBUs are potentially avail-
able, consider allele typing at HLA-A, -B, -C, and -DRB1*.

 a.  Select an HLA-matched (6/6 or 8/8) CBU.
 b.  When an HLA-matched CBU is unavailable; select a unit 

matched at 4/6 or 5/6 HLA-loci. Avoid CBU with HLA-
DRB1 mismatches. If many CBUs matched for 4/6 HLA-loci 
are available, avoid units with ≥4 allele mismatches when 
performing allele typing of HLA-A, -B, -C, and -DRB1.

 c.  CBU matched for ≤3/6 HLA-loci are not recommended.

*N.B. The impact of HLA allele typing in CB transplantation 
has only been analyzed for patients transplanted with single 
CB units for malignancies using a myeloablative conditioning 
regimen.

Other considerations:

 l  Selection of CB units based on direction of HLA mismatches 
is not recommended.

 3.  Recommendations for cell dose

Malignant disorders

Nucleated cell dose: TNC dose ≥3.0–3.5 × 107/kg (at freezing); 
≥2.5–3.0 × 107/kg (after thawing)

CD34+ cell dose: CD34 1.0–1.7 × 105/kg (at freezing);  
1.0–1.2 × 105/kg (after thawing)

Other considerations:

 l  If the TNC dose infused is 1.0–2.0 × 107/kg, CD34+ cell dose 
and/or CFU-GM should be taken into consideration.

 l  In double CB transplantation, the TNC dose should be 
≥1.5 × 107/kg at freezing for at least one unit.

Nonmalignant disorders

Nucleated cell dose: TNC dose ≥4.0 × 107/kg (at freezing); 
≥3.5 × 107/kg (after thawing)
CD34+ cell dose: CD34+ dose >1.7 × 105/kg (at freezing or after 
thawing)

Other considerations:

 l  For patients with BM failure syndromes (aplastic anemia or 
congenital bone marrow failure) or hemoglobinopathies, the 
TNC dose at freezing should be ≥5 × 107/kg

 4.  Other selection criteria to consider (if many CBU available)
 a.  Used accredited cord blood banks (to ensure safety and 

reliability)
 b.  ABO compatibility (avoid major ABO mismatch)
 c.  NIMA (consider NIMA-matched CBU; as part of clinical 

trial)

N.B. selection of CBU based on KIR-ligand compatibility and 
direction of HLA mismatch is not recommended

Abbreviations: CB, cord blood; CBU, cord blood unit; HLA, human 
leukocyte antigen; KIR, killer cell immunoglobulin receptor; NIMA, 
noninherited maternal antigen; TNC, total nucleated cell.

TABLE 2 Recommendations for Selection of Cord 
Blood Units in Allogeneic Transplantation, Proposed 
Selection Criteria for Choosing Suitable Cord Blood 
Units for Allogeneic Hematopoietic Stem Cell 
Transplantation—cont’d

and over time. In double CB transplantation, however, via-
ble CD34+ cell dose has been associated with the engrafted 
unit.60 While the TNC or CD34+ dose remains useful, these 
markers may not necessarily correlate with functional HSC. 
Colony-forming unit, granulocyte-macrophage (CFU-GM) 
in CB grafts may have better HSC potential but few stud-
ies have documented a definite correlation with outcomes. 
Therefore, due to current technical aspects, the use of this 
cell marker is difficult to apply for routine selection of CB 
units. However, where possible, the results of CFU-GM 
after thawing should be collected to aid future studies and 
to assist the treating physicians in cases of CB graft failure.

5.2.2  Influence of HLA-C Matching

While HLA matching at antigen level (low or intermedi-
ate resolution) for HLA-A and -B and allele-level match-
ing for HLA-DRB1 continues to be the current standard for 
CB unit selection, some studies have analyzed the impact 
of additional matching for HLA-C. In 2011, Eurocord in 
collaboration with CIBMTR retrospectively analyzed the 
impact of additional matching for HLA-C (antigen level) 
in 803 single CB transplants performed for AML (n = 727) 
or MDS (n = 76).61 Day-28 neutrophil recovery was signifi-
cantly lower for transplants mismatched at three/four HLA-
loci (matched 70% (95% CI 57–79%); one mismatch 64% 
(95% CI 55–71%); two mismatches 64% (95% CI 57–69%); 
three mismatches 54% (95% CI 48–60%); four mismatches 
44% (95% CI 32–55%)). More specifically, mismatching at 
HLA-DRB1 in the presence of mismatches at any other two 
HLA-loci and mismatching at HLA-A in the presence of 
mismatches at three or four HLA-loci were associated with 
inferior neutrophil engraftment. TRM was higher when 
CB units were mismatched at two (n = 259; HR 3.27 (95% 
CI, 1.42–7.54); P = 0.006), three (n = 253; HR 3.34 (95% 
CI, 1.45–7.71); P = 0.005), or four loci (n = 75; HR 3.51 
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(95% CI, 1.44–8.58); P = 0.006) compared to matched units 
(n = 69; HR 1.00). In addition, TRM using CB units mis-
matched at HLA-C was greater compared to fully matched 
CB units (8/8) (HR 3.97 (95% CI, 1.27–12.40); P = 0.02). 
TRM was also higher after CB transplantation with a sin-
gle mismatch at HLA-A, -B, or -DRB1 and mismatched at 
HLA-C (n = 234) compared with CB transplants matched at 
HLA-C with a single mismatch at HLA-A, -B, or -DRB1 
(HR 1.70 (95% CI, 1.06–2.74); P = 0.03). Additional match-
ing at HLA-C was therefore recommended.

5.2.3  Allelic Typing

In unrelated BMT, current donor selection is based upon 
high-resolution typing (allelic) at HLA class I (HLA-A, 
-B, and -C) and class II (DRB1 ± DQB1) loci. Allelic dis-
parities at these HLA-loci are associated with inferior 
transplant outcomes.62 In light of these findings, several 
retrospective analyses have evaluated the impact of HLA-
allele mismatches in CB transplantation. In 2005, Koegler 
et al. demonstrated significant changes in HLA-matching 
status in 122 CB transplants when reassigning them using 
allelic typing for HLA-A, -B, and -DRB1.63 Only 9 of the 
16 originally reported as HLA-matched (6/6) remained 
fully matched when using the new allelic level HLA typ-
ing. When additional typing at HLA-C and HLA-DQB1 
were included, only 14% were matched at 9–10/10 alleles, 
63% were matched for 6–8/10 alleles, and the remaining 
23% were more extensively mismatched. In 2008, the Cord 
Blood Transplant Study (COBLT) retrospectively analyzed 
179 pediatric CB transplants using high-resolution typing 
at HLA-A, -B, and -DRB1.27 Using high-resolution typing, 
9% of transplants were HLA-matched (6/6), 65% had one 
or two HLA-allele mismatches, and 26% were allele mis-
matched at >2 HLA-loci. This contrasts to 9% (6/6), 89% 
(4–5/6), and 3% (3/6) when matching using conventional 
approaches (low level at HLA-A and -B; high level at HLA-
DRB1). HLA matching (5–6/6) by high-resolution typ-
ing was associated with a lower incidence of severe acute 
GvHD (P = 0.02) but had no effect on neutrophil or platelet 
engraftment. Although there was a trend toward improved 
survival for patients given grafts matched at 6/6 by high-
resolution typing, the study was not sufficiently powered 
to reach statistical significance. Recently, in a much larger 
CIBMTR/Eurocord analysis, the outcomes of 1658 MAC 
single CB transplants for hematological malignancies were 
analyzed using high-resolution typing at HLA-A, -B, -C, 
and -DRB1.59 Day-28 neutrophil recovery was significantly 
reduced in CB transplants mismatched at ≥3 alleles com-
pared to fully-matched CB (10/10) (OR 0.56 (95% CI, 0.36–
0.88), P = 0.01; OR 0.55 (95% CI, 0.34–0.88), P = 0.01; OR 
0.45 (95% CI, 0.25–0.82), P = 0.009 for three, four, and 
five allele mismatches, respectively). Neutrophil recov-
ery was also reduced in CB transplants mismatched at ≥3  

alleles compared to CB transplants mismatched at one or 
two alleles (8–9/10) (three to four mismatches: OR 0.69 
(95% CI, 0.55–0.86), P = 0.001; five mismatches: OR 0.56 
(95% CI, 0.35–0.89), P = 0.01). NRM was also significantly 
associated with the number of high-resolution mismatches. 
Single allele mismatches at HLA-A, -C, or -DRB1 were 
associated with increased NRM (HR 3.05 (95% CI, 1.52–
6.14), P = 0.02; HR 3.04 (95% CI, 1.28–7.20), P = 0.01; HR 
2.93 (95% CI, 1.38–6.25), P = 0.005, respectively). Based 
upon these findings, it has been proposed that the best HLA-
allele match should be selected, although mismatches at one 
or two alleles are acceptable. However, CB transplants with 
mismatches at three or more alleles should be used carefully 
due to the increased risk of graft failure and NRM. Further 
studies will need to be performed to confirm these findings 
and to assess the impact of high-resolution HLA matching 
on CB donor availability.

5.2.4  Direction of HLA Mismatches

Despite the increasing number of cryopreserved CB units 
available for transplantation, the majority of CB transplants 
still use a unit mismatched for at least one HLA antigen/
allele. If the recipient is homozygous at an HLA-locus but the 
CB donor is heterozygous at the same site (only one antigen/
allele matching the recipient), there is a mismatch in the Host- 
versus-Graft (HvG) direction (risk of rejection). Conversely, 
if the CB donor is homozygous but the recipient heterozygous 
at the same HLA-locus (only one antigen/allele matching  
the donor), the mismatch is in the Graft-versus-Host (GvH) 
direction. When a mismatched antigen/allele is present in the 
recipient and donor, the mismatch is bidirectional.

In the setting of an HLA mismatch between the CB and 
recipient, there remains debate as to whether direction of 
HLA mismatch should be considered when selecting the 
unit. In a retrospective analysis of HLA-mismatch direc-
tion in 1202 single-unit CB transplants, 890 transplants 
had bidirectional HLA mismatches, 58 GvH mismatches 
only, 40 HvG mismatches only, and 145 had other combi-
nations.64 Recipients of HvG mismatches only had a non-
significant trend toward lower engraftment compared to 
those with a single bidirectional mismatch (HR 0.7 (95% 
CI, 0.4–1.1); P = 0.1). Conversely, those with no HLA mis-
matches or GvH mismatches only had improved engraft-
ment (HR 1.5 (95% CI, 1.1–2.0), P = 0.006; HR 1.6 (95% 
CI, 1.2–2.2), P = 0.003, respectively). In subgroup analysis 
of those with malignant disorders, recipients of CB units 
with HLA mismatches in the GvH direction only had lower 
overall mortality (HR 0.5 (95% CI, 0.3–0.9); P = 0.02). In 
a Japanese study of 2977 patients with leukemia or MDS 
receiving a single-unit CB transplant, recipients of CB units 
with HLA mismatches in the GvH direction only showed a 
nonsignificant trend toward improved neutrophil and plate-
let recovery compared to single bidirectional mismatched 
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transplants (P = 0.08 and P = 0.05, respectively). However, 
the presence of HLA mismatches in the GvH direction only 
or the HvG direction only was not associated with a sig-
nificant difference in overall mortality compared to single 
bidirectional mismatched transplants. This observation was 
later supported by a recent Eurocord analysis of 1565 single 
CB transplants in which the direction of HLA mismatch 
had no significant effect on overall mortality or survival.65 
Therefore, although possibly influencing engraftment, the 
published data do currently support the routine selection of 
CB units based upon the direction of HLA mismatch.

5.2.5  Anti-HLA Antibodies

DSA may have important implications for engraftment in 
CB transplantation. Since the majority of CB transplants 
use HLA-mismatched units, the presence of anti-HLA anti-
bodies in the recipient, specific against the mismatched anti-
gen/allele in the cord, should be considered. In a Japanese  
study, 386 MAC single-unit CB transplants were retrospec-
tively analyzed for the presence of anti-HLA antibodies 
pretransplant.66 Of the 89 testing positive, 20 had specificity 
against an HLA antigen within the CB. The cumulative inci-
dence of neutrophil recovery was 83% (95% CI, 79–87%) 
for the antibody-negative group, 73% (95% CI, 61–82%) 
for the anti-HLA antibody positive group, and 32% (95% 
CI, 13–53%) for the DSA-positive group. In a multivariate 
analysis, patients with DSA had significantly lower neutro-
phil and platelet recovery compared to the DSA-negative 
group (RR 0.23 (95% CI, 0.09–0.56), P = 0.001; RR 0.31 
(95% CI, 0.12–0.81), P = 0.02, respectively).

In double CB transplantation, the impact of DSA shows 
differing results. Retrospective analysis of 73 double CB 
transplants showed an increased risk of graft failure (5.5% 
vs 18.2% vs 57.1% for none, single, and dual DSA posi-
tivity; P = 0.0001) and lower 3-year OS (0.0% vs 45.0%, 
P = 0.04) for patients with positive DSA.67 However, a simi-
lar report showed no association between the presence of 
DSA and transplant outcomes in 126 double CB transplant 
recipients, although lower thresholds were used to detect 
DSA.68 More recently, in a Eurocord analysis of 294 RIC 
unrelated CB transplants (60% double CB transplants), 
5% of recipients had DSA. Day-60 neutrophil engraftment 
(44% vs 81%; P = 0.006) and 1-year TRM (46% vs 32%; 
P = 0.06) were inferior in the presence of DSA. Therefore, 
it is now recommended that recipients should be screened 
pretransplant for the presence of anti-HLA antibodies and 
only CB units that do not match the specificity of any anti-
HLA antibodies in the recipient should be selected.

5.2.6  Killer-immunoglobulin Receptor Ligand 
Matching

In HSCT, natural killer (NK)-cell alloreactivity stems from 
mismatches between the inhibitory receptors of self-MHC 

class I molecules (Killer cell Immunoglobulin-like Receptors 
(KIR)) on NK cells and MHC class I antigens. In haploidenti-
cal and HLA-mismatched unrelated HSCT, donor KIR-ligand 
incompatibility in the GvHD direction has been associ-
ated with reduced relapse and improved LFS.69 Eurocord,  
therefore, assessed KIR-compatibility in the outcomes of 
218 patients with acute leukemia in CR (AML (n = 94) and 
ALL (n = 124)) who had received a single-unit unrelated 
CB transplant.70 KIR-ligand incompatible CB transplants 
in the GvH direction had lower relapse (HR 0.53 (95% CI, 
0.3–0.99); P = 0.05) and improved OS (HR 2.0 (95% CI, 
1.2–3.2); P = 0.004). These findings were more marked in 
patients with AML, with 2-year relapse of 5% versus 36% 
(P = 0.005) and 2-year LFS of 73% versus 38% (P = 0.01) 
in CB transplants with or without KIR-ligand mismatches, 
respectively. However, in 2009, the Minnesota group pub-
lished contrasting results from an analysis of KIR-ligand 
matching in 257 patients receiving CB transplantation for 
malignant diseases.71 In the MAC cohort, there was no sig-
nificant effect observed with KIR mismatching on TRM, 
relapse, or survival. Furthermore, in the RIC cohort, KIR-
ligand mismatching between the engrafted unit and the 
recipient resulted in significantly higher rates of acute GvHD 
(grade III–IV) (42% (95% CI, 27–59%) vs 13% (95% CI, 
5–21%); P < 0.01) and TRM (27% (95% CI, 12–42%) vs 
12% (95% CI, 5–19%); P = 0.03), and inferior survival (32% 
(95% CI, 15–59%) vs 52% (95% CI, 47–67%); P = 0.03). In 
keeping with these findings, Tanaka et al. (2013) also found 
no association between KIR-ligand incompatibility in the 
GvH direction and the incidence of GvHD, relapse, NRM, 
or OS in 643 T-replete single CB transplants (no antithymo-
cyte globulin (ATG)).72 Similarly, in the setting of double 
CB transplantation, analysis of 80 transplants did not find 
any difference in engraftment, relapse, PFS, or OS between 
groups receiving KIR-ligand-compatible or -incompatible  
CB units.73 Therefore, current data do not support the  
routine use of KIR matching in the selection of CB units. 
However, further studies are warranted.

5.2.7  Noninherited Maternal Antigens

Fetal exposure to noninherited maternal antigens (NIMA) 
may promote lasting tolerance in transplant recipients. A 
report from the NYBC retrospectively evaluated the impact 
on NIMA matching on 1059 single CB transplants mis-
matched for one or two HLA antigens. Of these patients, 79 
recipients had a mismatched antigen that was identical to a 
donor NIMA.74 NIMA-matched transplants were associated 
with higher neutrophil recovery (RR 1.3 (95% CI, 1.01–1.7); 
P = 0.04), lower TRM (RR 0.7 (95% CI, 0.5–0.97); P = 0.03), 
and overall mortality rates (RR 0.7 (95% CI, 0.5–0.97); 
P = 0.03). A Eurocord-CIBMTR study also showed lower 
TRM (RR 0.48 (95% CI, 0.23–1.01); P = 0.05) and over-
all mortality (RR 0.61 (95% CI, 0.38–0.98); P = 0.04) after  
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162 CB transplants when selecting a NIMA-matched CB 
unit.75 However, the frequency of NIMA matching in these 
studies was below 10% and therefore may not be practical for 
routine use. CB banks are increasingly capturing HLA data 
from the mother of the CB donor to enable larger studies and, 
after other selection criteria have been met, it may become 
possible to select a CB unit based on NIMA matching.

5.2.8  ABO Compatibility

Major ABO incompatibility between the recipient and CB 
unit has previously been associated with reduced OS and 
DFS (RR 1.55 (95% CI, 1.05–2.29); P = 0.03) in unrelated 
single-unit CB transplants in adults with hematological 
malignancies.76 However, in a more recent analysis of 503 
consecutive CB transplants (single and double) from the 
University of Minnesota, the presence of an ABO mismatch 
did not significantly influence the rates of GvHD, TRM, 
DFS, or OS.77 Similarly, in retrospective analysis of 191 
adults with malignant disease receiving an MAC single-unit 
CB transplant, CB–recipient ABO mismatches were not 
associated with any significant difference in GvHD, TRM, 
or overall mortality. Therefore, although ABO matching 
between the CB and recipient may be considered if there 
are many well-matched CB units available, this should not 
be to the detriment of more important selection criteria such 
as cell dose and HLA matching.

5.2.9  CB Bank Procedures, Quality, and 
Accreditation

The techniques used to collect, process, and store CB 
can significantly influence the quality and size (TNC and 
CD34+ cell count) of the final CB unit. Immediately after 
delivery, CB is collected by sterile puncture and drainage of 
the umbilical cord vein. Improved yields may be obtained 
by additional collection from the placental vessels and/or 
placental perfusion, although it remains to be determined 
whether such techniques are practical for routine CB col-
lection without increasing contamination from maternal 
cells.78 Validated and standardized operating procedures 
for processing CB and cryopreservation are necessary to 
maximize cell recovery and ensure reliability between dif-
ferent CB banks. Immediate processing and/or storage of 
CB at 4 °C produce higher post-thaw recoveries and greater 
viability than initial storage at room temperature.79 Use of 
modern automated systems for red cell depletion and vol-
ume reduction has also improved CB processing, although 
there is still an associated cell loss with these procedures. 
Cryopreservation, thawing, and washing CB also cause a 
further 20% cell loss.80 Therefore, minimizing CB process-
ing and improving good manufacturing compliant meth-
ods to enhance cell recovery could increase the number of 
cells available for infusion. Of note, a common concern 
raised during the selection of CB is the influence of storage 

duration on the CB unit and the subsequent impact on trans-
plant outcomes. Some CB banks in the United States and 
Europe were established in the early 1990s and, therefore, 
some of the earlier units will have been stored for over 
20 years. Although there are no formally published data on 
the impact of CB storage time on outcomes, Eurocord ana-
lyzed storage time in 1351 unrelated MAC CB transplants 
using a single CB unit. The median time of CB storage was 
2.3 years (range, 0.3–14 years). CB storage time did not sig-
nificantly affect neutrophil recovery or OS in this analysis 
(Eurocord, unpublished data).

As the number of unrelated CB banks across the world 
increases, so too does the number of CB units available for 
transplantation. Furthermore, with the increasing number 
of CB transplants being performed, improved selection 
criteria, and greater international cooperation, there are 
an increasing number of CB units being exchanged inter-
nationally. As such, many transplant centers and national 
regulatory authorities became aware of the need for inter-
national standards for CB collection, processing, testing, 
banking, selection, and release. Founded in 1998, NetCord 
is the international CB banking arm of Eurocord, aiming to 
promote high-quality CB banking and clinical use of CB for 
allogeneic HSCT. Through its online virtual office (www.
netcord.org), CB units from member banks are made avail-
able for unrelated donor transplantation. Approximately 25 
CB banks, mostly European, are full or associate NetCord 
members accounting for approximately 50% of worldwide 
CB units available. In 2013, NetCord and the Foundation 
for the Accreditation of Cellular Therapy (FACT) published 
the fifth edition of the International Standards for Cord 
Blood Collection, Banking, and Release for Administra-
tion.81 The major objective of these standards is “to promote 
quality medical practices, laboratory processes, and bank-
ing to achieve consistent production of high quality pla-
cental and umbilical cord blood units for administration.”82 
These standards cover donor management; collection, pro-
cessing, testing of CB; cryopreservation, and storage of CB 
cells; listing, search, selection, reservation of CB units; and 
release and distribution to clinical transplant centers. To be 
compliant with these standards, CB banks must use vali-
dated methods, equipment, and reagents, and must maintain 
a documented Quality Management Program. The accredi-
tation process includes submission of written documenta-
tion and on-site inspection. NetCord-FACT-accredited CB 
banks are reinspected every 3 years.

6.  NEW STRATEGIES TO IMPROVE 
OUTCOMES AFTER CB 
TRANSPLANTATION

The main concern when using CB cells for allogeneic HSCT 
continues to be the low infused cell dose, particularly when 
treating adult patients or nonmalignant conditions. This 

http://www.netcord.org/
http://www.netcord.org/
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translates into an increased risk of graft failure (10–20%), 
delayed hematopoietic engraftment, and delayed immune 
reconstitution.6,9,25,54 Therefore, as well as using double CB 
transplants and RIC regimens (both discussed above), many 
other experimental approaches are currently being inves-
tigated to increase the infused HSC dose and/or improve 
engraftment (Table 3).

6.1  Expansion of CB

Ex vivo expansion of CB has successfully been used to 
increase the number of HSC for long-term engraftment, as 
well as enhancing the number of committed progenitors to 
attenuate the initial aplastic period. The expanded CB unit 
can then be given alone or in combination with a second 
unmanipulated unit. Although the expanded unit improves 
early hematopoietic recovery, it is the unmanipulated unit 
that usually provides long-term engraftment.83 CB expan-
sion has developed using three main techniques: (1) liquid 
culture; (2) culture with supporting mesenchymal stromal 

cells; and (3) continuous perfusion. In liquid culture, iso-
lated CD34+ or CD133+ HSC are expanded in the presence 
of growth factors including stem cell factor (SCF), throm-
bopoietin (TPO), granulocyte colony stimulating factor 
(GCSF), and/or fms-like tyrosine kinase 3 ligand (FLT-
3-L). Early feasibility studies demonstrated that CD34+ 
cells could be successfully isolated from a fraction of the 
CB unit, expanded in liquid culture and then reinfused with 
the remainder in the original CB unit following an MAC 
regimen.84 Modifications to this approach, by the addition 
of the copper chelator TEPA or immobilized Notch ligand 
delta-1, were later tested in phase I/II clinical trials.85,86 The 
median fold expansions for TNCs were 219 (range, 2–260) 
and 562 (range, 146–1496) for the two methods, respec-
tively. Both trials demonstrated successful engraftment in 
9 out of 10 patients, although in the later study, there was 
a predominance for donor CD33+ and CD14+ cell engraft-
ment from the expanded unit. In coculture systems, mes-
enchymal stromal cells provide a supporting hematopoietic 
microenvironment for HSC proliferation. In 2012, de Lima 
et al. published the results of 24 double-unit CB transplants 
in which in one unit was expanded ex vivo with mesenchy-
mal stem cells.83 TNCs and CD34+ cells expanded by a 
median of 12.2 and 30.1 times, respectively, and the median 
TNC dose infused was 8.34 × 107/kg; higher than in their 
conventional unmanipulated double CB transplants. Neu-
trophil engraftment was achieved in 23 of the 24 patients 
at a median of 15 days (range, 9–42 days). This compared 
favorably to 80 CIBMTR historical controls that received 
unmanipulated double CB transplants (median 24 days 
(range, 12–52 days)). Finally, in the continuous perfusion 
system, isolated HSC are continually supplied with fresh 
culture media and gaseous exchange. In a phase I study, 
the median fold increase in TNC of 2.4 (range, 1.0–8.5) 
was achieved.87 After infusion of the expanded cells with 
the remainder of the original CB unit, 21 of the 26 patients 
attained neutrophil engraftment with a median time of 
22 days (range, 13–40 days). In summary, several CB expan-
sion protocols appear promising, although it remains to be 
determined if these strategies will actually improve clini-
cal outcomes following CB transplantation. Furthermore, it 
needs to be established whether the increase in committed 
progenitors is at the expanse of long-term HSC. There are 
many prospective clinical trials of CB expansion currently 
in progress, including commercial expansion of CB using 
MPC (Mesoblast) and/or Nicord®.

6.2  Intrabone Injection

After intravenously injecting CB into the recipient, the cells 
pass through the peripheral circulation to the BM micro-
vasculature. From here, a highly regulated process of cell 
adhesion and migration allows homing of the HSC and 
hematopoietic progenitor cells (HPC) to the BM niche  

TABLE 3 Current Strategies to Improve Cord Blood 
Transplantation

 1.  Increasing cell dose
 a.  Improved CB collection, processing, freezing, and  

thawing
 b.  Double CB transplantation
 c.  Ex vivo expansion of CB
 d.  Infusion of CB with BM from same donor
 e.  Infusion of CB with third-party donor cells
 2.  Improved delivery and homing cord blood HSC to bone 

marrow
 a.  Direct intrabone infusion of CB
 b.  Inhibition of CD26 peptidase
 c.  Ex vivo fucosylation of CB HSC/HPC
 3.  Improved selection of cord blood units
 a.  Enhanced HLA matching (HLA-C; high-resolution  

HLA-A, -B, -C, -DRB1)
 b.  Detection of donor-specific HLA antibodies
 c.  KIR matching
 d.  NIMA matching
 e.  ABO matching
 4.  Modification of transplant conditioning
 a.  Reduced intensity conditioning
 b.  Modification of Graft-versus-Host Disease prophylaxis
 5.  Post-transplant use of growth factors/cytokines
 a.  Granulocyte colony stimulating factor (GCSF)/stem cell 

factor (SCF)
 b.  Thrombopoietin peptide mimetic (Romiplostim) or  

agonists (Eltrombopag)
 6.  Infusion of accessory cells
 a.  Mesenchymal stem cells
 b.  Regulatory T cells

Abbreviations: BM, bone marrow; CB, cord blood; HLA, human leuko-
cyte antigen; HPC, hematopoietic progenitor cells; HSC, hematopoietic 
stem cells.
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where they engraft, proliferate and differentiate into normal  
hematopoiesis. However, from animal models, it has been 
estimated that only around 10% of the HSC/HPC actually 
make it to the BM niche, the rest being sequestrated in the 
lungs, liver, and spleen.88 Therefore, to overcome the prob-
lem of sequestration within other organs, direct intrabone 
infusion of CB has been tested. In a Eurocord analysis of 
single-unit intrabone CB transplantation (n = 87) with dou-
ble-unit intravenous CB transplantation (n = 149), intrabone 
infusion was associated with improved neutrophil engraft-
ment at day 30 (76% vs 62%; P = 0.01) and improved plate-
let engraftment by day 180 (74% vs 64%; P = 0.003).89 
In multivariate analysis, intrabone CB transplantation 
had improved neutrophil (HR 1.5 (95% CI, 1.04–2.17);  
P = 0.03) and platelet recovery (HR 1.97 (95% CI, 1.35–2.29);  
P = 0.004) compared to intravenous CB transplantation. 
Intrabone infusion was also associated with a lower inci-
dence of acute GvHD and showed a trend toward improved 
DFS. Larger phase II clinical trials of intrabone infusion 
of CB cells for hematological malignancies are currently 
in progress.

6.3  Enhance Homing of CB HSC Cells

Homing, migration, and engraftment of HSC to the BM niche 
are highly dependent upon the chemo-attractant stromal 
cell-derived factor-1 (SDF-1) (chemokine (C-X-C motif) 
ligand 12 (CXCL12)). SDF-1 levels, produced by BM endo-
thelium, increase following conditioning regimens and the 
infused HSC follow the SDF-1 gradient toward the BM.90 
SDF-1 binds to its receptor, CXCR4 (fusin/CD184), on the 
surface of HSC, activating a series of cytoskeletal changes 
required for adhesion and migration of cells across the endo-
thelium.91 In mouse models, inhibition of the membrane- 
bound extracellular peptidase dipeptidyl peptidase-4 
(CD26), which cleaves SDF-1, enhanced long-term engraft-
ment in CB CD34+ cells.92 Fucosylation (the addition of a 
fructose) of CB HSC is also required for interaction with 
the cell adhesion molecules (P- and E-selectin) expressed 
in the BM microvasculature. In mouse models, treatment of 
CB HSC with guanosine diphosphate fucose and alpha 1-3 
fucosyl transferase VI improved adhesion and rolling of the 
cells on P- and E-selectin and improved HSC engraftment.93 
These preclinical biological observations provide important 
areas for future clinical development of CB transplantation. 
As such, multicenter phase II trials of the CD26 peptidase 
inhibitor (Sitagliptin) and CB fucosylation are currently in 
progress.

6.4  Use of Growth Factors

Use of recombinant growth factors in vivo may hasten 
neutrophil and platelet recovery, although relatively little 
published data exist. In 2004, Gluckman et al. published 

the results from 550 CB transplants given to patients with 
hematological malignancies.8 GCSF was administered to 
60% of these transplants and was independently associ-
ated with improved neutrophil recovery (HR 1.66 (95% CI, 
1.34–2.05); P < 0.0001). There has also been recent interest 
in use of the TPO peptide mimetic (Romiplostim) and/or 
the nonpeptide small molecule TPO receptor (c-Mpl) ago-
nist (Eltrombopag) in CB transplantation. In mouse models, 
Eltrombopag increased the expansion of human CB CD34+, 
CD45+, and CD41+ cells with an associated increase in 
platelets and white cells.94 Consequently, there are now sev-
eral early phase trials of Eltrombopag in CB transplantation 
currently recruiting.

6.5  Co-infusion of CB with Third-party Cells

To overcome the issue of the low cell doses in CB, several 
groups have used co-infusion of cells from third-party hap-
loidentical family members. While the haploidentical graft 
supports early cell recovery, it is the CB unit that usually 
provides long-term engraftment. In 2010, the outcomes 
from 55 combined CB/haploidentical transplants for high-
risk myeloproliferative and lymphoproliferative disorders 
were published.95 The median TNC and CD34+ cell dose 
from the CB were 2.39 × 107/kg (range, 1.14–4.30 × 107/
kg) and 1.1 × 105/kg (range, 0.35–3.7 × 105/kg), respec-
tively. This was combined with positively selected third-
party haploidentical CD34+ and/or CD133+ cells, median 
dose 2.4 × 106/kg (range, 1.05–3.34 × 106/kg). The maxi-
mum cumulative incidence of neutrophil recovery was 96% 
(95% CI, 91–100%) with a median time of 10 days (range, 
9–36 days). The cumulative incidence of full CB chimerism 
was 91% (95% CI, 84–99%) at the median time of 44 days 
(range, 11–186 days). In a similar report, 45 patients were 
transplanted using an unrelated CB graft and CD34+ 
selected cells from a haploidentical family member follow-
ing an RIC regimen (Fludarabine, Melphalan, and ATG).96 
The cumulative incidence of neutrophil engraftment at day 
50 was 95% (95% CI, 87–100%) with a median time of 
11 days. The CB unit accounted for medians of 10%, 78%, 
and 95% of PB cells at day 30, 100, and 180, respectively. 
The cumulative incidence of acute and chronic GvHD was 
25% (95% CI, 11–39%) and 6%, respectively, with 1-year 
TRM 28% (95% CI, 13–43%), relapse 30% (95% CI, 
14–44%), and OS 55% (95% CI, 39–71%). Interestingly, 
in contrast to these two studies, Chen et al. have recently 
reported results in T-replete combined CB/haploidentical 
transplants.97 In a prospective study, 50 patients with hema-
tological malignancy received MAC followed by combined 
CB/haploidentical grafts. Forty-eight patients engrafted 
within 20 days with a median time to neutrophil recovery 
of 13 days (range, 11–20 days). However, in this setting, 
all surviving patients achieved sustained haploidentical 
engraftment. Therefore, in summary, combining CB and 
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haploidentical grafts improves early cell recovery, although 
which graft eventually provides long-term hematopoiesis 
appears to be dependent on the T-cell depletion of the hap-
loidentical graft. Ongoing phase II/III studies comparing 
double CB transplant with combined haploidentical/CB 
transplantation in hematological disease are in progress.

7.  CONCLUSION

CB transplantation has made significant progress over the 
last 25 years and now provides a suitable alternative to con-
ventional HSC transplantation when HLA-matched sib-
ling or unrelated donors are not available. With adequate 
CB cell doses (e.g., TNC ≥3.0 × 107/kg at collection; TNC 
≥2.5 × 107/kg at infusion) and appropriate HLA matching 
(≤2 HLA mismatches at HLA-A and -B (antigen) and HLA-
DRB1 (allele)), the rates of engraftment and TRM con-
tinue to improve, the incidence of GvHD remains low, and 
DFS and OS now appear comparable to using other donor 
sources. In children, use of related or unrelated single CB 
units provides very good results in the treatment of both 
malignant and nonmalignant conditions. However, due to 
the high rates of graft failure with nonmalignant disorders, 
higher cell doses and/or more stringent HLA matching are 
recommended. In adults, where the main transplant indica-
tion is malignant disease, use of unrelated double CB trans-
plantation and RIC regimens has increased the applicability 
of CB transplantation to older patients, with a reduction in 
failed engraftment and TRM. As such, DFS now appears 
similar to using HLA-matched or -mismatched unrelated 
donors. However, care must be taken as not all conditioning 
regimens have the same outcomes. As our understanding of 
the biology of these diseases improves and use of prognos-
tic cytogenetic and molecular makers becomes more com-
mon, further improvements may be made by identifying 
those patients at high risk of relapse following CB trans-
plantation.

While the overall results of CB transplantation appear 
promising, further improvements can be made. With the 
increased availability of high-quality cryopreserved CB 
units, selection of CB units with higher cell doses and/
or more closely HLA matched may be possible. Further-
more, use of additional selection criteria such as matching 
at HLA-C, high-resolution (allele) matching, and NIMA 
matching may improve outcomes, although this should be 
at the expense of donor availability for those patients with 
limited donor options. Although use of ex vivo-expanded 
CB has not significantly increased over the last few years, 
other developments such as intrabone injection, use of 
growth factors (GSCF and/Romiplostim/Eltrombopag), 
and combined infusion of third party or accessory cells all 
appear promising.

Finally, an important question that remains unanswered 
is how will CB transplants compare to other alternative 

donor sources over the next 5–10 years? Over the last few 
years, the number of CB transplants being performed each 
year appears to have plateaued. In fact, in the 2012 EBMT 
survey, the number of CB transplants fell from 833 in 2011 
to 758 in 2012.1 In contrast, the number of haploidentical 
donor transplants increased by 24% to 1217. As new meth-
ods of haploidentical HSC transplantation have developed 
and outcomes improved, the use of haploidentical donors 
has become more popular. Haploidentical donors are almost 
always available and donor costs are considerably cheaper 
compared to CB transplantation. However, haploidenti-
cal transplantation is not without its problems, including 
delayed immune reconstitution and high risk of relapse 
when using RIC regimens and T-cell depletion. For these 
reasons, it is anticipated that for selected patients, CB trans-
plantation will continue to have a crucial role in the manage-
ment of hematological disorders for the foreseeable future.

LIST OF ACRONYMS AND ABBREVIATIONS
ALL Acute lymphoblastic leukemia
ALWP Acute Leukemia Working Party
AML Acute myeloid leukemia
BM Bone marrow
BMT Bone marrow transplantation
CB Cord blood
CI Cumulative incidence
CIBMTR Center for International Blood and Marrow Transplant 

Research
CR Complete remission
DFS Disease-free survival
EBMT European Blood and Marrow Transplant
EFS Event-free survival
GvHD Graft-versus-Host Disease
GvL Graft-versus-Leukemia
HLA Human leukocyte antigen
HR Hazard ratio
HSC Hematopoietic stem cells
IBMTR International Blood and Marrow Transplantation Registry
IPSS International prognostic scoring system
LFS Leukemia-free survival
NRM Nonrelapse mortality
MAC Myeloablative conditioning
MDS Myelodysplastic syndromes
MMUD Mismatched unrelated donor
MRD Matched related donor
MTX Methotrexate
MUD Matched unrelated donor
NHL Non-Hodgkin’s lymphoma
OS Overall survival
PB Peripheral blood
PBPC Peripheral blood progenitor cells
PBSC Peripheral blood stem cells
RIC Reduced intensity conditioning
RR Relative risk
SCD Sickle cell disease
SFGM-TC Société Française de Greffe de Moelle-Thérapie Cellulaire
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TBI Total body irradiation
TM Thalassemia major
TNC Total nucleated cells
TRM Transplant-related mortality
UCB Umbilical cord blood
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1.  IMMUNODEFICIENCIES

1.1  Background

Primary immune deficiencies (PID) are rare diseases, but 
cause significant morbidity and typically lead to early mor-
tality. The first patient successfully treated by hematopoietic 
stem cell transplantation (HSCT) was an infant with SCID 
who received bone marrow from his human leukocyte anti-
gen (HLA)-identical sister in 1968.1 Since then, HSCT has 
become the standard of care for treatment of children with 
severe PID. Transplantation has the capacity to cure the 
majority of patients with PID, and although a stem cell graft 
from an unaffected matched related donor (MRD) is pre-
ferred, that option exists for only a minority of patients, leav-
ing alternative donor stem cell sources as the choice for the 
majority of patients. Mismatched-related donor (MMRD), 
matched-unrelated donor (MURD), and umbilical cord 
blood (UCB) have all been used, and outcomes vary by dis-
ease and stem cell source. The optimal stem cell source for 
PID patients with no available MRD is not clear.2 UCB is 
an attractive source for many reasons, including rapid access 
to the donor unit, allowing for: (1) expedient transplants in 
patients at very high risk for life-threatening infection; (2) 
a lower risk of latent viral transmission in immunologically 

naïve recipients; (3) a lower risk of Graft-versus-Host Dis-
ease (GvHD) despite HLA mismatch; (4) a higher likelihood 
of finding an acceptable HLA-matched unit in patients who 
are of ethnic minorities and/or the product of consanguinity; 
and (5) at least hypothetically the potential that UCB stem 
cells may have greater self-renewing capacity than those 
obtained from an adult donor.3 Published studies examining 
the use of UCB in PID are scarce, but its use is becoming 
more common. PID encompasses a variety of diseases, all 
of which are extremely rare. In this chapter, we focus on the 
more common disorders in this group treated with HSCT, 
specifically severe combined immune deficiency (SCID) and 
Wiskott–Aldrich syndrome (WAS).

1.2  Severe Combined Immune Deficiency

SCID is a rare genetic disease characterized by a deficiency 
of T- and B-lymphocyte function that leads to recurrent 
infections and early death in affected children. The SCID 
phenotype can result from mutations in multiple genes 
that encode components of the immune system, including 
cytokine receptor chains or signaling molecules and genes 
needed for antigen receptor development.4 Except for those 
with SCID due to adenosine deaminase (ADA) deficiency, 
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for which enzyme replacement therapy exists, the only 
proven curative therapy for children with SCID is allo-
geneic HSCT. Historically, the majority of SCID patients 
have active infection at the time of diagnosis, which nega-
tively affects the success of HSCT. SCID can be identified 
at birth through quantification of T-cell receptor excision 
circles (TRECs) on dried blood spots used for newborn 
screening. Low or absent TRECs may be due to inadequate  
thymic production or excessive loss of T cells.5–7 Newborn 
screening utilizing the TREC assay has recently been initi-
ated in several states and will be helpful in diagnosing and 
treating these patients early. Regardless of the method of 
diagnosis, rapid transition to HSCT is imperative due to the 
extreme risk of life-threatening infection. In fact, studies 
have shown that the best outcomes are achieved if HSCT 
is performed in the first few months of life.8 Because SCID 
is a genetic disease, less than 25% of affected children will 
have a healthy MRD available, so alternative stem cell 
sources are frequently utilized. MMRD are often consid-
ered because of immediate donor availability. While this 
approach is often successful in attaining T cell chimerism 
even without conditioning therapy,8,9 most patients lack full 
B cell and myeloid donor engraftment, and some investiga-
tors have reported issues with lack of long-term immune 
reconstitution, graft failure (early or late), and inferior sur-
vival for SCID patients undergoing MMRD transplanta-
tion.10–12 MURD stem cells are another potential alternative 
for transplantation in patients with SCID, but historically, 
it was thought to be an inadequate option for patients with 
SCID given the time lag required to obtain URD bone mar-
row and the concern regarding the inability of identifying a 
donor in the registries. Continued expansion of URD reg-
istries has improved our ability to identify donors, and this 
option should be explored in situations where it is feasible.

Similar to MMRD, UCB is an appealing alternative donor 
source because the units are stored and readily available, 
obviating any significant time delay following diagnosis. 
Several recent reports describe encouraging outcomes after 
UCB transplantation for variants of SCID.13–19 The larg-
est report of the role of UCBT for SCID to date is a series 
from the Japan Cord Blood Bank Network that included 40 
subjects with SCID. The cumulative incidence of neutrophil 
engraftment at 100 days was 77%, grade II–IV aGvHD was 
28%, and cGvHD was 13%. The 2-year overall survival (OS)  
in the SCID cohort was estimated at 71%.17 Smaller series 
have shown similar outcomes, with nearly 100% engraft-
ment and an overall survival of 63–75%.13,14 The most com-
mon reported causes of death in all three of these series were 
GvHD and infection.13,14,17 These results compare favor-
ably with those seen after MURD transplant. Additionally, 
a recent retrospective review comparing UCB and MMRD 
showed that the two groups did not differ significantly in 
terms of 5-year overall survival, despite a higher incidence 
of chronic GvHD in UCB recipients.20 Most reported UCB 

transplants have been done with pretransplant conditioning 
chemotherapy, but engraftment and immune reconstitution 
have been observed without the use of conditioning prior 
to UCB infusion as well.13,18 Though most achieve donor T 
cell engraftment after HSCT for SCID, B cell engraftment 
and function are much more variable. Up to 60% of patients 
receiving unconditioned T cell-depleted MRD HSCT con-
tinue to require immune globulin replacement following 
HSCT. The use of pretransplant conditioning may improve 
the likelihood of B cell chimerism and engraftment, but 
even with conditioning there are a significant percentage 
of patients who require immune globulin replacement.21 
Though the number of UCBT reported in the literature is 
small comparatively, there appears to be a higher likelihood 
of B cell engraftment and function after UCBT, as only 
20% of patients require intravenous immune globulin long 
term.22 The reason for this is unclear, and larger studies that 
can control for molecular type of SCID and the use of pre-
transplant conditioning are needed to confirm this finding. 
The optimal alternative stem cell source for children with 
SCID remains controversial and the choice made appears to 
be based more on center bias rather than comparative data, 
but these data demonstrate that UCB is a safe and effective  
stem cell source for transplant in SCID and should be  
further investigated.

1.3  Wiskott–Aldrich Syndrome

WAS is a rare X-linked immune deficiency that affects 
between 1 and 10 males per million live births and is 
characterized by eczema, thrombocytopenia and recurrent 
sinopulmonary infections. Prior to 1968, when the first suc-
cessful HSCT for WAS was performed,23 supportive therapy, 
including transfusions and splenectomy, was the only option 
for these patients. As might be expected, the first transplants 
for WAS were performed using MRD grafts. Long-term 
follow-up of these patients demonstrated that when trans-
planted early with both myeloablative (MA) and immuno-
suppressive therapy, the majority of patients survived with 
normal platelet counts and immune function.24 However, 
early reports cautioned against using alternative donors as 
very few patients receiving MMRD or MURD marrow sur-
vived, and splenectomy alone provided an acceptable sur-
vival and quality of life particularly for those >5 years of 
age.25 As transplant practices and supportive care measures 
improved over the years, the utility of alternative donor 
transplant for children with WAS has been reevaluated. 
Several studies have delineated the effectiveness of MURD 
transplant for WAS,26–28 but with few exceptions,29–31 most 
reports of MMRD and haploidentical transplant for WAS 
have been discouraging with high rates of graft rejection 
and fatal Epstein Barr virus-associated post-transplant lym-
phoproliferative disease.26,27,32 There have been few stud-
ies focused on the use of UCB in WAS. Several published 
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case reports have shown encouraging results with sustained 
engraftment, low rates of GvHD, and excellent overall sur-
vival.33–35 Kobayashi et al. reported a large case series of 
UCB transplants for WAS. In their cohort of 57 patients, 
15 patients received UCB grafts. All received conditioning, 
though the regimen used varied (busulfan/cytoxan, n = 33; 
radiation containing, n = 14; other n = 10). The 5-year OS 
and failure-free survival (defined as survival with treatment 
response) were 80% (±10.3) and 71.4% (±12.1), respec-
tively. This was similar to that seen in the MRD and MURD 
groups (81.8%/64.3% and 80%/75.2%, respectively).27 
More recently, Morio et al. reported 23 patients with WAS 
in their report of 88 patients undergoing UCBT for PID. The 
cumulative incidence of GvHD was significantly higher in 
those with WAS compared to other diseases in the cohort 
(50% vs. 20%, p = 0.021), but despite this the 5-year OS in 
WAS patients was still 82%.17 These results are encourag-
ing and indicate that more effort should be directed at fur-
ther delineating the role of UCB transplant in children with 
WAS. Despite early reports to the contrary, URD transplant 
has clearly proved to be an effective curative treatment for 
young children with WAS who do not have a suitable MRD 
available. Outcomes after UCB appear to be very compara-
ble to URD transplant, and due to the significantly reduced 
risk of GvHD and rapid availability, many centers now pre-
fer UCB as the donor stem cell source for boys with WAS. 
Head-to-head outcome comparisons between MURD bone 
marrow and UCB in larger numbers of patients, however, 
are needed.

1.4  Other Immune Deficiencies

There are multiple case reports in the literature of UCBT 
for other PID such as hemophagocytic lymphohistiocyto-
sis, IPEX, chronic granulomatous disease (CGD), severe 
congenital neutropenia, Shwachman–Diamond syndrome, 
X-linked lymphoproliferative disease, and others.3 The 
majority of these patients received pretransplant condition-
ing therapy and, in general, results have been encouraging. 
One must be cautious, however, of reporting bias, as fail-
ures are less likely to be reported.

1.5  Summary and Future Directions

UCB transplantation is a viable alternative donor option for 
patients with PID and should be considered when an MRD 
is not immediately available. As discussed previously, UCB 
has several advantages in this population of patients and the 
expanding donor pool of UCB units makes it highly likely 
that a suitably matched UCB unit will be identifiable for 
nearly any PID patient requiring HSCT. This is true even 
for ethnic minority populations where the identification of 
a suitably matched URD has often been difficult. Addition-
ally, UCB also offers the opportunity to couple modern 

molecular genetic diagnostic techniques, specifically pre-
implantation genetic diagnosis,36 with genetically based 
HLA typing. This technique allows HLA typing and dis-
ease screening in single cells from early-stage embryos.  
Embryos that are unaffected by the particular disease and 
HLA matched to an affected sibling then can be selected for 
implantation. Subsequently, if a successful term pregnancy 
occurs, the UCB can be collected at birth and utilized for 
transplantation of an affected sibling as well as providing the 
high-risk couple with a child unaffected by the disease.37,38

The use of UCB for PID does have its challenges, 
however. In one large review, factors associated with over-
all mortality after UCBT for PID included infection and 
HLA disparity.17 Infection is almost universally identified 
in patients with PID at some point prior to HSCT. Several 
studies have shown that active infection at the time of UCBT 
negatively affects outcomes and is associated with poor sur-
vival.12,17,39 Therefore, controlling existing infection prior 
to UCBT is critically important. This is difficult given the 
nature of the underlying disease, but newborn screening 
should allow for earlier diagnosis prior to the onset of infec-
tion, at least for children with SCID. Additionally, though 
less-stringent HLA-matching requirements are one advan-
tage of using UCB, higher degrees of HLA disparity (≥2 
antigen mismatches) appear to negatively impact survival 
after UCBT in PID patients.17 Other challenges with UCB 
that are not specific to PID include lack of availability of 
the utilized donor for subsequent infusions of hematopoi-
etic stem cells or T cells, a reduced stem cell dose, the risk 
of transmitting unidentified genetic disease and a lack of 
viral-specific cytotoxic T cells within the UCB.3 Strate-
gies to overcome these disadvantages, including ex vivo 
expansion of UCB stem cells, expansion of viral-specific 
T cells, and co-infusion of UCB-derived T regulatory cells 
are being developed and will likely be applicable to PID 
patients as well. While there are very little data available 
that have addressed the issue of immune reconstitution after 
UCBT in PID, one small series has reported engraftment of 
donor T, B, and NK cells, and the recovery of T cell func-
tion by 60–100 days and NK cell function by 180 days.40 
Concern still exists related to the incidence of infectious 
complications in recipients of UCB, and in particular, for 
those patients who have pre-existing infectious complica-
tions already present at the time of HSCT. The future devel-
opment of adoptive immunotherapy techniques utilizing 
UCB may help to overcome this obstacle.

It is clear from the literature that children with PID do 
not always require fully MA conditioning, and some with 
SCID may not need any conditioning at all to achieve ade-
quate donor engraftment and cure of their disease. Based 
on this, reduced intensity conditioning (RIC) is often con-
sidered in an attempt to limit both acute and long-term 
complications, but there has been no prospective head-to-
head comparison of RIC versus MA conditioning in UCBT 
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for PID. In their retrospective review, Morio et al. showed 
that an RIC approach was associated with a significantly 
higher 5-year overall survival when compared to an MA 
approach; outcomes in relationship to donor status were not 
addressed.17 It is impossible to conclude based on this that 
RIC is superior for all forms of PID and in all situations, but 
it may be beneficial for some types of PID and should be 
given consideration. Future studies aimed at defining ade-
quate RIC regimens with UCB in PID will further expand 
the use of UCB in these diseases.

Much progress has been made in gene therapy in the last few 
years, and may prove an alternative for the treatment of several 
PIDs.41 The current gene therapy approach is based on ex vivo 
transfer of the transgene into autologous HSCs using viral vec-
tors followed by transplantation of the modified HSCs back 
to the patient with or without conditioning. Gene therapy is 
being utilized in several different PIDs, including ADA–SCID, 
X-linked SCID, WAS, and CGD. Outcomes vary depending 
on the disease being treated, but they have been encouraging 
overall. Insertional mutagenesis leading to malignant transfor-
mation has been the major success-limiting adverse event. To 
address this, retroviral vectors are being increasingly replaced 
by self-inactivating vectors which have shown similar efficacy 
but a reduced tendency for harmful mutagenesis. Studies using 
these vectors are ongoing. In patients with these diseases who 
lack an HLA-identical donor for allogeneic HCT, gene therapy 
should be given consideration.

2.  METABOLIC DISEASES

2.1  Background—Lysosomal Storage Disease

The existence of the lysosome was first described by Chris-
tian de Duve in 1955.42 Dr. de Duve, who also described the 
peroxisome, shared the Nobel Prize in 1974 “for their discov-
eries concerning the structural and functional organization of 
the cell.”43 The lysosome is an organelle with a low internal 
pH containing a variety of hydrolytic enzymes; there are over 
50 lysosomal storage diseases (LSD) that have been described 
related to dysfunction of these enzymes.44 These disorders are 
single gene defects, the vast majority of which are autosomal 
recessive in inheritance. While rare when considered individu-
ally, the cumulative incidence of these disorders has been esti-
mated to be approximately 1 in 7000 births.45 Loss-of-function 
of these enzymes leads to accumulation of substrate, the spe-
cifics of which are characteristic of the enzyme in question. In 
1968, Dr. Neufeld’s laboratory reported the accumulation of 
storage material observed in fibroblasts derived from patients 
with Hurler and Hunter syndrome could be reversed when cul-
tured with fibroblasts from a normal individual.46 Evidence 
was also provided that media obtained from normal cells could 
markedly reduce the amount of accumulated storage material 
in affected cells. This principle of “cross-correction” was fun-
damentally important in the consideration of allogeneic HSCT 

as a treatment for LSD. This internalization of lysosomal 
enzymes when provided into the environment was shown to 
be inhibited in the presence of mannose 6-phosphate, and the 
receptors responsible for this binding were quickly regenerated 
even in the absence of protein synthesis.47 Based on these find-
ings, it was postulated that the use of allogeneic hematopoietic 
stem cell transplantation could prove useful therapy for the 
lysosomal storage diseases (LSD), as donor-derived cells may 
provide a continuous source of enzyme to a recipient suffering 
from these disorders.

2.2  Early Experience in the Use of 
Transplantation for Lysosomal  
Disorders

As mentioned, hematopoietic stem cell transplantation was 
explored following the documentation of the potential for 
cellular cross-correction. The first description of the use 
of allogeneic transplantation for a lysosomal storage dis-
order was reported by Hobbs, describing the outcome of a 
patient transplanted for Hurler syndrome.48 In this patient, 
they demonstrated improvement in the excretion of urinary 
glycosaminoglycans (GAG), a decrease in organomeg-
aly and achievement of donor levels of α-L-iduronidase, 
the defective enzyme in MPSI. In 1984, a patient with  
Maroteaux-Lamy (MPSVI) was described following trans-
plantation using a matched related donor with normal enzyme 
levels.49 Post transplant, enzyme levels in leukocytes were 
shown to be normal, but in liver levels were only 16% of nor-
mal. Importantly, this demonstrated that while enzyme levels 
may be “normal” following transplant, this testing is almost 
exclusively reflective of levels in blood cells, but is not nec-
essarily reflective of enzyme delivered to other sites such as 
bone, the heart valves, the cornea or the central nervous sys-
tem (CNS). Since that time, the utilization of HSCT has been 
explored in other mucopolysaccharide disorders, includ-
ing Hunter syndrome (MPSII),50,51 Sanfilippo syndrome 
(MPSIII),50,52 Maroteaux-Lamy syndrome (MPSVI),49,52–54 
and Sly syndrome (MPS VII).52,55 In addition, transplanta-
tion has been used for other lysosomal diseases including 
I-cell disease,52,56 fucosidosis,57 α-mannosidosis,52,53,58 
aspartylglucosaminuria,52,59 Farber’s disease,52,60 Gaucher’s 
disease,52,61,62 GM1 gangliosidosis,63 Tay-Sachs disease and 
Sandhoff’s disease,64 Niemann-Pick A/B disease,52,65,66 Wol-
man disease,52,67 and the inherited leukodystrophies includ-
ing globoid leukodystrophy (GLD, or Krabbe disease),52,68–73 
and metachromatic leukodystrophy (MLD).52,73–78

2.3  Obstacles in Establishing Response 
of Lysosomal Storage Disease to 
Transplantation

Assessment of outcomes in patients with LSD is difficult 
for a number of reasons. (1) These diseases are rare, and 
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relatively few patients are treated in individual centers. While 
multi-institutional analyses using existing registries are use-
ful, standardized data collection within registries is limited 
to transplant-related parameters such as the type of prepara-
tive regimen, the rate of neutrophil engraftment, incidence  
and severity of GvHD, and overall survival. In contrast, reg-
istry data are not well suited to capture disease-specific and 
functional outcomes. To develop a better understanding of the 
benefits and shortcomings of transplantation for individual 
diseases, this information is critical. For instance, the tech-
niques and timing of imaging (hip X-rays, MRI’s, etc.) are 
not standardized from center to center. In addition, there is to 
date no centralized database for storing images, which would 
facilitate review by orthopedic surgeons or radiologists with 
extensive experience in these disorders. (2) Also, for many 
inherited metabolic disorders, significant variation in pheno-
type exists, with a continuum from severe to attenuated forms. 
As might be expected, patients with more severe disease often 
have more rapid progression, and are therefore less responsive 
to intervention. On this basis, clearly defining the severity of 
disease in an individual patient is important in understanding 
the anticipated natural history, and how any intervention may 
impact expected outcomes. For a given individual, predicting 
the phenotype is often difficult, and while the genotype may be 
useful in some disorders, for many there is not an established 
phenotype–genotype correlation. (3) Within each phenotype, 
the diagnosis may be established at varying points in the course 
of disease progression. The state of the disease at the time of 
transplantation is therefore a confounding factor in the analy-
sis of outcomes. In summary, based on the above concerns, 
the development of large, well-standardized multi-institutional 
collaborative efforts is key, and will be needed to achieve a 
better understanding of the relative benefits of transplantation.

2.4  Response of Hurler Syndrome to HSCT

To date, more than 500 patients with Hurler syndrome have 
undergone transplantation, making it the lysosomal disease 
for which there is the greatest experience with regard to the 
role of HSCT.79,80 There are many clinical manifestations of 
Hurler syndrome, and it has become clear that while some 
respond well to transplantation, other disease-associated 
complications are less amenable to HSCT. Patients with 
Hurler syndrome commonly develop upper airway obstruc-
tion, corneal clouding, hearing difficulties, cardiac dysfunc-
tion and valvular changes, developmental deterioration, and 
extensive skeletal abnormalities termed dysostosis multi-
plex.81,82 While the accumulation of storage material in the 
soft tissues is relatively responsive to transplantation, other 
complications, such as valvular and orthopedic changes are 
less successfully treated by HSCT.79,83,84 In particular, the dis-
ease-related orthopedic issues, including hand,83,85 knee,83,86 
hip,87,88 back, and cervical spine89,90 remain a significant 
cause of morbidity despite transplantation. Importantly, 

transplant has been shown to help preserve cognitive func-
tion.50,91,92 This is thought to be due to the engraftment of 
donor microglial cells within the brain, as microglia are 
hematopoietically derived.93,94 This is the presumed mecha-
nism for any CNS effects of transplantation.

In 2003, recombinant enzyme (Aldurazyme) was FDA 
approved for the treatment of MPSI, as it has been shown 
to decrease urinary GAG, increase the forced vital capac-
ity, and improve the distance in a 6 min walk.95 However, 
the intravenously administed Aldurazyme does not cross the 
blood–brain barrier, and on this basis would not be expected 
to mediate beneficial changes in the CNS.95–96 Patients with 
the attenuated forms of MPSI (Hurler–Scheie and Scheie) 
do not experience the cognitive deterioration observed in 
patients with Hurler syndrome. This has led to the current 
recommendation of proceeding to transplantation in young 
patients with Hurler syndrome to preserve cognition, while 
patients with attenuated disease are treated with enzyme 
therapy.79,80,97 The use of UCB for Hurler syndrome has 
expanded significantly. Engraftment and chimerism rates uti-
lizing cord blood grafts have been encouraging, and it has 
been suggested that it may be superior to that of marrow or 
peripheral blood.79,83,92 This remains to be definitively dem-
onstrated, as historical comparisons may differ in terms of 
donor HLA compatibility, use of targeted busulfan or sup-
portive care.83 There are data that expediency in proceeding 
to transplantation is important, both in regards to survival as 
well as disease-related outcomes.79,83–85,98 On this basis, it is 
clear that there is an advantage in the use of cord blood as a 
graft source. As the median age at transplant in a recent large, 
multi-institutional analysis was 16.7 months,79 these patients 
are sufficiently small in size that cell dose is not a limitation.

2.5  Other MPS Disorders

It is generally accepted that allogeneic transplantation is the 
standard of care for Hurler syndrome. However, for other 
MPS disorders, the role of transplantation is less clear. In 
MPSII (Hunter) and MPSIII (Sanfilippo), the neurologic 
deterioration has not been as responsive to intervention 
with transplant.50–53 The majority of reported patients trans-
planted with these disorders have had clinically evident neu-
rologic changes at the time of transplantation. Identification 
of patients very early in life, prior to the development of 
developmental deterioration, could potentially alter this 
experience. However, currently there is no clear role for the 
utilization of HSCT as therapy for patients with Hunter syn-
drome or Sanfilippo with symptomatic neurologic disease. 
Patients with Morquio syndrome (MPS IV) have significant 
musculoskeletal changes related to their disease.99 To date 
there is no convincing evidence that HSCT has an impact 
on the course of the disease. In MPS VI (Maroteaux–Lamy 
syndrome), outcomes are encouraging with transplantation.54 
The availability of enzyme replacement therapy, however, 
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has altered the role of HSCT for MPS VI. As there is no neu-
rologic aspect to this disorder, it is not necessary to deliver 
enzyme to the CNS. As a result, few MPS VI patients are now 
referred for transplantation due to its increased risk in com-
parison to ERT. Whether transplantation and ERT for MPS 
VI are equally efficacious as therapy has not been addressed 
to date. MPS VII is a very rare condition, and there is limited 
experience in the use of transplantation as an intervention. 
However, the available information suggests that there may 
be a role for transplantation.52,55 I-cell disease has a num-
ber of clinical manifestations similar to the MPS disorders. 
Rather than a deficiency of a lysosomal enzyme, the defect 
is in a phosphotransferase necessary for establishing the 
mannose- 6-phosphate signal required to achieve localiza-
tion of enzymes to the lysosome.100 It is to date not clear that 
transplantation alters the course of I-cell disease. However, 
if HSCT is shown to be of benefit, the mechanism would 
likely not be through the cross-correction of a single defi-
cient enzyme as occurs in other MPS diseases, as there is no 
evidence for cross-correction of the missing gene product in 
I-cell disease. While it is possible that a number of enzymes 
with the mannose- 6-phosphate signal could be provided by 
the donor-derived graft, this remains to be demonstrated.

2.6  Indications of HSCT for Lysosomal 
Diseases of the CNS

Due to the availability of ERT for diseases such as Gaucher 
and Wolman disease, there will likely be few transplants 
performed in the future for these disorders. Similarly, ERT 
is being developed for α-mannosidosis,101 which will likely 
limit the use of transplantation for this diagnosis. However, 
there are other lysosomal disorders with a neurologic pheno-
type that currently cannot be effectively treated with intra-
venous enzyme therapy. These include Tay–Sachs disease, 
Sandhoff, and GM1 gangliosidosis. While these diseases 
have attenuated forms, the majority of patients with these 
diseases are diagnosed in the first 12–18 months of life, and 
these diseases are rapidly progressive. There are no compel-
ling data that symptomatic infants with these diseases ben-
efit from transplantation.64,102 It is possible that there may 
be responses in attenuated disease,103 but more informa-
tion is required. Other lysosomal diseases associated with 
neurologic deterioration, such as Batten and Niemann–
Pick A, do not appear to respond to HSCT.52,104 However,  
Niemann–Pick B, which is caused by the same enzyme defi-
ciency as Niemann–Pick A (sphingomyelinase), has shown 
improvement in organomegaly and pulmonary disease, as 
well as clearance of bone marrow disease.65,66 MLD is a 
demyelinating disease of both the central and peripheral 
nervous system, typically causing motor deficits in patients 
before 2 years of age.75,105 The late-infantile form of the dis-
ease is rapidly progressive, and outcomes following inter-
vention with HSCT have been poor.50,53,75,78,106 For patients 

with attenuated MLD, including the juvenile form, reports 
suggest a beneficial role for transplantation.50,78 Whether 
very early intervention with transplantation in asymptom-
atic patients with a late-infantile phenotype will result in 
acceptable outcomes is unclear; it appears it may change 
the natural history of the disease, but more information is 
necessary.78 Globoid cell leukodystrophy, or Krabbe dis-
ease, also has a variable phenotype but commonly becomes 
apparent in the first year of life. These patients rapidly dete-
riorate due to central and peripheral demyelination. There 
is no role for transplantation in symptomatic infants with 
GLD due to rapid progression and poor outcomes.53,68,69 
However, there has been a great deal of interest in the 
potential of cord blood transplantation within the first few 
weeks of life. This approach clearly alters the course of the 
disease, but outcomes are variable.71,107,108 This can only 
be achieved through the identification of patients soon 
after birth due to a prior family history, or through new-
born screening. Screening has been performed for Krabbe 
in New York since 2006,109 although debate remains about 
the usefulness of this approach.110 Nevertheless, the ability 
to identify patients very early in life to minimize progres-
sion is an important development in the field, and will rely 
almost exclusively on UCB as a stem cell source, unless a 
matched, related donor is available that is not a carrier. As 
carriers are assumed to have decreased levels of enzyme, 
they would not be considered optimal donors, as the amount 
of enzyme delivered would be expected to be approxi-
mately 50% of that which could be achieved with a donor  
that is not a carrier. This restriction would also apply to 
 haploidentical transplantation using parental donors.

2.7  Other Inherited Metabolic Diseases

As opposed to the lysosomal diseases associated with 
white matter changes, adrenoleukodystrophy (ALD) is an 
X-linked, peroxisomal disorder. In approximately 40% of 
boys with ALD, an acute neuroinflammatory condition 
develops that is rapidly progressive and lethal. While there 
have been numerous reports of the ability of transplantation 
to stabilize disease,77,111–113 the physiologic means by which 
this is accomplished remains to be determined. In some 
cases, patients are identified early in the course of the dis-
ease, and there is sufficient time to explore unrelated donors. 
However, in more advanced patients expediency is of great 
importance, as rapid neurologic dysfunction is observed and 
is not recoverable. In this population, UCB grafts are used 
extensively. Osteopetrosis (OP) is an inherited disorder of 
bone metabolism for which allogeneic transplantation has 
been demonstrated to be effective.114–116 Deficient osteo-
clast function leads to alteration in the architecture of the 
bone, with a markedly decreased marrow space and insuf-
ficient hematopoiesis. Untreated, patients with recessive 
OP commonly die in the first decade of pancytopenia.117 
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As osteoclasts are derived from the monocytic lineage, suc-
cessful allogeneic transplantation has resulted in remod-
eling of bone, which can appear normal by X-ray.114–116  
However, engraftment may be difficult to achieve, likely 
due to the abnormal bone structure. In addition, peri-trans-
plant mortality has been high, with complications includ-
ing hypercalcemia, veno-occlusive disease, pulmonary and 
airway issues, and pulmonary hypertension.118–120 Due to 
the increase in mortality associated with HSCT, there have 
been attempts to explore reduced intensity regimens for OP. 
In one report, the use of UCB grafts for OP with a reduced 
intensity approach was not successful in achieving stable 
chimerism.121 On this basis, at the University of Minne-
sota we have chosen to utilize an unrelated donor graft for 
patients with OP, and in circumstances where these are the 
only option, a fully ablative regimen is utilized. A large, 
multi-institutional review of these issues will be important. 
It should be acknowledged that the genotypes associated 
with recessive OP are varied, and in rare cases the defect 
may not be intrinsic to the osteoclast. In these situations 
transplantation would not be expected to be beneficial. 
Therefore determining the genotype is of great importance.

2.8  Changes in the Landscape in the 
Treatment of Inherited, Metabolic,  
and Storage Diseases

As previously mentioned, UCB transplantation has distinct 
advantages as a graft source in the treatment of these disor-
ders. Proceeding quickly to HSCT is often of great impor-
tance, as there is often a narrow window of time in which to 
achieve optimal outcomes. With the availability of enzyme 
replacement for the lysosomal diseases, there are diagnoses 
for which transplantation has been replaced by ERT, such as 
Maroteaux–Lamy syndrome. Nevertheless, transplantation 
remains the only means of long-term delivery of enzyme to 
the brain, and therefore remains the standard of care for dis-
eases such as Hurler. This is likely to continue for the near 
future. Still, transplantation remains insufficient as therapy 
for many of the disease-related complications of Hurler, 
most notably the orthopedic aspects of the disorder. There 
are preliminary biochemical and clinical data that higher 
enzyme levels after HSCT can result in better disease cor-
rection.122 However, if full chimerism is achieved with a 
noncarrier donor, this may be the best correction possible 
using transplantation as an intervention. Assuming that 
there is limited delivery of enzyme to tissues such as bone, 
and that additional enzyme could result in more complete 
correction, added benefit could potentially be achieved with 
ERT after transplant. This combination therapy approach is 
being explored. In addition, enzyme therapy prior to trans-
plantation has been used to reduce substrate accumulation, 
with the goal of potentially decreasing morbidity and mor-
tality.123,124 A significant improvement in overall survival 

has not yet been apparent in a large population of Hurler 
patients,79 but could possibly be demonstrated in a higher 
risk population.98 The evolving nature of neonatal screening 
will also affect the use of HSCT for these diseases. New-
born testing for Hurler syndrome, as well as inherited lyso-
somal leukodystrophies (ALD, MLD, and GLD) will likely 
become increasingly utilized over the next 5–10 years. For 
disorders with rapid progression requiring urgent transplan-
tation such as GLD, and potentially MLD and others, UCB 
will almost certainly be the preferred graft source. In addi-
tion, gene therapy is currently being explored for several of 
these diseases, including MLD and ALD. It seems clear that 
these techniques will be further explored in these disorders 
to test an autologous, gene corrected approach as an alterna-
tive to allogeneic transplantation. In addition, higher levels 
of lysosomal gene product may be achievable, which could 
lead to better correction of these diseases. An extensive 
description of the various potential benefits and challenges 
of gene therapy for these disorders is, however, beyond the 
scope of this discussion.

2.9  Unanswered Questions in the Use of 
Transplantation for Metabolic Disorders

Why transplantation has been shown be of benefit for dis-
orders such as MPS I, and not MPS II and MPS III, is 
unclear. It has been accepted that donor-derived microg-
lia are responsible for delivering enzyme to the central 
nervous system, and it would seem likely that with an 
identical preparative regimen and graft source, microglial 
engraftment would be comparable across these disorders. 
However, it is possible that the delivery of a larger amount 
of enzyme is required to achieve relative correction in 
MPS II and MPS III than for Hurler. Is there variation 
in binding and internalization of one enzyme as opposed 
to another within the CNS? Are the kinetics of turnover 
within the lysosome different? What is the contribution of 
neuroinflammation in one disease vs. another? A related 
and important question is how to best achieve microglial 
engraftment. It is possible that modification of the prepar-
ative regimen may alter the proportion of donor-derived 
cells in the brain, or the time required for them to engraft. 
In addition, it is possible that UCB may achieve more 
complete microglial engraftment than marrow. This has 
not been demonstrated, but would be important to explore. 
As outcomes with lysosomal leukodystrophies remain 
variable, enhanced delivery of enzyme to the CNS could 
enhance function and quality of life. In addition, assum-
ing neonatal transplantation is increasingly used in these 
diseases, what will prove to be the optimal conditioning 
regimen for an infant several weeks old? Is a fully abla-
tive approach required, or would a less intensive regimen 
be sufficient? Finally, as other therapies are developed 
such as chaperone therapy and small molecules,72 will 
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combinations with transplantation prove to provide the 
optimal outcomes? Collaborative multi-institutional stud-
ies will be best suited to provide these insights.
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1.  INTRODUCTION

Auto immune diseases (AD) are a group of heteroge-
neous conditions, affecting 5–8% of the population. They 
were traditionally classified as “organ specific AD,” such 
as autoimmune thyroiditis and diabetes mellitus, where 
the consequences of organ failure can be improved by a 
replacement opotherapy or an organ transplant, and as 
“diffuse or systemic AD,” including Systemic Lupus Ery-
thematosus (LED), Vasculitis, Rheumatoid arthritis (RA), 
Juvenile Immune Arthritis (JIA), Scleroderma (SSc), Mul-
tiple Sclerosis (MS), and others (neurological AD, rheu-
matological AD, inflammatory bowel diseases, immune 
cytopenia) where treatment is more difficult. In most cases 
conventional immunosuppressive therapy allows control 
of the original AD (SLE, RA, Vasculitis), but definitive 
cure is rarely achieved and life-long immunosuppres-
sion is required. Chronic immunosuppression in severe 

inflammatory or in refractory AD patients is associated 
with a high treatment-related morbidity and significant dis-
ease and treatment-related mortality. In this context, new 
therapeutic approaches are warranted.

Over the past two decades, based on innovative ani-
mal and clinical data, more than 3000 patients world-
wide have been treated by hematopoietic stem cell (HSC) 
transplantation for an autoimmune disease (AD) alone 
and reported in the respective European Bone Marrow 
Transplant Association (EBMT), Center for International 
Blood and Marrow Research (CIBMTR), and Asian reg-
istries, with impressive clinical results, never previously 
observed in severe AD with any other therapies. In par-
allel, three major innovations enriched our current thera-
peutic approach and opened new perspectives in the field 
of use of cord blood and in the pathogenesis of autoim-
munity. First was the discovery of bone marrow (BM) 
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stromal cells or mesenchymal stem cells (MSCs), which 
can also be obtained from many other human tissues 
including umbilical cord. The promising immunomodu-
lation and immunosuppressive properties of MSCs, as 
well as their regenerative potential, have been extensively 
studied in animals, and clinical applications are emerging 
in humans.1 Second and importantly, after the first suc-
cessful umbilical cord blood (UCB) transplantation for 
Fanconi’s anemia in 1989,2 UCB has been increasingly 
used as a source of cells for HSCs to treat patients with 
nonhematopoietic diseases. Last but not least, progress in 
the identification of the genetic background of each type 
of AD,3 and in the respective differences between auto-
immunity and autoinflammation,4 shed new light on the 
pathophysiology of autoimmunity. These successive inno-
vations over the past 25 years constitute the backbone of 
current use of cord blood-derived cells for immunomodu-
lation and treatment of AD.

2.  NEW INSIGHTS IN THE PATHOGENESIS 
OF ADs

2.1  Autoimmunity and Loss of Tolerance

Although there is not a single model of AD, conceptually 
they all share some similarities.5 Indeed, ADs are viewed as 
a polyclonal activation of the immune system with a defect 
of B- or T-lymphocyte selection and altered lymphocytic 
reactions to autoantigen components,6 although it is rare 
to identify a single antigenic epitope. The native immune 
system and its tissue environment play an important role 
to determine if exposure to a given antigen will induce an 
immune response or tolerance or anergy. The role of the 
genes coding for the major histocompatibility system mol-
ecules, but also of many other genes, is important in the 
regulation of the immune response, but the genetic back-
ground of AD does not explain all of the observed phe-
nomena during the loss of tolerance.3,7 The exact nature 
of the T-cells necessary to cause an autoimmune reaction 
remains unknown. Self-reactive T-cells appear to escape 
thymic deletion and persist in the peripheral blood, where 
they can be activated and induce the autoimmune process. 
Consequently, activation of various subtypes of regulatory 
T-cells occurs, particularly the suppressive T CD4+CD25+ 
cells, whose role is important before, during, and after the 
onset of AD. Alteration of these regulatory mechanisms 
over time contributes to the clinical expression and devel-
opment of AD. Presence of organ-specific antibodies may 
precede AD clinical expression and organ damage. Use of 
corticosteroids, immunosuppressive drugs (antimetabo-
lites, calcineurin, mTOR inhibitors), antilymphocyte poly- 
or monoclonal antibodies, or biological drugs suppresses 
or modulates the activation of immune response in order 
to control the AD.

2.2  Autoimmunity or Autoinflammation

Over the years, identification of the key mutations associ-
ated with all types of immune system perturbations and bet-
ter knowledge of the genetic background of both common 
and rare ADs have led to revision of the traditional con-
cept of autoimmunity.3,4 The elucidation of the mechanisms 
associated with self-directed tissue inflammation indepen-
dently of T- or B-cell abnormalities has transformed our 
understanding of immunological diseases, and McGonagle 
has recently underlined the importance of the autoinflam-
matory component of each AD as such: “the boundaries for 
AD, are set by mutations associated with the monogenic 
autoimmune diseases (APS-1 with AIRE/AIRE, ALPS 
with FAS/FAS, IPEX with FOXP3/FOPXP3…) with an 
increased propensity towards an adaptative response and 
the presence of autoantibodies. On the other hand, the 
boundaries of auto-inflammation are defined by mutations 
in cells or molecules involved in innate immune responses 
at disease-prone sites (e.g., Familial Mediterranean Fever 
with MEFV/pyrin, TRAPS with TNFRSFIA/TNFR1…), 
where disease expression cannot be explained by autoim-
mune mechanisms.”4 Most of the classical ADs are poly-
genic diseases with a predominant autoimmune component 
(SLE, T1D, autoimmune thyroiditis) background, whereas 
other polygenic ADs have a predominant autoinflamma-
tory (Crohn’s disease for instance) component. Therefore, 
optimal treatment of AD should take in account this con-
tinuum between autoimmunity and autoinflammation, and 
innovative therapies should first consider if the AD is purely 
autoinflammatory or autoimmune, or in most cases, a com-
bination of autoinflammatory and autoimmune mechanisms 
that variably interact in the AD phenotypic expression.

2.3  ADs: Stem Cell Disorders

All immune system cells derive from HSC. The direct rela-
tionship between AD and the hematopoietic system was evi-
denced by the pioneering work of Ikehara in 1985, who first 
demonstrated that ADs originate from defects in the HSCs.8 
Thereafter, extensive experimental data from genetically 
prone and immunized animal models of AD treated with 
allogeneic, syngeneic, autologous, and pseudoautologous 
bone marrow transplantation (BMT) showed that allogeneic 
BMT (but not syngeneic or autologous) could be used to 
treat AD-prone mice.9 Conversely, the AD transfer was pos-
sible in normal mice after allograft from a mouse with lupus 
nephritis, showing that AD was in fact a stem cell disorder. 
Animal models of AD can be divided into two categories. 
The hereditary and spontaneous AD models, such as murine 
BSB lupus and nonobese diabetic (NOD) mice, where auto-
immune manifestations affect the majority of the animals 
of a susceptible line, with a strong genetic predisposition 
transported by the HSC and manifested by anomalies of 
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thymic development and/or function of lymphocytes B-, 
T- or antigen presenting cells (APCs), macrophages. Other 
experimental models, such as arthritis adjuvant (AA) and 
experimental acute encephalomyelitis (EAE),10 use active 
immunization by exposure to a foreign antigen to induce 
the AD. In AA, mediated by cytotoxic T-cells reacting 
against a normal component of the rat articular cartilage, if 
the allogeneic transplant, but also autologous or syngeneic 
graft, is performed before immunization, the AA onset and 
its evolution are unchanged. Conversely, if the transplants 
are performed after immunization, it accelerates healing 
and prevents relapse of AA.11 In these models, intense 
conditioning before BMT allows deep immunoablation, 
which removes pathogenic autoreactive T-lymphocytes. 
Thereafter, during immune reconstitution, everything hap-
pens as if a tolerance of antigen-induced disease appeared 
with the reappearance of new T-lymphocytes and de novo 
repertoire. In agreement with this theory, it is important 
that after transplantation, the antigen is accessible to APC 
and presented to T-cells under development to induce tol-
erance. The frequency of relapses after BMT appears to 
decrease if the BMT is made earlier during the AD evolu-
tion or after high-intensity conditioning. The effectiveness 
of the allogeneic BMT can be explained by a reduction of 
self-reactive lymphocytes during conditioning and eradica-
tion of the residual immune cells by a mechanism of graft-
versus-autoimmunity (GvA), secondary to the action of the 
immune system cells derived from normal donor like the 
graft-versus-leukemia (GvL) effect.12,13 The effectiveness 
of the autologous BMT could result from a similar removal 
of the T-autoreactive cells during conditioning, followed by 
induction of a mechanism of self-tolerance by a phenom-
enon of rehabilitation of lymphocytes derived from HSC.14 
Analysis of immune reconstitution after autologous trans-
plantation has confirmed this hypothesis in mouse models 
of EAE and murine lupus.15 Extrapolation of these models 
would suggest that only allogeneic transplants can be fol-
lowed by success in the treatment of the human AD with 
a strong genetic component. These experimental data were 
confirmed by several clinical reports in humans with com-
plete clinical response of ADs to BMT performed for other 
conventional indications. The reciprocal, passive transfer of 
an AD to the receiver from an allogeneic donor was also 
observed.16

3.  HEMATOPOIETIC STEM CELL 
TRANSPLANTATION FOR THE 
TREATMENT OF AD

3.1  Autologous Hematopoietic Stem Cell 
Transplantation and Reset of Tolerance

Based on experimental and clinical data, consensus indica-
tions for the use of BM-derived or peripheral hematopoietic 

stem cell transplantation (HSCT) to treat severe ADs were 
first published in 199717 and recently updated in 2012.18 
Indeed, over the past 15 years, use of HSCT has moved 
from the lab to the clinics, and AD patients can be consid-
ered for treatment by HSCT when matching the following 
criteria: (1) diagnosed with an AD severe enough to have an 
increased risk of mortality or advanced and irreversible dis-
ability; (2) the ADs must be unresponsive to conventional 
treatments; and (3) HSCT should be undertaken before irre-
versible organ damage so that significant clinical benefit 
can be achieved.

Most of the procedures were performed using autolo-
gous HSCT, and in the EBMT database with more than 
1500 patients registered today (source EBMT registry), the 
most commonly transplanted diseases are multiple sclero-
sis (MS), scleroderma (SSc), Crohn’s disease, and systemic 
lupus erythematosus (SLE), coming from over 215 trans-
plant centers in 30 countries. Prevalence of female sex and 
young age reflects the natural distribution of the diseases. 
Long-lasting responses were obtained in all disease catego-
ries with an overall adjusted transplant-related mortality 
(TRM) being 7 ± 3% at 3 years, directly related to the type 
of AD disease (SSc and SLE have a higher risk), the year of 
transplant with a learning curve, and the intensity of condi-
tioning (higher-intensity conditioning showed a higher risk 
of TRM but lower probability of disease progression). The 
promising results from phase I–II studies led to three major 
randomized phase III studies, whose results were presented 
as abstracts and are about to be published for systemic 
sclerosis (ASTIS), MS (ASTIMS), and Crohn’s disease 
(ASTIC). Significant benefit was obtained in patients under-
going autologous BMT as compared to their respective con-
trols, at the price of early toxicity due to the poor condition 
of patients at the time of transplant and also to the risk of 
HSCT, which remains an aggressive procedure, underly-
ing the need for careful patient selection. The introduction 
of new biotherapies for inflammatory arthritis since 2002 
resulted in a drop in activity in HSCT for rheumatoid arthritis 
(RA), whereas sustained prolonged remission was obtained 
for patients with severe or rapidly progressive SSc, SLE, 
MS, inflammatory bowel disease, and others. In this setting, 
analysis of the regenerating adaptive immune system showed 
normalization of the restricted T-cell repertoire, with sus-
tained shifts in T- and B-cell subpopulations from memory 
to naïve cell dominance, supportive of thymic reprocessing 
and re-education of the reconstituting immune system.19,20 
In addition, restoration of normal or raised levels of CD4+ 
regulatory T-cells with disappearance of circulating plas-
mablasts was reported in juvenile immune arthritis,21 and 
unusual CD8+ FoxP3+ regulatory T-cell subsets, capable of 
inhibiting the pathogenic T-cell response to autoepitopes in 
nucleosomes, were shown in SLE22,23 following autologous 
HSCT. This has never been shown previously after the use 
of conventional immunosuppressive therapies. Such clinical 
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and immunological results separated the nonspecific immu-
nosuppressive changes, observed both in blood and in tis-
sue after cytotoxic therapy19,24 from immune re-educative 
changes supporting immune tolerance.25 Therefore, for the 
first time in treating AD, the interruption of the vicious cir-
cle of autoimmunity allowed the emergence of normal regu-
latory mechanisms and eradication of the last autoreactive 
T-cell, which is one of the proposed mechanisms for using 
HSC in the treatment of AD.

3.2  Allogeneic HSCT

Allogeneic HSCT has been used infrequently in patients 
for the treatment of AD, despite the theoretical attraction 
of immune replacement and the graft-versus-autoimmune 
effect. The TRM risks far outweigh the risks of severe ADs, 
and therefore, allogeneic HSCT for AD are rarely justified, 
unless an underlying hematological malignancy is coex-
isting with the AD as recommended originally in 1997.17 
Today, allogeneic HSCT has mostly been used in the 
context of immune cytopenia, predominantly in the pedi-
atric setting, with encouraging results in terms of relapse-
free outcome. Patients who received an allogeneic HSCT 
showed a sustained response in 33% of the cases reported 
to the EBMT database.26

In exceptional circumstances, allogeneic HSCT may 
be considered for patients with refractory ITP, AIHA, and 
Evans syndrome. Well-matched unrelated allogeneic HSCT 
should be limited in the pediatric setting, but matched sib-
ling allogeneic HSCT may be considered in patients under 
50 years of age with refractory cytopenias. BM or UCB 
is recommended as a graft source for allogeneic HSCT 
in autoimmune cytopenia. If no human leukocyte antigen 
(HLA)-matched sibling donor is available, or if an adult is 
over 50 years of age, autologous HSCT is recommended. In 
other ADs, experience is limited to individual case reports 
in SSc, SLE, vasculitis, and RA, with no recommendations 
other than enrollment in a clinical trial. As the risks of syn-
geneic HSCT approximate to those of autologous HSCT, it 
may be considered as an alternative in those rare patients 
who have an identical twin, providing donor welfare is 
given high priority.

4.  USE OF UCB-DERIVED CELLS AND CORD 
BLOOD MSCs FOR TREATING AD

The use of HSCs to induce tolerance by replacing (allo-
geneic) or resetting (autologous) immune responses in 
patients with ADs and the preclinical evidence for a GvA 
effect in replacement of a dysfunctional immune system 
by allogeneic HSCT are now supported by clinical evi-
dence obtained in the past 20 years. Today, more than 3000 
patients worldwide (EBMT, CIBMTR, Asian registry) have 
received a BM for an AD alone. In the meantime, discovery 

and identification of BM stromal cells or MSCs within the 
BM content and their therapeutic properties has led us and 
others to use MSCs derived from various tissues to treat 
AD patients. In the meantime, use of UCB transplantation 
increased for patients with nonmalignant hematopoietic 
diseases (Fanconi anemia, hereditary hemoglobinopathies), 
and several groups showed the possibility of deriving MSCs 
not only from cord blood but also from the umbilical cord 
matrix—Wharton’s jelly (UCB-MSCs).27

4.1  MSCs Identification and Properties

MSCs can be derived from various tissues such as bone, 
cartilage, muscle, ligament, tendon, periodontal ligament, 
dental pulp, adipose tissue and cord blood, fetal liver, skin, 
gut, brain, or kidney.28 MSCs were originally identified by 
Friedenstein in 1976 as a fibroblast-like cellular popula-
tion capable of generating osteogenic precursors.29 Caplan 
introduced the name of MSCs,30 which was then changed 
after consensus into multipotent mesenchymal stromal cells 
due to their capacity to differentiate toward mesodermal, as 
well as endodermal and ectodermal, lineages.31 Compared 
to other stem cell sources, such as HSCs, MSCs appear 
as promising source for overcoming autoimmunity due to 
their ability to differentiate toward various lineages in addi-
tion to their immunosuppressive capacities.32 Although no  
specific membrane marker has yet been definitely identified 
on MSCs, several phenotypical characteristics have allowed 
their identification. MSCs express several cell surface anti-
gens, such as CD73, CD90, CD105, CD146, and CD200,33 
as well as various integrins and adhesion molecules. As the 
MSCs are a nonhematopoietic cell line, they do not have 
hematopoietic markers such as CD34, CD14, and CD45.34 
Adult human MSCs show intermediate levels of MHC class 
I molecules on their cell surface and have no detectable 
levels of MHC class II. In addition, MSCs differentiated 
into adipose, bone, and cartilage cells express HLA class 
I but no HLA class II, which allows their transplantation 
across major histocompatibility complex barriers.35 Due to 
their low immunogenicity, MSCs represent an appropriate 
stem cell source for allogeneic transplantation, irrespective 
of HLA compatibility. They can also synthesize trophic 
mediators such as growth factors and cytokines (M-CSF, 
IL-6, IL-11, IL-15, SCF, VEGF) involved in hematopoiesis 
regulation, cell signaling, and modulation of the immune 
response.36 As shown in vitro and in vivo, MSCs modulate 
the immunologic activity of different cellular populations, 
the most important being their inhibitory effect on T-cell 
proliferation and dendritic cell differentiation, which are 
key factors for activating autoimmune disorders. MSCs are 
effective in inhibiting proliferation of CD4 and CD8 T-cells, 
as well as memory and naïve T-cells.37 This mechanism 
may necessitate an initial cell contact phase, as well as sev-
eral specific mediators, produced by MSCs such as TGF-β, 
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PGE2, and indoleamine-2,3-dioxygenase (IDO) (IDO is 
induced by IFN-γ, catalyzes the conversion of tryptophan 
to kynurenine, and inhibits T-cell responses by tryptophan 
depletion).38 The ability reported in humans, rodents, and 
primates to suppress T-cell responses to mitogenic and 
antigenic triggering is explained by a complex mecha-
nism of induction of “division arrest anergy,” responsible 
for maintaining T-lymphocytes in a quiescent state. Thus, 
the MSCs determine the inhibition of cyclin D2 expression 
arresting cells in the G0/G1 phase of the cell cycle. MSCs 
also stimulate the production of regulatory T-cells, which 
inhibit lymphocyte proliferation in allogeneic transplanta-
tion.39 BM-MSCs obtained from healthy human donors can 
indirectly reduce T-cell activation by inhibiting dendritic 
cell differentiation (mainly DC type I) from monocytes.40 
In addition, MSCs inhibit B-cell proliferation and activation 
in a dose-dependent manner and modulate their differentia-
tion, antibody production, and chemotactic abilities.41 Due 
to their supportive function for HSC in the BM niche, their 
selective activity on the cell cycle and their immunomodu-
latory effects, BM-derived MSCs have already been used 
in several phase I–II, and very few phase III clinical trials 
for the treatment of acute graft-versus-host disease follow-
ing allogeneic transplantation for leukemia or hematologi-
cal malignancies,42 and a few cases report for AD such 
as systemic sclerosis,43 MS,44 and Crohn’s disease.45 The 
important differentiation capacity of MSCs has made them 
a useful therapeutic method in orthopedics by increasing 
new dense bone formation and total bone mineral content in 
osteogenesis imperfecta,46 providing early bone regenera-
tion in osteonecrosis of the femoral head and repair of large 
bone defects.47 The MSCs capacity to secrete growth factors 
and enzymes, such as arylsulfatase A and α-L-iduronidase, 
which are deficient in metachromatic leukodystrophy and 
Hurler’s disease, allows them, after in vitro expansion and 
intravenous administration, to enhance enzyme production 
and improve symptomatology in these inborn metabolism 
errors.48 MSCs have also been administered as autologous 
transcoronary transplants in human infarcted myocardium, 
alone or in association with endothelial progenitors, with 
satisfactory results regarding myocardial contractility 
improvement.49

4.2  Isolation and Characterization of MSCs 
from UCB

UCB is used clinically as a cell source for HSCT for both 
malignant and nonmalignant diseases. Beyond this, umbili-
cal cord and cord blood contained different stem or pro-
genitor cells such as unrestricted somatic stem cells, very 
small embryonic-like stem cells, MSCs, and epithelial and 
endothelial progenitor cells. Because of the rarity of MSCs 
in the BM, where they represent 1 in 10,000 nucleated cells, 
UCB is a practical and promising source of MSC, which has 

been extensively explored, notably by Sun and coworkers in 
China. Isolation and characterization of MSCs from UCB 
still need to be evaluated and are controversial.50 Indeed, 
depending on the variability between each donor as well as 
the methods of isolation and the contamination by a large 
number of cells such as fibroblastic cells, dendritic cells, 
adherent monocytes, macrophages, and osteoclastic cells 
arising within the cultures, neither study provided sufficient 
evidence to fulfill the qualifying criteria for MSCs. MSCs 
designation requires the following minimal criteria: (1) plas-
tic-adherent in vitro expansion; (2) absence of hematopoietic 
surface markers CD14, CD11b, CD19, CD34, CD45, and 
HLA-DR, and presence of surface markers CD73, CD90, 
and CD105; and (3) in vitro differentiation into adipocytes, 
chondroblasts, and osteoblasts. MSCs can be isolated from 
the Ficoll layer of UCB and form an adherent population 
that allows their separation from hematopoietic progenitor 
cells by differential adherence selection. MSCs were then 
amplified in FGF-supplemented cell culture medium.51–54 
McElreavey and colleagues first reported the possibility of 
isolating MSCs from Wharton’s jelly.55 Several techniques 
have been reported to dissect Wharton’s jelly mechanically 
and/or digest it enzymatically with collagenase and tryp-
sin to culture homogeneous MSC populations.56–58 A single 
piece of 5–10 mm3 Wharton’s jelly has the potential to yield 
as many as one billion MSCs in 30 days, thus showing that 
umbilical cords are a reliable and easily accessible source of 
MSCs.59 Therefore, umbilical cord-derived MSCs represent 
a novel source of MSCs with higher accessibility and fewer 
ethical constraints than BM-derived MSCs.50 UCB can be 
cryopreserved and stored for years without significant loss 
of viability, making them very attractive tools with wide-
spread public and private biobanking worldwide.

The immunophenotypic as well as the multilineage dif-
ferentiation properties of UCB-MSCs are similar to those 
reported for BM-MSCs. Importantly, the expression profiles 
of proteins and the cytokines in BM- and UCB-MSCs are 
very similar.60,61 UCB-MSCs display a variety of in vitro 
immunomodulatory and anti-inflammatory capabilities.62,63 
UCB-MSCs have immunosuppressive action on lympho-
cyte proliferation in MLR by alloantigen and mitogens such 
as phytohemagglutinin and reduce the level of proinflam-
matory cytokines such as interferon-γ and tumor necrosis 
factor-α. Evidence has demonstrated that UCB-MSCs can 
not only suppress the function of mature dendritic cells, 
but also increase the portion of T-cells related to immune 
regulation. This regulation of immune response by MSCs is 
mediated by soluble factors and cell-to-cell contact mecha-
nisms. Furthermore, like BM-MSCs, UCB-MSCs did not 
express major histocompatibility complex class II molecules 
and co-stimulatory molecules such as CD40, CD40 ligand, 
CD80, and CD86, which are involved in T-cell activation 
response for transplant rejection. Therefore, immunogenic 
phenotypes of UCB-MSCs can retain low immunogenicity 
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under certain biological conditions that provide advantages 
for their use in allogeneic settings.

4.3  Use of UCB-derived MSC for AD in 
Preclinical Model Studies

4.3.1  Cord Blood and EAE

EAE animal models were generally and widely induced 
by recombinant myelin oligodendrocyte glycoprotein, 
with clinical manifestations and immune disorders simi-
lar to human MS. Given that autologous BM-MSCs from 
MS patients displayed a similar characteristic compared 
to that from healthy controls,64 now most investigators use 
patients BM-derived MSCs for preclinical and clinical stud-
ies.65,66 Recently Liu et al. showed that human umbilical 
cord-derived MSCs (UC-MSCs) injected intravenously 
could restore behavioral functions and attenuate the histo-
pathological deficits of EAE mice, which were mediated by 
suppression of perivascular immune cell infiltrations and 
reduction in both demyelination and axonal injury in the 
spinal cord.67 These data suggested that human umbilical 
cord-derived stem cells may be used as an alternative option 
in treating human MS.

4.3.2  Cord Blood and Experimental RA

RA is a chronic and systemic disease that primarily attacks 
synovial joints, leading to articular destruction and func-
tional disability. Since both autologous BM and syno-
vial-derived MSCs from RA patients demonstrated many 
functional defects, including impaired clonogenic and pro-
liferative potential, differential expression of genes related 
to cell adhesion and cycle progression.68 Therefore, alloge-
neic MSCs were widely used to treat RA. Liu et al. showed 
that human UC-MSCs intraperitoneal infusion attenu-
ated the development of collagen-induced arthritis (CIA) 
in vivo, which may result from the modulation of regulatory 
T-cells and inflammatory cytokines like TNF-α, monocyte 
chemotactic protein 1 (MCP-1), and IL-6.70 Another study, 
however, showed that intraarticular injection of human 
UC-MSCs had no benefit in CIA mice, but accelerated the 
progression of arthritis. On the other hand, the combination 
of UC-MSCs and TNF inhibitor showed reduced disease 
activity in CIA mice. This was explained as the inhibi-
tion of MSCs activity by elevated TNF-α in vivo, because 
on exposure of TNF-α, stem cells significantly decreased 
the expression of CD90, HLA-G, and the levels of IL-10 
in vitro and in vivo.71

For complete Freund’s adjuvant-induced RA in rat 
models, Greish et al. compared the treatment effects 
among human cord blood derived-MSCs, hematopoietic 
stem cells (CD34+), and methotrexate (MTX) groups. The 
results showed that both MSCs and HSCs treatment groups 
improved the signs of overall arthritis compared to the MTX 

group, with the MSCs treatment group having an enhanced 
efficacy. The effect was most likely through the modulation 
of cytokine expression.72

4.3.3  Cord Blood and Genetically Prone Lupus

SLE is an AD characterized by multiorgan involvements. 
Both Fas mutated MRL/lpr mice and NZB/W F1 mice 
are widely used as genetically prone lupus models, which 
demonstrated progressive nephritis, elevated serum auto-
immune antibodies, and immune abnormalities. Dr Sun’s 
team had firstly showed that human UC-MSCs alleviated 
lupus nephritis in MRL/lpr mice in a dose-dependent man-
ner. Both single and multiple treatments with UC-MSCs 
were able to decrease the levels of 24-h proteinuria, serum 
creatinine, anti-double stranded DNA (dsDNA) antibody, 
and the extent of renal injury such as crescent formation. 
The further mechanism studies showed that UC-MSCs 
treatment inhibited renal expression of MCP-1 and high-
mobility group box 1 expression, while it upregulated 
Foxp3 + regulatory T-cells. Moreover, carboxyfluorescein 
diacetate succinimidyl ester-labeled UC-MSCs could be 
found in the lungs and kidneys postinfusion.73 To NZB/W 
F1 mice, Chang et al. showed that human umbilical cord 
blood-derived MSCs (HUCB-MSCs) transplantation signif-
icantly delayed the development of proteinuria, decreased 
anti-dsDNA, alleviated renal injury, and prolonged the life 
span. Further mechanism studies showed that the treatment 
effect was mediated by inhibiting lymphocytes, inducing 
polarization of Th2 cytokines and inhibition of proinflam-
matory cytokine production rather than direct engraftment 
and differentiation into renal tissue.74

4.3.4  Cord Blood and Genetically Prone 
Diabetes

Type 1 diabetes (T1D) is characterized by T-cell-mediated 
autoimmune destruction of pancreatic β-cells. The patho-
physiology of T1D in both humans and genetically prone 
NOD mice appears to be largely related to an innate defect 
in the immune system, culminating in a loss of self-toler-
ance and destruction of insulin-producing β-cells. While 
insulin replacement represents the current therapy, its met-
abolic control remains difficult. Pancreatic or islet trans-
plantation can provide exogenous insulin independence 
but is limited by its intrinsic complications and the scarcity 
of organ donors. Stem cell therapy, based on the generation 
of insulin-producing cells (IPCs), represents an attractive 
possibility.75 HUCB stem cell is a unique type of stem cell 
in cord blood.76 Islet-like clusters can be obtained from 
HUCB cells at the end of a four-stage differentiation pro-
tocol. The cell clusters showed insulin and other pancreatic 
β-cell-related genes (PDX1, Hlxb9, Nkx2.2, Nkx6.1, and 
GLUT2), and released insulin and C-peptide in response to 
physiological glucose concentrations in vitro.69 In addition 
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to differentiation, HUCB stem cells also functioned as an 
immune modulator to control the immune responses.68 
In vivo experiments showed that human cord blood-
derived T-cell-depleted mononuclear cell transplantation 
can generate IPCs in newborn NOD/scid/b2mnull mice, as 
evidenced by the presence of human insulin at the RNA 
level and human chromosome-containing insulin-positive 
cells in situ.78 NOD mice treated with HUCB cells sig-
nificantly lowered their blood glucose levels and increased 
their life span, as well as reducing insulitis, in a dose-
dependent manner.79 Thus, administration of HUCB cells 
protects the islets from insulitis in NOD mice.

In addition to the effect on insulitis, HUCB-derived 
MSCs (HUCB-MSCs) effectively prevented diabetic 
renal injury NOD mice models. CM-DiI-labeled HUCB-
MSCs confirmed a few engraftments of infused HUCB-
MSCs in diabetic kidneys. The further mechanism studies 
showed that HUCB-MSCs-conditioned media inhibited 
TGF-β1-induced extracellular matrix upregulation and 
epithelial-to-mesenchymal transition in NRK-52E cells in 
a concentration-dependent manner,80 which may partially 
explain the protective role on renal injury.

4.4  Clinical Applications of UCB-derived 
MSC and Ongoing Developments

4.4.1  Multiple Sclerosis

MS is the most frequent chronic inflammatory demyelinat-
ing disease, with a prevalence of 1 in 700 adults. MS may 
be categorized into relapsing-remitting (RR-MS), second-
ary progressive (SP-MS), primary progressive (PP-MS), 
and a rapidly evolving malignant (or Marburg) form. There 
is no curable treatment for this potentially disabling dis-
ease at the moment. Various immunomodulators, such as 
glatiramer acetate and beta interferon, and more recently, 
the oral sphingosine-1-phosphate receptor agonist fingo-
limod, are used as first-line treatments and were shown 
to be considerably more effective than beta interferon in 
delaying the progression of disability. Second-line treat-
ments are mitoxantrone and the monoclonal antibody 
natalizumab. Nonetheless, subsets of nonresponders are 
recognized, necessitating maintenance of or frequent long-
term immunosuppression. In this context, MS is the most 
frequent diagnosis for which HSCT has been used, and 
the majority of patients have SP-MS. The ADWP-updated 
guidelines recommend autologous HSCT for MS patients 
with RR-MS, with high inflammatory activity rapidly 
deteriorating despite the use of at least one or more lines of 
treatment. Patients with rapidly deteriorating “malignant” 
MS are also suitable candidates. Although the majority of 
MS patients reported in the literature have SP-MS, autolo-
gous HSCT is appropriate in this phase only when some 
inflammatory activity (clinically or at MRI) is still present. 

Except for “malignant” forms, patients who have lost the 
ability to walk should not be treated with HSCT. BEAM 
plus anti-T-cell serotherapy is recommended as condition-
ing.

Current therapeutic interventions for MS essentially 
modulate the immune system and reduce the inflamma-
tion by general and nonspecific mechanisms, but have 
little effect on the neurodegenerative component of the 
disease. Treatment strategies to prevent tissue damage or 
augment repair are needed. MSCs therapies probably exert 
their neuroprotective effects by secreting many soluble 
factors with immunomodulatory and trophic properties 
that might influence central nervous system inflammation 
and/or endogenous remyelination.65,70 Most clinical stud-
ies have used autologous BM-MSCs.64,81–83 A preliminary 
study on the application of UCB-MSCs on an MS patient 
demonstrated that this treatment is feasible and effective.44 
Recently, a case report84 presented treatment of aggressive 
MS by multiple allogenic human UCB-MSCs and autolo-
gous BM-MSCs over a 4-year period with no significant 
adverse events.84

4.4.2  Systemic Lupus Erythematosus

SLE is a heterogeneous chronic AD with a prevalence 
of 40–50 per 100,000, predominantly affecting females 
(>85%). SLE is an inflammatory disease with protean 
manifestations ranging from relatively minor skin and joint 
symptoms to severe life-threatening major organ involve-
ment such as nephritis and neuropsychiatric complications.75 
Conventional immunosuppressive or immunomodulatory 
therapy, such as glucocorticoids, cyclophosphamide (CYC), 
and mycophenolate mofetil (MMF), can control disease in 
most, but not all, lupus patients. There is a subset of patients 
whose disease does not respond or relapses despite continu-
ing chemotherapy, and their prognosis remains poor. In 
addition, progressive immunosuppressive therapy may lead 
to the development of serious infection, cumulative drug 
toxicity, and an increased risk of cardiovascular disease and 
malignancy.87 The outcome of active severe SLE due to kid-
ney, lung, heart, or brain involvement has improved in adults 
and children with early diagnosis and new treatment with 
immunosuppressive agents combined with overall tighter 
control of blood pressure and infections. Response rates to 
standard first therapy with the classical NIH regimen88,89 or 
the Euro-Lupus regimen90 vary according to extent of vis-
ceral involvement, ethnic origin, and socioeconomic profile, 
but even with modern treatments, around 5–15% of patients 
with SLE evolve toward end-stage disease, and 10–15% die 
within 10 years. In severe SLE patients, refractory to con-
ventional immunosuppressive therapies, autologous HSCT 
has been shown to achieve sustained clinical remissions 
in around half of patients, with qualitative immunological 
changes not seen with other forms of therapy.91,92 In this 
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high-risk population, TRM has been significant in multi-
center (as opposed to single-center) settings and highlights 
the need for careful patient selection and recognition of the 
intrinsic immune suppression and other risks associated 
with advanced SLE, as well as the need for further clini-
cal studies. In the revised guidelines, autologous HSCT is 
recommended in SLE ideally in the context of a multicenter 
clinical trial, but may be considered as treatment for care-
fully selected subpopulations of SLE patients early in their 
disease course. Such patients should have reliably predict-
ing poor-prognostic factors.

UC-MSCs have been transplanted for severe lupus 
patients who were not responsive to conventional therapies. 
The 4-year follow-up demonstrated that about 50% patients 
acquired clinical remission after transplantation, although 
in 23% relapses occurred.93 MSCs infusion induced dis-
ease remission for lupus nephritis,94 diffuse alveolar hemor-
rhage,95 and refractory cytopenia.96 The multicenter clinical 
study showed that 32.5% patients achieved major clinical 
response (MCR, 13/40) and 27.5% patients achieved partial 
clinical response (PCR, 11/40) during 12-month follow-up. 
However, 7 out of 40 (17.5%) patients experienced disease 
relapse after 6-month follow-up after a prior clinical response, 
which indicated a repeated MSCs treatment after 6 months.97 
Now it is important to design a controlled study to further 
see the clinical efficacy between allogeneic MSCT and con-
ventional immunosuppressive therapies, like CYC and MMF, 
or whether MSCT combined with immunosuppressive drug 
treatment is more effective than drugs alone.

4.4.3  Primary Sjogren’s Syndrome

Primary Sjogren’s syndrome (pSS) is a chronic, systemic auto-
immune disorder characterized by inflammation of exocrine 
glands and functional impairment of the salivary and lacrimal 
glands. It has extraglandular organ involvement, including 
lung (interstitial pneumonitis), renal (interstitial nephritis), 
peripheral and central nervous system manifestations, vas-
culitis of skin and other organs, and increased frequency of 
lymphoma. For visceral involvement, corticosteroids are used 
widely. Cytotoxic drugs such as azathioprine and MTX are 
also used. Other drugs such as leflunomide, ciclosporin A, 
CYC, and even biological agents are used for organ injury 
for pSS patients. However, there were also some patients who 
were not responsive to conventional therapies. Dr Sun’s group 
has used UC-MSCs infusion for drug-resistant pSS patients 
and followed up for 12 months98. All 11 patients showed 
improvements in symptoms of xerostomia and/or xerophthal-
mia after MSCT. For the other 13 patients who showed severe 
systemic comorbidities, platelet counts, refractory hemolytic 
anemia, and autoimmune hepatitis improved after treatment. 
This clinical study demonstrated that umbilical cord-derived 
MSCT could be used as an alternative therapeutic option for 
refractory pSS patients.

5.  CONCLUSION

A recent survey from all published literature on clinical use 
of UCB for nonhematological indications yielded a total 
of 691 publications with a total of 20 published articles 
describing the treatment of 317 patients and 12 using immu-
nomodulatory therapy for AD conditions.99 Most studies 
were performed in China, and used unprocessed bulk cells 
from UCB that were cryopreserved in accordance with 
standard UCB banking. Interestingly, MSCs were expanded 
successfully from 30% to 60% of UCB units, although 
newer approaches of collecting cells from Wharton’s jelly 
or from placenta itself enhance the yield of MSC expansion 
from UCB. The majority of patients received HLA-compat-
ible cord blood cells or third-party MSCs expanded in vitro. 
Past and future developments in the field of autoimmunity 
and cord blood have shown and will confirm that according 
to Ikehara’s first hypothesis AD is a hematopoietic stem cell 
disorder.
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One of the main successes of cellular therapies in the 
last decade has been the generation of immunomodulat-
ing reagents for clinical use. Umbilical cord can be used 
to source such cell populations. In this chapter we will 
concentrate on describing the features of and the clinical 
experience with regulatory T-cells and mesenchymal stro-
mal cells. Although relevant immunomodulating activity 
can also be ascribed to hematopoietic stem cells, that is 
the subject of another chapter of this book. Similarly, other 
populations have been isolated and demonstrated to exhibit 
immunosuppressive activity but, probably because of their 
small concentration and the difficulty in their expansion, 
they have not been developed any further.

1.  REGULATORY T-CELLS

1.1  Definition and Properties

The concept of a regulatory subpopulation of T-cells that 
actively suppresses immune responses was first introduced 
in the 1970s.1 Since then, the ontogeny, differentiation, 
and functions of these cells have been extensively studied 
and identified as playing a crucial role in the induction and 
maintenance of self-tolerance and immune homeostasis.

Regulatory T-cells (Treg) were first distinguished from 
conventional T-cells because of their expression of both 

the interleukin-2 (IL-2) receptor α-chain CD25+ T-cells2,3 
and the transcription factor forkhead box P3 (FOXP3)4–7 
within CD4+ T-cells. It is now widely appreciated that 
human CD4+FOXP3+ T-cells are highly heterogeneous,8 
and the expression of both CD25 and FOXP3 does not uni-
formly correlate with Treg suppressive activity. Single cell 
analysis using transcriptomics and FOXP3 methylation 
profiling has convincingly shown9–11 the existence of two 
main populations of CD4+FOXP3+ Treg cells in humans: 
natural Treg (nTreg, CD45RA+) and activated Treg-like 
cells (CD45RO+).11 Natural Treg are potently suppres-
sive in vitro and, once activated in vivo, they prolifer-
ate and convert into CD45RO+ effector Treg (effTreg).11 
Conversely, activated Treg-like cells are generated in the 
periphery from conventional T-cells and are characterized 
by nonregulatory functions and production of proinflam-
matory cytokines.11 While nTreg and effTreg cells are 
thymus-derived, activated Treg-like cells derive from con-
ventional T-cells and develop in the periphery under spe-
cific microenvironmental conditions. Very controversial 
is the ontogeny of activated Treg-like cells, particularly 
whether this population is part of adaptive or induced Treg 
(iTreg) cells.12 How and why these cells can develop and 
maintain their suppressive activity under different stimuli 
is largely unknown.
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Treg cells are able to suppress the activation, prolif-
eration, and effector functions of virtually any subset of 
immune cells, including CD4+ and CD8+ T-cells, natural 
killer (NK) and NKT-cells, B-cells, and antigen-presenting 
cells (APCs).8 As for conventional T-cells, Treg cell devel-
opment is also subject to the selection of those recognizing 
self-MHC, but the selection of their T-cell receptor (TCR) 
repertoire mirrors the rules for conventional T-cells. In 
fact, since their primary function is to control T-cells reac-
tive against self-antigens, thymus-derived Treg cells are 
positively selected for their ability to recognize such self-
antigens and competitively engage with potentially dan-
gerous conventional T-cells. Although TCR engagement is 
crucial for their activation, the suppressive function seems 
to be delivered in a cognate-independent manner.8 Their 
pivotal role in suppressing aberrant and excessive immune 
responses potentially harmful for the host has been widely 
confirmed in vivo in both animal models and humans.2,13–17

1.2  Treg Cells as a Therapeutic Tool

Several studies have indicated that quantitative or quali-
tative abnormalities of Treg cells contribute to the patho-
genesis of immune-mediated diseases.18 Reconstituting the 
failing component is therefore a plausible approach.

While a potential approach is to induce in vivo expan-
sion of patients’ Treg cells with the use of sirolimus or low-
dose IL-2,19–22 the adoptive transfer of Treg has attracted 
considerable interest and attention. There are currently over 
150 registered clinical trials (http://www.clinicaltrials.gov) 
as both observational and interventional clinical studies 
recruiting patients to assess the efficacy/feasibility of Treg 
therapy in several diseases (April 2014).

Despite encouraging preclinical data, the path to trans-
late Treg into clinical applications has unveiled some limit-
ing factors. The main hurdle to Treg isolation is the lack of 
specific cell surface markers able to define Treg with stable 
suppressive activity in vivo after clinical-grade expan-
sion in vitro. Although transiently expressed in activated 
Tconv,7,23 FOXP3 remains the most important functional 
marker of Treg in human T-cells. However, because of its 
intracellular expression, it cannot be used to sort viable 
cells. Thus, different markers have been proposed, but the 
results published so far are inconclusive in regard to speci-
ficity.8 CD25 expression remains at the moment the most 
pragmatic approach, although the CD25+ T-cell population 
contains a mixture of suppressive and effector cells.8 How-
ever, in the last few years, increasing studies have identified 
a specific epigenetic status of the Treg-specific demethyl-
ation region (TSDR) related to the suppressive functions of 
Treg.24,25 Furthermore, it has been demonstrated that only 
some of these specific CpG hypomethylation patterns are 
key regulators of the stability of FOXP3 expression and 
Treg signature genes.26 Although currently limited to mouse 

models, the study of these TSDR profiles could become the 
milestone for the selection and preparation of functionally 
stable Treg for clinical use.

Independently of the marker used, cell isolation has 
been achieved by means of automated magnetic bead-acti-
vated cell sorting (MACS) and fluorescence-activated cell 
sorting (FACS).27,28 While both methods comply with GMP 
protocols, the main limitation of the first method is the high 
degree of contaminating non-Treg cells. Conversely, FACS-
based methods allow a higher purity of the selected popula-
tion (>98%),29 but the available technology is less suitable 
for GMP isolation processes, thus restraining their use to 
highly specialized centers.

Another important issue is Treg cells survival and sta-
bility of their regulatory functions after in vitro expansion 
and following in vivo infusion. It has been shown that Treg 
cell numbers decrease following a transient postinfusion 
increment.30,31 A further issue is the choice of when to 
treat. While most preclinical studies convincingly showed 
the efficacy of Treg infusions in preventing disease devel-
opment,32,33 only few have documented efficacy in revert-
ing active disease.34–36 The reason for this can be ascribed 
to an intrinsic resistance of the disease to Treg therapies. 
However, Treg could be converted into cells able to pro-
duce proinflammatory cytokines37–39 or turn into effector 
T-cells in vivo40–42 when exposed to inflammatory micro-
environments.

1.2.1  Treg Cells in UC

In humans, Treg cells appear in the thymus as early as 
13 weeks of gestation and, concomitant to other T-cells, 
their egress from the thymus occurs rapidly after their gen-
eration, being detectable in the periphery from 14 weeks of 
gestation.43 After a first increase over the second trimester 
of gestation, their number starts to gradually decrease to 
finally reach a sort of plateau at birth as their proportion 
appears to be inversely correlated with gestational age.44 
No significant difference in the frequency of CD4+FOXP3+ 
T-cells between neonates and adults has been found.45 
Consistent with this, the proportion of CD4+CD25+ cells 
in adult peripheral blood (APB) and umbilical cord blood 
(UCB) also seems to be comparable. However, while UCB 
Treg cells present mainly a naïve phenotype, APB Treg 
cells are largely effTreg,9–11,46 which reflects the naïvety of 
UCB Treg cells. In fact, the ratio of nTreg to effTreg cells 
gradually declines with age.47,48

Although the suppressive activity of UCB Treg has been 
well documented in many studies both in vitro and in vivo 
in xenogeneic models,9–11,47,49 other studies have not con-
firmed these initial observations.46,50,51 The reasons for 
these conflicting results remain still unclear and they may 
be related to differences in the isolation procedures used 
and the degree of stimulation during Treg preparation. In 

http://www.clinicaltrials.gov
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fact, UCB nTreg acquired full and potent suppressive activ-
ity both in vitro and in vivo upon stimulation in vitro, also 
when an initial functional impairment was observed.46,51–53 
This has practical implications on the use of these cells for 
therapeutic purposes whereby in vitro expansion—a neces-
sity to generate a sufficient yield—induces nTreg cells to 
acquire a more mature phenotype.51,54

Several studies have demonstrated the feasibility of iso-
lating Treg from UCB9–11,49,54–56 and have led to one of the 
first clinical trials.30 Furthermore, the Treg cells obtained 
from UCB exhibit particular features that make UCB a better 
source than APB. While APB Treg cells are a very heteroge-
neous population with a poor separation between the differ-
ent subsets of cells with different intensity of CD25 within 
the CD4+ population, UCB Treg cells appear more uniform. 
Therefore, UCB Treg cells are more readily purified, and the 
population obtained can be obtained with a single-step mag-
netic bead isolation protocol,30,49,55,56 in contrast to the two-
step protocols currently used for Treg isolation from APB.57

In their study, Miyara et al. demonstrated that nTreg 
and effTreg differed not only in the mutually exclusive 
expression of CD45RA and CD45RO, but also in the 
expression intensity of CD25. While effTreg showed a 
CD25high phenotype, nTreg were CD25dim. Activated Treg-
like cells were CD25dim and they lack suppressive func-
tions.11 The distribution of the cells within the CD25+ 
population is crucial for an efficient selection of purified 
Treg cells because the density of marker expression can-
not be distinguished easily by MACS, and contamination 
with CD25dim cannot be avoided. Thus, a higher degree 
of purity can be obtained from UCB, since CD4+CD25+ 
T-cells from UCB are more homogeneous, mainly com-
prising of CD25dim nTreg cells.9–11 Conversely, contamina-
tion with CD25dim deeply affects the suppressive functions 
of Treg derived from APB, as only a very small proportion 
of the CD4+CD25+ cells in ABP consist of effTreg or nTreg 
cells, while the main part of CD4+CD25+ cells comprise 
CD25dim activated Treg-like cells.10,11,54 Certainly, the dif-
ferences in purity between the two sources can be reduced 
with the use of FACS-based techniques, as suggested by 
the findings that more potent suppressor cell line genera-
tion was obtained from APB in a feasibility study.58 How-
ever, the opportunity to isolate an enriched population of 
nTreg seems to represent a potential advantage over eff-
Treg. Many studies have demonstrated that a naïve pheno-
type is associated with significantly enhanced proliferation 
potential59 and most importantly, with the highest capac-
ity to maintain FOXP3 expression following expansion 
in vitro.11,58 While effTreg cells undergo apoptosis dur-
ing proliferation, nTreg cells seem to be more resistant to 
apoptosis.11 Furthermore, effTreg cells seem to be more 
prone to CD8+ T-cell killing in vitro due to a higher expres-
sion of HLA-ABC molecules,49 as suggested by their rapid 
decrease after injection in vivo.60

It is noteworthy that the preponderance of nTreg in 
clinical-grade products could better impact the efficacy of 
the treatment in particular pathological conditions. In an 
allogeneic HSC transplantation (HSCT) setting, it has been 
recently observed that nTreg cells were more frequent in 
patients who did not develop acute graft-versus-host disease 
(aGvHD) in comparison with those who developed the dis-
ease, despite the similar frequency of the total Treg popu-
lation between the two cohorts.45 Furthermore, only Treg 
cells expressing CD62L (a chemokine important for the 
homing in secondary lymphoid organs) were able to prevent 
the onset of the disease in a mouse model of GvHD.61,62 
Interestingly, CD62L is one of the markers preferentially 
expressed on nTreg cells and it is lost after acquisition of an 
effector phenotype.63

Our lack of knowledge regarding an ideal marker able to 
clearly define pure Treg populations still represents one of 
the main pitfalls in the field, and further studies are needed 
in the future to decipher the complexity of these cells. How-
ever, UCB is a very promising source for Treg also in the 
context of these limitations, thanks to the features we have 
already discussed.

An important caveat to the use of UCB as a source 
of Treg is the low absolute number of cells that can be 
obtained from a unit of UCB. In order to overcome this 
important limitation, Milward et al. have recently investi-
gated an alternative approach by using multiple allogeneic 
units of UCB pooled together to achieve therapeutic doses 
without any preliminary expansion in vitro.49 Interestingly, 
they provided evidence that the magnitude of suppression 
of Treg cells both in vitro and in vivo was not hampered 
by the pooling process. Although promising, more exten-
sive studies are needed to confirm the safety and the effi-
cacy of this approach, and the necessity for a large in vitro 
expansion still remains one of the major limitations for the 
extensive use of Treg in clinical practice. In more detail, 
two relevant problems have to be addressed: (1) the balance 
between the efficiency of the expansion protocol and its 
adherence to GMP compliant procedures; and (2) the pos-
sibility that Treg cells may lose their suppressive potency, or 
alternatively acquire inflammatory properties, upon in vitro 
stimulation.

It has been demonstrated that UCB Treg cells, like their 
APB counterpart, can be driven to proliferate in vitro with 
anti-CD3/CD28 stimulation in the presence of recombinant 
IL-2 and they seem to retain their suppressive functions 
in vivo when adoptively infused in some disease animal 
models.52,64 Although several variations to the aforemen-
tioned protocol have been proposed,28 the majority of these 
protocols can be currently used only in experimental set-
tings because of the reduced number of GMP-compliant 
reagents available. Relevant to this point is the use of third 
cells as adjuvant for the proliferation of Treg. It has been 
demonstrated that UCB Treg cells can be expanded up to 
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1250-fold after supplement to the culture of artificially 
modified APC expressing OX40 and 4-1BB, two members 
of the tumor necrosis factor receptor family that provide 
signals for Treg expansion and survival.53 Most importantly, 
the presence of APC pulsed with specific antigens (Ag) is 
required for the generation and expansion of Ag-specific 
Treg. The possibility that different subsets of Treg (Ag-spe-
cific Treg vs polyclonal expanded counterpart) can impact 
the final outcome of the treatment has been evaluated in the 
last few years. Although adoptive transfer of ex vivo poly-
clonally expanded Treg promotes tolerance to allogeneic 
pancreatic islet grafts65 or autoimmune diseases,66,67 sev-
eral studies suggest that alloantigen or Ag-specific Treg can 
deliver better protection against tissue rejection,27 autoim-
mune diseases, and type 1 diabetes (T1D).33 However, some 
important hurdles related to the production of such cells 
should be considered. Protocols for the production of Ag-
specific Treg are very complex, expensive, and the tendency 
for the outgrowth of autoreactive Treg after in vitro expan-
sion still remains an important drawback.68,69 Thereby, the 
current available technology and the standards required for 
the expansion of clinical-grade cells narrow the use of third 
cells (such as APC) as stimulators for the expansion of Treg 
only in the context of highly specialized institutions and for 
controlled experimental settings only.

To further complicate the issues regarding the best 
expansion protocol, it is becoming clear that either the 
source of Treg or the isolation protocol used may affect the 
final yield of Treg. While UCB and APB Treg cells showed 
similar proliferative capacity when expanded using two 
cycles of polyclonal stimulation separated by two days of 
rest,52 UCB was a superior source for Treg expansion when 
a single expansion step was used.70,71

During in vitro expansion, Treg cells can lose their regu-
latory functions.72–74 Despite this limitation, it is important 
to stress that UCB Treg cells mainly comprise nTreg cells. 
This subset maintains a higher stability of FOXP3 expres-
sion63,75 and degree of TSDR demethylation levels,11,72 and 
is more resistant to apoptosis11,63 upon in vitro stimulation, 
in comparison to effTreg cells (mainly present in APB). 
Moreover, although they rapidly convert their phenotype 
in CD45RO+ after CD3/CD28 stimulation, their genetic 
signature seems to retain a more undifferentiated program, 
since they are characterized by high expression of genes 
involved in cell proliferation, chromatin modification, and 
modulation of gene expression. Conversely, effTreg cells 
from APB are mostly characterized by an upregulation 
of genes involved in effector functions.70 Furthermore, as 
already discussed, UCB Treg cells are easily isolated with 
a lower likelihood of contamination of Tconv, thus limiting 
the possibility of an outgrowth of contaminating Tconv due 
to their shorter period to enter S-phase after stimulation.76 
However, rapamycin, a well-known immunosuppressant, 
has been used as a supplement in the expansion culture 

due to its ability to prevent the outgrowth of contaminating 
nonregulatory cells.77 Nonetheless, the use of rapamycin 
represents a double-edged sword, since a reduction of the 
overall Treg proliferation has been observed, thus requiring 
a longer time for Treg expansion65 with a higher risk of lack 
of suppressive activity.75

It has been shown that Tconv can be easily converted 
into Treg upon stimulation of a variety of molecules in vitro 
such as TGF-b,78 retinoic acids,79 and rapamycin.79 Further-
more, in vitro iTreg cells with potent in vitro suppressive 
activity can be developed from UCB CD34+ cells when in 
coculture with Notch ligand, Delta-like 1 expressing OP9 
stromal cells.80 Since expansion protocols of in vitro iTreg 
are very efficient and there is large availability of Tconv or 
CD34+ cells as starting cells for manipulation, iTreg cells 
have been proposed as possible alternatives to nTreg for 
clinical uses.81 With this aim, UCB Tconv cells comprise 
a richer fraction of T-cells with a naïve phenotype, with a 
reduced capacity to produce activating cytokines compared 
to their counterparts obtained from APB.82,83

Although very intriguing, the use of in vitro iTreg as a 
surrogate of ex vivo freshly isolated or ex vivo expanded 
nTreg remains controversial. The main question to be 
addressed focuses on the stability of the regulatory func-
tions of these cells in the absence of the signals controlling 
the shift toward the regulatory phenotype and the possibil-
ity of a subsequent conversion toward the native inflam-
matory phenotype.24,84 Furthermore, the ability of in vitro 
iTreg cells to keep their regulatory functions after injection 
in vivo has yet to be substantiated. It has been shown that 
such cells possessed regulatory activity in vivo in different 
mouse models;85–91 however, these data are still conflict-
ing92,93 and need further confirmation. As aforementioned, 
it is becoming clear that nTreg cells and in vitro iTreg cells 
are distinct populations with different molecular, genetic 
signatures, and epigenetic status of the FOXP3 promoter 
gene,24,25,90 and only the hypomethylation patterns at the 
TSDR described in nTreg seem to be linked to a more stable 
FOXP3 expression, irrespective of the surrounding micro-
environment or the proliferation status of cells.26 Although 
limited to mouse models, these studies could provide sig-
nificant insights into the mechanisms controlling Treg het-
erogeneity and could be crucial in unveiling the best method 
for selecting and preparing functionally stable Treg cells, 
irrespective of their “natural” or “induced” ontogeny.

1.2.2  Treg Cell Therapy in Transplantation

Solid organ transplantation is a widely used treatment for 
end-stage failure of several organs. In spite of remarkable 
ameliorations in the management of the graft survival in the 
short term, the outcome of transplanted patients and grafts 
still remains unsatisfactory because of chronic rejection and 
the toxicity associated with long-term immunosuppressive 
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treatments.94 Graft rejection is mediated by recipient allore-
active T-cells that recognize donor alloantigens presented by 
donor APC (direct pathway) and by recipient APC (indirect 
pathway). Since Treg cells employ a mainly indirect path-
way of allorecognition for their immunoregulatory proper-
ties95–98 and the observation that the indirect pathway seems 
to be the major driver of chronic allograft rejection both in 
mice and in humans,99–102 it is conceivable that the adop-
tive transfer of Treg can be successfully used for prevent-
ing chronic allograft rejection, thus allowing the reduction 
of immunosuppressive drugs. Supported by the promising 
results obtained in preclinical models, three clinical trials 
are now underway for the evaluation of the safety and tol-
erability of the adoptive therapy with polyclonal in vitro 
expanded Treg in children or adult kidney-transplanted 
patients (trials numbers NCT01446484 and NCT02091232, 
respectively), and in adult liver-transplanted patients (trial 
number NCT01624077). While polyclonal Treg cells will 
be used in the first trial, the last two trials have chosen to 
infuse Treg cells after exposure to alloantigens (alloreac-
tive Treg cells). We have already discussed the importance 
of Ag-specific Treg cells. However, whether this superior-
ity can be applied to humans remains unknown, since all 
the available data come from animal models. Certainly, 
although primary end points of these studies are safety and 
feasibility, their results may help in shedding light on this 
important issue, thus paving the way for a better design of 
future clinical trials.

1.2.3  Treg Cell Therapy for GvHD

GvHD is currently one of the major and life-threatening 
complications of allogeneic HSCT, thereby limiting the 
use of this important procedure.103,104 Because of its high 
morbidity and mortality, GvHD has provided an ideal set-
ting in which to test Treg cells. The initial evidence of their 
therapeutic activity in mouse models105 was subsequently 
confirmed in two clinical trials.30,106 In a phase I dose-esca-
lating trial, Brunstein et al. treated 23 patients undergoing 
double-cord blood transplantation with in vitro expanded 
UCB Treg cells, which were then infused on the day of the 
transplant and in 13 patients, also at day +15.30 A reduced 
frequency of grade II–IV aGvHD was observed in compari-
son to historical controls. A role for Treg in GvHD prophy-
laxis was further supported by Di Ianni et al.106 who treated 
28 patients undergoing HLA-haploidentical HSCT with 
APB freshly isolated Treg cells in the absence of any GvHD 
prophylaxis and showed a significant reduction in the onset 
and severity of aGvHD. They also reported a faster immune 
reconstitution compared to historical controls, but these 
data were not confirmed in Brunstein’s study.30 Notably, 
Treg infusions were safe and well tolerated, with no dismal 
effects on infection, relapse, or early mortality rates in both 
studies. However, although the initial data did not report 

any impact on the incidence of opportunistic infections, 
more recently an increase of viral reactivation was observed 
in the Treg-treated group compared with historical controls 
when opportunistic infections were evaluated by calculat-
ing the infection density.107 This parameter, taking into 
account multiple infections in an individual patient within 
a specific time range, produces a better picture of patient 
susceptibility to infections. The authors demonstrated that 
Treg patients were more prone to opportunistic infections 
only during the period when infused Treg cells were dem-
onstrated in circulation.107

Among the most important information that can be 
obtained from these studies is that high doses (up to 3 × 106/ 
kg cells) and multiple infusions were well tolerated. The 
level of Treg in the circulation seemed to survive transiently 
in the recipient, with a longer survival of freshly expanded 
compared to cryopreserved Treg cells (up to 14 days and 
4 days, respectively). Notably, the mean purity of the 
cells, assessed by the positivity for FOXP3, was not higher 
than 70% in both studies and the targeted Treg dose was 
achieved only in 74% of cases in the study of Brunstein 
et al.30 Taken together, these data clearly show that Treg can 
be obtained from UCB and they are promising in prevent-
ing GvHD. Although partly related to the poor condition of 
the patient cohort treated by Ianni et al. and the severity of 
the transplantation regimen used, the disappointing overall 
survival (50%) reported in that study27 and the increase in 
infection rate in Treg-treated patients107 open new interrog-
atives regarding the precautions and the need for tailored 
measures of supportive care for Treg-treated patients.

1.2.4  Treg Cell Therapy for Autoimmune 
Diseases

It is widely accepted that numerous immune-based abnor-
malities of the T-cell system play a major role in the devel-
opment of systemic autoimmune diseases, and several 
studies have reported quantitative and qualitative defects 
of Treg in such diseases.32 Several lines of evidence show 
the efficacy of Treg infusion in ameliorating systemic auto-
immune ailments in preclinical models.32 The promising 
results described in the previous paragraph suggest that 
Treg-based therapy will soon be considered as a therapeutic 
option also in autoimmune diseases.

It is commonly accepted that the most important patho-
genetic event in the development of T1D is the T-cell-medi-
ated destruction of beta islets in the pancreas, and that Treg 
impairment contributes to the development of the disease.108 
Therefore, the manipulation of Treg cell homeostasis offers 
an opportunity to enhance their suppressive potency and/
or increase their number in vivo.109 Extensive data have 
showed that the adoptive transfer of Treg can be effica-
cious in preventing and delaying the onset and progression 
of T1D in NOD mice,66,110,111 with some studies reporting 
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the efficacy of Treg in reversing ongoing T1D.66,112 The 
first phase I clinical trial was conducted on a cohort of 10 
recently diagnosed T1D children and showed safety and tol-
erability. Treg cells were generated from ex vivo expanded 
autologous CD4+CD25highCD127− sorted cells113 and 
infused in escalating doses. Although a prolonged survival 
of the pancreatic isles was claimed, the small number of 
patients enrolled does not allow any conclusion regarding 
efficacy to be drawn.

2.  MESENCHYMAL STROMAL CELLS

The acronym for mesenchymal stromal cells (MSC) is 
widely used and generally accepted in scientific and clini-
cal practice, but it is subject to a number of controversial 
challenges related to its real significance. MSC preparations 
consist of a highly heterogeneous population of fibroblast-
like cells selected and expanded in vitro as plastic-adherent. 
There is ample evidence that a large proportion of these cell 
preparations acquire features of osteoblastic, adipocytic, and 
chondrocytic lineage under certain in vitro conditions,114 
but the validity and actual significance of this progenitor 
activity remains ambiguous. They lack expression of hema-
topoietic and endothelial markers (CD45, CD34, CD14 
or CD11b, CD79a or CD19, and HLA-DR, CD31) while 
expressing a few nonspecific molecules (CD105, CD73, 
and CD90) involved in cell-to-cell contact.115 Despite new 
sets of markers being recently proposed, the characteriza-
tion of MSC still remains elusive,116 thus making the com-
parison between studies difficult. Notably, populations 
of cells meeting these criteria vary extremely in terms of 
morphology, stage of differentiation, proliferation rate, and 
functional characteristics, as clearly demonstrated by early 
investigations.117–119 Whether this complexity merely origi-
nates from culture manipulations or reflects the innate het-
erogeneity of in vivo repertoire of MSC subsets has not yet 
been clarified.120

First isolated from the bone marrow (BMMSC),119 
MSC can be generated from several tissues,121–123 including 
UC.124 Although BMMSC have been the most used in clini-
cal studies and still remain the basis of comparison for MSC 
generated from all the other tissues, other sources are being 
sought. For logistical and proprietary reasons, adipose and 
UC tissues are probably the most attractive sources. Here, 
we will provide an overview of the current knowledge in the 
characterization, function, and preliminary clinical experi-
ence with UC-derived MSC (UCMSC).

2.1  UC-derived MSC

Sourcing MSC from UC tissues has major logistical  
advantages. First, it does not require the relatively inva-
sive BM harvest procedure, which is associated with 
some—albeit minimal—risks for the donor. Secondly, 

provision is at the moment straightforward, as UC is  
usually discarded. Furthermore, the amount of MSC that 
can be derived is remarkably higher when compared to 
BM. Finally, cord tissue fragments can be successfully 
frozen and stored for a prolonged period of time before 
isolation of MSC.125,126

Although MSC can be isolated from virtually any compo-
nent of UC—cord blood,124,127,128 mucous proteoglycan-rich 
matrix (Wharton’s jelly), and the vasculature129–131— Whar-
ton’s jelly certainly provides the most efficient source.132

UCMSC appear to have a higher proliferative capacity 
and life span in culture than MSC from adult tissues.133,134 
Differences in the differentiation potential between UCMSC 
and BMMSC are still controversial, probably because of the 
poor insight provided by these assays.133,135,136 At transcrip-
tome analysis, MSC from the two sources display differ-
ent gene expression profiles,137 with a dominant osteogenic 
profile in BMMSC and a prevalent expression of IL-1 and 
TNF alpha in UCMSC.138,139 Despite their equivalent dif-
ferentiation potential and comparable proliferative proper-
ties,140 the gene expression profiles of UCMSC obtained 
from UCB or Wharton’s jelly are different.141 Such hetero-
geneity seems to be a constant feature of MSC preparations, 
regardless of their tissue of origin. Different culture condi-
tions such as seeding density, duration of in vitro expansion, 
and culture supplements affect surface protein expression, 
clonogenicity, capacity to differentiate, and immunomodu-
latory functions.142–147

It is not known whether the heterogeneity in MSC clini-
cal preparations has an impact on the clinical use of the 
cells. It is possible that different tissues harbor different 
subsets with varying properties. Alternatively, the different 
fractions obtained from distinct tissues might respond dif-
ferently to different stimuli, thus explaining why MSC of 
different tissue origin respond differently when exposed to 
a specific in vitro stimulation. This latter possibility is sug-
gested by the recent observation that MSC from fetal lung, 
fetal bone marrow, adult adipose tissue, or adult bone mar-
row migrate in response to different stimuli. In this study, 
the tissue of origin, rather than donor age, determined the 
migratory pattern of MSC.148 Therefore, a more precise 
understanding of the mechanisms behind MSC therapeutic 
activity will be crucial to choose the best source or subset 
for the treatment of specific conditions.

2.2  MSC as a Therapeutic Tool and MSC 
Immunobiology

Like Treg cells, MSC mediate potent immunosuppressive 
and immunoregulatory effects on virtually any type of 
adaptive and innate immune responses. MSC nonselectively 
and nonspecifically suppress CD4+ and CD8+ T-lympho-
cytes independently of whether they are naïve or antigen- 
experienced and their effect is not MHC-restricted. They 
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are able to modulate the activity of NK-cells and inhibit 
B-cell terminal differentiation and dendritic cell maturation 
and functions. Notably, the immunosuppressive activity of 
MSC can be mediated by both autologous and allogeneic 
MSC.149 A fundamental concept underpinning MSC immu-
nobiology is their plasticity. MSC are not constitutively 
inhibitory, but they deliver immunosuppressive functions 
only after being exposed to an inflammatory environment 
that “licenses” these properties.114 Although MSC immu-
nosuppressive function is elicited in the presence of some 
typical inflammatory cytokines such as interferon-γ (IFN-
γ),150,151 interleukin-1β, and tumor necrosis factor-α,152 not 
all types of inflammation have the same effect. Indeed, MSC 
can acquire antigen-presenting functions in the presence of 
particular concentrations of IFN-γ.114,153,154 Moreover, the 
immunosuppressive properties of MSC are impaired by 
Toll-like receptor 4 stimulation.155

UCMSC show potent immunosuppressive properties 
in many in vitro assays with a magnitude similar136,156 or 
higher than those of BMMSC.157 Whether these in vitro 
observations may mirror a difference in the clinical potency 
of MSC from different sources is still unknown. There is 
now consensus that, at least in vitro, the secretion of soluble 
factors is a fundamental means by which immunomodu-
lation is delivered. Probably the most important mecha-
nisms involve essential amino acid metabolism through the 
engagement of different molecules such as indoleamine-
2,3-dioxygenase,158 transforming growth factor beta 1, 
hepatocyte growth factor, prostaglandin E2 (PGE2), and 
soluble human leukocyte antigen G (HLA-G).159,160 Inter-
estingly, these pathways are shared by other cell types like 
macrophages, MDCS, fibrocytes, and even epithelial cells 
in response to viral infections. Therefore, it is plausible that 
different tissue sources and/or different cell subsets may not 
necessarily impact on the immunomodulating activities but 
for a better response to the environmental cues. In this con-
text, the use of MSC from UC could provide a step forward 
not only because of the ease by which the cells are isolated 
and expanded, but also because younger and/or more imma-
ture cells are likely to display a wider and prompter reper-
toire of effector molecules. By way of an example, UCMSC 
do not express TLR-4161—the stimulation of which impairs 
MSC immunosuppressive function—thus making them 
particularly useful in the treatment of patients with Gram-
negative sepsis.162

A crucial issue regarding the use of MSC as therapeu-
tic agents relates to their postinfusion fate. It has been 
widely documented that most of the injected MSC are first 
trapped in lungs, with very few cells reaching the liver and 
the spleen afterward, and only traces capable of reaching 
the remaining organs thereafter.163–166 Whether the migra-
tion to the sites of tissue injury or inflammation could 
impact the therapeutic efficacy of MSC is still unknown.167 
Apart from the large cellular size,168,169 the repertoire 

of adhesion molecules expressed by MSC is likely to 
play a crucial role in lung retention. Consistently, MSC 
expressing higher levels of podocalyxin-like protein and  
α6-integrin (CD49f) aggregated less in vitro when incu-
bated in suspension at room temperature. These MSC are 
less likely to produce lethal pulmonary emboli and display 
a more efficient engraftment in injured heart with a longer 
in vivo survival.144 Furthermore, the expression of higher 
levels of CD49f in UCMSC than BMMSC from adults 
has been recently associated to a faster clearance from the 
lung,170 thus suggesting a potentially more efficient migra-
tory profile.

MSC have been shown to express HLA and costimula-
tory molecules (CD40, CD80, or CD86) at very low lev-
els, and this is consistent with their ability to escape from 
the recognition of alloreactive lymphocytes in vitro.171 
Furthermore, the therapeutic efficacy of third-party MSC 
across the MHC barrier both in animal models172,173 and in 
humans172,174–176 has been interpreted as a proof-of-principle  
of MSC immune privilege. Despite these observations, 
MSC can be induced to express MHC class II in the pres-
ence of low dose of IFN-γ154 and act as antigen-presenting 
cells rather than being immunosuppressive.153 Further-
more, it has been also observed that allogeneic MSC can 
be rejected after infusion with the consequent generation of 
memory T-cells.177–179 However, the therapeutic activity of 
MSC was conserved also after rejection.178 This observa-
tion, supported by the absence of any correlation between 
treatment response and MSC engraftment180 and the simi-
lar therapeutic efficacy between third-party, haploidentical, 
or MHC-compatible MSC,181 suggests a dispensable role 
of the “immunoprivileged” status of MSC for the deliv-
ery of therapeutic activity. However, it is conceivable that 
MSC survival could play a decisive role in some clinical 
settings, as inferred by the observation that murine MSC 
encapsulated in alginate beads persist longer and improve 
the survival of mice in an experimental model of GvHD182 
as compared to control intravenously infused MSC. In the 
absence of conclusive evidence supporting the superiority of 
autologous versus allogeneic MSC, the logistic of preparing 
off-the-shelf reagents is far more attractive than the choice 
of autologous cells and is therefore the preferred selection 
in most studies. While third-party MSC can be stocked 
and be available on demand, the autologous product is not 
feasible for acute indications because of the long period 
of time required to generate a sufficient therapeutic dose. 
Notably, in aging individuals MSC might be intrinsically 
impaired either for their ability to expand and/or in particu-
lar functions and therefore would be limited for therapeutic  
applications.143,183,184

Furthermore, some diseases are also associated with 
qualitative alterations of MSC, and it cannot be excluded 
that such alterations could hinder their therapeutic efficacy 
or facilitate the relapse of the primary disease.185–187
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2.2.1  MSC for HSC and Solid Organ 
Transplantation

Supported by the observation that MSC are able to produce sol-
uble signals and cytokines that support hematopoiesis,188,189 
Koc et al. first reported that autologous BMMSC coinfused 
at the time of HSCT had a positive impact on hematopoietic 
recovery.190 This seminal finding has prompted further stud-
ies that confirmed the ability of MSC in supporting hemato-
poietic engraftment.191–197 Such properties may provide an 
advantage when considering that pretransplant conditioning 
regimens could lead to damage of the hematopoietic niche, 
potentially delaying hematopoietic recovery. Consistent with 
this, MSC can prevent graft failure.195,198 These initial stud-
ies performed using BMMSC have been confirmed with 
MSC sourced from UC.130,125 Furthermore, their efficacy has 
been recently demonstrated in humans. In their study, Wu 
et al. cotransplanted in vitro-expanded UCMSC in 50 people 
with refractory/relapsed hematologic malignancy undergo-
ing haplo-HSCT with myeloablative conditioning. They 
observed a median time to neutrophil and platelet engraft-
ment of 12 and 14 days posttransplant, respectively, and 66% 
estimated a 2-year disease/progression-free survival rate.199 
The same group has recently shown a reduced risk of graft 
failure in a cohort of 21 patients with severe aplastic anemia 
treated with the administration of UCMSC at the same time 
of haplo-HSCT without T-cell depletion.200

Although all these findings seem very promising, discor-
dant results have also been published, with no improvement 
in the kinetics of HSC engraftment after MSC infusion.201,202 
These data suggest that, while MSC infusions are safe, the 
efficacy of the treatment needs to be further confirmed. One 
of the factors to be taken into account is the underlying 
mechanisms of disease, whereby the therapeutic effect of 
MSC in the improvement of engraftment may prominently 
be related to the capacity of MSC to reset the hemopoietic 
niche through an immunomodulating activity. Furthermore, 
concomitant therapies or different conditioning regimens 
at the moment of MSC administration may grossly affect 
therapeutic efficacy by changing the “licensing” cues in the 
patient inflammatory microenvironment.

One of the first observations supporting the use of third-
party MSC as a therapeutic immunomodulating tool was 
the observation that the infusion of BMMSC prolonged 
the survival of skin allografts in baboons.203 Since then204 
a fairly large number of patients undergoing solid organ 
transplantation have been treated with MSC, showing a 
protective effect against graft rejection. In the only random-
ized clinical trial performed, 159 patients receiving living 
donor kidney transplant were enrolled to assess the role of 
MSC treatment as a replacement for the standard anti-IL-2 
receptor antibody induction therapy. Fifty-three and fifty-
two patients received MSC in association with standard or 
reduced dose of calcineurin inhibitors (CNIs), while fifty-
one patients in the control group were treated with anti-IL-2 

receptor antibody plus standard dose of CNIs. The use of 
MSC (irrespective to the CNIs dose) resulted in a lower 
1-year incidence of acute rejection, a faster recovery of 
renal graft function during the first month posttransplant, 
and a better estimated renal function at 1 year.205

While most of these studies showed that MSC infusions 
seem to promote graft survival, only few data have been pub-
lished regarding the effect of MSC treatment in halting an 
ongoing allograft rejection,206 and the use of MSC in this 
clinical setting needs further confirmation with larger studies.

2.2.2  UCMSC and GvHD Therapy

For ethical reasons, the first studies testing MSC-based 
treatments were carried out in severe inflammatory con-
ditions like GvHD. Several studies have been published 
regarding the use of MSC for the treatment of steroid-
resistant a GvHD. The results of the first clinical studies 
have been extremely encouraging with overall response 
rates up to 60% and 70% in adults and children, respec-
tively.181,207 Most importantly, patients who experienced a 
complete response to MSC treatment showed a higher over-
all survival when compared to patients with partial or no 
response.181,208,209

The number of BMMSC infused in the clinical studies 
reported to date has ranged from 4 × 105 to 1 × 107 per kg 
body weight,181,194 with no significant correlation between 
the dose of MSC received and the clinical outcome. One, 
two or more infusions have been administered with no obvi-
ous pattern in respect to the outcome. For example, some 
patients responded only to the second infusion, whereas oth-
ers failed to respond after multiple infusions.181 Although 
most of these studies used BMMSC, it is becoming evi-
dent that also UCMSC can represent a valid and effective  
alternative.157,210

Despite the fairly large overall total number of patients 
treated with MSC among the several studies, the majority of 
each study was a pilot or simply a case report.202,207,211–221 
The larger published studies181,210,222 were phase II trials 
without randomization and placebo control groups. The 
only phase III trials were two commercially driven studies 
carried out in 2009. While in one study BMMSC were tested 
as first line in association with steroids in 192 patients with 
aGvHD, in the second BMMSC were tested in 260 patients 
with steroid-resistant aGvHD. The results—unfortunately 
never published but in abstract form—did not show any 
statistically significant superiority on survival in the MSC 
group, but the study design and in particular the criteria for 
patient recruitment were poor. Therefore, no definitive con-
clusions can be drawn in terms of efficacy of MSC therapy 
and demonstration of a beneficial effect from MSC in a 
large placebo-controlled trial is still needed.

However, the evidence that MSC can be effective (dis-
ease remission) in such a severe disease is compelling 
and with at least 50% response rate as per our and other 
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experiences.223 In order to improve response rates and 
durability of this treatment modality, the next important 
step is to identify the conditions associated with therapeu-
tic efficacy. Important information will be gathered by a 
better standardization of MSC preparations and by identi-
fying the best timing for intervention. Currently, there are 
no promising tools to develop the first aspect because no 
significant correlation has ever been made between MSC 
donor/preparations and clinical responses181 (Galleu et al., 
MS in preparation). Furthermore, MSC from different 
tissues seem to be similarly effective at least in preclini-
cal models.181,210,215,216,222 The only factor that seems to 
impact on therapeutic efficacy is MSC aging in cultures: 
early culture passages exhibiting a superior outcome than 
late ones.223

Focusing on the inflammatory environmental cues pres-
ent at the time of MSC infusion appears to be a more pro-
ductive strategy. The importance of the “licensing” step is 
not only supported by in vitro data as already discussed, but 
seems to be confirmed by the observation that, in contrast to 
the general efficacy of MSC for active GvHD, the prophy-
lactic approach at time of transplantation, before any sign of 
GvHD, does not appear to reduce the development of acute 
or chronic GvHD.191 Despite the very limited experience, 
the lack of efficacy in chronic GvHD is consistent with this 
notion.224,225

2.2.3  UCMSC and Other Disorders 
Characterized by Immune-dysregulation

Thanks to their immunomodulating properties and the 
aforementioned activity in hampering GvHD, MSC are 
now being considered for treatment of other inflammatory 
diseases. Several studies have been performed in the last 
few years and the results published so far seem to confirm 
the potential of this therapeutic option in diseases such 
as Crohn’s disease, systemic lupus erythematosus (SLE), 
multiple sclerosis, rheumatoid arthritis, or T1D.226,227 The 
use of UCMSC in this field is quite recent and most of 
the promising data come from preclinical models;228–230 
thus the reproducibility and clinical significance of these 
findings remain to be confirmed. However, the first clini-
cal trial using UCMSC for the treatment of SLE was pub-
lished in 2010. In their study, Sun et al. treated 16 patients 
with severe and treatment-resistant SLE and reported a 
significant reduction of disease activity in all patients with 
improvement of renal function, increase in peripheral Treg 
cells, and a reestablished balance between Th1- and Th2-
related cytokines.231

3.  CONCLUSIONS

UC tissues offer a great opportunity for immune-based 
regenerative medicine because of the enormous logistic 
advantages. The efficient provision of immunomodulatory 

reagents, like MSC and Treg cells, makes UC an attractive 
tissue to both commercial and academic health-care enter-
prises. In this chapter we have provided an overview of the 
advances achieved in the field of inflammatory disorders 
by the clinical use of Treg and MSC. These strategies have 
been demonstrated to exhibit a very safe profile. By way of 
an example, a recent and extensive meta-analysis of more 
than 1000 patients treated worldwide with MSC for different 
conditions has extensively documented the lack of significant 
toxicity.232 However, much work is still required to improve 
clinical results, including the identification of the best pro-
tocols to isolate and expand the cells, the development of 
a predictive potency assay, and finally the key question of 
patient stratification. A structured approach to tackle these 
questions will pave the way to maximize modalities to har-
ness UC tissues and deliver novel and effective therapeutic 
tools. Inflammatory disorders are a huge financial burden on 
society, and the optimization of these new tools will have a 
profound impact on health care and quality of life.
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1.  INTRODUCTION

Approximately 30% of patients who present for allogeneic 
stem cell transplant for treatment of underlying disease 
will have a matched sibling donor. The National Marrow 
Donor Program (NMDP) began connecting patients with 
unrelated donors in 1987 with a registry of 10,000 volun-
teers. Currently, this has grown such that the NMDP and 
its cooperative international registries have 16 million 
unrelated volunteer donors.1 It is estimated that through 
the NMDP and its cooperative registries approximately 
60% of Caucasian patients, but only 20–45% of African–
American and other non-European minority patients, will 
be able to find a suitably matched unrelated donor (MUD) 
and proceed to transplant.2 Therefore, there remain an esti-
mated 5000 patients per year who are candidates for alter-
native donor transplants. The options for stem cell source 
for these remaining patients include mismatched-related 
(often haploidentical) donors, umbilical cord blood (CB) or  
mismatched-unrelated donors (MMUD).

CB has emerged as an alternative source of hemato-
poietic stem cells (HSCs)3 since the first human CB trans-
plantation (CBT) was performed in 19884 to successfully 
treat a child with Fanconi anemia. The field has grown 
rapidly by expanding on the success in pediatric CBT pio-
neered by Drs Kurtzberg, Gluckman, Wagner, Broxmeyer, 

and others.5,6 By 2011, more than 25,000 CBTs have been 
performed worldwide and more than 600,000 CB units 
have been collected by the network of public CB banks 
that have been established around the world.7 CB is a rap-
idly available stem cell source and adequately matched 
grafts can be identified for diverse non-European patient 
populations.2

The many advantages of CB compared with the use 
of bone marrow (BM) or mobilized peripheral blood pro-
genitor cells (PBPCs), which make it a desirable source of 
hematopoietic stem cells, include the relative ease of pro-
curement and lack of donor attrition, as well as the ability 
to process, cryopreserve, and bank the donor CB cells long 
term.8 Other advantages include ease of collection with 
little to no risk to the mother or newborn, prompt availabil-
ity with patients receiving CBT in a median of 25–36 days 
earlier than those receiving unrelated BM,9 low risk of 
infection transmission, decreased stringency of human 
leukocyte antigen (HLA)-matching requirements given 
the immunologic naivety of the CB cells and the relatively 
lower risk of graft-versus-host disease (GVHD) as com-
pared to BM and peripheral blood stem cell (PBSC) grafts 
with preserved graft-versus-malignancy effects. In contrast 
to BM or PBPCs that generally require a high degree of 
HLA match between donor and patient,10 the requirement 



142 SECTION | III Cord Blood Cells for Clinical Use

for HLA match is less stringent with CBT. The reduced 
incidence of GVHD with partially HLA-mismatched CB 
is likely due to the lower numbers of T cells and the rela-
tively immunologically naïve status of the lymphocytes in 
units of CB.11 The tolerance of a partial HLA-mismatch 
increases donor access to HCT particularly for non- 
European minority and mixed ethnicity patients for whom 
it is often difficult to obtain a suitably matched related 
donor (MRD) or unrelated donor, as discussed above.

The first decade of CBT was important in defining the 
total nucleated cell (TNC) and CD34+ cell dose thresholds 
required for acceptable clinical outcomes, in extending the 
use of a CB graft from related to unrelated recipients and 
extending the use of CB graft to adult patients with hema-
tologic malignancies. The lower cell dose (as compared 
to BM and PBSC grafts) was quickly identified as a criti-
cal limitation of CBT, particularly in larger pediatric and 
adult patients. CBT recipients receive, on average, 1/10th 
the number of CD34+ stem cells/progenitor cells compared 
to recipients of conventional BM grafts, and 1/20th of that 
received from a PBSC graft. This results in a significant 
delay in time to neutrophil and platelet engraftment and 
immune reconstitution, and also results in an increased risk 
of graft failure and early transplant-related mortality (TRM) 
in recipients of CBT.

The second decade of CBT was marked by improved 
outcomes. Outcomes were particularly improved in adult 
recipients of CBT as knowledge of the critical cell dose 
threshold requirements led to improved CB collection, 
cryopreservation, and banking of units, and therefore the 
availability of units with higher cell doses. Improvements 
in supportive care and optimization of conditioning regimen 
also contributed to the improved outcomes. Initial reports 
were published showing outcomes for recipients of CBT 
comparable with conventional donors.12–14 Finally, the use 

of double cord blood transplant (dCBT) was pioneered and 
importantly demonstrated a significant reduction in the risk 
of graft failure. This extended the access to HCT, with CB 
donors for almost all patients in whom a suitable adult donor 
could not be identified.15 CB is currently an accepted source 
of allogeneic hematopoietic stem cells. Figure 1 presents 
the growth in the number of marrow, PBPC, and CB trans-
plants facilitated by the NMDP worldwide in pediatric and 
adult patients over time. Unfortunately, as will be discussed 
below, dCBT has not resulted in faster neutrophil recov-
ery or immune reconstitution, with TNC and CD34+ cell 
dose remaining one of the major limitations associated with 
the use of CBT. The establishment of dCBT has, however, 
extended access to patients in which a single unit would 
not have been acceptable. Critically, dCBT has allowed for 
significant progress in the area of CB graft engineering, par-
ticularly in ex vivo expansion, as the double unit platform 
allows for manipulation of one unit as well as the ability to 
track both units in vivo.

2.  CB TRANSPLANTATION IN PEDIATRIC 
PATIENTS

Although several studies have demonstrated a benefit of CBT 
in children with hematological malignancies,16–21 the first 
prospective, multicenter trial of CBT in 191 pediatric patients 
with hematologic malignancies was reported by Kurtzberg 
et al. on behalf of the Cord Blood Transplantation Study 
(COBLT).22 Despite 77% of the study recipients having high-
risk disease, the overall survival (OS) of the study population 
was 57.3% at 1 year posttransplant. These results compared 
favorably with those published from registry and single center 
data showing disease-free survival (DFS) of 50–60% in early 
stage and 10–30% with more advanced and active disease. A 
landmark study was reported by Eapen et al.23 on behalf of 

FIGURE 1 In 2012, the NMDP facilitated 
nearly 1200 cord blood transplants, which repre-
sents 20% of the total number of NMDP trans-
plants in that year.
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The Center for International Blood and Marrow Transplant 
Research (CIMBTR), comparing the outcomes of 503 children 
(age < 16 years) with acute leukemia who were transplanted 
with 4–6/6 HLA-matched CB with outcomes of 282 7–8/8 
HLA-MUD BM recipients. In this study, CB compared favor-
ably to the “gold standard” of 8/8 allele matched unrelated BM, 
thus supporting the use of HLA-matched or -mismatched CB in 
children with high-risk acute leukemia without MRD. Notably, 
the recipients of one antigen-mismatched CB units with a lower 
cell dose engrafted at a rate similar to recipients of two antigen- 
mismatched units, whereas one antigen-mismatched CB units 
with a higher cell dose had superior engraftment. This indi-
cates that cell dose partially compensated for the degree of 
HLA mismatch.

The use of CBT has been evaluated for the treatment of 
metabolic diseases, hemoglobinopathies, and immune defi-
ciencies in children.24–28 Kurtzberg et al. have pioneered the 
use of CBT with preliminary very encouraging results in 
children with inherited metabolic disorders,24,29 including 
Krabbe’s disease and Hurler’s syndrome. The Center for Inter-
national Blood and Marrow Transplant Research (CIBMTR) 
registry studies have also demonstrated acceptable outcomes 
following CBT in patients with severe combined immune 
deficiency when compared with other donor sources.30

3.  CB TRANSPLANTATION IN ADULT 
PATIENTS

The first large series of adult recipients of CBT was reported 
by Laughlin et al.31 in 2001. This analysis of 68 heavily pre-
treated patients with advanced hematologic malignancies 
demonstrated the feasibility of performing CBTs following 
myeloablative conditioning (MAC) in adult patients, with 
an event-free survival (EFS) of 26%. Similar to that which 

was described in the pediatric series, a higher cryopreserved 
nucleated cell dose (≥2.4 × 107/kg) was associated with faster 
rate of and higher probability of neutrophil recovery. Addi-
tionally, a higher cryopreserved CD34+ cell dose (≥1.2 × 105/
kg) was associated with a better EFS rate. Neither patient age 
nor HLA matching appeared to influence EFS in this study. 
Cornetta et al.32 subsequently reported a 30% 6-month sur-
vival rate for the COBLT prospective study involving 34 adult 
patients (median age 34) who received MAC for advanced 
malignancies. Since that time results following CBT have 
improved. Two large registry studies compared disease out-
comes for adults after CB or unrelated BM transplantation 
with MAC. Rocha et al. observed similar DFS, TRM, and 
relapse incidence, despite delay of engraftment in CB recipi-
ents with acute leukemia who received MAC when compared 
to results in recipients of MUD transplants.12 Laughlin et al. 
observed higher TRM and shorter DFS with CB as compared 
to 6/6 HLA-MUD while the DFS was similar when com-
pared to 5/6 HLA-MUD.13 It is important to note that none of 
these studies compared CB with PBPC transplants.

Eurocord and the CIBMTR recently performed a study 
comparing unrelated BM (n = 472) or PBPC (n = 888) to CB 
(n = 165) HCT adults with acute leukemia.33 In this study, 
allele-level HLA typing was performed for adult donors at 
A, B, C, and DRB1 loci. Eight of eight and seven of eight 
matched donors were included. All CB units were HLA-
typed at the antigen level for the A and B loci, with allele-
level typing for DRB1. CB units matched at four of six, 
five of six, or six of six loci were included. Patients who 
received CB received a single unit containing a minimum 
of 2.5 × 107 TNC per kilogram body weight at cryopreserva-
tion. Multiple regression analyses revealed higher TRM but 
lower relapse and GVHD rates in patients who were trans-
planted with CB, which resulted in comparable DFS rates 
when compared to the other stem cell sources (Figure 2). 

FIGURE 2 The potential of cord blood graft engineering is demonstrated.
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The results of this study and others confirmed that CBT is 
feasible in adults when a CB unit can be identified with an 
adequate number of cells per kilogram, and thus CB should 
be considered a graft option for allogeneic HCT in patients 
lacking an HLA-matched donor.

4.  DOUBLE CB TRANSPLANTATION

CBT in adults was initially limited by the relatively lower 
number of progenitor cells present in a single CB unit per 
kilogram of body weight, which resulted in delayed hema-
topoietic recovery and an increased rate of engraftment. 
The search, for the majority of average-sized adults, will 
not yield a single CB unit containing the recommended 
nucleated cell dose of 2.5 × 107/kg.34 To overcome the cell 
dose limitation, Barker and the University of Minnesota 
investigators pioneered the use of dCBT. These researchers 
explored the practice of sequentially infusing two CB units, 
rather than one unit, following MAC therapy.15,35 They 
initially reported the safety and feasibility of dCBT in 21 
adults with hematological malignancies after MAC HCT.15 
The outcomes were encouraging with all patients engrafting 
neutrophils at a median of 23 (range, 15–41) days posttrans-
plant. By day 21 in the majority of the patients, only one of 
the two CB units infused was detected on molecular analy-
sis. This unit would go on to be responsible for long-term 
hematopoiesis in those patients. In other studies, dominance 
of the engrafting or “winning” unit as early as day 12 has 
also been reported.36,37 Ramirez et al. demonstrated that  
in the myeloablative setting, CD3+ cell dose was the driving  
factor associated with unit dominance, but in the non- 
myeloablative setting, CD3+ cell dose and HLA match were 
independent factors associated with unit predominance.38 
To investigate dCBT biology, Eldjerou et al. established 
in vitro and murine models using cells from 39 patient 
grafts. Mononuclear cells and CD34+ cells from each unit 
both alone and in dCBT combination were assessed for 
multilineage engraftment in NOD/SCID/IL2R-γnull mice. 
MNC dCBT demonstrated single-unit dominance that cor-
related with human clinical engraftment in 18 of 21 cases 
(P < 0.001). Unit dominance and clinical correlation were 
lost with CD34 selected dCBT, but add-back of CD34− 
cells restored unit dominance with the dominant unit cor-
relating with human engraftment. The authors postulate 
that unit dominance is an in vivo phenomenon that is likely 
associated with a graft-versus-graft immune interaction 
probably mediated by CD34− cells.39 However, the biologi-
cal mechanisms responsible for single-donor predominance 
after dCBT remain incompletely understood and are under 
investigation by many groups.

Another limitation of dCBT is the higher incidence of 
acute GVHD. MacMillan et al.40 reported a higher rate 
of grade II-IV acute GVHD in recipients of dCBT (58%, 
n = 185) compared to recipients of single CB units (39%, 

n = 80). This was determined to be due to an increased rate 
of grade II skin GVHD. The rates of grade III-IV GVHD 
were the same for both groups; however, the 1-year TRM 
was significantly lower after dCBT in comparison to single 
CBT (24% vs 39%).

In a study of 104 adult patients with lymphoid malig-
nancies, Rodrigues et al.41 reported a significantly lower 
risk of relapse at 1 year after dCBT in comparison to single 
CBT (at 13% vs 38%, respectively). A study prospectively 
comparing single versus double CBT (assignment of single 
versus double was based on the cell dose of the largest unit) 
was recently conducted in adult patients and confirmed pre-
vious reports of a lower relapse rate after dCBT versus sin-
gle CBT (30.4% vs 59.3%).42 The possible enhancement of 
graft versus malignancy may be due to greater alloreactivity 
when two CB units are infused, but this finding requires 
confirmation and further mechanistic studies, both of which 
are underway.

The University of Minnesota in collaboration with the 
Fred Hutchinson Cancer Center43 reported the risks and 
benefits of dCBT (n = 128) relative to those observed after 
transplantations with MRD (n = 204), MUD (n = 152), or  
1-antigen-MMUD (n = 52) after MAC in leukemia patients. 
The risk of relapse was significantly lower in recipients of 
dCBT (15%) compared with MRD (43%), MUD (37%), 
and MMUD (35%) transplant recipients. However, TRM 
was higher for dCBT (34%) compared with MRD (24%) 
and MUD (14%) transplant recipients. DFS after dCBT 
was comparable with DFS following MRD and MUD 
transplantation, supporting the use of two partially HLA-
matched CB units when donor search does not reveal an 
HLA-matched donor. Whether dCBT is preferable to  
single CBT, when the cell dose in one unit is acceptable, 
is not known. The Blood and Marrow Transplant Clinical 
Trials Network (BMT-CTN) 0501 study (Clinical Trial # 
NCT00412360) randomized 224 children with acute leu-
kemia to single versus double CB for MAC HCT. The 
results demonstrated no difference in day 42 neutrophil 
engraftment (89% in recipients of single unit CBT vs 86% 
in recipients of dCBT), no difference in 2 year posttrans-
plant relapse rate (13% vs 14%), and no difference in DFS  
(68% vs 64%) between the two arms.44 However, the 
authors conclude that dCBT remains useful in the instance 
where an adequately sized single unit is not available, such 
as is often the case in adult patients.

Double CBT is now commonly used in the adult setting to 
achieve an adequate cell dose and has dramatically increased 
access to HCT for adult and larger pediatric patients who 
do not have an adequately sized single CB unit available. 
However, despite doubling the cell dose with this approach, 
the median time to neutrophil recovery has not been signifi-
cantly impacted, with a median time to neutrophil recov-
ery of 26 days after a MAC regimen.43 TRM was higher in 
dCBT recipients when compared to recipients of matched and 
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MMUD, with the majority of the TRM occurring within the 
first 100 days posttransplant. Analysis of the risk factors for 
TRM among dCBT recipients revealed a higher likelihood 
of TRM in patients with delayed myeloid recovery (time to 
ANC > 500/μL) if the recovery was ≥26 days which is the 
median time to engraftment in dCBT recipients. Thus, the sig-
nificant delay in neutrophil recovery that is observed in CBT 
recipients remains a critical barrier to successful outcomes in 
the CBT setting which could be overcome by clinically fea-
sible ex vivo expansion of CB hematopoietic stem and pro-
genitor cells and enhanced CB homing, as discussed below.

5.  CB TRANSPLANTATION AFTER REDUCED 
INTENSITY REGIMENS

The development of reduced intensity conditioning (RIC) 
regimens was particularly important in extending HCT 
transplantation to adults. Barker et al. reported that a regi-
men containing fludarabine, cyclophosphamide, and low-
dose total body irradiation (TBI)45 was well tolerated with 
rapid neutrophil recovery, a sustained donor engraftment 
rate of 94%, and a low incidence of TRM. Additionally, 
Ballen et al. used an RIC regimen of fludarabine, melpha-
lan, and rabbit antithymocyte globulin and reported a 1-year 
DFS of 67%.46 Rocha et al., on behalf of the Eurocord Reg-
istry, also reported similar results using an RIC regimen of 
fludarabine, endoxan, and TBI with a 1-year TRM of 24% 
and DFS of 50%.47 Multiple studies have subsequently been 
conducted with results that support the use of RIC CB trans-
plant in patients who would not be able to tolerate more 
intensive preparative regimens.35,42,46–54

CIBMTR compared the outcomes in adult patients with 
acute leukemia who were transplanted with dCBT (n = 161) 
and 8/8 (n = 313) or 7/8 HLA-matched (n = 111) PBPCs 
after RIC regimens between 2000 and 2009.54 This analy-
sis demonstrated comparable outcomes following dCBT if 
patients underwent conditioning therapy with TBI 200 cGy, 
cyclophosphamide, and fludarabine (TCF). Higher TRM 
and lower OS and DFS were observed in recipients of dCBT 
treated with alternative regimens. The authors note that 
TRM was not significantly different after dCBT with TCF 
and PBPC transplantations despite the slower neutrophil 
recovery with dCBT. Further, it was noted that the risk of 
relapse was not different between stem cell sources after RIC 
HCT, this is in contrast to the lower relapse incidence with 
dCBT in patients with acute leukemia following an MAC.43 
These results, along with single center studies supporting 
the use of RIC dCBT demonstrate that this approach should 
be considered a strategy for broadening the application of 
transplant therapy to patients with hematologic malignan-
cies who might have been previously excluded based on age, 
co-morbidities, and the absence of an HLA-MUD.

BMT-CTN completed two parallel phase 2 trials 
studying RIC alternative donor HCT in order to study the 

reproducibility and the wider applicability of the above 
described results after RIC dCBT and compare them with 
HLA-haploidentical related donor marrow.55 Fifty patients 
were treated in each study. All patients received an RIC 
conditioning regimen of fludarabine, cyclophosphamide, 
and low-dose TBI. TRM was significantly higher following 
dCBT (24% for CB vs 7% for haplo). However, the relapse 
rate was significantly higher following haplo-HCT (31% 
for CB vs 45% for haplo). The 1-year DFS was comparable 
at 46% for CBT and 48% for haplo-HCT. It is notable that 
the outcomes were analyzed at one year posttransplant and 
some speculate that with longer follow-up the differences in 
relapse following haplo-HCT may affect the OS.

An alternative to high-dose MAC or nonmyeloablative 
conditioning regimens has been proposed by Ponce et al.56 
This reduced intensity but still myeloablative regimen, evalu-
ated in 30 adult patients with acute leukemia or myelodys-
plasia, consisted of cyclophosphamide 50 mg/kg, fludarabine  
150 mg/m2, thiotepa 10 mg/kg, and 400 cGy of total body irra-
diation with cyclosporine-A/mycophenolate mofetil immu-
nosuppression. Ninety-seven percent of patients engrafted 
by a median of 26 days and platelet engraftment was 93% by  
day 180. TRM was 20% at day 180, relapse was 11% at 
2 years posttransplant, and 2-year DFS was 60%. This regimen  
represents a potential alternative to high-dose MAC regimens 
in younger adult patients.

6.  CB GRAFT MANIPULATION

Ex vivo expansion of CB stem cells and progenitor cells to 
enhance CB engraftment is an area of CB graft engineering 
that currently is under clinical investigation. As a means of 
overcoming the issues of delayed immune reconstitution in 
CBT recipients, the generation of immunotherapy from CB 
grafts is under active investigation both preclinically and 
now in the clinic with the generation of multivirus-specific 
cytotoxic T lymphocytes for treatment of viral infections. 
As relapse remains a significant obstacle to overcome for 
patients undergoing HCT for hematologic malignancy, the 
ex vivo expansion of CB-derived T cells that are geneti-
cally modified to express CD19 or CD20 CARs to prevent 
relapse and the ex vivo generation of increased numbers of 
CB-derived NK cells as a means of better disease control 
will be discussed. In the future it may be possible to manip-
ulate a single unit of CB based on the individual’s greatest 
risk factors, with generation of specific cell types as clini-
cally appropriate (Figure 2).

7.  CB STEM CELL AND PROGENITOR 
CELL EXPANSION TO ENHANCE 
ENGRAFTMENT

The low total cell and stem cell dose provided by a sin-
gle or double CB graft results in a significant delay in 
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hematopoietic recovery and increased risk of primary graft 
failure, especially in adult patients. There are now multiple 
strategies under clinical investigation aimed at overcom-
ing this hurdle in the use of CB grafts. These strategies 
focus primarily on methods to increase the cell dose of a 
CB graft. Strategies include the transplantation of two CB 
units as discussed above,15 ex vivo expansion of CB units,57 
direct intra-BM injection of CB cells,58 coinfusion of a CB 
unit with a haploidentical T cell-depleted graft, the systemic 
addition of mesenchymal stem cells,59 and the use of agents 
to enhance the homing of CB to the marrow,60 all of which 
will be discussed below.

As a way to shorten time to neutrophil engraftment 
and to reduce the rate of graft failure, ex vivo expansion 
of CB-derived hematopoietic stem cells and progeni-
tor cells is being studied by a number of investigators.  
Delaney et al. have published extremely promising results61 
using an engineered form of the Notch ligand Delta1 for 
the ex vivo generation of increased numbers of CB CD34+ 
stem and progenitor cells with the goal of reducing the 
time to engraftment. Preliminary results published in 2010 
demonstrated both the safety and clinical feasibility of this 
approach and a significant decrease in the time to neutro-
phil recovery. Updated data (Delaney, personal commu-
nication) from this ongoing study, now with 17 patients, 
shows a median time to neutrophil recovery (ANC ≥ 500) 
of 11 days compared to 25 days in a concurrent cohort of 
patients (n = 36) treated with the same conditioning regi-
men and a double CB graft. The expanded cell graft in 
this study contributed almost exclusively to initial myeloid 
engraftment observed at one week. This demonstrates the 
enhanced capacity of the expanded cells to provide rapid 
myeloid recovery. Furthermore, all but two of the evalu-
able subjects had neutrophil engraftment prior to day 21, 
independent of whether the expanded cell graft persisted 
in vivo. The unit that was expanded ex vivo underwent pos-
itive selection for CD34+ cells prior to initiation of culture 
and the negative fraction from this unit was not infused at 
the time of transplant.

Using a strategy to culture CB cells with mesenchy-
mal stem cells (MSCs)62 Robinson et al. reported a 10- to 
20-fold increase in TNC and a 16- to 40-fold increase in 
CD34+ cells. Based on these results, a clinical trial was ini-
tiated to evaluate the ex vivo coculture of CB mononuclear 
cells with either third party haploidentical family member 
marrow-derived MSCs or off-the-shelf Stro3+ MSCs from 
mesoblast (Clinical Trial # NCT00498316). The results with 
either source of MSCs were similar, with engraftment of 
neutrophils in 15 days and platelets in 42 days. In the major-
ity of patients, long-term engraftment was provided by the 
unexpanded unit. Rates of engraftment were compared in 
31 adults with hematologic malignancies who underwent 
dCBT with one of the units containing CB expanded ex vivo 
with allogeneic mesenchymal stem cells and 80 historical 

controls who received 2 units of unmanipulated CB. The 
median time to engraftment of neutrophils was significantly 
reduced in recipients of the dCBT with an expanded unit 
(a median of 15 days) versus historical controls (a median 
of 24 days). The median time of platelet engraftment was 
also significantly reduced at a median of 42 days (median 
of 49 days in historical controls).63 These results provide 
the rationale for the prospective multinational randomized 
trial currently underway comparing unmanipulated dCBT 
with dCBT where one of the units will be expanded in MSC 
cocultures.

Unlike the previous two studies that utilize a double CB 
transplant platform in which one unit is manipulated and 
one ex vivo expanded, a trial in which a fraction of a sin-
gle CB unit was ex vivo expanded using growth factors in 
conjunction with a copper chelator TEPA64 was sponsored 
by Gamida Cell Ltd. Preliminary analysis revealed faster 
engraftment and improved survival compared to historical 
control recipients of single CBT reported to the interna-
tional registries.57 A more definitive analysis of this data is 
in progress.

In other preclinical studies by this group, CB-derived 
CD34+ cells cultured ex vivo with growth factors (stem cell 
factor, thrombopoietin, interleukin-6, and FMS-like tyro-
sine kinase 3) and nicotinamide (pyridine-3-carboxamide) 
displayed increased migration toward SDF-1 and enhanced 
homing to BM compared with untreated CB.65 A multi-
center pilot clinical trial led by Horwitz et al. is in progress 
to evaluate this strategy in the myeloablative dCBT setting 
(ClinicalTrial # NCT01221857). Preliminary analysis has 
revealed rapid engraftment (at a median of 10 days for neu-
trophils and a median of 30 days for platelets), with sus-
tained engraftment from the expanded unit in the majority 
of patients evaluated to date (M. Horowitz, personal com-
munication).

8.  IMPROVING CB HOMING TO BM

While delayed and failed engraftment following CBT 
are postulated to be due to low TNC66,67 and low CD34+ 
CB cell68 doses as discussed above, there is also evi-
dence that CD34+ cells found in CB may also have a 
defect in homing to the BM at transplant.69,70 Despite 
being a critical part of the engraftment process, little is 
known about the mechanisms that regulate homing of 
infused stem cells to the marrow. A promising strategy to 
improve engraftment is to correct the decreased fucosyl-
ation of CB cell surface molecules which is thought to 
be impairing homing of CB-derived progenitor cells to 
the BM.69 Using an NOD-SCID IL-2Rnull (NSG) mouse  
model,71 the impact of fucosylation on the rate and mag-
nitude of engraftment of human CB CD34+ cells was 
evaluated. Sublethally irradiated NSG mice received either 
FT-VI-treated, or untreated CB CD34+ cells intravenously 
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and human engraftment was followed in PB by perform-
ing serial retro-orbital bleeds. Samples of PB were ana-
lyzed by flow cytometry to reveal the presence of human 
(hu)CD45+ cells. The recipients of the FT-VI-treated CB 
CD34+ cells showed a more rapid and greater magnitude 
of human engraftment than mice receiving the same num-
ber of untreated human CD34+ cells.72 Long-term human 
engraftment was also followed. At 8 weeks after transplant, 
the proportion of huCD45+ cells in the PB of mice receiv-
ing FT-VI-treated CB CD34+ cells was greater than that 
found in the blood of mice receiving untreated CB CD34+ 
cells. These data suggest that while FT-VI-treatment 
increased both the rate and the magnitude of CB CD34+ 
engraftment, it did not compromise long-term engraftment. 
A clinical trial was recently opened where recipients will 
receive dCBT where one of the CB units will be fucosyl-
ated prior to infusion (Clinical Trial # NCT01471067). In 
future trials combining CB expansion with fucosylation 
may produce maximally rapid hematopoietic recovery in 
the patients.

9.  PROSTAGLANDIN AND HOMING

Prostaglandin E2 (PGE2) has also been shown to 
enhance hematopoietic stem cell homing, survival, and 
proliferation.73 Cutler et al. are currently conducting 
a clinical trial to evaluate the ex vivo treatment of one 
of two CB units with dmPGE2 prior to infusion (Clinical  
Trial # NCT00890500). After optimizing the procedure 
it appears that engraftment of neutrophils is prompt  
(at a median of 17 days), with long-term dominance of 
the dmPGE2-modulated unit documented in the majority 
of recipients.74

Broxmeyer’s group has shown that inhibition of the 
CD34+ CB cell surface protein CD26/dipeptidylpeptidase 
(DPPIV) enhanced engraftment in sublethally irradiated 
NOD/SCID mice.75,76 This group is currently conducting a 
pilot clinical trial of systemic sitagliptin, a United States 
Food and Drug Administration approved DPPIV inhibitor 
for diabetes, to evaluate the potential for enhancing engraft-
ment with the use of this drug in recipients of a single CBT 
(Clinical Trial # NCT00862719).

10.  CB IMMUNE CELLS TO IMPROVE 
OUTCOME

Several obstacles remain that are associated with CBT. 
Importantly, CBT is associated with delayed immune recon-
stitution and a higher risk of morbidity and mortality due to 
viral and other infections posttransplant. GVHD remains 
a problem particularly in the dCBT setting.40 Relapse is 
also of concern particularly in high-risk patients with per-
sistent disease prior to transplant.77 To address these major 
obstacles to widespread use of CBT, there are a number of 

exciting clinical studies in progress evaluating several dif-
ferent CB-derived immune cells in hopes of improving sur-
vival.

11.  EXPANDING MULTIVIRUS-SPECIFIC 
CYTOTOXIC T LYMPHOCYTES FROM CB

CBT is associated with significant morbidity and mor-
tality from viral infections including cytomegalovi-
rus (CMV), Epstein Barr virus (EBV), and adenovirus 
(AD).78 The susceptibility to viral infection is due to 
the antigen-inexperienced nature of CB, containing a 
higher percentage of naïve T cells compared to adult 
donor peripheral blood (PB). Virus-specific memory  
T cells confer protection against viral infections and 
reactivation, and even against relapse. Deficiencies asso-
ciated with current pharmacological antiviral agents have 
increased the BM transplant community’s interest in an 
immunotherapeutic approach to viral disorders. Adoptive 
transfer of T cells by donor lymphocyte infusions has 
been used to treat viral infection after allogeneic HSCT, 
but is also associated with the risk of GVHD. In con-
trast, peripheral blood-derived virus-specific cytotoxic  
T lymphocytes (CTL) directed to CMV, EBV, and AD 
can rapidly reconstitute antiviral immunity post-HSCT 
without GVHD.79–82 Hanley et al.83 developed a strat-
egy using AD5f35pp65-transduced CB-derived antigen 
presenting cells (APC) comprised of dendritic cells and 
EBV-transformed lymphoblastoid cell lines, to generate 
large numbers of autologous CB-derived T cells specific 
for CMV, AD, and EBV. Based on this approach, a clini-
cal trial led by Bollard et al. at Baylor College of Medi-
cine sought to evaluate whether this strategy could be 
applied to recipients of CBT. This group is testing the use 
of CB-derived multivirus-specific T cells targeting EBV, 
CMV, and AD for the prevention and treatment of viral 
infections after CBT (Clinical trial # NCT01017705). 
Obstacles that had first to be circumvented with this 
approach included the naïvety of the CB-derived T cells 
and the limited cell numbers available for manipula-
tion in the CB graft.83 Because of these challenges, only  
a few investigators have attempted to generate CMV  
and EBV antigen-specific T cells from CB in proof-of-
principle studies.84,85 However, neither approach has been  
used clinically. Bollard et al. therefore set out to develop 
a GMP compliant methodology for direct translation 
anticipating that the ability to generate virus-specific 
CTL from CB for adoptive transfer recognizing a broad 
spectrum of epitopes recognized by both CD4+ and 
CD8+ T cells would minimize the risk of viral escape 
and maximize therapeutic benefit to CBT recipients at  
risk of severe viral disease.83 Bollard et al. have opened 
a clinical trial using CB-derived multivirus-specific  
T cells for the prevention and treatment of viral infection 
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after CBT (Clinical Trial # NCT01017705). To date  
10 patients have received single CBT using the 80% 
fraction of a fractionated CB unit. All patients engrafted 
neutrophils and platelets at  < 30  or  < 60  days post CBT 
respectively. Multivirus-specific CTLs were generated 
from the remaining 20% fraction of the CB graft and have 
been infused to seven patients. Patients received the CTL 
at a median of 83 days post CBT (range 63–146 days). 
No infusion-related toxicities or GVHD were observed 
in any of the patients. With the exception of two patients, 
none developed a viral infection and all remain free of 
CMV, EBV, and AD infection/reactivation 2 months to 
2 years after CBT. One patient developed CMV reactiva-
tion early post CBT and had virus clearance following 
two infusions of CTL. This patient was also positive for 
AD antigen in his stool, which resolved without addi-
tional therapy and he remains asymptomatic and virus 
free more than 2 years following CBT. Another patient 
had detectable EBV DNA in the peripheral blood that 
was controlled without antiviral therapy. To deter-
mine the persistence of the CB CTL these investiga-
tors used deep T cell receptor sequencing by Adaptive  
Biotechnologies. T cell clones present in the infused CTL 
but not present before CTL infusion were detected up to 
1 year after CBT in all patients tested. Hence, administra-
tion of CB-derived virus-specific CTL to patients after 
CBT has so far been safe and can facilitate reconstitution 
of virus-specific T cells and control viral reactivation and 
infection in vivo.

12.  CB-DERIVED NATURAL KILLER  
(NK) CELLS

NK cells are innate immune cells that recognize “non-self” 
by the absence of class I molecules and inhibitory receptors. 
Although the proportion of NK cells in CB is similar to that of 
adult peripheral blood, the NK cells found in CB are immature 
in phenotype and function. Resting CB NK cells have been 
reported to have significantly less cytotoxicity compared to 
peripheral blood NK cells,86 but following cytokine stimula-
tion the cytotoxicity of CB NK cells can be rapidly increased 
to levels that are comparable to peripheral blood NK cells.87 
Several groups have developed methods to isolate NK cells 
from peripheral blood of healthy donors.88 However, CB-
derived products are restricted by the finite number of cells 
available for expansion. This limitation has led to the devel-
opment of NK cell expansion methods in vitro. Researchers 
have explored the use of cytokines, artificial antigen presenting 
cells, and the G-REX gas permeable device. After expansion, 
CB NK cells were noted to have cytolytic function in vitro 
against multiple hematologic tumor targets. However, whether 
ex vivo-expanded CB NK cells will be more efficacious in 
the clinical setting still remains to be tested. A Phase II trial 
using T cell-depleted dCBT with posttransplant interleukin-2 

is being conducted by the University of Minnesota investi-
gators in refractory AML patients with an aim to investigate 
the NK cell expansion and function in vivo (Clinical Trial # 
NCT01464359). Trials are also underway with the goal of 
evaluating dCBT in which a portion of one unit is used for 
expanding NK cells (Clinical Trial # NCT01619761) and 
expanded CB NK cells as an adjunct to an autologous stem 
cell transplant for patients with myeloma (Clinical Trial # 
NCT01729091).

13.  CB-DERIVED REGULATORY T CELLS

Regulatory T cells (Tregs) are a subset of CD4+ T cells 
that coexpress CD25 (interleukin-2Rα chain) and high 
levels of Foxp3,89 and are dependent on interleukin-2. 
They represent a novel CB cell-based approach for 
potentially reducing the risk of GVHD.90 Brunstein et al. 
expanded Tregs obtained from a third CB unit and infused 
them into 23 patients undergoing dCBT.91 No severe Treg-
related acute toxicities were observed, and accrual to the 
study continues with refinements in the Treg generation 
procedure.

14.  REDIRECTING SPECIFICITY OF 
CB-DERIVED T CELLS TO LEUKEMIA 
ANTIGENS

Targeting malignancies using exogenous receptors (chimeric 
antigen receptors or CARs) expressed on ex vivo-expanded 
T cells is an evolving therapy for both hematologic malig-
nancies and solid tumors.92 In recent years this approach has 
been translated to the CB setting by expanding CB-derived 
T cells that are genetically modified to express CD19 or 
CD20 CARs.93,94 A clinical trial evaluating infusion of CB 
T cells that are generated to express CD19 using the sleep-
ing beauty system95 at day 49 (±7 days) posttransplant is in 
progress (Clinical Trial # NCT01362452).

15.  CONCLUSION

CB is used increasingly as a source of allogeneic hemato-
poietic support for patients who need a transplant and do 
not have access to an HLA-matched donor. To overcome the 
limitation of low cell doses in single CB units, dCBT has 
been adopted for many patients with outcomes comparable 
to other donor sources. There are currently new strategies 
under development to improve engraftment with ex vivo 
expansion and homing, and to enhance immune reconstitu-
tion with the infusion of CB-derived NK cells and CTLs 
with antiviral and antileukemic specificities. Tregs are being 
evaluated to reduce the incidence of GVHD. Despite the 
many advantages of CB as a source of allogeneic stem cells, 
the use of CB immune cells for clinical use is still in its early 
stages. While the infusion of CB-derived multivirus-specific 
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T cells shows promise in the single CBT setting, this tech-
nology has not yet been applied in the dCBT setting. Fur-
ther, the use of CB-derived leukemia-specific T cells and 
NK cells will require extensive testing in the clinical setting 
to enable researchers to evaluate and optimize the successes 
and failures of these approaches. Nevertheless, CB-derived 
immune-based therapies ultimately have the potential to 
greatly improve the outcomes for our patients. Prospective, 
multicenter clinical trials are needed to determine the effi-
cacy of these promising technologies, both independently 
and eventually in combination.
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1.  DIABETES AND GLOBAL CHALLENGES

Diabetes is a major global health issue, with prevalence rates 
exceeding 12.1% of the population in India, 11.6% in China, 
and 8.3% in the United States.1–3 A new study reveals that 
current prevalence of prediabetes in China was 50.1% of pop-
ulation (493.4 million).3 According to a report from the Amer-
ican Diabetes Association (Philadelphia), the total number of 
Americans living with diabetes will increase 64% by 2025, 
and diabetes-related Medicare expenditures will increase 
by 72% to $514 billion/year in the United States. Moreover,  
diabetes and its associated complications (e.g., cardiovas-
cular diseases, stroke, kidney failure, and poor circulation) 
markedly decrease the quality of life, limiting the regular 
activity and productivity of individuals with the disease and 
creating significant economic and social burdens.4 Thus, it 
is a top priority to find a cure for diabetes. Clinically, there 
are two major types of diabetes such as type 1 diabetes 
(T1D) caused by autoimmune destruction of islet β cells and 
type 2 diabetes (T2D). Insulin resistance is the hallmark of 
T2D. It is widely accepted that the inability of pancreatic 

β cells to function in compensating for insulin resistance 
leads to the onset of clinical diabetes. Persistent metabolic 
stresses including glucotoxicity, lipotoxicity, chronic meta-
bolic inflammation, oxidative stress, and endoplasmic retic-
ulum stress, cause progressive dysfunction of islet β cells 
and finally lead to the cellular death and absolute shortage 
of islet β cells in long-standing T2D subjects.5 This chapter 
will focus on the treatment of diabetes by using cord blood-
derived multipotent stem cells (CB-SC), designated Stem 
Cell Educator Therapy.

1.1  Type 1 Diabetes, Pathophysiology, and 
Challenges in Clinical Management

Type 1 diabetes (T1D) is a T cell-mediated autoimmune  
disease that reduces the population of pancreatic islet β cells 
and thereby limits insulin production and glucose homeo-
stasis. Millions of individuals worldwide have T1D, and the 
number of individuals with diagnosed or undiagnosed T1D is 
increasing annually. While daily insulin injections offer some 
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control over blood sugar levels and may delay the onset of 
chronic diseases initiated by glucose dysregulation, insulin 
supplementation is not a cure. It does not halt the persistent 
autoimmune response, nor can it reliably prevent devastating 
complications such as neuronal and cardiovascular diseases, 
blindness, and kidney failure. A true cure has proven elusive 
despite intensive research pressure over the past 25 years, and 
the failure of several recent clinical trials that were based on 
preliminary success in animal models6–9 further highlights the 
challenges we face in conquering this disease. Ideally, thera-
peutic approaches to treating or curing T1D should address 
many or all of the underlying causes of autoimmunity in T1D. 
Unfortunately, the etiology of T1D remains largely unknown 
in humans. Possible triggers for autoimmunity in T1D include 
genetic, epigenetic, physical, social, and environmental fac-
tors. These factors may act independently or jointly to ini-
tiate or potentiate the development of autoimmunity.10,11 As 
is expected in conditions with multiple contributing factors, 
T1D-related dysfunction in the immune system has been traced 
to dysfunctions in multiple cell types and targets including  
T cells, B cells, regulatory T cells (Tregs), monocytes/mac-
rophages, dendritic cells (DCs), natural killer (NK) cells, and 
natural killer T (NKT) cells.12 Due to the polyclonal nature 
of T1D-related autoimmune responses and the global chal-
lenges of immune regulation in T1D patients, therapies and 
trials that only target one or a few components of the autoim-
mune response are likely to fail, just as recent trials involving 
anti-CD3 antibody for T cells and anti-glutamic acid decar-
boxylase 65 (GAD65) vaccination have failed.7–9 Successful 
therapies will likely restore immune balance and peripheral 
tolerance by addressing changes in multiple targets within the 
immune system.

1.2  Type 2 Diabetes, Pathophysiology, and 
Challenges in Clinical Management

Type 2 diabetes (T2D) is the most common type of diabetes, 
with prevalence rates exceeding 12.1% of the population 
in India, 9.7% in China, and 8.3% in the United States.1,2 
The incidence of T2D is increasing worldwide due to the 
popularization of a Western lifestyle characterized by over-
nutrition and limited exercise. Diabetes-associated com-
plications (e.g., cardiovascular diseases, stroke, blindness, 
kidney failure, and emotional stress) markedly decrease 
quality of life of T2D patients, limiting the productivity of 
individuals with the disease and creating significant eco-
nomic and social burdens. Thus, finding a cure for T2D is 
a top priority. In adults T2D has traditionally been charac-
terized by elevated fasting blood glucose and an abnormal 
glucose tolerance test without evidence of autoimmune 
destruction of pancreatic islet β cells. However, evidence 
collected over the past decade indicates that the etiology of 
T2D includes an autoimmune component that initiates an 
inflammation affecting pancreatic islet β cells,13–18 which 

provides new insight into the mechanism and potential treat-
ment of insulin resistance. These findings suggest T2D may 
be a candidate for some of the therapies in development for 
T1D, including the use of stem cell-based regeneration of 
pancreatic islet β cells and immune modulation by adult 
multipotent stem cells derived from cord blood or bone 
marrow.10,19–21 While stem cell transplantation research 
faces many technical and ethical barriers, the use of cord 
blood stem cells to modulate immune response may provide 
a more universally acceptable and feasible approach.

1.2.1  Pathophysiology of Metabolic 
Inflammation and Insulin Resistance in 
Type 2 Diabetes

Insulin, a hormone produced by pancreatic islet β cells, plays 
a key role in regulating cell metabolism, growth, differentia-
tion, survival, and homeostasis through receptors expressed 
in all tissue cells. The neuro-endocrine network controls 
insulin regulation from synthesis to release to uptake and 
action in peripheral tissues. Obesity and lack of exercise 
are associated with increased risk of insulin resistance, and 
recent evidence indicates this increased risk is due at least 
in part to adipocyte-mediated immune dysfunction and 
inflammation that may affect insulin regulation and uptake. 
Inflammatory cytokines derived from adipocytes and mac-
rophages promote the development of insulin resistance in 
T2D through c-Jun N-terminal protein kinase (JNK) and/or 
IkappaB kinase beta/Nuclear factor-kappaB (IKKβ/NF-κB) 
pathways, including changes in the levels of tumor necrosis 
factor-α (TNFα), interleukin-1 (IL-1), IL-6, IL-17, mono-
cyte chemoattractant protein-1 (MCP-1), resistin, plas-
minogen activator inhibitor-1 (PAI-1), and others.18,22–24 
Despite the complexity and multifactorial nature of T2D, 
metabolic inflammation is the most common step leading 
to insulin resistance in the disease (Figure 1). Although this 
relationship between insulin resistance and inflammation is 
a relatively recent finding, anti-inflammation therapy is rap-
idly gaining acceptance as an approach for the treatment of 
insulin-resistance in patients with T2D.15,18,25–27

1.2.2  Metabolic Abnormalities Cause Immune 
Dysfunctions in T2D

The human immune system does not normally recognize 
single glucose and/or lipid molecules as antigens unless they 
occur in glycolipids or lipoproteins capable of stimulating 
an immune response. Like other cells, cells of the immune 
system rely on insulin signaling to utilize glucose and/lipid 
as regular fuels for energy to perform their normal functions. 
Overnutrition-related hyperglycemia and/or hyperlipidemia 
cause chronic toxicity to multiple body systems including 
the immune system, and interfere with the normal response 
to insulin. The resulting oxidative stress, mitochondrial 
dysfunction, and endoplasmic reticulum (ER) stress impair 
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intracellular homeostasis and can alter both innate and adap-
tive immune responses and promote inflammation.16,28–30

Healthy pancreatic islets are protected by a specialized 
basement membrane that serves as a barrier against immune 
cells and assists in maintaining homeostasis.31,32 Studies 
using a humanized immune-mediated diabetic mouse model 
demonstrate that immune cells cannot cross the basement 
membrane into pancreatic islets unless triggered by antigen-
presenting cells (APCs).33 Donath and colleagues28 found 
infiltrated macrophages inside pancreatic islets of T2D sub-
jects. These macrophages may present islet β cell antigens 
to T cells and initiate the autoimmune responses, which 

is supported by evidence of autoimmune response in T2D 
similar to the response observed in T1D.13,14 About 10% of 
subjects with T2D are diagnosed with “latent autoimmune 
diabetes in adults” following a positive test for at least one 
of the known T1D-related autoantibodies (e.g., islet cell anti-
bodies, anti-protein tyrosine phosphatase-like protein IA2, 
anti-insulin, and GAD65).17,34 In addition to these humoral 
autoimmune responses, Ismail and colleagues reported that 
some T2D patients who test negative for islet autoantibod-
ies have T cells responsive to islet proteins in the peripheral 
blood.17 Thus, it appears that autoimmune responses contrib-
ute to the pathogenesis of T2D in some, if not all, patients.

FIGURE 1 Human cord blood-derived multipotent stem cells (CB-SC) give rise to multiple lineages in response to different physiological growth 
factors and inducers. CB-SC were isolated from human umbilical cord blood using Ficoll-Hypaque (γ = 1.077) and plated in non-tissue culture-treated 
Petri dishes in RPMI 1640 medium supplemented with 7% fetal bovine serum, with formation of a single cell-derived colony positive for leukocyte com-
mon antigen CD45 (left panel). (A) Differentiation to neuronal cell and oligodendrocyte. CB-SC were treated with 100 ng/ml NGF for 10–14 days and 
characterized with lineage markers including γ-aminobutyric acid (GABA), microtubule-associated protein (MAP) 1B, synaptophysin (Synap), sulfatide 
O4, myelin basic protein (MBP), and galactocerebroside (Galc). (B) Differentiation to cardiomyocytes. CB-SC were treated with a chemical 3 μM 5-aza-2′ 
deoxycytidine for 24 h, followed by testing with cardiomyocyte markers including nuclear transcription factor Nkx2.5, cardiomyocyte-specific α-actin, 
and troponin I. (C) Differentiation to macrophages. CB-SC were treated with 50 ng/ml M-CSF for 7–10 days and then characterized with phagocytosis of 
fluorescence beads and surface marker CD11b/Mac-1. (D) Differentiation to megakaryocytes. CB-SC were treated with 10 ng/ml TPO for 10–14 days and 
then characterized with specific marker CD41b and polyploidy nuclear (red arrow). (E) Differentiation to endothelial cells. CB-SC were treated with 50 ng/ml  
VEGF for 10–14 days, and then characterized with specific marker CD146 and incorporation of the acetylated low density lipoprotein (Ac_LDL). (F) 
Differentiation to insulin-producing cells. CB-SC were treated with 10 nM exendin-4 + 25 mM glucose for 5–8 days and characterized with markers for β 
cell marker insulin and Glut2. Isotype-matched IgG served as negative controls for every experiment. Refs 35, 10.
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2.  STEM CELLS IN CORD BLOOD

2.1  Introduction of Stem Cells in Cord Blood

Human cord blood contains several types of stem cells 
including hematopoietic stem cells (HSC), multipotent 
stem cells that have been designated CB-SC,35 mesenchy-
mal stem cells (MSC), endothelial progenitor cells (EPC), and 
monocyte-derived stem cells.36 Phenotypic characteriza-
tions of HSC, MSC, and EPC have been reviewed recently.37 
Here, we focus on the novel type of stem cells, CB-SC.

2.2  Cord Blood-derived Multipotent  
Stem Cells

CB-SC are a unique type of stem cell identified from human 
cord blood,10,35 which are different from other types of stem 
cells including HSC, MSC (Table 1), EPC, and monocyte-
derived stem cells.36 Phenotypic characterization demon-
strates that CB-SC display embryonic cell markers (e.g., 
transcription factors OCT-4 and Nanog, stage-specific 
embryonic antigen (SSEA)-3, and SSEA-4) and leukocyte 
common antigen CD45, but they are negative for blood 
cell lineage markers (e.g., CD1a, CD3, CD4, CD8, CD11b, 
CD11c, CD13, CD14, CD19, CD20, CD34, CD41a, CD41b, 
CD83, CD90, CD105, and CD133). Additionally, CB-SC dis-
play very low immunogenicity, as indicated by expression of 
a very low level of major histocompatibility complex (MHC) 
antigens and failure to stimulate the proliferation of alloge-
neic lymphocytes.35,38 They can give rise to three embryonic 
layer-derived cells in the presence of different inducers10 
(Figure 1). More specifically, CB-SC tightly adhere to cul-
ture dishes with a large rounded morphology and are resis-
tant to common detaching methods (trypsin/EDTA), making 
it easy to collect suspended lymphocytes and separate with 
CB-SC after ex-vivo coculture.35,38,39 Thus, during Stem 
Cell Educator Therapy, only the CB-SC-educated autolo-
gous lymphocytes are returned to the subjects.40

2.3  Stem Cell Educator Therapy

Based on the preclinical evidence that CB-SC possess the 
immune modulations,10,38,39,41 we have developed the Stem 
Cell Educator Therapy in clinical trials40,42,43 (Figure 2). 
Briefly, a 16-gauge IV needle is placed in the median cubi-
tal vein to isolate lymphocytes from the patient’s blood by 
using a Blood Cell Separator. The collected lymphocytes 
are transferred into the device for exposure to CB-SC, and 
other blood components are automatically returned to the 
patient.40 The stem cell educator functions as part of a 
closed-loop system that circulates a patient’s blood through 
a blood cell separator, briefly cocultures the patient’s lym-
phocytes with CB-SC in vitro, and returns the educated 
lymphocytes to the patient’s circulation.4,40 CB-SC tightly 
attached to interior surfaces in the device, and only the 

CB-SC-educated autologous lymphocytes are returned to 
the subjects. The Stem Cell Educator Therapy requires only 
two venipunctures with minimal pain, and does not intro-
duce stem cells or reagents into patients in comparison with 
other stem cell-based therapies (e.g., MSC and HSC).40 
Additionally, CB-SC display very low immunogenicity, 
eliminating the need for human leukocyte antigen (HLA) 
matching prior to treatment.10,35,38,40 Thus, these advan-
tages of Stem Cell Educator Therapy may provide CB-SC-
mediated immune modulation therapy while mitigating the 
safety and ethical concerns associated with other stem cell-
based approaches and conventional immune therapies.

2.4  Safety of Stem Cell Educator Therapy 
Compared to Other Stem Cell-based 
Immune Therapies

Our published data40 and unpublished data demonstrated 
that Stem Cell Educator Therapy was well tolerated in all 
participants with minimal pain from two venipunctures. 
Most patients experienced mild discomfort during veni-
puncture and some soreness of the arm during apheresis, 

TABLE 1 Phenotypic Comparison between CB-SCs and 
MSCs

CB-SCs MSCs

Major source Human cord 
blood

Human bone 
marrow, adipose 
tissue, placenta, 
umbilical cord

Morphology Round Spindle or 
fibroblast-like

Attaching surface Hydrophobic 
surface

Hydrophilic 
surface

Cell detachment Tightly adhered, 
resistant to 
EDTA/trypsin 
detachment

Sensitive to 
EDTA/trypsin 
detachment

Cell surface markers

Hematopoietic stem 
cell marker CD34

Negative Negative

Leukocyte common 
antigen CD45

Strongly positive Clearly negative

Thy-1 antigen CD90 Negative Positive

Endoglin CD105 Negative Positive

Immunogenicity

Class I: HLA-ABC Very low High

Class II: HLA-DR, 
DQ

Negative Negative
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but discomfort and soreness resolved quickly following the 
conclusion of the procedure.40 No participants experienced 
any significant adverse events during the course of treat-
ment, and no adverse events occurred during one year fol-
low-up studies. In comparison to the application of MSCs, 
autologous bone marrow-derived MSC has been limited 
for clinical applications due to the painful operations and 
potential infections in the procedure for harvesting bone 
marrow. To this end, placenta or umbilical cords are easy to 
access and represent valuable sources for provision of allo-
geneic MSCs. However, patients usually showed medium or 
high fever following transplant of allogeneic MSCs through 
interventional therapy such as intravenous delivery or direct 
infusion into pancreatic islets via transfemoral cannulation 
under angiography.

3.  APPLICATION OF STEM CELL 
EDUCATOR THERAPY IN T1D

3.1  Clinical Efficacy in the Treatment of T1D

Findings from our clinical trials provide powerful evidence 
that a single treatment with the Stem Cell Educator provides 
lasting reversal of autoimmunity that allows regeneration of 
islet β cells and improvement of metabolic control in indi-
viduals with long-standing T1D.40 In an open-label, phase I/
phase II study, 15 patients with T1D received one treatment 
with the Stem Cell Educator. Their median age was 29 years 
(range, 15–41), and median diabetic history was 8 years 
(range, 1–21). Stem Cell Educator Therapy can markedly 
improve C-peptide levels, reduce the median glycated 

hemoglobin A1C (HbA1C) values, and decrease the median 
daily dose of insulin in patients with some residual β cell 
function (n = 6) and patients with no residual pancreatic islet 
β cell function (n = 6) (Figure 3(A)). Treatment also pro-
duced an increase in basal and glucose-stimulated C-peptide 
levels through 40 weeks (Figure 3(B)). However, partici-
pants in the Control Group (n = 3) did not exhibit significant 
change at any follow-up.40 Notably, a single treatment could 
improve islet β function that lasts a year.42 Individuals who 
received Stem Cell Educator Therapy exhibited increased 
expression of costimulating molecules (specifically, CD28 
and inducible costimulatory molecule (ICOS)), increases in 
the number of CD4+CD25+Foxp3+ Tregs, and restoration of 
Th1/Th2/Th3 cytokine balance.40 Thus, findings from these 
trials indicate that CB-SC-mediated reversal of autoimmu-
nity results from modulation of the immune response in 
multiple immune cell types, thereby meeting the expecta-
tion that successful therapies will likely address different 
arms of the autoimmune response and balance the immune 
system through the systemic and local modulations.39,40

3.2  Molecular Mechanisms Underlying 
the Immune Modulation of Stem Cell 
Educator Therapy in Type 1 Diabetes

Preclinical studies and clinical data demonstrated the 
immune modulation of CB-SC and the therapeutic efficacy 
of Stem Cell Educator Therapy in T1D. The immune modu-
lation of CB-SC can be achieved by a variety of molecular 
and cellular mechanisms, which include: (1) expression of 
autoimmune regulator (Aire) in CB-SC plays an essential 

FIGURE 2 Overview of Stem Cell Educator Therapy. A T1D participant (left) is connected to a Blood Cell Separator (right) and the Stem Cell Educator 
(bottom center) to form a closed system. Lymphocytes isolated from the T1D participant by the Blood Cell Separator travel through the Stem Cell Educator where 
they come in contact with CB-SC attached to the interior surfaces of the device. Educated lymphocytes are returned to the patient’s blood circulation. Ref. 40.
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role. Using human Aire-specific small interfering RNAs 
(siRNA) to knock down Aire expression in CB-SC, the data 
indicate that Aire is involved in immune modulation and 
induction of immune tolerance following Stem Cell Educa-
tor Therapy.40 (2) Increase the percentage of Tregs follow-
ing Stem Cell Educator Therapy.40 (3) Correct the functional 
defects of Tregs.39 (4) Directly suppress the islet β cell-specific 
T cell clones.10 (5) Act through the cell–cell contacting 
mechanism via the surface molecule programmed death 
ligand 1 (PD-L1) on CB-SC.38 (6) Act through the soluble 
factors released by CB-SC (e.g., nitric oxide, TGF-β1).38 
During the ex vivo coculture, T1D-derived effector T cells 

and/or Tregs can be educated by the favorable microenvi-
ronment created by CB-SC through cell-to-cell contact and 
soluble factors.38,39,44 Quantitative real time PCR array indi-
cated that in vitro coculture with CB-SC causes substantial 
modifications of gene expressions in Tregs, specifically for 
function-related cytokine and chemokine genes along with 
signaling pathway molecules and transcription factors.39

Specifically, our clinical trial provides evidence that 
CB-SC in the device educate effector T cells and/or Tregs, 
resulting in lasting changes in the expression of costimulating 
molecules, increasing the population of Tregs, and restoring 
Th1/Th2/Th3 cytokine balance, each of which is expected to 
improve control of autoimmunity of T1D.39,45 Therapy also 
increases production of TGF-β1 in plasma of T1D subjects, 
one of the best-characterized cytokines contributing to the 
induction of peripheral immune tolerance.46 Results from a 
nonobese diabetic (NOD) mouse study39 demonstrated that 
increased plasma TGF-β1 may contribute to the formation of 
a “TGF-β1 ring” around pancreatic islets that protects β cells 
against infiltrating lymphocytes, providing a safe environ-
ment for promotion of β cell regeneration.39,41

3.3  Cellular Mechanisms Underlying the 
Regeneration of Islet β Cells of Stem Cell 
Educator Therapy

Pancreatic islets in long-standing T1D are completely 
destroyed by autoimmune cells.39 Abrogation of autoim-
munity without an adequate residual β-cell mass will not 
restore normoglycemia and improve metabolic control. 
Promotion of β-cell neogenesis must be part of any therapy 
aimed at T1D treatment. Notably, our clinical data provide 
powerful evidence that reversal of autoimmunity by Stem 
Cell Educator Therapy leads to regeneration of islet β cells 
and improvement of metabolic control in long-standing 
T1D subjects.40 CB-SC from the device are not likely to be 
the source of this regeneration because they are not trans-
ferred to the patient during therapy.40 As demonstrated in 
other studies, the regenerated cells may be derived from 
multiple endogenous resources such as transdifferentiations 
of duct cells or α cells,47,48 and peripheral blood-derived 
insulin-producing cells.49

Using the ultrasensitive assay, Wang and colleagues 
revealed that C-peptide production persists for decades after 
onset of T1D.50 Probably, the function of these residual  
β cells in long-standing T1D subjects may be recovered to 
replicate after treatment with the Stem Cell Educator Ther-
apy. Additionally, the formation of a “TGF-β1 ring” around 
pancreatic islets39 may provide a safe environment to pro-
mote the regeneration of these residual β cells and protect 
them against autoimmune re-attacking.39,41

Our previous work identified a cell population from adult 
human blood displaying high potential for producing insu-
lin (designated peripheral blood-derived insulin-producing 

FIGURE 3 Improvement of β-cell Function by Stem Cell Educator 
Therapy. (A) Fasting C-peptide levels of T1D participants over 24 weeks. 
Group A and Group B participants (n = 6 per group) received one Stem 
Cell Educator treatment. Control group participants (n = 3) received 
sham therapy (no CB-SC in the Stem Cell Educator). (B) Comparison of 
C-peptide levels at glucose challenge after 40-week follow up in Group 
B T1D subjects. The dashed red line indicates the lower limit for normal 
C-peptide levels in Chinese populations. The dashed purple line indicates 
the minimum detectable level (sensitivity) of C-peptide by radioimmuno-
assay (RIA). Ref. 40.
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cells, PB-IPC) by using a similar approach by attaching 
to a plastic surface, without any genetic manipulation and 
any induction of differentiation.49 In vitro characteriza-
tion demonstrates that PB-IPC display the characteristics 
of islet β-cell progenitors, including the expression of β 
cell-specific insulin gene transcription factors (e.g., MafA, 
Nkx6.1, and PDX-1), prohormone convertases (PC1 and 
PC2), and the production of insulin and its by-product 
C-peptide. In vivo transplantation demonstrated that PB-
IPC can give rise to functional insulin-producing cells after 
administering into the chemical streptozotocin-induced 
diabetic NOD-scid mice, as indicated by the production of 
human C-peptide in mouse plasma and reduction of hyper-
glycemia.49 The data imply that PB-IPC may be a potential 
resource contributing the neogenesis of β cells after Stem 
Cell Educator Therapy.

Recently, insulin-producing cells have been generated 
from bone marrow-derived mesenchymal cells under in vitro 
conditions. Yet they remain controversial. Most bone mar-
row-derived stem cells originate from mesenchymal cells, 
such as very small embryonic-like cells characterized by 
Ratajczak and colleagues,51 and the marrow-isolated adult 
multilineage inducible cells characterized by Schiller and 
colleagues.52 Additionally, mesenchymal stem cells from 
adult human islet-derived precursor cells, and from Whar-
ton’s Jelly of the human umbilical cord can also give rise 
to insulin-expressing cells.53 Due to lack of the hallmark 
leukocyte common antigen CD45, they are different from 
our reported PB-IPC.

Islet transplantation, drug-mediated promotion of β-cell 
regeneration, and stem cell transplantation have been pro-
posed and tested as likely approaches for treating T1D. 
However, the continued presence of autoreactive effector 
T cells and B cells in the circulation may destroy insulin- 
producing cells generated through these approaches, thereby 
minimizing their therapeutic potential. An alternative 
approach using ex vivo coculture of immune cells through 
Stem Cell Educator Therapy holds promise for addressing 
both persistent autoimmunity and the regeneration of insu-
lin-producing β cells.

4.  APPLICATION OF STEM CELL 
EDUCATOR THERAPY IN TYPE 2 
DIABETES

4.1  Clinical Efficacy in the Treatment of T2D

In an open-label, phase I/phase II study, patients (N = 36) 
with long-standing T2D were divided into three groups 
(Group A, n = 18; Group B, n = 11; and Group C with 
impaired β-cell function, oral medications + insulin, n = 7). 
All subjects received one treatment with the Stem Cell Edu-
cator. Clinical findings indicate that T2D patients achieve 
improved metabolic control and reduced inflammation 

markers after receiving Stem Cell Educator Therapy. 
Median glycated hemoglobin (HbA1C) in Group A and 
B was significantly reduced from 8.61% ± 1.12 at base-
line to 7.9% ± 1.22 at 4 weeks (p = 0.026), 7.25% ± 0.58 at 
12 weeks (p = 2.62E-06), and 7.33% ± 1.02 at one year post 
treatment (p = 0.0002).43 Homeostasis model assessment 
of insulin resistance demonstrated that insulin sensitivity 
was improved post treatment (Figure 4(A)). Notably, the 
β-cell function in Group C subjects was markedly recov-
ered, as indicated by the restoration of C-peptide levels 
(0.36 ± 0.19 ng/ml at baseline vs 1.12 ± 0.33 ng/ml at one 
year post treatment, p = 0.00045) (Figure 4(B)). Mecha-
nistic studies revealed that Stem Cell Educator Therapy 
reverses immune dysfunctions through immune modulation 
on monocytes and balancing Th1/Th2/Th3 cytokine produc-
tion. Stem Cell Educator Therapy is a safe and innovative 
approach that produces lasting improvement in metabolic 
control for individuals with moderate or severe T2D.

4.2  Molecular and Cellular Mechanisms 
Underlying Stem Cell Educator Therapy 
in Type 2 Diabetes

4.2.1  Correct the Functional Defects of 
Monocytes/Macrophages

Chronic inflammation of visceral adipose tissue (VAT) is a 
major contributor to insulin resistance mediated by adipose 
tissue-released adipokines (e.g., IL-6, TNFα, MCP-1, and 
resistin).54,55 Growing evidence strongly demonstrated that 
an accumulation of macrophages by metabolic stress in the 
sites of affected tissues (such as vasculature, adipose tissue, 
muscle, and liver) has emerged as a key process in the chronic 
metabolic-stress-induced inflammation.56 Monocytes/
macrophages, as one of the professional antigen-presenting 
cells, play an essential role in control of Th1/Th2 immune 
responses and maintaining homeostasis through the costim-
ulating molecules CD80/CD86 and released cytokines. Per-
sistent destructive effects of lipid influx (e.g., fatty acids 
and cholesterol) cause macrophage dysfunctions (including 
defective efferocytosis and unresolved inflammation), result-
ing in recruitment and activation of more monocytes/macro-
phages via MCP-1 and its receptor CCR2.56 Consequently, 
inflammatory cytokines (e.g., IL-6 and TNFα) produced by 
activated macrophages induce insulin resistance in major 
metabolic tissues.56–58 To prove the action of macrophage 
in chronic inflammation and insulin resistance in T2D, con-
ditional depletion of CD11c+ macrophages or inhibition of 
macrophage recruitment via MCP-1 knockout in obese mice 
resulted in a significant reduction in systemic inflammation 
and an increase in insulin sensitivity.59–61

To clarify the modulation of Stem Cell Educator Ther-
apy on blood monocytes, we found that expression of CD86 
and CD86+CD14+/CD80+CD14+ monocyte ratios have 
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been markedly changed after receiving Stem Cell Educator 
Therapy in T2D subjects. CD80 and CD86 are two prin-
cipal costimulating molecules expressed on monocytes to 
skew the immune response toward Th1 or Th2 differentia-
tion through their ligands CD28/CTLA4.62,63 Due to the dif-
ferences in expression levels and binding affinity between 
CD80 and CD86 with their ligands CD28/CTLA4, it is 

widely accepted that the interaction of CD86 with CD28 
dominates in costimulating signals; conversely, the combi-
nation of CD80 and CTLA4 governs negative signaling.62–65 
The normalization of the CD86+CD14+/CD80+CD14+ 
monocyte ratio post treatment may favor the immune bal-
ance of Th1/Th2 responses in diabetic subjects. Taken 
together with our in vitro study on the direct interaction 

FIGURE 4 Improvement of metabolic control by Stem Cell Educator Therapy. (A) Analysis of insulin sensitivity by HOMA-IR C-peptide at 
4 weeks post treatment with Stem Cell Educator Therapy. (B) 56-week follow-up C-peptide levels in Group C T2D subjects with impaired islet β cell 
function. Patients (N = 36) with long-standing T2D were divided into three groups (Group A, oral medications, n = 18; Group B, oral medications + insulin 
injections, n = 11; Group C having impaired β-cell function with oral medications + insulin injections, n = 7). All patients received one treatment with the 
Stem Cell Educator Therapy in which a patient’s blood is circulated through a closed-loop system that separates mononuclear cells from the whole blood, 
briefly cocultures them with adherent CB-SC, and returns the educated autologous cells to the patient’s circulation. Ref. 43.
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between CB-SC and purified CD14+ monocytes, these data 
indicate that restoration of monocyte functions (such as the 
expression of CD86, cytokine production, and chemokine 
production) mainly contributes to anti-inflammation and 
reversal of insulin resistance following Stem Cell Educator 
Therapy in T2D subjects.

4.2.2  Correct the Functional Defects of Other 
Immune Cells

Increasing animal and clinical evidence demonstrate multi-
ple immune cells contributing to the inflammation-induced 
insulin resistance in T2D, such as abnormalities of lym-
phocytes (including T cells, B cells, and Tregs27,66–69), neu-
trophils,70 eosinophils,71 mast cells,72 and dendritic cells 
(DCs).73,74 Specifically, B and T lymphocytes have emerged 
as unexpected promoters and controllers of insulin resis-
tance.69 These adaptive immune cells infiltrate into the VAT, 
releasing cytokines (IL-6 and TNFα) and recruiting more 
monocytes/macrophages via MCP-1/CCR2.56 Finally, this 
obese-related inflammation leads to insulin resistance.69,75 
Thus, a major challenge for treatment of T2D is to identify 
therapeutic approaches that fundamentally correct insulin 
resistance through targeting the dysfunctions of multiple 
immune cells. The valuable lessons from intensive research 
pressure over the past 25 years in T1D6 highlight the dif-
ficulties in overcoming these multiple immune dysfunc-
tions by utilizing the conventional immune therapy. Stem 
Cell Educator Therapy functions as “an artificial thymus” 
that circulates a patient’s blood through a blood cell sepa-
rator,42 briefly cocultures the patient’s blood mononuclear 
cells (such as T cells, B cells, Tregs, monocytes, and neu-
trophils) with CB-SC in vitro. During the ex vivo coculture 
in the device, these mononuclear cells can be educated by 
the favorable microenvironment created by CB-SC through: 
(1) the action of autoimmune regulator (Aire) expressed in 
CB-SC;40 (2) the cell–cell contacting mechanism via the 
surface molecule programmed death ligand 1 (PD-L1) on 
CB-SC;38 (3) the soluble factors released by CB-SC. Previ-
ous work38 and current data indicate that CB-SC-derived 
NO mainly contributes to the immune modulation on T cells 
and monocytes. While monocytes and other immune cells 
pass through the device, NO as a free radical released by 
CB-SC can quickly transmit into their cellular membrane, 
without the aid of dedicated transporters; (4) correcting the 
functional defects of Tregs;39 and (5) directly suppress-
ing the pathogenic T cell clones.10 During this procedure, 
both peripheral and infiltrated immune cells in VAT can be 
isolated by a blood cell separator and treated by CB-SC, 
leading to the correction of chronic inflammation, the res-
toration of the immune balance, and clinical improvements 
in metabolic control via increasing insulin sensitivity. Addi-
tionally, TGF-β1 is a well-recognized cytokine with a pleio-
tropic role in immune modulation on multiple immune cells 

such as the differentiation and function of Th1/Th2 cells 
and Tregs, as well as B cells, monocytes/macrophages, den-
dritic cells, granulocytes, and mast cells.46,76 These immune 
cells are involved in the inflammation-induced insulin resis-
tance in T2D.27,66–74 Therefore, the upregulation of TGF-β1 
levels in the peripheral blood of T2D subjects is another 
major mechanism underlying the immune modulation after 
receiving Stem Cell Educator Therapy.

During the procedure of Stem Cell Educator Therapy, 
the mononuclear cells circulating in a patient’s blood are 
collected by a Blood Cell Separator. Additionally, patients 
are required to move their hips, legs, and turn to one side 
every 15–30 min during the treatment, in order to mobilize 
their immune cells from peripheral tissues (include adipose 
tissues) and organs entering into the blood circulation to 
be processed by a Blood Cell Separator. Thus, the immune 
cells both in peripheral blood and in tissues can be isolated 
by a Blood Cell Separator and treated by CB-SC. The full 
blood volume is processed approximately twice during Stem 
Cell Educator Therapy (approximately 10,000 ml whole 
blood),40 which ensures a comprehensive approach to mod-
ulating essentially all circulating immune cells to address 
multiple immune dysfunctions and overcome global insulin 
resistance resulting from a variety of causes. No other cur-
rent medications and/or approaches have yet been shown 
to achieve this unique therapy success. There are some 
pathogenic immune cells remaining in tissues and lymph 
nodes which fail to enter into the blood circulation during 
the procedure and may escape from treatment by CB-SC. 
These immune cells may migrate into the blood circulation 
and decrease the therapeutic effectiveness. Therefore, T2D 
subjects may need additional treatment 6–9 months later 
after receiving the first treatment; however, this is yet to be 
explored in the phase III clinical trial.

We observed that the improvement of islet β cell function 
(C-peptide levels) progresses slowly over weeks after receiv-
ing Stem Cell Educator Therapy, not vanishing again with pro-
gression of time. We reported similar data in a previous T1D 
trial.40,42 If Stem Cell Educator Therapy only temporarily  
corrects the immune dysfunctions, the clinical efficacy in 
metabolic control should vanish soon after receiving Stem 
Cell Educator Therapy, because of the short life spans of 
most immune cells (e.g., 5.4 days for neutrophils,77 3 months 
for lymphocytes, 1–3 days for bone marrow-derived mono-
cytes existing in blood and then migrating into tissues). Pre-
vious work demonstrated that CB-SC showed the marked 
modulation of Th1-Th2-Th3 cell-related genes including 
multiple cytokines and their receptors, chemokines and 
their receptors, cell surface molecules, along with signal-
ing pathway molecules and transcription factors, as indi-
cated by quantitative real time PCR array.39 Due to these 
fundamental immune modulations and induction of immune 
balance,42 this trial indicates that a single treatment with 
Stem Cell Educator Therapy can give rise to long-lasting 
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reversal of immune dysfunction and improvement of  
insulin sensitivity in long-standing T2D subjects.

5.  CONCLUSIONS

The epidemic of diabetes is creating an enormous impact 
on the global economy as well as the health of humans. 
Overcoming the immune dysfunctions is the major common 
target for the treatment of T1D and T2D. To date, phase I/
II clinical trials in T1D reveal that a single treatment with 
the Stem Cell Educator provides lasting reversal of autoim-
munity that allows regeneration of islet β cells and improve-
ment of metabolic control in subjects with long-standing 
T1D; the phase I/II clinical study demonstrates that Stem 
Cell Educator Therapy can control the immune dysfunctions 
and restore the immune balance through the modulation of 
monocytes/macrophages and other immune cells both in 
peripheral blood and in tissues, leading to a long-lasting 
reversal of insulin resistance and a significant improvement 
in insulin sensitivity and metabolic control in long-standing 
T2D subjects. Stem Cell Educator Therapy functions as “an 
artificial thymus” that circulates a patient’s blood through a 
blood cell separator, briefly cocultures the patient’s immune 
cells with CB-SC in vitro, induces immune tolerance 
through the action of key transcription factor Aire, returns 
the educated autologous cells to the patient’s circulation, 
and restores the immune balance and homeostasis. Success-
ful immune modulation by CB-SC and the resulting clinical 
improvement in patient status may have important implica-
tions for other autoimmune and inflammation-related dis-
eases without the safety and ethical concerns associated 
with conventional stem cell-based approaches.
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1.  INTRODUCTION

The field of regenerative medicine is dedicated to the 
study of repairing, replacing, or regenerating damaged 
human cells, tissues, or organs to restore or establish nor-
mal function.1 This could be approached through numer-
ous strategies, from stimulating endogenous processes 
to repair damaged tissue to deriving or transplanting 
entire organs to replace those that are beyond endoge-
nous repair. Though the field is currently in its infancy, 
regenerative medicine is predicted to be one of the most 
important disciplines in medicine to develop in the next 
decade, with therapeutic applications in a wide variety 
of medical conditions. Potential cells that could serve 
as source materials for regenerative medicine and cel-
lular therapies include hematopoietic stem and progeni-
tor cells derived from bone marrow (BM) or umbilical 
cord blood (CB), placental and amniotic fluid and tis-
sues, mesenchymal stromal cells (MSCs), skin cells, and 
other organ-specific cells that could be engineered to per-
form reparative functions. This chapter will explore some 
of the potential regenerative applications for which CB 
could serve as a valuable source of cells for primary or 
derivative cellular therapies.

2.  UMBILICAL CB AS A SOURCE OF 
STEM CELLS FOR NEUROLOGICAL 
APPLICATIONS

Human CB is rich in highly proliferative stem and progenitor 
cells of the hematopoietic and other lineages mobilized by 
placental signals promoting homing to developing organs.2,3 
CB is readily available, can be collected noninvasively with-
out risk to the mother or infant donor, and can be tested, 
processed, and cryopreserved for several decades for future 
use. CB is often discarded as medical waste with the pla-
centa after birth, but over the past 20 years, approximately 
700,000 unrelated donor CB units have been collected, char-
acterized, and banked for public use. An additional two to 
three million CB units have been stored privately for family 
use. Compared to stem cells obtained from adult BM, CB 
stem cells are less mature and therefore have longer telo-
meres and greater proliferating potential.4 They are also 
less immunogenic and less likely to transmit infections via 
latent viruses. In over 25 years of use in allogeneic, unrelated 
hematopoietic stem cell transplant (HSCT), CB has not been 
shown to cause any teratomas or solid tumors. Recently, iPS 
cells have been isolated from CB with simpler methods and 
greater efficiency as compared to adult cell sources.5–7 All 
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of these factors favorably position CB for use as a source of 
cells for cellular therapies and regenerative medicine.

CB is a well-established source of stem cells for hemato-
poietic rescue after myeloablative HSCT. In addition, CB also 
contains nonhematopoietic stem cell populations with the 
ability to differentiate into numerous cell types throughout the 
body. In particular, the CB-derived unrestricted somatic stem 
cell (USSC) first described by Kogler et al. is a nonhematopoi-
etic multipotent cell with the ability to differentiate into sev-
eral lineages in vitro and in vivo.8 USSCs can give rise to cell 
types from all three germinal layers, including osteoclasts,8 
hepatocytes,9 and neurons,10 among others. CB-derived cells 
can also differentiate into MSCs,11 chondrocytes,12–14 osteo-
cytes,13–18 adipocytes,14–17 neural cells,14,15,18–20 cardiac and 
skeletal muscle myocytes,21 hepatocytes,14,15 pancreatic 
cells,22 skin cells, and endothelial colony forming cells.

CB donor-derived tissue-specific cells have been identi-
fied in multiple organs in both animals and humans after 
HSCT, including the liver,19 lung, pancreas,19,23 skeletal mus-
cle,24 and brain.13 While CB cells have the ability to differen-
tiate into tissue-specific cells and integrate into host organs, 
there is growing evidence that their therapeutic effects may be 
mediated by their ability to initiate tissue repair by signaling 
and activation of host cells via trophic and/or paracrine effects. 
Nonetheless, these observations indicate that transplanted CB 
cells are capable of repopulating more than just the hemato-
poietic system.25,26 This may be due to the presence of a true 
embryonic-like stem cell in CB and/or small numbers of com-
mitted but tissue-specific, nonhematopoietic progenitors. It is 
important to note that observations of in vivo engraftment and 
differentiation have occurred in patients receiving myeloabla-
tive and immunoablative preparative therapies. It is not clear 
if, in humans, infusions of CB into an immunocompetent host 
will produce similar results. Observations in immunocompe-
tent, xenogeneic models are encouraging in this regard.

The pluripotent nature of CB, as well as the relative ease 
of collection, processing, testing, and storage, makes it an 
attractive source of cells for regenerative medicine applica-
tions across many disciplines, including neurology, cardiol-
ogy, orthopedics, endocrinology, and others. In this chapter, 
numerous preclinical, animal, and human studies evaluat-
ing the use of CB and CB-derived products for neurological 
conditions will be reviewed.

3.  POTENTIAL MECHANISMS OF CB 
AS THERAPY FOR PATIENTS WITH 
NEUROLOGICAL DISEASES

Neurologic impairment can result from acquired injuries, 
genetic conditions, or neurodegenerative diseases of unclear 
etiology. Recovery from neurological injuries is typically 
incomplete and often results in significant and permanent 
disabilities. Currently, most available therapies are limited 
to supportive or palliative measures, aimed at managing 
the symptoms of the condition. Since restorative therapies 

targeting the underlying cause of most neurological diseases 
do not exist, cell therapies targeting anti-inflammatory, neu-
roprotective, and regenerative potential hold great promise. 
CB cells can induce repair through mechanisms that involve 
trophic or cell-based paracrine effects or cellular integration 
and differentiation. One or more of these effects may be 
operative in CB therapies for neurologic conditions. There 
are numerous potential applications of CB-based regenera-
tive therapies in neurological diseases, including genetic 
diseases of childhood, ischemic events such as stroke, and 
neurodegenerative diseases of adulthood.

Multiple in vitro studies have demonstrated that neurons, 
astrocytes, oligodendrocytes, and microglia can be derived 
from CB cells via gene transfection, ex vivo culture with 
growth factor supplementation, through generation of iPS, 
and/or the use of chemical agents.10,20,27–34 Neural differen-
tiation has been documented in phenotypic and functional 
assays. The phenotype of the derived cells has been char-
acterized by gene arrays35 and the expression of standard 
neural-specific markers and proteins. Additionally, func-
tional characteristics have been demonstrated through the 
presence of voltage- and ligand-gated ion channels with the 
ability to conduct electrical activity, indicating the develop-
ment of functional characteristics of neurons.30

The mechanisms of CB-induced cell and tissue repair are 
expected to vary between indications, and several possibilities 
have been hypothesized.36 Infused and/or transplanted cells 
may deliver trophic factors that provide anti-inflammatory and 
neuroprotective effects and enhance the survival potential of 
host cells.37–40 They may increase the plasticity of the injured 
brain by enhancing synaptogenesis, angiogenesis resulting 
in neovascularization, and endogenous repair mechanisms, 
and by inducing migration and proliferation of endogenous  
neural stem cells.41–43 CB stem cells may also migrate, inte-
grate, proliferate, and differentiate into “replacement” neuronal 
and glial cells and play a role in remyelination.44 Additionally, 
many neurologic diseases involve activation of proapoptotic 
signal transduction, which could be harnessed to attract cells 
to brain lesions in those diseases. Thus, CB-derived cells could 
also potentially act as a vehicle to deliver neuroprotective and 
restorative factors or signal endogenous cells to act in a tar-
geted way toward damaged brain tissue.

4.  UNRELATED DONOR CB 
TRANSPLANTATION FOR GENETIC 
BRAIN DISEASES IN CHILDREN

The first observations of the potential of CB cells to differ-
entiate into nonhematopoietic lineages in vivo were docu-
mented in children with certain inherited metabolic diseases 
(IMD) undergoing unrelated donor umbilical cord blood 
transplant for disease correction. IMD are a heterogeneous 
group of genetic diseases, most of which involve a single-
gene mutation resulting in deficiency of a critical enzyme 
necessary for production and maintenance of myelin or 
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other cellular-based structural parts of the nervous system. 
In the majority of cases, the enzyme defect leads to the 
accumulation of substrates that are toxic and/or interfere 
with normal cellular function. Oftentimes, patients appear 
normal at birth but during infancy begin to exhibit disease 
manifestations, frequently including progressive neurologi-
cal deterioration due to absent or abnormal brain myelina-
tion. The ultimate result is death in childhood.

Allogeneic transplantation of human CB in patients with 
certain genetic lysosomal and peroxisomal storage diseases 
is effective in preventing or ameliorating the associated neu-
rological damage.45–48 Engraftment of donor cells in a patient 
with an IMD provides a constant source of enzyme replace-
ment, thereby slowing or halting the progression of disease. 
Patients with these diseases, ranging in age from newborns 
to young adults, transplanted early in the course of their dis-
ease derive extensive benefits from the transplant procedure, 
which both extends life for decades and greatly improves 
neurologic functioning.49–51 High pretransplant performance 
status is associated with a much higher rate of survival than 
transplants performed in children with lower performance 
scores (see Figure 1). Clinical and pathological observations 
from these patients provide additional support for the con-
cept that CB cells can repair nonhematopoietic tissues.

Krabbe disease (globoid-cell leukodystrophy), for exam-
ple, is an autosomal recessive disorder caused by a deficiency 
of the lysosomal enzyme galactocerebrosidase. The resultant 
accumulation of galactolipids prevents myelination of the 
central and peripheral nervous systems, causing progressive 
neurological deterioration. In the early infantile form of the 
disease, symptoms develop within the first 6 months of life. 
Untreated, patients develop blindness, deafness, spasticity, 

seizures, mental deterioration, and ultimately death by 2 years 
of age. Once symptoms have developed, CB transplanta-
tion provides little neurological benefit. In infants who are 
diagnosed and undergo CB transplantation before the onset 
of symptoms, generally in the first month of life, life is pro-
longed and neurologic functioning is improved. Transplanted 
children demonstrate progressive brain myelination and 
normal vision, hearing, and cognition.51 The success of this 
approach has led to the implementation of newborn screen-
ing for Krabbe disease in New York State and now additional 
states in the US.52 Despite these successes, a range of motor 
deficits persist in up to 80% of children undergoing neonatal 
CB transplantation, suggesting that damage to the long tracts 
may begin prenatally, precede clinical symptoms, and be irre-
versible. In a series of newborns with known early infantile 
Krabbe disease, evaluation of myelination of the corticospi-
nal tracks at birth revealed defects in a significant portion of 
babies present in the first few days of life, strongly suggest-
ing that damage occurred prenatally.53 It is possible that fetal 
transplantation or targeted cellular therapy after standard 
transplantation may enhance therapeutic approaches and fur-
ther improve motor function in these patients.

Autopsy studies in humans who died after intravenously 
administered, sex-mismatched BM and CB transplant have 
confirmed the engraftment of donor cells throughout the 
brain months after transplantation.54–56 Most engrafting cells 
were nonneuronal microglial cells, but donor-derived neu-
rons, astrocytes, and oligodendrocytes have been identified. 
Globoid bodies, the pathological perivascular signature of 
Krabbe disease, were not detected in the brain of a patient 
transplanted for early infantile Krabbe disease at 3 weeks of 
age, who died of unrelated causes at 5 years of age.56 Based 
on these observations, our group hypothesized that CB con-
tained cells capable of differentiating into oligodendrocyte 
and microglial-like cells. We subsequently cultured and 
expanded oligodendrocyte-like cells from fresh and cryo-
preserved CB after 3–4 weeks in tissue culture supplemented 
with neurotrophic growth factors.20,28 These cells (DUOC-
01 or “O-cells”) grow as an adherent population that, after 
21 days in culture, express surface antigens found on oli-
godendrocytes (O1, O4, PLP, MBP) and microglia (CD45, 
CD11b), make corresponding RNAs, and myelinate shiverer 
neuron axons in an in vitro potency assay (Figure 2). They 
also constitutively produce IL-6 and IL-10, and retain the 
ability to produce lysosomal enzymes in culture after manu-
facturing. Intrathecal dosing in immunodeficient newborn 
mice showed the best distribution of O-cells in the central 
nervous system as compared to IV or intracranial delivery 
routes. A phase I trial administering these cells intrathecally 
1 month after a standard HSCT from the same CB donor is 
planned. This trial is one example that the availability of well 
characterized, screened, and HLA-typed CB coupled with its 
vast differentiation potential makes it an attractive source of 
stem cells for applications in tissue repair and regeneration, 
particularly in the central nervous system.
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FIGURE 1 Impact of performance status (Lansky score 80–100 vs <80) 
on overall survival of 159 patients transplanted with allogenic umbilical 
cord blood for inherited metabolic disorders.46
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5.  ISCHEMIC INJURIES

Observations using CB to treat children with genetic condi-
tions led to the hypothesis that CB might also be beneficial 
in patients with brain injury. Accordingly, CB cells have 
been investigated in preclinical models of stroke, neonatal 
hypoxic-ischemic encephalopathy (HIE), traumatic brain 

injury, and spinal cord injury. These injuries are typically 
characterized by an acute inflammatory response and imme-
diate damage to all neural cell types within the affected 
region. Therefore, therapeutic strategies might involve 
methods to promote cell survival, and repair or regenerate 
the affected areas, potentially via anti-inflammatory effects, 
neurogenesis, synaptogenesis, and/or angiogenesis after the 
injury has been sustained.

5.1  Animal Models

Numerous animal models have demonstrated both neurologi-
cal and survival benefits of CB cells in the setting of stroke, 
ischemia, intracranial hemorrhage, and spinal cord injury.57–63 
Neuroprotection,57 neovascularization,43 and neuronal regen-
eration43 have all been demonstrated in various models.

Cells derived from human CB and administered via the 
intravenous, intraperitoneal, and intracerebral routes have 
demonstrated the ability to enhance functional recovery in 
numerous animal models of stroke.36 Several investigators 
have demonstrated that CB cells administered to immu-
nocompetent rats after stroke induced by middle cerebral 
artery occlusion migrate to the brain, localize to the site 
of injury, decrease the volume of the infarct, and improve  
performance on functional neurologic tests (Figure 3).

A neonatal rat model has been developed by unilateral 
carotid artery ligation on day 7 of life. Without intervention, 
these animals universally develop severe cerebral damage 
and contralateral spastic paresis. Meier and Jensen admin-
istered human CB mononuclear cells to these animals intra-
peritoneally 1 day after the hypoxic event, showing that the 
cells migrate to the area of brain damage and persist for at 
least 2 weeks. Although the extent of morphologic injury on 
gross pathology was not altered, animals who received CB 
mononuclear cells did not develop spastic paresis, indicating 
functional recovery.59 In a baby rabbit model of HIE,64 Tan 
demonstrated that labeled human CB cells reached the brain 
within 24 h, persisted for at least 1 week, and decreased the 
degree of brain damage on MRI. In severely affected ani-
mals, CB administration improved gross motor function in a 
short-term functional assay.65 Additionally, Ballabh and col-
leagues developed a rabbit model of intraventricular hemor-
rhage (IVH) by administering glycerol intraperitoneally to 
premature rabbit pups.66 In this model, IVH is followed by 
the development of hydrocephalus and subsequent white 
matter demyelination. Intraventricular administration of 
human CB cells 24 and 72 h after glycerol failed to prevent 
the hydrocephalus but did reduce subsequent demyelination 
(Ballabh, personal communication, 2014).

5.2  Human Studies

The therapeutic potential of intravenous infusions of autolo-
gous CB is currently being investigated in young children 
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FIGURE 2 In vitro functional assay of myelination of shiverer mouse 
neurons by cryopreserved CB-derived oligodendrocyte-like cells (O-cells). 
Shiverer neurons cocultured with O-cells were costained for BT3 (Texas 
Red) and MBP (fluorescein isothiocyanate). Controls stained positive for 
BT3 (panel A1) but not MBP (A2). When cocultured with O-cells for 
1 week, BT3 (B1) and MBP (B2) were expressed. Z-stacked projection 
after 3 weeks in culture demonstrated BT3 expression (C1, D1) and close 
association between BT3-expressing neuronal cells and MBP-expressing 
cells (C2), with MBP expression along axonal processes (D2).20
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with cerebral palsy, HIE, and traumatic brain injury. In a safety 
study, our group treated 184 infants and children with cerebral 
palsy (76%), congenital hydrocephalus (12%), and other brain 
injuries (12%) with 198 intravenous autologous CB infu-
sions.67 Patients were treated in the outpatient clinic through a 
peripheral IV after a single dose of oral Tylenol, IV Benadryl, 
and Solumedrol. Approximately 1.5% of patients experienced 
hypersensitivity reactions (i.e., hives and/or wheezing) dur-
ing the CB infusion that resolved after discontinuation of the 
infusion and outpatient medical management. With more than 
3 years of follow-up, no additional adverse events have been 
reported, indicating that the procedure is safe. Parental reports 
of improved function were common, but it was difficult to 
know whether these improvements were directly related to 
the infusion of CB cells. Thus, a randomized, double-blind,  
placebo-controlled study is in progress to determine the  
efficacy of this approach. In this study, children aged 1–6 years 
are randomly assigned to the order in which they receive CB 
and placebo infusions, each given 1 year apart (Figure 3). 
Motor, cognitive, and imaging studies are performed at base-
line, 1, and 2 years to evaluate any differences between CB 
and placebo groups. The primary end point is improvement 
in motor function on standardized scales, including the Gross 
Motor Function Measure and Peabody measures. Accrual to 
this trial is complete, and initial results are expected in approxi-
mately 1 year. Preliminarily, studies with the MRI biomarker 
of white matter connectivity have shown that clinical func-
tional phenotype correlated with magnetic resonance imaging 
findings using whole-brain connectivity analysis (Figure 4).68 
A study of erythropoietin with or without allogeneic CB infu-
sions was conducted in Korean children with cerebral palsy.69 
They reported greater improvements in cognitive and selected 
motor functions in children who received CB and erythropoi-
etin versus controls. In this study, there was no CB-only group 
for comparison and the overall sample size was small.

In the United States, CB is being investigated in clini-
cal trials for children with cerebral palsy, neonatal HIE, 
stroke, traumatic brain injury, and autism (NCT01072370, 

NCT01700166, NCT01988584, NCT01251003, and 
NCT01638819, respectively). Studies administering CB cells 
intravenously or intrathecally are being conducted in children 
with brain injury in other countries as well. Of note, intra-
thecal administration of allogeneic CB-derived cells, mostly 
MSCs, has been performed for a variety of neurologic condi-
tions in a few small studies, primarily in China. In general, 
side effects are reported to be minor and transient, most com-
monly including fever, headache, and dizziness.70–73 Efficacy 
cannot be determined at this time and further safety studies 
are needed.

In a phase I trial of newborns with hypoxic ischemic 
brain injury at birth conducted at Duke, fresh, noncryo-
preserved autologous CB processed for volume and RBC 
reduction on the Sepax 1 device (Biosafe, Geneva) was 
infused in one, two, or four doses of 1–5 × 10e7 nucle-
ated cells/kg within the first 72 h of life in babies with 
moderate-to-severe encephalopathy qualifying for sys-
temic hypothermia.74 These babies were compared with 
a concomitant group of babies treated at Duke who were 
cooled but did not receive CB cells. Infusions were found 
to be safe in these critically ill babies, and babies receiv-
ing cells had increased survival rates to discharge (100% vs 
85%, p = 0.20) and improved function at 1 year of age (74% 
vs 41% with development in the normal range, p = 0.05).  
A phase II randomized trial is currently in development. If 
this therapy improves the outcome of babies with significant 
birth trauma, there could be potential implications for the cur-
rent model of CB collection and banking. In order to make 
this therapy available to all eligible babies, at a minimum, all 
obstetric providers would need to be trained in CB collection, 
CB would need to be routinely collected at at-risk deliveries, 
and centers would need to either process and infuse the CB 
or transfer the babies and their CB to centers that have the 
ability to do so. Alternatively, CB collection could become a 
routine practice at every delivery. Units could then be stored 
for a limited time until it is clear whether the baby will need 
it. If not, they could then be discarded, used for research or 

FIGURE 3 Study design of a randomized, double-blind, placebo-controlled trial of an intravenous infusion of autologous cord blood (CB) in children 
with cerebral palsy. End points include changes in functional status (gross motor, fine motor, speech, cognition), quality of life, and neuroimaging (brain 
MRI with diffusion tensor imaging, fibertracking, and connectivity analyses68).
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FIGURE 4 Interregional whole-brain connectivity analysis of 17 children with cerebral palsy. Red-yellow nodes indicate significantly reduced total connectivity to all other brain regions in severe 
versus moderate cerebral palsy. Cool-colored connections between nodes indicate significantly reduced mutual connectivities in the severely affected group compared to the moderately affected group.68.
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other regenerative applications, or, if appropriate consent 
and testing was obtained, transferred to the public registry. It 
may also be necessary to develop safe and effective therapies 
using allogeneic CB donors, as many of these babies will be 
too sick at birth to prioritize autologous CB collection.

Repeated autologous CB infusions are also being stud-
ied in young babies born with congenital hydrocephalus. 
In this condition, excessive accumulation of cerebral spinal 
fluid (CSF) within the ventricular system of the brain results 
in a progressive increase in ventricular volume and intra-
cranial pressure, leaving the brain limited space to develop 
and expand. The increased pressure damages the develop-
ing brain via a crush injury that causes mechanical distortion 
and impaired blood flow, as well as extravasation of CSF into 
the brain parenchyma that causes demyelination and loss of 
axons. While some white matter changes may be reversible 
after ventriculoperitoneal shunt placement to divert the flow 
of CSF after birth, most affected children are left with a myr-
iad of motor, sensory, and cognitive deficits due to their early 
brain injury. At Duke University, more than 80 patients aged 
6 days–4 years with congenital hydrocephalus have received 
autologous CB infusions. Since these babies are identified pre-
natally, CB collection can be planned in advance of delivery. 
Due to their small size, and perhaps their delivery by Cesar-
ean-section, most autologous CB units were large enough to 
supply multiple doses. Thus, patients received up to four doses 
of autologous CB at approximately 2- to 6-month intervals 
(unpublished data). While the efficacy of this approach is still 
under investigation, there have been no safety concerns. This 
indicates that repeated dosing of autologous CB is safe even in 
very young babies, and such a dosing scheme could be poten-
tially advantageous for other neurologic conditions as well.

Most human studies of stem cells in adults who have 
suffered a stroke have utilized autologous BM cells.75,76 
Though no safety concerns have been identified, the studies 
are too small to reliably assess efficacy, and investigations 
of clinical end points are currently underway. However, the 
majority of adult stroke victims are elderly and critically 
ill following their injury, compromising the likelihood and 
safety of autologous BM harvesting. Thus, an allogeneic 
CB-derived off-the-shelf product would be an attractive 
alternative to autologous BM, as it would avoid the need for 
a potentially risky BM harvest in these critically ill patients. 
In addition, these frequently elderly patients may also have 
decreased progenitor cells and other conditions that may 
limit the functionality of their own BM cells.77,78 A few clin-
ical trials of CB cells given intravenously or intraparenchy-
mally into the brain (NCT01700166, USA; NCT01884155, 
Korea; NCT01673932, China) are accruing patients at the 
present time, but no results have been published to date.

6.  NEURODEGENERATIVE DISEASES

Cellular approaches to neurodegenerative diseases have 
been studied most extensively in Parkinson’s disease in 

which degeneration of primarily nigrostriatal dopami-
nergic neurons results in motor symptoms such as rest-
ing tremors, rigidity, and hypokinesia. Cell replacement 
strategies have been attempted in over 300 patients with 
Parkinson’s disease using intrastriatal implantation of 
fetal mesencephalic tissue. While several open-label tri-
als suggested clinical benefit, two double-blind studies did 
not find a significant effect.79,80 However, some patients 
have demonstrated durable improvements including the 
ability to withdraw dopaminergic medication, and clini-
cal benefit has been seen preferentially in less disabled 
patients. Given the limitations of using human fetal tissue, 
interest has grown in generating dopaminergic neurons 
from other cell sources. Neurons that express dopamine-
related genes and demonstrate the ability to synthesize and 
release dopamine have been successfully derived from CB 
stem cells in vitro.10,29 In hemiparkinsonian rats, unmodi-
fied human umbilical cord MSCs injected into the stria-
tum can improve behavioral symptoms, and this effect is 
enhanced by adenovirus-mediated VEGF modification of 
the cells.81 These studies indicate that CB has potential as 
a source of stem cells for cellular replacement strategies in 
Parkinson’s disease.

CB cells have been evaluated in in vitro and in vivo 
models of Alzheimer’s disease. Transgenic mice treated 
with CB-MSCs show a reduction in both microglial activa-
tion and beta-amyloid deposits, the pathologic signature of 
the disease.82 CB-treated mice also demonstrate decreased 
cognitive impairment in functional assays83 and an extended 
life span.84 Although the mechanism is not entirely clear, it 
is possible that the CB cells mediate the microglial response 
to beta-amyloid deposits, promote beta-amyloid phagocy-
tosis, and/or prevent apoptosis of host cells. Neurostem®, 
a CB-MSC product, has been investigated in a phase I trial 
in Korea, though results of that study have not yet been  
published.

7.  AUTISM

Emerging data suggest that autism is caused by a complex 
interaction of genetic and environmental conditions, result-
ing in abnormal brain functioning early in life. Recently, 
stem cell therapy has become appealing as a potential 
therapy to many within the autism community. In a mouse 
model of autism, intraventricular administration of human 
adipose-derived stem cells resulted in decreased repeti-
tive movements and improved social activity.85 As a result 
of this work and early results of increased connectivity 
in recipients of autologous CB for cerebral palsy,68 it has 
been hypothesized that CB infusion might produce clini-
cal benefit by restoring neural connections in patients with 
autism. Clinical trials of autologous BM and CB in chil-
dren with autism are being conducted in the United States 
(NCT01638819, NCT02176317), Mexico (NCT01740869), 
China (NCT01343511),86 and India (NCT01974973, 
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NCT01836562).87 Due to the heterogeneity in both etiol-
ogy and symptomology of autism, identifying appropriate 
subjects and outcome measures remains particularly chal-
lenging. The initial goal of the first Duke study is to define 
reliable outcome measures that can objectively assess 
response of therapeutic interventions in these patients.

8.  CHALLENGES

While cellular approaches, utilizing CB or other stem cell 
sources for the treatment of neurological diseases are prom-
ising, much remains to be done before such products and 
procedures may be available for clinical use in humans. 
Cellular therapies are much more challenging to fully char-
acterize, develop, and refine than traditional pharmaceuti-
cals. Current U.S. FDA regulations for drug development 
and manufacturing are not directly applicable to or relevant 
for cellular products. Many questions remain unanswered, 
including ideal cell source, route of administration, dose 
and dosing regimen, timing, and role of immunosuppres-
sion in these therapies. Risks of adverse events differ for 
the use of unmanipulated or manipulated products as well 
as autologous versus allogeneic cells. A better understand-
ing of mechanisms of action may facilitate clinical research-
ers to better harness the power of CB cells as a therapeutic 
modality in various disease processes. The development of 
noninvasive methods of cell tracking, which can be used to 
determine whether cell integration or engraftment is required 
for a beneficial effect, will be essential to inform that effort.

9.  SUMMARY

Regenerative medicine is a field with enormous potential 
to impact the treatment of diseases that affect millions of 
people and conditions for which there are currently no 
effective therapies. CB is an attractive source of multipo-
tent stem and progenitor cells, which can serve as cellular 
therapeutic factories for many of these diseases. In addition 
to its ability to differentiate into numerous cell types, one of 
the main advantages of CB compared to other cell sources is 
its practicality. CB can be easily collected after most births 
without risk to the donor, can be cryopreserved for later 
use, and is not a socially or politically controversial cellular 
resource. In addition, generation of iPS from small numbers 
of cryopreserved CB cells is feasible, can serve as a tool to 
study disease mechanisms, and may also lead to the devel-
opment of iPS-derived therapies in the future. In order to 
capitalize on these features and to make regenerative thera-
pies available to the population at large, the development of 
allogeneic, off-the-shelf products that can be utilized with-
out preparation with high-dose chemotherapy or long-term 
engraftment will be necessary.

If CB develops a significant role in regenerative medi-
cine as expected, it could not only affect the way numerous 

diseases are treated, but could also promote a shift in the 
current paradigm of public and private CB banking. CB col-
lection might become the standard of care for all deliveries, 
provided by hospitals and obstetric providers. Parents may 
become more inclined to bank their baby’s CB privately. 
Public banks might therefore need to develop mechanisms 
to sequester banked units for the donor family for a few 
years and then list them on the public registry if the family 
did not require their use. Smaller units, not typically stored 
by public banks and less likely to be sufficient for standard 
allogeneic HSCT, might also have to be banked for a num-
ber of years and may be useful for future cell therapy and/or 
regenerative medicine applications.

In summary, CB has enormous potential for develop-
ment as a therapeutic agent in the field of cellular therapies 
and regenerative medicine. Use of CB in this manner will 
greatly expand indications for banking in both the private 
and public settings. However, additional preclinical and 
early clinical trials are needed to fully define the safety pro-
files of CB therapies and to determine the clinical applica-
tions where evidence-based data justify its use.
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1.  INTRODUCTION: A BRIEF HISTORY OF 
INDUCED PLURIPOTENCY

Currently there is a huge amount of effort around the world 
to bank human tissue for various applications in research 
and medicine. Traditionally, stored frozen tissues have been 
in the form of donated bone marrow and mobilized periph-
eral blood, and more recently umbilical cord blood, and used 
for transplantation in patients with diseases such as leuke-
mia or aplastic anemia. Within the United Kingdom, orga-
nizations such as the National Health Service (NHS) Cord 
Blood Bank and British Bone Marrow Registry, including 
other registries and charities, are responsible for provision 
of stem cells from the tissues stored in these banks. More 
recently, with next-generation sequencing technologies and 
the advance of bioinformatics, tissue or “biobanks” are also 
being initiated as a valuable resource for medical research 
into human disease, such as the genome-wide association 
studies conducted by the Wellcome Trust Sanger Institute in 
Cambridge. This study linked genetic (copy number) varia-
tions across a large population (19,000 individuals) and 

correlated these with disease susceptibility, thus identifying 
the genetic traits or defects that contribute to complex dis-
eases such as Crohn’s disease and type I diabetes.1 With the 
advent of reprogramming technologies, where cells of one 
type can be converted to another, this paves the way for a 
third major role of the biobanks, which will be the provision 
of novel cellular therapies and diagnostics that previously 
were not considered possible.

Reprogramming technologies have been explored in 
research for over 50 years, and first described by Sir Pro-
fessor John Gurdon in 1962, where a nucleus from a single 
somatic cell was used to create adult frogs, after transplan-
tation into an enucleated oocyte2 (Figure 1). This work was 
ground-breaking since it demonstrated that adult, somatic 
nuclei could be reprogrammed back to an embryonic state, 
and thus become pluripotent and able to contribute to the 
whole organism. After many years, and a huge amount 
of effort, this phenomenon was repeated in 1996, when 
the announcement of Dolly the sheep was made,3 by a  
process termed somatic cell nuclear transfer (SCNT). 
Creating cloned animals was conducted primarily for 
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novel therapeutics (i.e., antibody production) and better 
animal husbandry; however, it is an expensive and time-
consuming process. The processes that occurred during 
SCNT represented largely a black hole in our understand-
ing, since it was unknown which specific factors in the 
oocyte cytoplasm were inducing reprogramming of the 
transferred somatic nuclei.

Fortunately, with the isolation of mouse4 and even-
tually human embryonic stem cells (hESCs)5 scientists 
were able to better understand what constituted the plu-
ripotent state, and specifically which transcription fac-
tors controlled and were most critical for maintenance of 
pluripotency. The pluripotent state was shown to be main-
tained by transcription factors such as Oct46 and Nanog,7,8 
so that upon their removal, pluripotency is lost, while 
induction of their expression is sufficient to maintain plu-
ripotency in the absence of extrinsic factors. This work 
demonstrated that transcription factors alone are both 
necessary and sufficient to maintain the embryonic-like 
pluripotent state. In ground-breaking studies in 2006 and 
2007, Professor Shinya Yamanaka and colleagues9,10 were 
able to mimic the findings of Sir Professor John Gurdon 
over 50 years before, but instead to induce pluripotency 
using a defined set of factors and not by SCNT. This work 
has lead to both Sir Professor John Gurdon and Profes-
sor Shinya Yamanaka being awarded the Nobel Prize for 
Physiology or Medicine in 2012, and has now paved the 
way for huge advances in medical and basic research, in a 
way that was not previously possible. Diseases are being 
recreated in the “dish” using human induced pluripotent 
stem cells (hiPSCs) from patient-specific tissue, which 
will help to provide not only for a better understanding 
of genes involved in disease pathology, but also for the 
effective screening of drugs to improve clinical outcomes. 
HiPSCs from diseased and healthy individuals are also 
being used in basic science to understand better the role of 
genes in the early development of tissues and organs, and 
to understand the specific function of proteins, by under-
standing what happens when these processes go wrong. In 
the immediate future, novel diagnostic applications will 
also arise from reprogramming technologies and hiPSCs. 

Already stored in biobanks around the world are patient 
and donor tissues, with information regarding their pheno-
type and genotype. Lastly is the hope of reprogramming 
technologies to provide a novel source of cells and tissues 
for regenerative therapies, and it is these various applica-
tions for research and medicine that are discussed further.

2.  WHAT DEFINES PLURIPOTENCY AND 
THE PLURIPOTENT STEM CELL

2.1  Isolation of Mouse and Human 
Embryonic Stem Cells

Pluripotent stem cells such as mouse embryonic stem cells 
(mESCs) are normally a transient cell population within the 
developing embryo and constitute the inner cell mass of the 
E3.5 blastocyst in mice, which eventually contributes to all 
the lineages and tissues of the adult organism. This is also 
true of humans, although developmental timings are delayed. 
Although transient in the developing embryo, when isolated 
in vitro under the correct conditions,4,5 they are essentially an 
immortal cell line. Therefore, they can proliferate indefinitely, 
while retaining the potential to contribute to all the tissues of 
the developing embryo, and are thus referred to as embry-
onic stem cells. In mouse, pluripotency is demonstrated by 
injection of embryonic stem cells back into the developing 
blastocyst, whereupon they contribute to the whole animal 
as a chimera. The most stringent measure of pluripotency is 
germ-line transmission, whereupon homozygous mice can 
be derived.11 Since the starting point for these “engineered” 
mice are embryonic stem cells that can be manipulated 
genetically in vitro, with genes added12 or “knocked out,”13 
mouse lines generated this way are referred to as transgenic 
or knockout mice, respectively. This approach was pioneered 
in the 1980s by Sir Professor Martin Evans and colleagues 
and has been widely used in basic research to understand the 
role of genes in early development and disease.

Human embryonic stem cells (hESCs) were isolated 
in 1998, and although much was gleaned from work-
ing with mESCs, there were to be significant differences 
between them, which hampered progress toward their initial 

ES cellBlastocyst
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FIGURE 1 Somatic cell nuclear transfer. The “traditional” approach for reprogramming the somatic nucleus into a pluripotent state, first reported by 
JB Gurdon in 1962, and famously repeated with “Dolly the Sheep.” This allows cloning of animals when the nucleus of a somatic or differentiated cell is 
transferred to an oocyte that has had its own nucleus removed. This “transplanted” oocyte can then divide and form a blastocyst, whereupon implantation 
results in a “cloned” offspring. From Ref. 17.
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derivation. This most notably is due to differences in the 
developmental stage at which mESCs and hESCs are derived 
(ICM and epiblast, respectively), and the consequent varia-
tion in cytokine and growth factor requirements.14 Since 
hESC lines are generally derived from unwanted fertilized 
embryos, and while many hESC lines have now been gen-
erated,15 few are from disease or genotype-specific sources 
that make them more useful to research and regenerative 
medicine. Until recently, efforts to create pluripotent cell 
lines by SCNT had largely failed, and only by very care-
ful manipulation of the culture conditions has this now been 
shown to be possible,16 although this is unlikely to replace 
reprogramming approaches described herein (see Figure 
1), since SCNT is still ethically contentious and technically 
demanding.

2.2  Extrinsic and Intrinsic Networks that 
Contribute to Pluripotency

From studies to isolate, characterize, and maintain mESC 
and hESCs, it has been possible to identify critical extrin-
sic factors such as Leukemia Inhibitory Factor (LIF)18 and 
basic fibroblast growth factor (bFGF)19 that inhibit differ-
entiation and maintain self-renewal and pluripotency. Since 
constitutive expression of Signal Transducer and Activator of 
Transcription STAT3 downstream of pg130 and LIF signal-
ing could maintain pluripotency in the absence of LIF20 but 
only in the presence of serum, other factors were implicated 
in maintenance of self-renewal. Bone morphogenic protein 
(BMP) 4, which is present in serum,21 has since been shown 
to act with LIF/STAT3 signaling to prevent differentiation 
and thus maintain self-renewal in mESCs.

Arguably, it has been identification of the intrinsic fac-
tors that maintain pluripotency which has lead to the ground-
breaking discoveries in tissue reprogramming and induced 
pluripotency. Central to the pluripotent transcription factor 
network is the POU5F gene or Oct4 transcription factor.22 
The role for this homeodomain-containing protein was first 
identified in mouse embryos as being necessary for develop-
ment of the inner cell mass, from which mESCs are derived.6 
Nanog is another homeodomain-containing transcription 
factor that was discovered independently to regulate pluri-
potency7,8 that is thought to act independently of STAT3, but 
which may interact directly with Oct4 to provide maximal 
self-renewal capacity (see Figure 2). An additional transcrip-
tion factor of note here is the SRY (sex determining region 
Y)-box 2, also known as SOX2 which is a HMG DNA-bind-
ing domain transcription factor, discovered to act synergisti-
cally with Oct4 to mediate expression of Oct4 target genes.23

Therefore, within the pluripotent state, there is a require-
ment for an extrinsic component that acts to prevent differ-
entiation such as LIF (or bFGF in humans) and BMP4, and 
an intrinsic network of specific transcription factors, i.e., 
Oct4 and Nanog, which are critical for maintaining pluripo-
tency (see Figure 2).

3.  REPROGRAMMING HUMAN 
SOMATIC CELLS TOWARD INDUCED 
PLURIPOTENT STEM CELLS USING 
DEFINED FACTORS

3.1  Initial Reprogramming Studies

In 2006, Shinya Yamanaka and colleagues made full use of 
advances in our understanding of pluripotency to reprogram 
and induce a pluripotent stem cell from mouse tail tip fibro-
blasts. This ground-breaking study in mouse was quickly 
followed up with human tissue9,10 and by several other inves-
tigators.24–26 Yamanaka’s approach relied on the hypoth-
esis that intrinsic factors such as Oct4 could be sufficient 
to reprogram a somatic nuclei toward an embryonic-like 
sate, and sufficient for it to regain a pluripotent “potential.” 
This hypothesis was proved correct when after assessing 
21 genes in combination, Takahashi and colleagues eventu-
ally identified just four that were critical for induction of a 
pluripotent state.9,10 Using retroviral transgene expression 
of just Oct4, Sox2, Myc, and Klf4 but eventually omitting 
Myc due to its transforming potential,27 skin fibroblasts over 
time acquire an embryonic-like morphology, with a large 
nucleus and scant cytoplasm. They also acquire an ESC 
phenotype in that they express ESC-specific surface mark-
ers SSEA4, TRA-1-81, and TRA-1-160 (see Figure 3), but 
most importantly they are functionally pluripotent, being 
able to contribute to chimeras in mice, and can undergo 
germ-line transmission.28 Although with hiPSCs these later 
studies are not possible, functional pluripotency can be 
demonstrated in vitro by differentiation as embryoid bodies 
to yield cell types from the three major lineages of the body. 
As such Yamanaka and colleagues were able to describe 
specialized neurons and beating cardiac myocytes, using  
hiPSCs originating from human dermal fibroblasts.

Mesoderm

Endoderm Pluripotent ES Cell Neuroectoderm
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FIGURE 2 Pluripotent networks at a glance. Critical research using 
embryonic stem cells in culture was able to identify the intrinsic factors 
that maintain pluripotency and extrinsic factors in the surrounding environ-
ment that prevent differentiation. Central components of the pluripotent 
transcription factor network includes Nanog and Oct4, which maintain the 
stem cell in a cycle of self-renewal. Extrinsic factors include BMP4 in 
serum, and for mESCs, LIF, which are supplemented to promote activ-
ity of downstream signaling pathways Id and STAT3, respectively, which 
prevent differentiation into the first major germ layers, mesoendoderm and 
neuroectoderm. From Ref. 21.
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Subsequent studies by other investigators have since 
shown that Oct4 is the most critical component for repro-
gramming and the only transcription factor required for 
reprogramming of neuronal stem cells,29 which can express 
Sox2 endogenously. Other transcription factors have been 
used to substitute for the original cocktail, which include 
Nanog and Lin28, as well as Oct4 and Sox2,25 while the 
requirement for Klf4 has been shown to be replaced by 
other members of the Kruppel-like family of transcrip-
tion factors.30 cMyc is an oncogenic transcription factor 
that can be left out all together, since, although it has been 
shown to increase iPSC-like colonies forming in the ini-
tial reprogramming dish, the background for incompletely 
reprogrammed colonies is high and results in iPSC lines 
that are not fully pluripotent.31 Transgene expression is 
generally required for the first transition toward a more 
epithelial state, and for initiating the pluripotent network, 
after which time the endogenous program of transcrip-
tion factors become dominant32 and the viral transgenes 
are generally silenced by epigenetic mechanisms such as 
DNA methylation. During this time, what were once single 
somatic cells become colonies that progress to become a 
large dense mass, although the appearance is quite differ-
ent between mouse and human iPSCs (as with ESCs), with 
the latter being generally flatter and where single iPSCs 
are more easily observed.

3.2  Characterization of hiPSC Lines

Once colonies have formed, usually at around day 14–28 
depending on starting material and reprogramming strat-
egy, live cell staining can be performed to confirm identity. 
The most reliable marker for complete reprogramming 
at this early stage is TRA-1-16034 and if done with live 
cells, then these cells can be selected directly for long-
term culture and expanded into hiPSC lines for further 

testing. More complete characterization for hiPSC lines 
includes demonstrating silencing of transgene expression, 
determining methylation status of promoters for endog-
enous factors (i.e., Oct4 and Nanog), and quantification 
of mRNA expression of ESC-specific genes. A functional 
in vivo readout for pluripotency includes teratoma forma-
tion, which was all described in the original reports for 
induced pluripotency.9,10 Additionally, it is now routine 
to describe a karyotype by G banding and/or use of sin-
gle-nucleotide polymorphism arrays that identify copy-
number variations, which result from genome instability, 
which has been observed for both hESC35,36 and hiPSC 
lines.37,38

If hiPSCs that have been generated are to be useful for 
medical research and therapeutics, they need to be plu-
ripotent and thus able to differentiate into the cell type of 
interest in vitro. Differentiation toward the neuroectoderm, 
mesoderm, and endoderm can be tested by demonstrat-
ing the presence of neurons, cardiomyocytes, and hepato-
cytes, respectively. Typically, the neuroectoderm lineage 
is most easily formed, since it represents the first lineage 
to form, possibly by default,39 while the endoderm such 
as hepatocytes are typically more difficult to derive.40 In 
the NHS Blood and Transplant, we also use these “out-
puts” as a measure of pluripotency for the hiPSC lines we 
have generated.33 In addition, we assess the formation of 
a hemato-endothelial cell type, which arises from a multi-
potent progenitor and which can help to inform us on how 
differentiating hiPSCs can contribute to hematopoiesis in 
development. Also in work assessing the potential therapeu-
tic use of hiPSCs for cardiovascular (CV) repair, we have 
been able to demonstrate that hiPSC lines generated in our 
laboratory are able to contribute efficiently to the CV lin-
eage with beating tissue in culture and all relevant lineages: 
cardiomyocytes, endothelium, and smooth muscle being 
represented. Furthermore, when these cells are transplanted 

FIGURE 3 Reprogramming of human fibroblasts to induced pluripotent stem cells with defined factors. As first described by Yamanaka and col-
leagues in 2007, we used retroviral vectors containing specific transcription factors to transduce into human fibroblasts, which were subsequently cultured 
in embryonic stem cell media on a supportive layer of fibroblasts. Over a period of 28 days, reprogrammed induced pluripotent stem cells were derived. 
This is reflected by a change in appearance of the adult dermal fibroblast from a flat spindle shape to a large colony of columnar cells tightly packed and 
with a large nucleus with scant cytoplasm (A), that expresses a range of embryonic stem cell-specific genes such as Oct4 (green) and TRA-1-81 (red) 

with nucleus staining with DAPI (4′,6-diamidino-2-phenylindole) in blue (B), and which can then differentiate into a wide variety of cell types such as 
endothelium, shown as CD31-positive networks formed in a tubule assay (C), as well as red blood cells and B lymphocytes.33 (For interpretation of the 
color in this figure legend, the reader is referred to the online version of this book.) From: L. Carpenter et al., 2011 (Ref. 33).
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into animal models of CV disease, they do provide a small 
functional benefit41 which not only demonstrates the overall 
therapeutic potential for hiPSCs, but also provides a func-
tional readout for their pluripotency.

3.3  Reprogramming Technologies Now 
Available

Many different reprogramming technologies have been 
employed since Professor Shinya Yamanaka’s first demon-
stration using retroviral vectors for transgene expression. 
Initially this work was reproduced by other laboratories, 
using similar integrating viruses such as lentivirus, although 
with a different set of reprogramming factors, i.e., Lin28, 
Nanog, Oct4, and Sox2.25 Generally the field has moved 
toward safer approaches using viruses that do not integrate, 
such as adenovirus,42 which are only transiently retained 
within the cell and therefore are considered a safer approach 
for downstream applications. However, this can result in 
reduced efficiencies of reprogramming, presumably because 
stable transgene expression is not maintained. Recently, 
Sendai virus has been reported to have greatly improved 
efficiencies,43,44 and as such this method is currently popu-
lar for generating hiPSC lines. Plasmid-based approaches 
are varied, as too are their efficiencies for reprogramming, 
but here they generally adopt strategies to avoid integra-
tion or the effects of, and include excision after reprogram-
ming45,46 or maintenance of vectors outside of the nucleus 
in the episome.47 Strategies that include the introduction of 
small molecules, such as HDAC inhibitors sodium butyrate 
and valproic acid, can greatly improve efficiencies of repro-
gramming.48,49 Peptide-based delivery systems have also 
been explored with some success,50,51 where the transcrip-
tion factor protein is synthesized with a membrane permeant 
domain to promote uptake from the extracellular medium 
across the plasma membrane; mRNA-based delivery sys-
tems, which can introduce modified mRNA that mediates 
transgene expression,52 have also been tested. However, 
some of these vector-free methods seem to be technically 
very demanding, and although in some cases commercial 
kits are available, they can require repeated transfections 
and are maybe not currently applicable for hard-to-transfect 
cell types or high-throughput projects. While we originally 
started reprogramming in Oxford using the Yamanaka ret-
rovirus plasmids with dermal fibroblasts on mouse embry-
onic feeders (according to Nishikawa et al. 20079), we have 
now adopted the OriP plasmid vectors that are “footprint 
free” and use the OriP/EBNA-1 vectors (pEP4EO2SET2K 
and pEP4EO2SCK2MEN2L) to deliver an optimized 
reprogramming gene cocktail. This was first reported by 
Thomson and colleagues,47 and a small-molecule strat-
egy subsequently developed by this group53 enables iPSC 
reprogramming without feeder layers. Since these are mam-
malian expression vectors that are maintained episomally 

(and thus not retained within the nucleus), they are lost over 
time if cells are cultured without positive selection, and so 
are considered a safer option than other expression vectors 
that are integrated but subsequently excised.45,46 Over time, 
as the OriP vectors are degraded, the endogenous pluripo-
tent transcription factor network is established to maintain 
the hiPSC state. Initial reprogramming efficiencies of just  
0.01% are not high, but are enough to yield several hiPSC 
colonies from 1 × 106 dermal fibroblasts when using these 
vectors, but this was improved by approximately 100-fold 
with the use of small molecules.53 We have also successfully 
adopted small-molecule approaches that allow hiPSC deri-
vation without fibroblast feeders started with a variety of 
blood cells (umbilical cord blood mononuclear cells, umbil-
ical cord blood CD34+ cells, umbilical cord blood erythro-
blasts, and adult mononuclear cells) which identify small 
reprogrammed colonies after just 9 days of culture. Here we 
used the OriP vectors described,53 DMEM/F12 with N2 and 
B27 supplement, supplemented with 100 ng bFGF, 1 μM 
PD032590, 3 μM CHIR99021, 0.4 μM A83-01, 100 ng/ml 
human LIF, and 10 μM Y27632, switching to mTeSR after 
10 days to stabilize the colony and establish the line.

3.4  Direct Reprogramming

Another intriguing aspect of the work of reprogramming 
towards pluripotency is the concept of direct reprogram-
ming to the cell type of choice. This was originally termed 
trans-differentiation that had been explored for many years 
by cancer biologists to explain transformed states, and even 
by cell engineers trying to create rare cells for regeneration, 
i.e., insulin-producing beta cells from liver hepatocytes for 
the treatment of diabetes.54 After this came the phenom-
enon of reprogramming as reported by Thomas Graf and 
colleagues,55 whereby CD19+ B cells were reprogrammed 
into macrophages expressing Mac1, by the overexpression 
of C/EBP, a master gene regulator for the myeloid lineage. 
Since the description of full reprogramming toward induced 
pluripotent stem cells, anything now seems possible with 
reprogramming technologies. Indeed, scientists have 
induced pancreatic islets, within exocrine tissue in exper-
imental models of diabetes, which restored resting blood 
glucose levels.56 This in itself was ground-breaking work, 
and since then, several other important cell types for regen-
erative therapies have been derived by direct conversion 
from fibroblasts. This includes neurons generated from tail 
tip fibroblasts that are shown importantly to have mature 
adult action potentials,57 and cardiomyocytes that can be 
derived from cardiac fibroblasts in vivo.58 Interestingly, 
this study demonstrated that cells do not transit through a 
progenitor or embryonic state, but attained an adult sate 
directly, and so acquire adult action potentials that are 
critical for normal function. It therefore seems possible to 
derive virtually any cell type from fibroblasts by “direct 
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reprogramming” or “direct conversion,” without the need 
to derive hiPSC lines initially. This generally relies on hav-
ing a very good understanding of the cell type of interest, 
and usually requires transcript array data, while employing 
transcription factors that are either highly expressed or have 
known master gene function, in the relevant. What is of sig-
nificance here, is that the phenomenon of reprogramming 
or direct conversion seems not to be lineage-restricted, so 
that fibroblasts that are stored in tissue banks all over the 
world, appear to be an ideal starting point for the derivation 
of virtually any cell type. Also, cells derived by direct con-
version thus far appear to form without the need to transit 
through a more primitive or progenitor stage, and acquire 
the features of the adult cell type. This will be necessary 
for any prospective regenerative therapies, and is currently 
a severe limitation of cells differentiated from pluripotent 
stem cells, which instead represent a more fetal stage. The 
most fascinating aspect of these direct reprogramming stud-
ies is that the direct conversion can be achieved in vivo to 
correct disease states.56 However, since most direct repro-
gramming approaches require the use of transcription fac-
tors with known oncogenic potential, these direct in-situ 
approaches will probably not be implemented and instead 
cells from biobanks will remain the most likely source of 
new tissues.

3.5  Reprogramming for Biobanked Tissues

Tissues that are routinely stored in tissue banks around the 
world have traditionally comprised of blood, either adult 
mobilized peripheral blood or more recently umbilical 
cord blood, stored for allogeneic transplant. From blood 
alone, a range of cell types can be isolated and expanded 
for reprogramming, which includes hematopoietic stem 
cells, mononuclear cells, endothelium, and mesenchy-
mal stromal cells, while endothelium and fibroblasts are 
now being banked separately as well. The intention of tis-
sue banks to store stromal cells or fibroblasts is extremely 
useful, since this was the source of tissue for the first 
“full” reprogramming studies,9,10 and subsequent work 
that describes direct conversion.57,58 Fibroblasts are con-
venient also, since they are easily accessible from a skin 
biopsy. Unfortunately, however, cell populations derived 
can be heterogenous, which initially led scientists to ques-
tion the original phenomenon of induced pluripotency 
where hiPSCs could have arisen instead from rare stem 
cells within this heterogeneous population. However, 
with improved reprogramming technologies such as Sendai  
virus44 and small molecules,48,49 it is now known that a 
significant proportion of fibroblasts (approximately 20%) 
are able to start the reprogramming process and become 
TRA-1-60-positive. However, most do not complete this 
process, which suggests additional factors may influence 
the reprogramming process.59,60 Endothelial cells have also 

represented a popular tissue for banking since it is rou-
tinely harvested from umbilical cord as human umbilical 
vein endothelial cells. These cells have a high proliferative 
capacity in culture,61,62 which appears to contribute towards 
efficient and rapid reprogramming.63

With regards to the reprogramming of blood, that is 
stored in huge quantities in tissue banks around the world, 
the first demonstration of hiPSCs from this compartment 
was with cord blood stem cells (CD133-positive), and inter-
estingly were reprogrammed with just two factors, Oct4 
and Sox2.64 Other work has since shown adult mononuclear 
cells can also be considered for reprogramming53 and thus 
hiPSCs can also be derived from routinely donated blood.

It is now known that most cell types from the blood 
lineage can be reprogrammed, including B lymphocytes,65 
while hematopoietic stem cells and progenitors are more 
efficiently reprogrammed than differentiated cells.66 To 
demonstrate this, Hochedlinger and colleagues generated 
a transgenic mouse that contained inducible transgenes for 
reprogramming in every cell. When blood from this trans-
genic mouse was sorted for CD34-positive, myeloid, and 
lymphoid progenitors, and induced under reprogramming 
conditions, they found that most compartments of blood were 
amenable to reprogramming, albeit with varying efficien-
cies. This remarkable use of both transgenic technologies 
and reprogramming helped to demonstrate the robustness of 
the reprogramming process from various cells within differ-
ent tissue compartments,26,59,60 so that now most cells stored 
in both tissue and blood banks around the world may be con-
sidered as a source of tissue reprogramming.67

4.  TISSUE DIFFERENTIATION FROM hiPSCs

4.1  Differentiation of hiPSCs Toward Cells  
of Interest

Historically, differentiation of pluripotent stem cells has 
relied upon spontaneous differentiation upon the with-
drawal of leukemia inhibitor factor (in mouse) or bFGF 
(in human), in the presence of fetal calf serum, where usu-
ally differentiation occurs as embryoid bodies in suspen-
sion culture. Often small molecules have been used, such 
as retinoic acid, that favors neuroectoderm over mesoderm 
and promotes formation of neurons from pluripotent stem 
cells.68 However, this is still a very heterogeneous process, 
is difficult to control, and is unreliable. Use of animal sera 
is an added complication for good manufacturing practice 
(GMP) compliancy, while the use of embryoid bodies is not 
easily scalable for production and manufacturing. Another 
strategy for efficient differentiation of pluripotent stem 
cells is coculture with stroma/fibroblasts. Use of embryonic 
fibroblasts is useful for recreating a niche and mimicking 
signals received during early development, and was critical 
for the isolation of mouse4 and hESCs,5 however these have 
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been largely replaced by the use of defined media.69 Feeders 
are also popular for hematopoietic differentiation, and many 
embryonic and fetal stroma have been isolated for this pur-
pose, initially useful for maintenance of adult hematopoietic 
stem cells70 but subsequently for haematopoietic differenti-
ation of pluripotent stem cells.71 Stromal feeder layers may 
also be used to mimic the specific haematopoietic niche/
environment so well as to also enable the formation of very 
rare cell types such as hemogenic endothelial cells72 and 
progeny that may arise, such as B lymphocytes,33,73 from 
either hESC or hiPSCs. Unfortunately, this approach of 
using supporting stroma for haematopoietic differentiation 
is still not well defined, and can be unreliable if great care is 
not taken to ensure culture conditions are consistent.

As with maintenance of hESCs and hiPSCs, defined or 
directed approaches are also being employed more routinely 
for differentiation of pluripotent stem cells. Usually this is 
possible with information gleaned from transgenic studies 
and mapping the involvement of genes in early embryonic 
development. Here, directed differentiation relies on the use 
of growth factors and cytokines to recapitulate signals and 
the correct environment, which help to determine the fate 
of the pluripotent stem cell. It was unclear for many years 
how supplementation of growth factors to differentiating 
cultures really acted to promote specific fates, whether they 
“pushed” or “pulled” cells toward the lineage of choice. 
However, stochastic models at a single cell level show that 
differentiating pluripotent and multipotent stem cells gen-
erally respond to the environmental signals in a self-per-
petuating transcriptional response that forms the basis of 
directed differentiation.74

The pluripotent stem cell has a choice of three germ 
layers to differentiate toward: neuroectoderm, mesoderm, 
and endoderm. Formation of the ectoderm is considered 
a default pathway,39,75 which is formed in the absence of 
BMP421,76 or where BMP4 signaling is inhibited.77 How-
ever, if members of the transforming growth factor-β 
(TGFβ) superfamily (including activin/nodal and BMPs) 
are present, this promotes mesoderm formation78 and sub-
sequent CV phenotypes. An example of the work toward 

defined conditions for the differentiation of specific cell 
types would be the multistep process described by Keller 
and colleagues for hESCs,79 and subsequently with hiP-
SCs.41,80 Here, multipotent platelet derived growth fac-
tor receptor (PDGFR)-positive CV cells are formed upon 
supplementation with specific amounts of bFGF, BMP4, 
activin A, and vascular endothelial growth factor (VEGF), 
and eventually form smooth muscle, endothelial cells, and 
cardiomyocytes (see Figure 4).

These were shown to have a functional benefit in ani-
mal models of myocardial infarction and to be retained for 
up to 12 weeks posttransplant.41 The important aspects for 
any potential cellular therapy to reach clinical trials are the 
efficiency, reliability, and ease of such protocols, which are 
required for scale-up and manufacture. These cells were 
generated in “one dish,” without extensive manipulation or 
selection, where resulting cells constituted nearly 50% of 
the population. Of note was that the CV population formed 
a sheet of contractile tissue, which was interspersed with 
endothelial networks and smooth muscle, which may also 
be ideal for toxicology screening of new pharmaceutical 
drugs prior to costly clinical trials, and may possibly help 
to reduce the number of animals currently used for this pur-
pose. Other examples of defined protocols for deriving cells 
from pluripotent sources include neurons81 and endoderm 
such as insulin-producing pancreatic beta cells82 as well as 
hepatocytes.83

An alternative approach to cytokine-mediated “directed 
differentiation” is to block alternative pathways, so that 
fate choice is restricted to the desired cell type. Examples 
here include use of small inhibitory molecules such as 
SB431542 that block TGFβ-1 signaling84 and/or the use 
of RNA interference,77 both of which inhibit BMP signal-
ing to efficiently induce neuronal differentiation. It is clear 
that a directed differentiation approach will be critical for 
improved efficiency and reproducibility of differentiation 
from hESCs and hiPSCs. However, it may well be that the 
method of choice for scale-up and manufacture is instead 
determined by issues such as GMP compliancy, availability 
in bulk, and cost of the reagents used.

µ µ µ

FIGURE 4 Directed approaches for tissue-specific differentiation from pluripotent stem cells. Here we have shown that with a specific cocktail of 
cytokines, hiPSC can be differentiated as monolayers, which over 14 days become beating sheets of cardiac myocytes that are positive for troponin (green) 
and which appear as triations (A), also, networks of CD31-positive endothelium (in red) can form (B), as well as smooth muscle that is positive for smooth 
muscle actin (green), with inset showing typical cytoskeletal staining (C). Nuclear staining with DAPI is in blue. (For interpretation of the color in this 
figure legend, the reader is referred to the online version of this book.) From L. Carpenter et al., 201241.
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4.2  Phenotyping and Functional Tests

For applications in toxicology testing, disease modeling, and 
any potential therapies, it essential to not only undertake exten-
sive phenotyping to ensure the correct identity, but also show 
that cells derived from pluripotent sources can function as 
expected. Without extensive functional tests, cells may behave 
unreliably during in vitro toxicology testing, or not provide 
a therapeutic benefit in disease models. For instance, pancre-
atic islets secrete glucagon, somatostatin, and most impor-
tantly insulin in response to elevated blood glucose, which 
then induces uptake and storage of glucose in sensitive tissues 
such as liver and muscle. Islets from pluripotent sources will 
therefore need to be glucose responsive, within a physiological 
range of glucose,82 for them to be useful in the clinical setting 
for treatment of diabetes. Electrophysiological measurements 
can be used to query the functionality of cells such as neurons 
and cardiomyocytes, and their relationship to adult somatic 
cells of the same type, which has been described recently for 
cells obtained by direct conversion.57,58 Cells can also be tested 
for their ability to integrate and be retained within the appro-
priate anatomical setting, i.e., when CV progenitors, derived 
from hiPSCs sources, are injected into the damaged myocar-
dium, that they integrate into the CV tissue and are retained.41 
Most importantly for regenerative therapies, transplanted cells 
from pluripotent sources should also provide a functional ben-
efit in the disease model and not be tumorigenic.

Where testing in animal models is not possible, or unnec-
essary, in vitro 3-D reconstruction of whole cellular com-
partments may be an alternative approach, particularly if 
cells are to be used for research, i.e., modeling disease and 

development in a dish. We have shown previously that when 
hiPSCs are differentiated down the CV and hematopoietic lin-
eages, they can give rise to most of the cell types expected for 
these compartments. Directed differentiation of hiPSCs can 
be used to derive smooth muscle, endothelium, and CV cells, 
which form sheets of beating tissue that mimic the in vivo 
setting,41 and thus offer a good starting point for toxicology 
testing or for basic research. On OP9 stroma we have shown 
that hiPSCs yield hematopoietic progenitors that have a rare 
potential to form B lymphocytes, as well as myeloid, ery-
throid, and endothelial cells, and as such this acts as a func-
tional output for the existence of a multipotent hematopoietic 
progenitor.33 This acts as a valuable system to better under-
stand early events during hematopoietic development and to 
describe formation of the hematopoietic stem cell in vitro.

5.  POTENTIAL APPLICATIONS FOR hiPSCs 
IN FUTURE REGENERATIVE MEDICINES

5.1  Novel Diagnostics

Diagnostics will be a very exciting area for novel appli-
cations of reprogramming technologies. Many examples 
can be suggested, but of particular interest in transfusion 
medicine for example generation of red cell panels for  
testing antibody reactivity in sera of patients receiving blood 
transfusions. Currently these are provided to hospitals in 
the United Kingdom by the NHS Blood and Transplant as 
“kits” with blood from donors with specific antigen pro-
files. Typically, panels can consist of 3 or 10 donor samples 
(see Figure 5), which are constructed to cover the antigen 

FIGURE 5 An example of a reagents testing panel provided by the NHS Blood and Transplant. Here is an example of a 3 Cell Screen Profile Product, 
which is normally generated from a specific set of donors who fit the requirements of the “Red Book.” These donors are difficult to identify, and are not always 
available for continuous supply. As such, hiPSCs from these individuals could be generated and used for an indefinite supply of red blood cells for this type of kit.
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profile defined by the Guidelines for the Blood Transfu-
sion Services in the United Kingdom (8th Edition 2013), 
otherwise known as the Red Book. While donor blood is 
optimal, it is an extremely demanding challenge to identify 
and recruit the specific donors that are required for the cre-
ation of antibody testing panels, and it can also be difficult 
to maintain a suitable supply of this material to hospitals.

Clearly an indefinite supply of these red blood cells 
would be beneficial, and this can be provided if hiPSCs 
were generated from donors that are used for the testing 
kits. It is known that red blood cells arising from hiPSCs 
can acquire the surface expression profile expected of red 
blood cells that are CD235 positive but CD45a negative, 
and can expand and enucleate with similar kinetics of that 
observed for hESCs.85 Other applications may include 
commercial production of rare antibodies against human 
pathogens, where rare donors with disease resistance can be 
identified. From these donors, specific B-cell clones may 
be isolated for reprogramming65 for an unlimited supply of 
cells, which upon differentiation back to B cells33 can pro-
duce a continuous supply of rare antibodies for therapy.

5.2  Modeling Development and Disease

For nearly 30 years, mESCs have been used to model early 
embryonic development and disease. mESCs retain plu-
ripotency and recapitulate early development so well that 
they can be used to generate living embryos11,12 and after 
manipulating genes to generate either transgenic or knockout 
mice,12,86,87 which also include inducible genes and/or lin-
eage specific expression.88,89 By studying the impact of these 
changes in the whole organism or in a dish, these genetic 
approaches help to decipher the role of genes in development.

Unfortunately, such approaches are not always able to reca-
pitulate complex human diseases faithfully, particularly when 
the causative factors are unknown or are multifactorial. This 
was the primary driving force for achieving SCNT, which has 
only recently been reported in humans.16 With the advent of 
hiPSC reprogramming in 2007, suddenly disease phenotypes 
can with relative ease, be recreated in a dish.90 Since hiPSCs 
are pluripotent, virtually any disease cell type can be derived 
for study.33,81–83

A hindrance to the aims of disease modeling, is, however, 
faithfully recapitulating development in a dish. Cells from 
pluripotent sources are generally considered to be fetal in 
characteristics91 and possibly a consequence of short-term 
culture. Also, as exemplified by formation of the hematopoi-
etic lineage, a complicated sequence of events must occur 
before the formation of the adult blood system. Developmen-
tal hematopoiesis is thought to proceed in successive waves, 
each yielding hematopoietic progeny with increased multi-
lineage potential. Ultimately, this results in a hematopoietic 
stem cell that will supply the blood lineage throughout adult 
life.92–94 Adult hematopoietic stem cells are thought to arise 
from the aorta-gonad-mesonephros and other major arteries 

at around E10.595 by a process of endothelial to hematopoi-
etic transition.96–99 Prospective hematopoietic stem cells then 
bud off and colonize the spleen and later the bone marrow, 
and mature into “adult” hematopoietic stem cells that can 
then support adult hematopoiesis. Pluripotent stem cells can 
generally recapitulate the earliest events and undergo primi-
tive hematopoiesis;100 however, a recent breakthrough shows 
us that it is possible to recapitulate later events also with plu-
ripotent stem cells. Here the hemogenic endothelium and the 
hemogenic to endothelium transition have been shown in 
both hESCs and hiPSCs72 to yield hematopoietic progeny. 
However, to date no reports demonstrate the derivation of 
the adult human hematopoietic stem cell from pluripotent 
sources, which remains a long-standing goal in the field.

5.3  Pharmaceutical Testing

HiPSC lines, either from normal or diseased individuals, 
represent a unique and unparalleled tool for toxicology test-
ing. It is known that CV toxicity for new drugs is extremely 
high, and can cause arrhythmias, coronary and cardiac dis-
orders, and ultimately heart failure. Use of hiPSC-derived 
cardiomyocytes for toxicology screens is a highly attractive 
tool for reducing drug withdrawals from the market due 
to CV toxicity. Now that beating contractile sheets can be 
formed efficiently and reliably from hiPSCs,41 pharmaceuti-
cal companies are able to test promising new drugs against 
many different hiPSC lines from different genetic back-
grounds (predicative toxicology). HiPSCs from diseased 
lines may also be useful to identify novel compounds to pre-
vent disease, such as arrhythmias from congenital defects, 
or other inherited disorders. Generating hepatocytes for pre-
dictive toxicology will also be of great value, since as the 
major cell population in the liver, the hepatocyte is responsi-
ble for, among other things, the metabolism and breakdown 
of drugs. Not only can this affect the pharmacokinetics of 
drugs in the body, but also it is the first cell to respond to 
toxic side effects of such drugs, resulting in drug-induced 
liver toxicity. In vitro cytotoxicity screens and preclinical 
in vivo testing have been used traditionally for testing phar-
macokinetics and toxicity; however, since they are derived 
from a limited number of cell-lines, they are generally not 
reliable and may be responsible for the high failure rates. 
Unsurprisingly, the potential for high-throughput screening 
programs of novel drugs, many hiPSC-derived hepatocyte 
lines provides a much greater power for predicting potential 
toxicity of new drugs and is clearly a very attractive option 
to the pharmaceutical industry.

5.4  HiPSCs for Transplantation or Transfusion

HiPSCs and hESCs hold great promise of unlimited cell sup-
ply for regenerative therapies. Virtually any cell type can now 
be derived from pluripotent stem cells or by direct conver-
sion from somatic tissue with reprogramming technologies. 
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Issues around safety and manufacture are discussed later, but 
another major stumbling block toward translation of this new 
technology into real clinical options is that of graft rejec-
tion and human leukocyte antigen (HLA) matching. Graft 
rejection is generally observed in response to poor match-
ing for class I molecules HLA-A and HLA-B, and the class 
II molecule HLA-DR, whereas matching to these loci can 
help prevent acute rejection. Typically, cord blood banks and 
bone marrow registries have these “tissue types” recorded 
and stored electronically, so that when combined with hiPSC 
technologies, the task of providing tissues with a beneficial 
HLA match to patients is now much easier. Studies have 
shown that in the United Kingdom, 150 hiPSC lines would 
be sufficient to provide a complete or beneficial match for 
over 80% of the UK population,101 and a similar study in 
Japan predicted improved matching again, due to lower 
ethnic diversity.102 When the UK registry of 10,000 donors 
was considered, it was estimated that only 10 very highly 
selected homozygous donors should be required to provide a 
beneficial match to nearly 70% of the population.103 Before 
the availability of reprogramming technologies, the reliance 
on randomly tested ESC lines for HLA matching meant that 
many hundreds of lines would need to be created, which was 
a severe limitation in the field of regenerative therapies.

To date, Geron has used hESC-derived oligodendrocytes 
for spinal injury in phase I trials that have been completed. 
While Geron has since withdrawn from hESC-based cellular 
therapies, and although no official results were published, no 
serious adverse effects were reported from the use of these 
cells, which in itself is a worthy outcome. Other trials have 
been approved by the US Food and Drug Administration 
(FDA) for the use of hESC-derived retinal pigment epithe-
lial for the treatment of Stargardt macular dystrophy and 
severe myopia, both to be conducted by Advanced Cell Tech-
nologies, while Viacyte (formerly NovoCell) is progressing 
towards the treatment of both type 1 and type 2 diabetes, 
using encapsulated pancreatic precursor cells, beta cells, 
from a well-characterized hESC line.

Feasibility studies are also underway with a view to pro-
viding blood cell products, and Advanced Cell Technolo-
gies is currently applying (at the time of writing) to the FDA 
for a license to conduct the first human phase I clinical trials 
with hiPSC-derived platelets. Trials for red blood cell trans-
fusion may be some way off using hiPSCs, since several 
hurdles will need to be overcome, not least enucleation rates 
that are generally poor, and as such represent a significant 
safety barrier. Logistics of scale-up of red blood cell pro-
duction for transfusion currently also represent a huge engi-
neering challenge.104 In one unit of blood, typically there 
are 1×1012 red blood cells. This has not yet been achieved 
in vitro, although advances are being made toward this 
goal.105 Additional experimental strategies using knowl-
edge gleaned from basic research and developmental biol-
ogy will help to achieve this aim.

Another intriguing facet of hiPSC technologies for 
therapy is the correction of diseases such as sickle cell ane-
mia106 or Falconi anemia, which may offer an alternative 
to gene therapy. Also combined with organ replacement as 
described for liver bud formation with hiPSCs,107 one day, 
there may be an unlimited supply of genetically engineered 
organs and tissues to treat a huge variety of diseases.

6.  CONSIDERATIONS TOWARD 
DEVELOPMENT OF hiPSC-DERIVED 
THERAPIES

6.1  Genomic Stability and Characterization

Genetic stability and changes that may lead to tumor forma-
tion are of great concern and detrimental to any future thera-
peutic application of reprogramming strategies and hiPSCs. 
Particularly for hiPSCs that can now be generated in a vari-
ety of ways are various steps that may encourage genome 
instability and a transformed phenotype. These include: (1) 
the use of a combination of transgenes that have transform-
ing potential such as Oct4; (2) the use small molecules; (3) 
extensive manipulation in culture; and (4) isolation from 
somatic cells that already harbor genetic mutations. On 
this first point, the reprogramming field has moved away 
from the use of integrating retroviruses as first described9,10 
that induces insertional mutagenesis that have been shown  
to cause leukemias.108 Fortunately, there are now many 
alternative approaches (see Section 3.3) that do not require 
stable integration to induce reprogramming more safely.

The point worthy of further discussion would be muta-
genesis that occurs in routine culture or those mutations that 
are present in the original starting tissue. There have now 
been several reports to show that hiPSC lines harbor copy 
number variations (CNVs), some which are designated “class 
I” or somatic CNVs apparent across hiPSC lines, and which 
originate from a single donor.109,110 Indeed this is something 
that we also observe. The possibility of such somatic muta-
tions that may be present in banked tissue, and hence persist 
in hiPSC lines arising, will need to be considered carefully 
before any future applications in cellular therapies are pro-
gressed toward the clinic. A further consideration is the 
inherent genomic instability of cells that are cultured in vitro 
for extended passage. G-banded karyotyping can reveal large 
chromosomal aberrations that include aneuploidy, transloca-
tions, and trisomy. These are well described for hESCs and 
commonly affect chromosomes 1, 12, 17, and 20, while 
acquired mutations (class II) have also been reported in both 
hESCs36,111–113 and more recently hiPSCs.114,115 Of note, 
class II CNVs are also observed in adult stem cells,116 while 
on the whole hiPSC lines have been shown to be genetically 
stable, maintaining “normal” karyotype in 87% lines investi-
gated.110 Therefore, problems of culture-induced karyotypic 
changes are of concern for all cells derived from extensive 
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in vitro manipulation. Aberrant epigenetic status for hiPSCs 
has also been reported.117–120 Of less concern is the reten-
tion of epigenetic memory or methylation status inherited 
from the somatic cell of origin,121,26 since this may be over-
come with simple culturing strategies such as the inclusion 
of l-ascorbic acid, which not only improves reprogramming 
efficiencies, but also restores imprinted epigenetic states.122

Regardless of genomic instability and epigenetic status, 
the safety of resulting lines can be assessed independently, 
and the bar raised or lowered accordingly. Hard-to-treat or 
life-threatening diseases may warrant early intervention 
with hiPSC-derived tissues, and in some cases such as dia-
betes, they may be encapsulated to prevent possible spread 
of any rare malignant cells. Vital for assessing the trans-
forming potential of hiPSC lines generated will be rigorous  
testing such as transplantation of ex vivo differentiated  
hiPSCs into animal models,123–125 which forms the basis 
of any FDA and European approvals prior to clinical trials.

6.2  GMP and Scale-up

GMP is a quality assurance system that covers both manu-
facturing and testing of cellular products for the clinic. It 
requires traceability of raw materials and ensures that pro-
duction follows validated standard operating procedures. In 
Europe, this is currently covered by several directives and 
guidelines (Directive 2004/23/EC, Commission Directives 
2006/17/EC and 2006/86/EC), while in the United States, 
approval is by the FDA and is covered by the US Draft Guid-
ance for Reviewers, which requires an Investigational New 
Drug Application. These set standards of quality and safety 
for donation, procurement, testing, processing, preservation, 
storage, and distribution of human tissues and cells. Never-
theless, the legislation is still under development and new 
directives and guidelines are being issued regularly. How-
ever, of primary importance for any hiPSC-related applica-
tions will be the quality (manufacturing details) and safety.

Regarding general GMP compliancy, animal products 
are usually omitted since they carry the risk of xenoviruses 
from the animal, and may induce an immune reaction in 
the recipient. However, for some pluripotent stem cell pro-
cedures, a GMP-“certified” fibroblast may be considered 
and has been used for derivation of several GMP-compli-
ant hESC lines.126 Other approaches to isolate hESCs and 
hiPSCs may include animal products such as Matrigel that 
can be heat treated first, or entirely animal free products 
such as Cellstart or human Laminin, which are recombinant 
proteins. GMP-compliant media have included KnockOut 
Serum Replacement (Invitrogen Inc) instead of animal sera; 
mTeSR, which contains bovine serum albumin;127 and more 
recently E8 media that does not contain any albumin.128 
Passaging of hESCs and hiPSCs for GMP compliancy is  
currently restricted to use of collagenase IV, although 
enzyme-free methods have been recently reported.129

The fully defined media (E8)128 for the derivation and 
culture of hiPSCs that is widely available commercially was 
the first description of its kind to remove the need for BSA, 
a major stumbling block toward GMP compliancy. By sim-
plifying the components to just eight factors (DMEM/F12, 
insulin, selenium, transferrin, l-ascorbic acid, FGF2, TGFβ, 
and NaHCO3), this greatly improves development towards 
GMP compliancy for hiPSCs prior to potential clinical tri-
als. HiPSC cells in this study were also cultured on recom-
binant vetronectin, a substitute for extracellular matrix 
provided by fibroblast feeders, and a subsequent report by 
the same group alleviated the need for collagenase IV.129

Currently, the approaches developed by the Thom-
son group most adequately fulfill the requirements for the 
provision of clinical grade hiPSCs, while also permitting 
scale-up for manufacture. This process typically involves 
generation of a master cell bank, it needs to be from a 
clonal population, scalable, and undergo cryopreservation 
(both of hiPSCs and their progeny). During scale-up and 
manufacture, the phenotype also needs to be stable over 
extended passage, and this is currently fulfilled with the E8 
approach.128,129 Another aspect to scale-up and manufacture 
are the costs involved. Generally, GMP-compliant reagents 
are considerably more expensive than research grade mate-
rials, so approaches that minimize components, such as the 
E8 approach, will not only be easier to have approved by the 
FDA or appropriate authority, but will also enable a cost-
effective manufacture.

6.3  Ethics and Consent

Although consenting can be fairly straightforward, it clearly 
requires a comprehensive, multistage donor consenting 
process, and is needed for the creation of all hiPSC lines, 
both for research and commercial activities. This generally 
requires a donor information pack, informing the donor 
of the need to create such lines, information relating to 
its storage and potential uses, and whether it is purely for 
research or commercial activities. Retrospective consent 
for tissues already banked is currently not an option in the 
United Kingdom, generally because informed consent was 
not given at the time of tissue collection, however, retro-
spective consent can be given in other European countries. 
Informed consent can only be given when appropriate ethi-
cal permission has been granted, and the research/activity 
has gained ethical approval, via an appropriate body that 
is usually locally administered by the University or Insti-
tution. Ethics for the creation of such lines from human 
donors is considered on a case-by-case basis, and a detailed 
outline of the intended use and procedures to maintain ano-
nymity must be considered. Generally, however, creation of 
hiPSC lines from donors is less ethically contentious than 
for the creation of hESC lines, which require donation of 
eggs from female donors, and the destruction of a human 
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embryo, all without informed consent from the donor. This 
dilemma in fact provided the impetus Shinya Yamanaka’s 
ground-breaking work to reprogram somatic cells and create  
hiPSCs.9 One critical ethical distinction for hiPSCs and 
their mouse counterparts is that hiPSCs are not being cre-
ated for cloning purposes; but for basic research and thera-
peutics only, and so, there is generally much less ethical 
concern for hiPSCs in this area.

6.4  Banking hiPSCs and Multicenter Tissue 
Banks

Multicentered and internationally coordinated tissue banks 
will be needed to deal with the large number of hiPSC lines 
created for applications in research, but probably more so for 
any future therapeutic applications. For HLA cross-match-
ing to prevent graft rejection, it has been estimated that just 
10 highly selected lines would suffice for a beneficial match 
of nearly 70% of the population.103 Unfortunately, however, 
it may be necessary to bank up to 150 lines for a 93% match 
across the United Kingdom. Although this is a significant 
number of lines to be generating, it is a vast improvement 
upon numbers predicted for similar coverage from hESC 
lines. With over 10,000 donors already HLA-typed on 
the British Bone Marrow Registry, these donors could be 
selected far more easily for the creation of a selected hiPSC/
HLA tissue bank, and this could be replicated for several 
countries around the world where these HLA databases 
already exist.

Individual banks would need to comply with their 
domestic laws and regulations, while also agreeing to com-
ply with an international framework for quality and assur-
ance, as outlined by the International Society for Stem Cell 
Research (ISSCR) and International Stem Cell Banking 
Initiative (ISCBI), for a gold standard in best practices. 
Although a centralized initiative for supply of hiPSCs to 
academia, industry, and biotech is favored, an agreed oper-
ating framework among participating tissue banks may be 
a more realistic option. Cell donor identity will need to be 
anonymized, but both phenotype (healthy, disease, drug 
treatment) and genotype (source tissue, pluripotency status, 
gene expression profiles) data will be recorded electroni-
cally, and provided on a searchable database. These hiPSC 
lines could then be made freely available for wider dissemi-
nation. HiPSC lines submitted to the bank would need to be 
tested against a rigorous set of criteria that would include 
microbiological testing and characterization for pluripo-
tency (as outlined in Section 3.2.) and then cells stored at 
all stages of the process (deposited cells, master stocks, 
and distributed cells), and passage kept to a minimum, in 
accordance with accepted practice130 and that of the iso.
org./(i.e., ISO9001:2000 for general quality management 
and ISO17025 for laboratory testing and monitoring). 
Quality assurance and information provided should include 

microbiological testing, characterization, and information 
relating to growth and storage criteria.

Working within these current frameworks, many con-
sortia are being developed for banking of hiPSCs for aca-
demic research, with full public access (i.e., the Cambridge 
BioResource in the United Kingdom). However, it is health 
organizations such as the NHS Cord Blood Bank and Brit-
ish Bone Marrow Registries in the United Kingdom, and 
other public health service lead initiatives across Europe, 
that are uniquely positioned to bank hiPSCs for therapeu-
tics, and with its international partners are able to coordi-
nate efforts to provide hiPSCs of clinical grade for medical 
applications.

7.  FINAL CONSIDERATIONS

As medical research continues to make breath-taking 
advances in regenerative medicine, it seems that there is 
almost unlimited potential for hiPSCs stored in tissue banks 
around the world. In the short years since the phenomenal 
discovery of induced pluripotency,9,10 an endless number of 
opportunities are available in basic research, diagnostics, and 
regenerative therapies. Difficulties for translation toward the 
clinic are highlighted here in regards to practicalities for tis-
sue banking, differentiation, and safety of cells and tissues 
created; however, the most challenging aspect to all of this 
work may yet be the coordination of a multicentered, inter-
nationally accredited network of tissue banks for storage and 
distribution of hiPSCs and reprogrammed tissues.
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1.  INTRODUCTION

The demonstration that umbilical cord blood (UCB) con-
tained cells capable of reproducing hematopoiesis in vitro 
and that they could be cryopreserved for long periods 
without significant loss in their function paved the way 
for the use of this new source of stem cells in the field of 
clinical hematopoietic stem cell (HSC) transplantation.1–5 
Although the first attempt to transplant UCB was reported 
in 1972,6 the first successful related UCB transplant was 
performed in 1988 in a patient with Fanconi anemia.7 
The first unrelated UCB transplants were then performed 
in 1993 and the report of a large series of patients was  
published in 1996.8

These results prompted the establishment of large repos-
itories of frozen unrelated UCB units, i.e., cord blood banks 
(CBBs) to support this clinical development. The first UCB 
bank was set up in 1991 by P. Rubinstein at the New York 
Center in the United States,9 and this was followed by the 
establishment of CBBs in Dusseldorf, Milan, Paris, and 
London.10–13 At present, there are over 130 CBBs all over 

the world storing over 650,000 unrelated UCB units readily 
available for transplantation.14,15 These CBBs have enabled 
the performance of over 30,000 unrelated UCB transplants 
in children and adults with both malignant and nonmalig-
nant diseases.16–21

With the increased clinical use and exchange of these 
UCB units it became clear that it was necessary to standard-
ize practices across the various CBBs. In order to contribute 
to this, a group of experts involved in UCB banking estab-
lished the NetCord organization in 1998.22 The initial remit 
of NetCord was to set up an international registry of UCB 
and to develop procedures and quality standards for the safe 
collection, exchange, and clinical use of these banked units. 
These efforts culminated with the development of the Net-
Cord-FACT (Foundation for the Accreditation of Cellular 
Therapy) International Standards for Cord Blood Collec-
tion, Processing, Testing, Banking, Selection, and Release in 
2000 with the last version (5th) published in 2013.23 These 
standards form the basis for the NetCord-FACT accredita-
tion program. The American Association of Blood Banks 
(AABB) has also developed standards and an accreditation 
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scheme, and since 2004 have been incorporated into the 
Standards for Cellular Therapy Services.24

Different types of UCB banking programs have been estab-
lished depending on the genetic relationship of the donated 
UCB unit with the potential recipient, i.e., allogeneic or autol-
ogous, and on the funding sources, i.e., public or private.25–27

In the allogeneic setting, an additional distinction needs 
to be drawn between unrelated (also called altruistic) and 
related donations. Unrelated allogeneic UCB banking 
includes the collection, processing, and storage of altruisti-
cally donated UCB, in order to create an inventory of HSCs 
that can be searched for any patient in any part of the world 
and in need of an unrelated allogeneic HSC donor. These 
programs are also referred to as public UCB banking.

In the allogeneic-related setting, the UCB is collected from 
a healthy sibling of a patient with a disease that can potentially 
be treated with a UCB transplant. These collections are per-
formed at the request of the physician treating the patient, with 
the agreement of the obstetrician looking after the mother.28–31

Although the standards for the collection of unrelated 
and related UCB are similar, in the banking of related UCB 
units, no threshold values for minimum volume collected 
are required and there is no operational need for volume 
reduction (VR) of these units, although clinically VR may 
be beneficial (see below). Also, the exclusion from banking 
due to microbial contamination does not always apply since 
antibiotic sensitivity tests can be performed if and when the 
collection is required for transplantation.

An important consideration in related UCB banking is 
that in approximately 70% of cases, the collected UCB unit 
is not fully human leukocyte antigen (HLA)-matched with 
the patient and it is unlikely that it will ever be used for the 
intended patient. These units will have to be kept frozen 
indefinitely unless clear policies regarding their disposal 
are put in place. With the availability of prenatal genetic 
diagnosis, including HLA typing, it will be possible to col-
lect units selected only from HLA-identical siblings, as has 
already proved possible.32

So far, the majority of the transplanted related UCB 
units have been fully HLA-matched and in patients with 
hemoglobinopathies. In fact, in some centers, related UCB 
transplantation is the first line of treatment for patients with 
thalassemia major.33

In most European countries, these two types of alloge-
neic UCB banking (unrelated and related) are carried out 
by government-administered institutions and funded by the 
national health systems available in each country.

In the autologous or family UCB banking setting, the 
collections are normally performed by privately funded 
institutions at the request of the family of the poten-
tial donor, and as its name indicates these collections are 
mainly for autologous use or for a named recipient normally 
within the family. Worldwide, many private CBBs are col-
lecting and storing UCB for eventual autologous or family 

use. Although there are more than 1 million of these units 
stored in private CBBs, a very small number have been 
transplanted, mostly with unknown outcomes. There are 
anecdotal cases of autologous UCB transplantation, but in 
general the scientific and clinical arguments for the bank-
ing of these units are not universally accepted.34 There are 
also a number of ethical issues associated with this practice, 
which have been extensively reviewed.35–39 Furthermore, 
it appears that quality parameters for privately stored units 
seem to be inferior to those measured in those stored in pub-
lic CBB, highlighting the fact that if the clinical value of 
autologous UCB transplantation is established, the issue of 
the quality of these units will become even more relevant.40

Alternative models of CBB, called hybrid or mixed, have 
been developed and in these programs the UCB collection 
is carried out on behalf of (and paid for) the family request-
ing the collection for either autologous use or for a named 
person within the family. In one of these models, the col-
lection is split into three and 1/3 is donated to the unrelated 
public bank and the other 2/3 is stored as a private collection. 
However, with the increasing evidence on the impact of high 
total nucleated cell (TNC) and CD34+ cell content on the 
clinical outcome of UCB transplantation, which is directly 
correlated with the volume collected, the value of these 
small volumes of UCB is limited. The other “mixed” model 
involves the collection and storage of the UCB, for a fee, for 
autologous or for a named family member, but in this case, 
the relevant information on the UCB unit is made accessible 
to unrelated donor registries. Once or if the unit is selected 
for an unrelated patient, the family is then asked to release 
the stored unit with the consequent refund. To date, no evi-
dence on the application of this model has been presented.

The majority, if not all of, the UCB banking procedures 
and standards were initially developed primarily for the col-
lection and banking of allogeneic unrelated cord blood units 
(CBUs) from altruistic donors. However, in order to ensure 
the quality and efficacy of all collected units and to safe-
guard the eventual recipients of these products, NetCord-
FACT and AABB have also developed standards that are 
applicable to the collection and storage and release of allo-
geneic related and autologous UCB.

The main aspects of an unrelated UCB banking program 
include the following:

 1.  Promotion, recruitment, donor selection, informed con-
sent, collection, and transportation to processing facili-
ties and donor follow-up

 2.  Processing, testing, cryopreservation, and storage
 3.  Listing, searches, selection, testing, and distribution to a 

transplant program and posttransplant clinical follow-up

All these procedures and activities of a CBB program 
are supported by comprehensive inventory and quality man-
agement systems covering all the various components of 
UCB banking as described below (see Figure 1).
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1.1  Promotion, Recruitment, Donor 
Selection, Consent, Collection, 
Transportation to Processing Facilities, 
and Donor Follow-up

1.1.1  Promotion

The promotion and model of collection of UCB vary from 
country to country and depend largely on the nature of the 
funding and health-care system available in each country. 
In CBBs funded with public or government monies, the 
promotion is generally carried out and restricted to ante-
natal clinics selected as collection sites. The material used 
in the promotion includes leaflets, videos, seminars, etc. 
These should provide as much information as possible 
about the program including the need for consent, the right 
to withdraw at any step of the process, the clinical use of the 
collection, and about its potential use in research if the col-
lected unit is not suitable for clinical banking. The promo-
tional material should be clearly understood by the potential 
mother donors, and it should be translated into various lan-
guages if required. The latter is particularly important when 
recruiting donors are from an ethnic minority background 
and are not fluent in the language of the country where the 
recruitment is taking place.41

1.1.2  Recruitment

The majority of the banked units so far have been collected in 
countries with a population of predominantly European Cau-
casoid ethnic background and expressing the HLA profile of 
this ethnic group. There is therefore a need to increase the 
HLA diversity of the banked UCB and one way of achieving 
this is to recruit donors in maternity units with high numbers 
of deliveries from an ethnically diverse population.

A number of CBBs have now been established in 
countries with an ethnic and HLA profile not historically  
represented in the international registries of unrelated HSC 

and these units may contribute to expand the HLA profile 
of the internationally available pool of unrelated UCB units.

A number of publications have indicated that the vol-
ume and TNC content of the units collected are smaller in 
mothers from Afro-Caribbean and Asian ethnic background 
compared to those collected from European Caucasoid 
donors.42,43 It is therefore crucial to carefully select these 
donors in order to minimize the waste of these units.

The National Health Service Cord Blood Bank (NHS-
CBB), formerly known as the London Cord Blood Bank, 
was set up in 1996 with the aim of enriching the national 
and international HSC donor pool with units from ethnic 
minorities (EM).44,45 At present, nearly 38% of the banked 
CBUs are from EM and ethnically mixed genetic back-
grounds, expressing unique HLA haplotypes. This is of 
great benefit to EM patients as reflected by the fact that 
nearly 36% of the units issued for transplantation by the 
NHS-CBB are from EM donors.

Looking into the future it will be important to try to 
enrich the CBBs with units from a mixed genetic back-
ground. In fact, the majority of patients who have difficul-
ties in finding an HLA-matched stem cell donor express a 
combination of a common and a rare HLA haplotype.

1.1.3  Donor Selection

This is one of the most important aspects of CBB and 
detailed and comprehensive procedures and policies for 
the selection and acceptance of mothers donating their 
UCB are crucial to ensure the quality and safety of the 
collected units. The responsibility for the selection of an 
UCB donor lies with the Medical Director of the CBB who 
should ensure that an appropriate medical and social his-
tory is obtained from the mother in order to prevent the 
transmission of microbiological infection and/or genetic, 
malignant, or degenerative disease. Donors with a family 
or personal history of genetic disease, particularly relating 
to the hematopoietic or immune system, should be asked 

FIGURE 1 Operational aspects of umbilical cord blood banking.
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for details of those suffering from such diseases and their 
family relationship to the infant donor. Further details may 
be required from the general physician or other profession-
als. The communicable disease risk history of a surrogate 
mother who carries an infant not genetically related to her, 
and of a sperm, egg, or embryo donor shall also be obtained 
and documented if applicable. Travel history of potential 
donors is also important to assess risks. More recently, a 
number of publications have indicated other factors such as 
the ethnicity, gender, and age of gestation which may affect 
the size/volume of the collections.

1.1.4  Consent

Initially and in order to make the best use of resources, 
consent was only obtained from mothers from whom a suc-
cessful collection had been obtained. However, in Europe 
following the implementation of the European Union Tis-
sues and Cells Directive (EUTCD) 2004/23/EC in April 
2006, stating that “procurement of human tissues or cells 
shall be authorised only after all mandatory consent or 
authorisation requirements have been met,” all collected 
UCB units need to have a signed consent obtained prior to 
delivery.46 At present, in most CBB programs, consent is 
obtained when the mothers attend their hospital at around 
30 weeks of pregnancy or via a “mini consent” form com-
pleted before the mother is in established labor. The intro-
duction of the “mini consent” form, which allows for the 
collection of the CBU, has facilitated the implementation of 
the EUTCD, and it has also increased the efficiency of col-
lections by decreasing the wastage of CBUs discarded due 
to the lack of consent.47 Following the initial mini consent, 
a full more detailed consent is required and this provides 
the basis for proceeding to the processing and testing of the 
collected unit.

An important aspect of the consent process is to provide 
detailed and clear information about the tests required, the 
intended use of the unit, particularly in relation to the altru-
istic nature of the donation, and about the potential use of 
the clinically unsuitable units for research and development. 
Also, it needs to include the consent to contact relevant 
health professionals in the event of a positive result relevant 
to their health, to obtain and store samples for future testing, 
and to store personal information.

This also means that for mothers who do not speak the 
language of the country where they are giving birth, all 
relevant information and the process of obtaining consent 
should be performed not only in their own language, but 
also by somebody able to communicate and answer the 
relevant questions of the mother. Consent should be taken 
when the mother is able to concentrate on the process and 
certainly not when the mother is in labor. Importantly, the 
NetCord-FACT Standards also mention that regardless of 
whether the unit is collected for unrelated or related use, if 

this unit may potentially be used for reasons other than the 
initial clinical intent, not only this should be mentioned in 
the informed consent but also the donor should have given 
consent with documents and information related to the 
potential related or unrelated use of the unit.

1.1.5  Collection

The collection of the UCB is carried out by suspending the 
placenta, cannulating the vein and allowing the blood to 
drain by gravity into a specially designed UCB collection 
bag placed on a shaker in order to avoid the formation of 
clots.

Collections can be carried out at fixed and nonfixed sites 
and in either case an agreement between the CBB and the 
collection site is required.23

Fixed sites. In this model, the UCB units are collected 
by trained staff employed by the CBB or by the maternity 
units in each hospital. In Europe, the collection of UCB can 
only be performed in sites that comply with the regulatory 
requirement of the EUTCD, i.e., in licensed or fixed sites 
and by trained staff.

Nonfixed sites. In this case, the collection is performed 
at any maternity unit by either their own staff or by agency 
staff. The CBB provides the appropriate kit and instructions 
for the UCB collection. Although this practice facilitates 
and allows for the collection of altruistically donated units 
anywhere in the country, it is also associated with a reduced 
number of units suitable for banking due to an increase in 
the number of bacterial infections, and low volumes and 
TNC of the collected units. This may be due to the lack 
of training or experience of the personnel performing these 
collections. This practice is not very common in Europe due 
to the stringent training requirement of the EUTCD. The 
current revised version of the NetCord-FACT Standards 
covers the collection at both fixed and nonfixed sites.

When selecting the collection sites, it is important 
to consider the number of deliveries per year in order to 
maximize the resources and to maintain the training of the  
collection staff.

1.1.5.1  In Utero versus Ex Utero Collections

The UCB collection can be performed in utero or ex utero, 
following full-term normal delivery or cesarean section. 
The minimum gestation period for collection is 34 weeks.

In utero collections are performed by a trained member 
of the delivery team during the third stage of labor before 
the placenta is delivered. Ex utero collections are carried out 
by CBB trained staff, normally outside the delivery room to 
avoid interference with the delivery process. In these collec-
tions, the risk to the mother or infant is minimal, but the risk 
of microbial contamination may be higher.

Initial studies had indicated that in utero collections 
yielded larger volumes (and TNC doses) than ex utero 
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collections, but more recent studies have shown that, 
if appropriately trained staff are involved in the collec-
tion, there is no significant difference in the volume, or 
indeed in the contamination rate, with either of these two  
methods.47,48

Since the safety of mother and child are paramount 
and because of the possible diversion of the attention from 
the mother and newborn to the UCB collection, both the 
UK Royal College of Obstetricians and Gynaecologists 
(RCOG) (Scientific Advisory Committee for the Royal Col-
leges of Obstetricians and Gynaecologists, 2001) and the 
Royal College of Midwives in the United Kingdom have 
recommended that all UCB collections be carried out ex 
utero.49 Also, following reports on the effect of delayed 
clamping on infant development and iron status, the UK 
RCOG has also issued guidelines regarding the timing of 
clamping.50–52

Once a successful UCB collection has been obtained, 
blood samples from the mother are taken for communi-
cable disease testing within 7 days before or after collec-
tion. A history of the current pregnancy and delivery, and 
the infant’s donor birth data should be obtained and docu-
mented including gender, gestational age, and results of any 
other relevant test. Information about the clinical examina-
tion or any finding suggestive of disease potentially trans-
mitted through transplantation should also be recorded.

The collected units and the associated maternal samples 
are then transported to the CBB processing centers in a tem-
perature-controlled environment as soon as possible follow-
ing the collection. An agreement between the collection site 
and the staff responsible for the transport of these units is 
required, as well as a documented evidence of training the 
staff involved in this task.

1.1.6  Donor Follow-up

In some CBBs, a follow-up telephone interview is carried 
out 8–12 weeks postcollection in order to check the health 
status of the mother and the newborn from whom the UCB 
was collected. Other CBB programs have a policy of con-
tacting the mother when a unit has been reserved or prior 
to its release to the transplant program. All CBUs are quar-
antine frozen in temporary containers until all relevant test 
results are reviewed and the units are medically released 
for long-term storage. Counseling resources should be in 
place to support the donor and family in case of a positive  
infectious disease marker other than cytomegalovirus.

1.2  Processing, Cryopreservation, Storage, 
and Testing

An appropriately signed consent authorizing the processing, 
testing, and storage of the units and associated samples is 
required before commencing these procedures.

Although the viability and functionality of the collected 
stem cells seem to be preserved for up to 96 h, the major-
ity of publications have shown the benefits of processing 
the UCB units as soon as possible and ideally within 48 h 
of collection.53–56 The current NetCord-FACT Standards 
indicate that the cryopreservation of unrelated UCB units 
should be performed within 48 h of collection in either a 
closed system or in an environmentally controlled clean 
room. For related UCB, the cryopreservation should  
commence within 72 h of collection.23

1.2.1  Processing

The TNC and CD34+ cell content per kilogram of patient’s 
weight (as well as HLA matching) are important factors 
influencing the outcome of UCB transplantation, particu-
larly in improving engraftment rates.19,25,57,58 As a result, a 
minimum dose of TNC and CD34+ cell content of the units 
has been proposed for transplantation into patients with 
malignant and nonmalignant diseases.59–61

Furthermore, World Marrow Donor Association 
(WMDA) data indicate that the minimum cut-off TNC 
and CD34+ count of the transplanted units have increased 
throughout the years.14

Thus, in order to ensure that the stored units can meet 
the requirements of transplant center acceptable values for 
volume, TNC and CD34+ cell content of the UCB units 
collected (i.e., preprocessing) are established by each CBB 
program in order to compensate for the cell loss occurring 
during the processing of the units at various stages of the 
procedure (approximately 10%). Therefore, in order to 
improve the quality of the units banked and to minimize the 
costs of CBB, most UCB banks evaluate the collected units 
for a number of parameters before processing a unit, and 
these include volume, TNC, CD34, and colony forming unit 
(CFU) content.62–68

The volume of the collected unit was the original param-
eter used to select those collections that should proceed to 
processing and subsequent banking and it remains a simple, 
fast, and cost-effective surrogate marker to be used in the 
assessment of the collected units. Although the collected 
volume has a strong correlation with the TNC content, most 
CBBs use the TNC parameter to inform decisions through-
out the CBB process and for the selection of the UCB unit 
for transplantation.

The benefits of measuring the CD34+ cell content 
of the units has been highlighted by studies showing that 
this marker was a better correlate for engraftment than the 
TNC dose.19,69 However, in the past, not all banked units 
had CD34 counts performed at banking, and there was no 
standardized test for the identification and measurement of 
CD34+ cells. Today, this test has become more standardized 
and it is now also possible to assess simultaneously both the 
percentage of CD34+ cells and viability.70
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It has been suggested that the potency of the UCB  
measured by the number of CFUs is strongly positively asso-
ciated with engraftment rates in children.71 Page et al. have 
shown that the potency of the units (measured by the CFU 
content) was a strong predictor of engraftment.72 Current 
methods for assessing the number of CFUs are complex and 
time-consuming, and unless these assays are performed on 
every single unit banked at a considerable cost bearing in mind 
that only about 1–2% of banked units are issued for transplan-
tation. Also, the results may not be available when the unit is 
requested (they can take up to 14 days). Alternative methods 
to assess the function or potency of the UCB units have been 
recently described and are currently undergoing a more exten-
sive clinical evaluation. Our own studies have shown a very 
good correlation between the amount of volume collected with 
the TNC, CD34, and CFU content of the units (see Figure 2).

Because the processing procedures can impact on the 
recovery of the TNC and CD34 (and CFUs), all these 
parameters have to be measured pre- and postprocessing 
(or before freezing), and also on the finally selected units 
released for transplantation.

Other obstetric factors including birth weight also seem 
to affect the characteristics of the collected units.73–75

More recently, Kurtzberg and colleagues have devel-
oped a scoring system called the Cord Blood Apgar to opti-
mize UCB unit selection for transplantation.76 This system 
considers a number of characteristics of the UCB unit such 
as volume, TNC, CD34, and CFUs before and after process-
ing, and it also includes thawing techniques and other donor 
or patient variables.

1.2.1.1  Volume Reduction

Initially, all UCB units were frozen without any manipula-
tion but it soon became clear that the long-term storage of 
large numbers of frozen units would create a space issue. 
These considerations led to the development of protocols to 
reduce the volume of the collected UCB units prior to stor-
age. A number of VR methods are currently being used, the 
majority of which deplete the unit of red cells and plasma, 
leaving the buffy coats in a standard volume.77,78 An impor-
tant consideration with any VR method is the preservation 
of a maximum number of viable TNCs and CD34+ cells in 
the stored buffy coat layer.

The first semiautomated system for VR, the OptiPress, 
was introduced in 1999. At present, most CBUs are reduced 
to a standard volume of 21 ml prior to freezing, using auto-
mated systems such as SEPAX 540 or the AutoXpress. 
Through the introduction of two new filters, one for the 
hydroxyethyl starch/anticoagulant (complete with a small 
sample bulb to allow for resampling) and a second to add 
the dimethyl sulfoxide (DMSO), the SEPAX 540 system 
remains sterile and is referred to as “closed.”79–81 This 
means that processing of these units can be undertaken in a 
grade C room, under a laminar flow cabinet.

An additional clinical benefit of VR is that it reduces 
the amount of DMSO contained in the unit, which is par-
ticularly beneficial for units that will be infused to small 
children. Initially, due to the large volume of DMSO, CB 
cells had to be washed prior to infusion, especially in the 
case of small children. Nowadays, washing is not essential 
for volume-reduced units.

FIGURE 2 Correlation between volume, TNC, CD34, and CFU content of UCB units.
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With the introduction of VR, it is now necessary to per-
form full blood count, TNC, nucleated red blood cell, and 
CD34 (and CFUs) counts before and after processing, in 
order to assess the effect of the manipulation on the viability 
and quality of the unit prior to its long-term storage.

1.2.2  Cryopreservation and Storage

The cryopreservation of buffy coats containing the HSC can 
be performed using manually or automated (BioarchiveSys-
tem) controlled rate freezer equipment. The automated sys-
tem provides a platform to freeze and store cells in the same 
place minimizing exposure to temperature changes and also 
allowing the electronic identification of the archived units. 
Thus, when a unit is required for issue, it can be automati-
cally retrieved, through a periscope, without exposing the 
other units to temperature changes. The VR UCB units are 
resuspended in 10% DMSO cryoprotectant (50% DMSO 
diluted in dextran 40) in a freezing bag with two compart-
ments, which is placed in a metal container for cryopreser-
vation and long-term storage However, both the automated 
and the manual systems are perfectly adequate, provided the 
temperatures are regularly monitored and the process is fully 
evaluated and quality controlled. Long-term viability of the 
frozen cells was also of concern but it is now known that the 
standard cryopreservation protocols of freezing the cells in 
10% DMSO in controlled rate freezers and storage below 
−135 °C give an average of 80% recovery of nucleated cells 
and >90% recovery of progenitor cells, as measured by stem 
cell surrogate markers, CD34+ cells, and CFU assays.82–85

1.2.2.1  Archiving of Samples

In order to maximize the amount of cells stored, all the 
“waste” components produced during the processing of the 

units are utilized for testing and archiving. Archiving of 
samples is crucial, in order to be able to perform additional 
tests in future when a unit is selected for transplantation 
and, if required, to test for any new marker that may affect 
the use of the units. At the NHS-CBB, a blood film is pre-
pared from the fresh CB to perform an initial hematologi-
cal screening of the unit. In addition, a small piece of cord 
tissue is collected and frozen as a source of DNA for future 
testing, if required.

1.2.3  Testing

The algorithm for testing the UCB collection is complex. 
Some tests need to be performed upfront before banking 
(pre- and postprocessing) and others are carried out when 
the units are listed for searches. Some tests are performed 
on the mothers, others in the UCB unit, and others on both. 
Other tests can (and some must) be performed once the unit 
has either been reserved or selected for transplantation (see 
Figure 3).

Among the tests required at banking are those performed 
on the mother’s blood, which in the United Kingdom at 
least, is the same as those required for blood donors. With 
the shortening of the window period of infectivity by the 
introduction of nucleic acid testing for human immunodefi-
ciency virus/hepatitis B virus/hepatitis C virus, it should be 
possible to eliminate the need for a second 6-month follow-
up sample from the mother to retest for infectious disease 
markers. This requirement was one of the important reasons 
why significant numbers of units had to be discarded, in spite 
of their compliance with the banking requirements. Also, 
mostly depending on the country of origin of the mother-
donors, additional screening, such as tests for malaria, Cha-
gas disease, and, more recently, West Nile virus and severe 

FIGURE 3 Cord blood unit and maternal sample testing.
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acute respiratory syndrome, are required to comply with 
regulations in each country. The UCB unit is also tested for 
these markers, once selected for transplantation.

The finally processed unit is also tested for both aero-
bic and anaerobic cultures prior to freezing to assess the 
presence of bacterial and/or fungal cross-contamination 
from the birth canal or systemic sepsis in the donor-
mother or infant. Initially, lightly contaminated units 
were kept in the bank provided an antibiotic sensitiv-
ity test was performed and the results communicated to 
the transplant center if required. However, the current 
NetCord-FACT Standards mandate that bacterially con-
taminated unrelated units should be discarded. UCB units 
collected for directed use, either related or autologous, 
can still be banked provided the above-mentioned tests 
are performed.

All UCB units are tested for ABO/Rh, TNC, and CD34, 
and some CBBs also perform CFU on all units post process-
ing. The HLA typing of the units is also carried out at the 
time of banking. Current standards indicate that all HLA 
typing should be carried out using DNA-based molecular 
techniques. Low-resolution HLA–ABC and high-resolution 
HLA-DRB1 typing should be performed prior to the list-
ing of the units with the relevant UCB or adult unrelated 
HSC donor registries. A number of recent publications have 
indicated that if the transplanted UCB unit is a mismatch 
at one of the noninherited maternal HLA alleles, there is 
an improvement in the outcome of this transplant.86,87 As a 
result, a number of UCB banks are now typing and report-
ing the maternal HLA type of the listed units. The role of the 
KIR receptor/ligand mismatching is still controversial;88,89 
therefore, the majority of CBBs do not routinely test their 
units for these markers before listing them in the national or 
international HSC registries.

1.3  Listing, Searches, Selection, Testing, 
Distribution, and Follow-up

1.3.1  Listing, Searches, Additional Testing,  
and Selection of UCB Units

On completion of the processing and testing, all the infor-
mation regarding the mother and the CBU must be reviewed 
by the Medical Director of the CBB (or a designee) to 
assess the suitability of the unit for inclusion into the bank. 
Once the units are medically released, they can be listed for 
searches with both the national and international registries. 
All units are listed under a unique identifier with the fol-
lowing information: HLA type, volume of collected UCB, 
and TNC (and CD34+, CFUs, and maternal HLA typing 
if available) of the final product. The issue as to whether 
the CD34 count should be included at registration is cur-
rently under discussion. Some CBBs are also registering the 
HLA typing of the mother of the CBU in order to provide 

the option of selecting mismatched CBU based on the  
noninherited maternal antigens (NIMAs.)

At present, there are several international registries,  
NetCord listing only UCB units and AsiaCord and Bone 
Marrow Donors Worldwide (BMDW), which contain both 
adult HSC donors and CBUs (http://www.bmdw.org). The 
National Marrow Donor Program (NMDP) also lists units 
of its associated partners for searches.90 There are approxi-
mately 200,000 CBUs in NetCord, and over 600,000 regis-
tered with BMDW.15 Most units registered with NetCord are 
also in BMDW (see Figure 4). In future, with the implemen-
tation of the European Marrow Donor Information System 
(EMDIS) Cord, an electronic system designed for the rapid 
exchange of information and requests between transplant 
centers and donor registries, this system should speed up the 
whole process of donor searches and selection, since all rel-
evant information about a UCB unit will be readily available.

Some of the first CBBs that were established operate 
as independent registries. However, today, the vast majority 
of CBBs work through their national registries due to the 
fact that most transplant centers prefer a combined search 
report, listing all available, suitably matched adult donors 
and CBUs at the same time.

The current NetCord-FACT Standards indicate that all 
registry aspects of the CBB programs need to operate under 
the guidelines of the WMDA,91,92 and that these registries 
should be WMDA accredited or in the process of obtaining 
accreditation. Transplant centers initiate a search for CBUs 
in the same way as for adult stem cell donors and once a 
transplant center receives a match report, it contacts the rel-
evant UCB bank directly to request further information and/
or additional tests such as high-resolution HLA data, CFU 
content, or microbiological markers.

The CBB program should have a fully validated elec-
tronic record system to enable the listing, searches, and  
distribution of UCB to the transplant program.

FIGURE 4 Description on listing of banked CB units nationally and 
internationally.

http://www.bmdw.org
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1.3.2  Additional Testing

When a UCB unit is reserved or released for transplanta-
tion, a number of additional tests are performed at the 
request of the transplant centers. The type and resolution 
of tests required at this point have changed with the years 
as a result of the clinical outcome analyses. For instance, 
the range of required tests for infectious disease markers 
is expanding and now includes Epstein Barr virus, human 
herpesvirus 6, 7, and 8, and toxoplasmosis.

The request for CFU assays to assess the functionality or 
potency of the UCB cells is not consistent and many trans-
plant centers are prepared to go ahead with the procedure 
in the absence of these results. Due to the high cost of CFU 
assays and since these results can take up to 14 days, most 
CBBs perform this test at the stage of reservation of the 
unit. High-resolution HLA-A, B, C, and DRB1 typing is 
also performed prior to the release of the unit and on a con-
tiguous segment, if this is not available then another method 
needs to be used to confirm the identity of the UCB unit. 
Screening of the selected UCB unit for abnormal hemo-
globins has also become an additional requirement prior to 
their release.

1.3.3  Distribution to a Clinical Program  
and Follow-up of the Transplanted  
UCB Units

Clear documentation and procedure for the transport of the 
frozen selected UCB units to the transplant center should be 
in place. The units are transported in shipment containers by 
accredited and trained carriers.

The clinical follow-up of the released units is an impor-
tant quality aspect of the operation of CBB. This is normally 
carried out by a national registry and/or by Eurocord93 and 
the Center for International Blood and Marrow Transplant 
Research (CIBMTR).94 Eurocord was established in 1999 
and is responsible for collecting and analyzing all clini-
cal outcome data on CB transplantation on behalf of the 
European Blood and Marrow Transplant Group.95 CIB-
MTR fulfills a similar role for the transplant activity in the 
United States and other North and South American coun-
tries. Eurocord and CIBMTR have recently agreed to share 
information and analyses in order to avoid duplication of 
the reported data.

As mentioned above, all the activities of a CBB program 
need to be supported by robust electronic inventory and 
quality management systems and programs. All policies 
and procedures should be documented and updated regu-
larly to incorporate changes in the relevant standards and/or 
to the outcome of internal or external audits.

The label of the UCB and all associated samples includ-
ing maternal samples produced throughout the various 
stages of the process have to be International Society of 
Blood Transfusion 128 compatible for traceability.

1.3.3.1  Accreditation/Licensing and Regulations

Since CBB and UCB transplantation activities involve the 
import and export of a cellular product across different coun-
tries, they need to operate within a highly regulated environ-
ment in order to ensure that the donations released are safe 
and of high quality. NetCord-FACT and the AABB have 
developed standards and accreditation schemes to support 
this activity. These standards also state that all laboratories 
supporting CBB activities need to have the relevant addi-
tional accreditations in place, e.g., European Federation for 
Immunogenetics or American Society of Histocompatibility 
and Immunogenetics for the HLA aspects and WMDA for the 
registry aspects.23,92,96 Internationally, all aspects related to the 
clinical transplantation of UCB cells are covered by the FACT-
JACIE (Joint Accreditation Committee ISCT & EBMT) Stan-
dards and not by the NetCord-FACT or AABB Standards.

The regulatory aspects covering the activity of CBB have 
also increased significantly in the past years. In the European 
Union, the EU Directive 2006/17/Ec and 2006/86/EC regu-
lates on the quality and safety issues covering the donation, 
procurement, testing, processing, preservation, storage, and 
distribution of human tissues and cells.97 These directives 
require all member states to have inspection and accredita-
tion systems in place ensuring that all banks providing these 
services comply with an agreed set of standards. In the United 
Kingdom this is implemented by the Human Tissue Act, set 
up in 2004 and implemented in April 2006.98 Also, locally in 
the United Kingdom, the Code of Practice for Tissue Banks 
published in 2001 covers all establishments providing tissues 
and cells of human origin for therapeutic use. This forms the 
basis for the Department of Health accreditation scheme to 
which all CBBs within the United Kingdom are required to 
be licensed, with inspections carried out by the Medicines 
and Healthcare products Regulatory Agency.99

In the United States, the Food and Drug Administration 
(FDA) in 2005 introduced the regulation of the manufacture 
of unrelated UCB to support the compliance of the Current 
Good Tissue Practices 21 CFR 1271.210. Later on in 2007, 
the FDA issued a draft guidance recommending the licensure 
of CBB for the manufacture of UCB units. This was finally 
implemented in 2011 and requires that all manufacturers 
of UCB units need to have an approved Biologics License 
Application or Investigational New Drug Application in 
order to be able to import a UCB into the United States. This 
regulation treats a UCB unit as a biological drug.100,101

1.3.3.2  Optimal Size of a Cord Blood Bank

Discussions around cost efficiency and optimal size of UCB 
units required to provide donors for the majority (80%) of 
patients in need of an unrelated donor have been ongoing 
since adult HSC donor registries were first established. The 
probability of finding an HLA-matched unrelated donor 
depends not only on the number of loci (i.e., 6/6 or 10/10 
loci) and resolution (medium vs. high) of the HLA matching 
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required, but also on the ethnic background of the patient and 
the pool of donors to be searched. Since the vast majority of 
donors currently available in the international registries are 
of European Caucasoid ethnic background, the probabil-
ity of finding a 6/6 (or a 10/10) HLA-matched donor for 
patients from EM backgrounds is significantly reduced.102

In UCB transplantation, a higher degree of HLA NetCord 
mismatches could be tolerated and these transplants could be 
performed with as little as 3/6 HLA loci matching between 
the recipient and the CBU. Also, several studies have con-
firmed that the outcomes of CB transplantation between 4/6 
and 5/6 matched donors and recipients seem to be comparable 
to those seen between fully NetCord matched adult donors.

These results led to the proposition that the required size 
of UCB inventory could be smaller than that of adult unre-
lated HSC donors. Most patients could find at least one 4/6 
matched donor from the current global CBU inventory.

A study published in 2009 demonstrated that, at least 
for the United Kingdom, a minimum number of 50,000 
banked UCB should be sufficient to provide a UCB Net-
Cord matched unit to approximately 80% of patients.103–107 
The role of high resolution (HR) HLA matching was found 
not to be significant.108

However, it has now been shown that high-resolution 
HLA-A, B, C, and DRB1 matching may also influence 
the clinical outcome of UCB transplantation and if these 
results are confirmed, a larger pool of donors to select the 
best compatible UCB will be required.109,110 Therefore, the 
question as to whether the exact number of banked UCB 
units would suffice requires further evaluation.

Recent data have shown improved transplant outcomes 
after HLA-mismatched UCB transplantation where the mis-
matched antigen in the patient is matched to the donor NIMA, 
suggesting that when a fully HLA-matched CBU donor is 
unavailable, a NIMA-matched donor could be chosen.86,87 
If NIMAs are taken into account, additional “virtual” HLA 
phenotypes of the CBU are available for matching consider-
ation. One locus NIMA substitution for the current match-
ing guidelines for HLA-A, B, or DRB1 loci would add six 
“virtual” phenotypes, two substitutions would provide 12 
“virtual” phenotypes, and three substitutions would provide 
eight “virtual” phenotypes. One CBU could then provide a 
maximum of 26 “virtual” phenotypes if all HLA-A, B, and 
DRB1 loci are included. The NHS-CBB currently has 3000 
UCB units listed with maternal HLA phenotypes in the 
British Bone Marrow Registry (BBMR) and BMDW. These 
UCB units have the potential of adding 18,000 new pheno-
types with one NIMA substitution, 36,000 new phenotypes 
with two, and 24,000 with three substitutions, giving a total 
of 78,000 new phenotypes for the CBU registered. If mater-
nal HLA typing was performed on the 15,000 NHS-CBB 
banked and registered CBUs, a potential 390,000 additional 
“virtual” CBU phenotypes would be added to the BBMR. 
By using information on the HLA types of NIMAs it is pos-
sible to increase the number of CBU phenotypes available 

for searching and consequently increase the probability of 
finding an appropriately matched donor for a patient.

1.3.3.3  Future Challenges

One of the important remaining challenges in UCB transplan-
tation is how to improve engraftment, associated with a slow 
and often incomplete immune recovery, particularly in adult 
patients. This limitation, which seems to be primarily due to 
the insufficient number of HSC and to immunological naïvety 
of the immunological effectors, such as T cells in the UCB col-
lections, has led to the development of a number of approaches 
to improve these outcomes. Of these the most successful so far 
has been the use of two UCB units for an individual patient 
in order to increase the number of transplanted HSCs.111–113 
This approach has yielded comparable results to those using 
a single CBU, and has opened the way for using UCB trans-
plantation in older and heavier patients. The initial protocol 
developed by the Minneapolis group has now been adopted by 
many centers with or without modifications and has allowed 
the performance of UCB transplantation in patients not previ-
ously considered for the procedure due to their age or weight.

Other developments include the in vitro expansion of UCB 
HSC but early attempts were not very successful, since it 
appears that the majority of the protocols used led to the expan-
sion of mainly mature progenitors. More recently, in vitro and 
in vivo expansion using SDF-1/CXCL12 associated to dipro-
tin A and/or other cytokines, or using Notch-ligand Delta 1, 
or mesenchymal stem cells (MSCs) has been described.114,115

Enhancing the homing capacity of UCB cells by inhibiting 
the enzymatic activity of CD26/dipeptidylpeptidase IV or by 
in vivo direct injection of CB cells into the iliac crest has been 
published and has also gone into phase II clinical trials.116

Some investigators have now attempted the infusion of 
UCB intrabone or in conjunction with CD34+ or third party 
bone marrow-derived MSCs, with or without CD34+ cells, 
with limited improvement in engraftment rates.117,118

Regardless of these potential new developments, the 
majority of CBBs are now banking UCB units with greater 
TNC and a high number of CD34+ cells.

The identification of modifiable prognostic factors for 
engraftment such as choosing the “best” CBU based on cell 
dose such as HLA, diagnosis, and presence of HLA antibod-
ies may also contribute to the improvement of this procedure.

Another challenge is to try to improve the immune recon-
stitution of cord blood transplant patients in order to reduce  
infections and/or viral reactivation.119

2.  CONCLUSIONS

Unrelated UCB banking is a complex and highly regulated 
procedure and involves the collection, processing, testing, 
banking, listing, selection, and release of frozen UCB units 
to patients in need of an HSC transplant. Since its inception, 
it has undergone a significant evolution driven primarily by 
the clinical results obtained with the use of the banked units.  
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On the other hand, despite the initial skepticism of many 
transplant physicians, the success of UCB transplanta-
tion that we see today has been aided by development and 
implementation of stringent standards and international 
accreditation programs to ensure the safety, quality, and 
efficacy of these UCB units. In future and if the new experi-
mental protocols for the expansion of HSCs and/or immune 
effectors prove to be successful, further development of the 
procedures and standards currently used in the banking of 
UCB will be required.

As UCB transplantation continues to increase and with 
the introduction of new clinical protocols, other genetic and 
epigenetic factors related to the quality and the efficacy of 
the UCB units and/or related to the recipient of these units 
may begin to emerge. Also, some of the immunotherapy 
protocols derived from adult unrelated HSC donors such as 
expansion of viral-specific T cell, regulatory T cells, NK 
cells, or MSCs could be applied to UCB transplantation. If 
this is the case, CBBs will have to consider the operational 
changes that will be required to collect, process, store, and 
release these new associated products.
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1.  OVERVIEW: SEARCH AND CORD  
BLOOD UNIT SELECTION

Cord blood (CB) grafts extend the availability of allogeneic 
hematopoietic stem cell transplantation for patients who do 
not have suitable adult donors, particularly those from ethnic 
minorities.1,2 In some selected patient populations, results of 
CB grafts may be even superior to those of unrelated Bone Mar-
row (BM) or Peripheral Blood Stem Cell (PBSC) donors.3 In 
most cases, careful consideration of the patient’s graft options, 
as well as the urgency of the transplant, leads to the final deci-
sion.4,5 Critical in the success of the overall transplantation is 
the selection of the cord blood unit (CBU) for the graft.

One practical consideration is the logistics of perform-
ing a CB search: with the growth of the global CB inventory 
(approximately 650,000 CBU currently, according to the 
WMDA data; Figure 1),6 it is important to evaluate domes-
tic as well as international CBU choices for each patient. 
This approach requires search engines and registries that 
cover the worldwide Inventory.5 As a result, transplant 
centers and physicians are faced with a multitude of pub-
lic CB banks in different countries, with variable banking 
procedures and testing assays. In this context, comparison 
among different CBU can be challenging, particularly since 
banking practices clearly have an effect on CBU quality and 
engraftment potential.
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For the majority of transplant candidates a search will dis-
play many potential CBU matches. The first step is to “screen” 
these CBU, mostly based on total nucleated cells (TNC) and 
HLA match level (described in detail in Sections 1–3), as well 
as the CB bank of origin, so that a smaller list of potential 
units can be generated. Detailed evaluation of those will lead 
to the final selection of CBU for the graft.

The present review, based on knowledge of CB bank-
ing and CB testing standards, experience with CB searches 
and review of relevant publications, aims to address several 
aspects of CBU selection, including assays to evaluate the 
quality/potency of the CB graft, interactions between CBU 
TNC dose and HLA mismatch, selection of CBU with “per-
missible” mismatches, and other graft characteristics that 
need to be considered. Most of the information discussed 
comes from retrospective studies of single unit CB trans-
plants but important data on double unit CB grafts are also 
presented. We also refer to different banking practices and 
testing procedures, as well as presenting some new data 
from the New York Blood Center’s (NYBC) National Cord 
Blood Program. The selection information pertains to CBU 
to be used as single or double unit grafts for hematopoietic 
reconstitution of unrelated recipients with hematologic and 
nonhematologic diseases, but does not apply fully to other 
uses of CB, as in regenerative medicine.

2.  QUALITY/POTENCY OF THE CBU

Quality, a broad term, indicating the engraftment poten-
tial or potency of the product, can be affected by a variety 
of events at any point during the “life” of a CB unit from 
collection to the infusion to the patient. Since there can be 
considerable variability in the quality of the different CBU, 

the need for a reliable “potency assay” is clear in the field. 
In the absence of this, surrogate markers for CBU quality/
potency are being used. CD34+ cell viability has emerged as 
a reliable surrogate of CBU quality.

Ideally, CBU potency should be measured with an assay 
for the true hematopoietic stem cell. In the absence of such 
an assay, other cells have been used as surrogates for esti-
mating engraftment potential and comparing CB graft char-
acteristics.

Counting the number of total nucleated cells (TNC, 
which includes both white blood cells and nucleated red 
blood cells) is technically well standardized, reproducible, 
and accurate. TNC correlates significantly with hemato-
poietic progenitors such as colony-forming units (CFU) or 
CD34+ cells, and with transplant outcome endpoints such 
as myeloid engraftment and transplant-related mortality 
(TRM). TNC dose, therefore, has been the most universally 
accepted measurement of potency of a CBU. However, sig-
nificant limitations exist: the pre-cryopreservation TNC of 
a CB unit varies depending on the method of processing: 
for example, CB units enriched for mononuclear cells, pro-
cessed by the AXP semiautomated processing system have 
over 95% recovery of mononuclear cells, CD34+, and CFU 
cells, but tend to have a lower TNC recovery (80%).7 As a 
result, comparison of TNC among CBU that have under-
gone processing with different methods (e.g., no red blood 
cell depletion) may not be accurate. Additionally, there is 
considerable variability within the numbers of hematopoi-
etic progenitor cells among CBU with similar TNC.

Hematopoietic progenitor cells, while not “true” stem 
cells, are better predictors of engraftment and survival. Early 
single-institution studies showed that time to engraftment 
correlated with the post-thaw CD34+ cell dose of the CBU.8,9 

FIGURE 1 Numbers of cord blood (CB) units (HPC, Cord Blood) in the world, WMDA Report 2012.
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Performing a more detailed evaluation in patients who 
received double unit grafts after myeloablative chemother-
apy, a recent analysis showed very good correlation of time to 
neutrophil recovery with the infused viable CD34+ cell dose 
of the engrafting CBU.10 The findings indicate that not only 
the number of CD34+ cells after thawing, but their quality 
also become important for engraftment.10 CD34+ cell viabil-
ity, measured by flow cytometry with 7-AAD exclusion, was 
shown to be the critical determinant of engraftment in double 
unit grafts, since units with CD34+ cell viability below 75% 
had a very low probability of engraftment.11 Furthermore, 
low CD34+ cell viability correlated with low numbers of 
colony-forming cells.11 These findings indicate that CD34+ 
cell viability can be a surrogate of overall CBU quality: CBU 
with low percentages of viable CD34+ cells have a significant 
proportion of the CD34+ cells destroyed; the remaining cells, 
although “viable” (i.e., not dead as determined by 7-AAD 
staining), are likely damaged also. As a result, the engraft-
ment potential of the entire CBU is compromised.

Studies evaluating CFU pre-cryopreservation12 or post-
thaw13,14 have identified this measurement as the primary 
correlate with engraftment.

However, assays for CFU and CD34+ cells, unfortu-
nately, have sufficient interlaboratory variability to make it 
difficult to use these indices to compare units from different 
CB banks. For CFU in particular, the traditional assay is 
operator dependent and the results cannot be reproduced. To 
this end, significant progress has been made with the NYBC 
CFU strategy, an approach that combines the traditional 
assay with high-resolution digital imaging and storage of 
the electronic images, so that the colonies can be classi-
fied, enumerated, and reviewed at any later point.15,16 This 
approach has been tried successfully for thousands of CBU 
prior to cryopreservation, as well as for segment evaluation 
(see Section 5). Furthermore, standardization was achieved 
and results between two testing laboratories on the same 
samples correlated closely.17 However, this method is not 
widely used at this time.

Additional approaches to overcome the technical chal-
lenges of CFU assays have only been tried in very limited 
numbers of samples. For example, the 7-day CFU assay18 
has similar technical limitations as the traditional 14-day 
test and provides less information, and the HALO func-
tional assay, based on intracellular ATP levels related to cel-
lular proliferation,19 only provides an indirect assessment of 
hematopoietic stem cell function with very limited data so 
far. Other indices, such as ALDH-bright cell counts20 have 
been shown to correlate with engraftment in small numbers 
of patients, but they are even more difficult to standardize 
among banks.

In summary, despite important limitations, TNC dose 
remains the potency measure used during the initial CBU 
assessment from the review of a search, so that some poten-
tial units can be identified and subsequently evaluated in 

detail. Additional potency indicators such as CD34+ cell 
count and viability and CFU assays, if present, need to be 
considered, particularly when evaluating CBU with a simi-
lar TNC. Recent studies highlight the CD34+ cell viability 
as indicator of CBU quality/potency.

3.  SELECTION OF CB UNITS FOR 
TRANSPLANT: INTERACTION  
OF TNC AND HLA

The interaction of TNC and HLA remains a very impor-
tant consideration for CBU selection. CBU-recipient HLA 
match has been evaluated at low/intermediate resolution for 
HLA-A, -B, and at allele level for -DRB1, or more recently, 
at the allele level for HLA-A, -B, -C, and -DRB1. In all 
studies, higher TNC dose can overcome, to some extent, 
HLA disparities.

3.1  TNC–HLA Match at HLA-A, -B, -DRB1

As described in early single-institution studies, the speed 
of myeloid engraftment correlated with the TNC dose of 
the CB unit, that is, the number of TNC per kilogram of 
the patient’s body weight.8,9,21–23 In the original NYBC 
analysis of transplant outcomes, TNC dose was the most 
significant graft characteristic correlating with engraft-
ment: a stepwise improvement in the time and probability 
of engraftment was seen with increasing TNC doses.24 In 
the same analysis, the role of HLA match was identified as 
affecting time to engraftment as well as transplant-related 
events and survival.24

Subsequent NYBC analyses have highlighted the  
combined effect of HLA and TNC. In the NYBC data set, 
for 5/6 matched CBU, pre-cryopreservation TNC doses 
>2.5 × 107/kg would lead to overall survival (OS) above 
50%. However, for a similar survival rate, higher TNC dose 
would be required (>5 × 107/kg) when 4/6 matched grafts 
were used.

Eapen et al.3 compared the outcome of 503 children with 
leukemia transplanted with unrelated CB grafts to that of 
282 recipients of unrelated BM. In that study higher TRM 
was seen for patients who received 1 MM CB units with low 
TNC (defined as <3 × 107/kg) or 2 MM CB grafts indepen-
dently of the cell dose infused. In contrast, 6/6 M and 5/6 M 
grafts with TNC >3 × 107/kg had outcomes similar to those 
of matched BM grafts.

Similar analyses from Eurocord described a log-
linear relationship between cell dose and probability of  
engraftment.25

Based on these studies, it was recommended to use CB 
units with ≤2 MM and a TNC >2.5–3.0 × 107 cells/kg. These 
recommendations reflect a clear emphasis on TNC, given 
the higher TRM with the low cell doses, rather than on HLA 
matching.
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The analysis of 1061 patients (children and adults, 
median age: 9.3 years, range: 0.1–64 years) who received 
single unit grafts from the NYBC during the period 1993–
2006 for the treatment of leukemia or myelodysplasia after 
myeloablative cytoreduction, by Barker et al. aimed to eval-
uate how we can “trade” HLA MM and TNC dose.26 For 
this analysis the geometric TNC dose was used, and patients 
were grouped in four dose categories depending on the pre-
cryopreservation TNC (namely TNC dose <2.5 × 107/kg, 
dose of 2.5–4.9 × 107/kg; 5.0–9.9 × 107/kg and TNC dose 
>10.0 × 107/kg, respectively). Mismatch for HLA-A and -B 
was defined at the intermediate level of resolution, MM for 
-DRB1 was defined at high resolution, allele level.

TNC dose was associated with neutrophil and platelet 
engraftment, in a dose–response relationship, with pro-
gressively faster and higher engraftment rates as the dose 
increased. HLA-matched grafts (0 MM, 5% of total) were 
associated with faster neutrophil engraftment; however, no 
difference in the time to engraft was seen between recipi-
ents of 1 or 2 MM grafts.

Consistent with prior reports, pre-cryopreservation TNC 
dose and HLA match level each affected TRM and survival. 
The lowest TRM was seen in recipients of 0 MM units and 
was, interestingly, no different in children and adults given 
0 MM grafts.

To evaluate the effect of combined TNC and HLA match 
on TRM, the patients who received 1 MM grafts with TNC 
dose 2.5–4.9 × 107/kg were used as the reference group. 
TRM was not different in recipients of CB units with TNC 
dose >5 × 107/kg and either 1 or 2 MM, compared with the 
reference. However, patients given units with 2 MM and 
TNC range 2.5–4.9 × 107/kg had higher TRM than those 
receiving the same cell dose with 1 MM. Furthermore, no 
difference in survival was seen among patients who received 
units with 1 MM and TNC 2.5–4.9 × 107/kg and those with 
2 MM and TNC >5 × 107/kg.

Notably, neither TNC dose nor HLA match were asso-
ciated with an effect on relapse. As a result, lower TRM 
was achieved with better HLA match without an increase 
in relapse rates. In other words, no advantage in selecting 
4/6 M units to increase the anti-leukemic effect of the graft 
was seen in this study.

These results suggest a selection algorithm that gives 
priority to 0 HLA MM units. Although a wide range of TNC 
doses were used for this group (range: 0.7–19.4 × 107/kg, 
geometric mean 4.4 × 107/kg), the number of patients was 
relatively small, thus, the “threshold” dose for this group 
has not been firmly established.

In the absence of HLA-matched grafts, the recommenda-
tion was the selection of a 1 MM CBU with TNC >2.5 × 107/
kg or a 2 MM unit with TNC >5.0 × 107/kg. Furthermore, 
CB units with TNC <2.5 × 107/kg, with either 1 or 2 MM 
need to be avoided.26,27

3.2  TNC–HLA Match at Allele Level  
HLA-A, -B, -C, -DRB1

Initial analyses involving relatively small numbers of 
patients that evaluated the effect of high-resolution class I 
typing on the outcome of CB transplantation did not show a 
clear effect on survival, although an impact on the incidence 
of acute GvHD was seen.28,29

However, analyzing a larger cohort of single CBU 
recipients (n = 803 patients, 49% of them below the age 
of 10 years) for hematologic malignancies, Eapen and 
CIBMTR colleagues were able to see effects on TRM by 
including matching for HLA-C.30 In this analysis, class I 
HLA typing was at least at antigen-split level (i.e., inter-
mediate resolution for HLA-A, -B, and -C) and allele-
level resolution for -DRB1. Compared with 8/8 matched 
donor–recipient pairs (n = 69), those with a single MM at 
HLA-C (n = 23) had a higher TRM (HR 3.97, p = 0.018). 
Furthermore, compared with patients who had 1 MM at 
HLA-A, -B, -DRB1 (n = 127), those with 1 additional 
MM at HLA-C (n = 234) showed a higher TRM (HR 1.7, 
p = 0.029). The study recommended evaluating HLA-C 
matching, and avoiding HLA-C MM if there was already 
an MM at -DRB1, to reduce TRM.

Furthermore, Eapen and colleagues recently published 
results of a large retrospective analysis of 1568 single unit 
CB recipients with hematologic malignancies treated with 
myeloablative regimens, and they evaluated allele-level 
matching for HLA class I and the effects on Non-Relapse 
Mortality (NRM).31 The population was primarily pedi-
atric (only 29% of the patients were older than 16 years) 
still, only 7% of the patients received 8/8 allele-matched 
CBU. The remaining had MM at various alleles: 15% had 
MM at one, 26% at two, 30% at three alleles, 16% at four 
and 5% were mismatched at five alleles. It is of note that, 
50% of the HLA typings of the study, primarily those of 
transplants prior to 2005, were not available at the allele 
level, but they were imputed using the Haplogic III (high-
resolution imputation algorithm). Compared with the 
results of the 8/8 matched grafts, NRM was not signifi-
cantly higher with MM at one or two alleles (HR 2.79 
and 2.69, respectively; p = 0.002, both). However, com-
pared with the grafts with one or two allele MM, signifi-
cantly higher NRM was seen in those with three or four 
allele MM (HR 1.31, p = 0.01) or those with five allele 
MM (HR 1.69, p = 0.006). It is important to interpret the 
incidence of NRM with the consideration that the study 
evaluated registry data over a very wide period of time. 
On the other hand, in the same study, OS was not signifi-
cantly different among the groups except for grafts with 
five mismatched alleles.

Additionally, MM at three or more alleles increased the 
risk of graft failure.
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Importantly, the risk of relapse was not associated with 
HLA matching, so there was no advantage of using CBU 
with a higher number of mismatches for anti-leukemic effect.

The authors concluded that in the absence of a fully 
allele-level matched CB graft, units with one or two allele 
MM are well tolerated, but units with ≥3 allele MM should 
be avoided. Based on this recommendation, however, almost 
50% of the patients in the study would not have been trans-
planted, since they did receive CBU with ≥3 allele MM. The 
same study also evaluated TNC dose (86% of the patients 
had TNC doses >3 × 107/kg) and its impact on NRM, and 
the effect was independent of HLA. In fact, patients with 
grafts with ≥3 allele MM and high TNC doses (>5 × 107/kg)  
had lower NRM compared with those with similar MM 
and lower TNC. As a result, higher CBU cell dose could 
overcome the HLA disparity, a finding similar to the results 
seen with low-resolution matching for HLA-A and -B in the 
NYBC studies.

Altogether the data suggest that CBU must have a 
minimal TNC cell dose for engraftment (>3.0 × 107/kg  
pre-cryopreservation for single unit CB transplants 
according to the CIBMTR data) but above that “thresh-
old” TNC dose, HLA allele-level matching should be 
prioritized.

These results modify the “landscape” of HLA match-
ing for unrelated CB transplants. It becomes clear that high-
resolution HLA typing has to be performed for patient and 
CBU, and that allele-level matching has to be evaluated. 
Prospective studies will need to verify the role of allele-level 
matching on outcomes. Furthermore, significant increases 
in the TNC dose can overcome, to some extent, HLA dis-
parities. Importantly, CBU selection has to prioritize HLA 
matching above a “threshold” TNC dose. Moreover, use of 
mismatched CBU does not decrease the risk of relapse but 
could increase NRM.

Overall, the results highlight the need for larger CB 
inventories worldwide, as well as high-resolution typing of 
the existing CBU.

4.  SELECTION OF CBU WITH 
“PERMISSIBLE” HLA MISMATCHES

If no fully-matched CB grafts are available, CBU with “per-
missible” mismatches, that is, those that will not adversely 
affect patient survival, can be selected.

Despite the size of the worldwide CB Inventory esti-
mated at 650,000 CBU (WMDA), only small numbers of 
patients (less than 10% in the studies described) will have a 
fully matched CBU. The vast majority of the CB recipients 
will still receive mismatched CB grafts. So there has been a 
lot of interest in approaches identifying CBU with “permis-
sible” HLA mismatches.

Two areas have been studied extensively.

4.1  Direction of HLA MM and Effects  
on Transplant Outcomes

The effect of the direction of HLA MM was evaluated in 
a study by the NYBC,32 with the hypothesis that vector 
effects, if any, should be most apparent in unidirectional 
mismatches. By definition, when a mismatched HLA anti-
gen is present in both recipient and donor, the mismatch is 
bidirectional. In contrast, if either the donor or the recipi-
ent is homozygous in one locus, the MM is unidirectional. 
Thus, if the donor is homozygous at the mismatched locus 
but the patient is not, only donor cells have an HLA target 
(GvHD direction). Conversely, if the patient is homozy-
gous at the mismatched locus but the donor is not, only  
host cells have an HLA target on the graft (HvG or rejec-
tion direction). Analysis of 1207 patients transplanted 
with single CB units from the NYBC during the period 
1993–2006 revealed 98 patient–donor pairs (8.1%) that had 
unidirectional MM: 58 in the GvHD direction only (GvH- 
Only MM) and 40 in the rejection direction only (Rejection- 
Only MM). Seventy patients (6% of total) had 0 MM. The 
remaining patients had bidirectional, or combination of 
MM. Mismatch for HLA-A and -B was defined at the inter-
mediate level of resolution, MM for -DRB1 was defined 
at high-resolution allele level. GvH-Only MM grafts had 
engraftment and TRM outcomes that were as good as those 
that had 0 MM, and significantly better that those with 1 
bidirectional MM (HR 1.6, p = 0.003 for engraftment; HR 
0.5, p = 0.016 for treatment failure). Rejection-Only MM 
grafts, on the other hand, carried a higher risk of relapse 
(HR 2.4, p = 0.013) and lower engraftment rate.

In agreement with these results, two other CB transplant 
studies showed relationships between the number of mis-
matches in the GvH direction and myeloid engraftment,33,34 but 
those did not report on GvHD, relapse, or survival endpoints. 
Moreover, a recent single institution study by Sanz et al. evalu-
ating 79 patients with acute myeloid leukemia (AML) who 
received single unit CB transplants also highlights the MM in 
the GvHD direction having a significant impact on relapse.35

On the other hand, the Eurocord Registry data analysis by 
Cunha et al.36 did not support these findings. The investiga-
tors evaluated outcomes of 1565 recipients of single unit CB 
grafts; of those 10% had 0 MM grafts. Using the 5/6 matched 
(i.e., 1 MM) recipient group as “reference,” no difference was 
seen with the unidirectional MM. However, this may not be 
surprising since no association between HLA and any out-
comes were seen in this study. These results are very different 
from the NYBC study: different population characteristics 
and diseases, and analytical approaches may account for that.

The implication of these observations is that the direction 
of the HLA mismatch needs be evaluated in CB selection algo-
rithms so that grafts with GvH-Only MM can be identified and 
given priority over other types of mismatches. The potential 
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benefit of such an approach can be evaluated by the numbers 
of CBU that are homozygous at one or more loci. For example, 
among the NYBC CB Inventory (now approximately 60,000 
units), almost 1/5 of all units were homozygous at one HLA-A, 
-B, or -DRB1 locus. Importantly, patients who have difficulty 
finding suitable grafts because they have a “rare” antigen at a 
given locus, along with a common one, would benefit espe-
cially from GvH-Only MM grafts with a “blank” instead of a 
bidirectional MM at the uncommon antigen.

4.2  Fetal–Maternal Interactions During 
Pregnancy: NIMA and IPA Effects

Another area of exploration for “permissible” mismatches 
is the immunologic fetal–maternal interactions during preg-
nancy and the subsequent effects on the transplant recipients.

The fetus inherits one HLA haplotype from the father 
(Inherited Paternal Antigens—IPA) and one from the mother 
(Inherited Maternal Antigens—IMA). During pregnancy, 
bidirectional transplacental trafficking of cells exposes the 
fetus to the maternal cells, expressing both the IMA as well 
as NIMA (Non-Inherited Maternal Antigens), resulting in 
tolerogenic as well as immunogenic effects (NIMA-specific 
responses).37,38 Furthermore, fetal cells enter the maternal cir-
culation and the mother gets sensitized to the IPA of the fetus.

The so-called “NIMA effect” has been studied exten-
sively, and the proposed mechanism described by Mold 
et al.39 is the development of CD4+CD25+ Fox+ regulatory 
T cells that suppress fetal responses specifically to NIMA. 
The presence of regulatory T cells has been implicated in 
the role of NIMA in related kidney40 and hematopoietic 
stem cell transplants.41 An additional mechanism, proposed 
by Mommaas et al.42 is that CB carries NIMA-specific 
cytotoxic CD8+ T cells, which can be present at birth or can 
be generated after ex vivo priming, that are capable of lys-
ing NIMA-specific targets in vitro.

The first study to evaluate the impact of fetal exposure to 
NIMA on the outcome of unrelated CB transplants was pub-
lished in 2009 by van Rood et al.43 The hypothesis was that 
exposure to NIMA during fetal life would have an effect on 
transplant outcomes in cases where there was a NIMA match 
between recipient and CB donor (example shown in Figure 2). 
This was evaluated in 1121 patients with hematologic malig-
nancies that received single CBU from the NYBC.43

Patients were assigned in three groups: (1) those with 0 
HLA-mismatched grafts (N = 62, 6% of total); (2) those with 
HLA MM, NIMA-matched grafts (N = 79, 7% of total); and 
(3) those with HLA MM, NIMA MM grafts (n = 980). It was 
of note that NIMA matching was assigned retrospectively, so 
matches happened only by chance; CBU were not selected 
based on NIMA at the time of transplant. The analysis 
showed statistically significant improvements in TRM for the 
NIMA-matched grafts (p = 0.034 for all patients; p = 0.012 
for those older than 10 years) compared with those of NIMA 

MM. Furthermore, overall mortality and treatment failure 
for HLA MM, NIMA-matched grafts were significantly 
improved (p = 0.022 and 0.002, respectively, for patients 
above 10 years), and engraftment was improved, particularly 
for patients who received lower cell dose grafts. Overall, out-
comes of 1 HLA MM, NIMA-matched grafts were similar to 
those of 0 MM (i.e., 6/6 HLA-matched) grafts. Importantly, 
posttransplant relapse tended to be lower in patients with 
AML who received 1 HLA MM, NIMA-matched CB units. 
Furthermore, there was no increased incidence of GvHD in 
recipients of HLA MM, NIMA-matched CB grafts.43

A subsequent study by Rocha at al,44 combining 
National Marrow Donor Program (NMDP) and Eurocord 
data, aimed to confirm the superior outcomes of HLA MM, 
NIMA-matched CB grafts in patients with hematologic 
malignancies. Using a smaller patient cohort and a differ-
ent type of analysis, the authors compared the results of 
48 HLA MM, NIMA-matched CB grafts to those patients 
who received HLA MM, NIMA MM CBU. This study also 
assigned NIMA matches retrospectively. The frequency of 
NIMA-matched CB grafts was 10% among the 508 eligi-
ble patients. Importantly, in this study also, the TRM was 
lower after NIMA-matched grafts (RR 0.48, p = 0.05); con-
sequently OS was shown to be higher after NIMA-matched 
CB transplants: 5-year probability of OS was 55% after 
NIMA-matched grafts versus 38% after NIMA MM units 
(p = 0.04). No effects on engraftment, incidence of GvHD 
or relapse were detectable in this data set.44

In summary, using different analytical approaches, these 
two large retrospective studies showed a beneficial role for 
NIMA-matched CB grafts, leading to significant improve-
ment in posttransplant survival. Therefore, in the absence of 
a fully-matched donor, HLA-mismatched, NIMA-matched 
CB grafts can be the graft of choice for patients with hema-
tologic malignancies.

Figure 3 illustrates the potential impact of including the 
NIMA in the CB search: by substituting a single NIMA in 
the CB phenotype we can generate six potential new phe-
notypes. The new phenotypes have been named “virtual” 
phenotypes.45 Further on, by substituting one or two NIMA 
antigens we may increase the number of potential pheno-
types to 18. Moreover, if we were to substitute one, two, or 
three NIMA, the maximum potential phenotypes that can 
be generated can be as many as 28. Although this is not the 
case in every mother–CB pair (because of homozygosity 
or shared HLA antigens between them), it is evident from 
the example that the number of potential “virtual” pheno-
types that can be derived from a single CB unit by including 
the NIMA is fairly large. Furthermore, in search simula-
tion studies, the number of patients that could find optimal 
matches using the NIMA-generated phenotypes improves 
significantly.45 The numerical improvement of the probabil-
ity of finding donor grafts by including the NIMA in CB 
searches is under evaluation,45 but overall, such a strategy 
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increases substantially the probability of finding optimal, 
“virtual” matches for the patients.

To select CB grafts with NIMA matches or shared IPA 
with the recipients, the maternal (CB donor mother) HLA 
typings need to be included in search algorithms.46 BM 
Donors Worldwide (BMDW) has now implemented a search 
strategy for HLA MM but NIMA MM CB units based on 
the maternal HLA typings provided by the NYBC and other 
European CB Banks. In addition to the regular search, an 
option exists to identify NIMA-matched CB units (at this 
point, the search identifies CB units with all mismatches 

being NIMA matches).47 An alternative strategy is to evalu-
ate individual patient searches, and, if no fully-matched CB 
graft can be identified, search for HLA-mismatched but 
NIMA-matched CBU by typing selected mothers’ samples 
and evaluating maternal/CBU HLA phenotypes.48

4.3  Improved Outcomes with CB Units that 
Share IPA Targets with the Recipients

Another important biological aspect of the fetal–maternal 
interactions is the presence of maternal microchimerism in 

FIGURE 2 Maternal–Cord blood (CB) unit HLA phenotypes and NIMA/IPA assignments. (A) Example of HLA mismatched, NIMA-matched CB 
unit: The HLA assignments of CB unit and mother are shown; NIMA are shown in blue. The patient has one HLA-A locus MM with the CB unit (CB has 
A3 while patient has A2); however the NIMA at that locus “matches” the patient’s mismatched antigen (A2). (B) Example of Shared or Not Shared IPA 
targets: The HLA assignments of CB unit and mother are shown for the HLA-A locus; the IPA can be inferred, that is, the CB HLA-A antigen not present 
in the mother, shown in green (A1). Maternal cells have been sensitized to the IPA target. Patient and CB unit match at A1, so the patient “shares” the IPA 
target of the maternal cells. In contrast, in the example on the R, the patient does not have A1, so the sensitized maternal cells have no target in the recipient.

FIGURE 3 Impact of including the NIMA in searches: generation of alternative (“virtual” phenotypes) from a single cord blood unit (CBU) by  
substituting one NIMA.
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the fetus, and in the CB.49 van Rood et al. hypothesized that 
the maternal cells sensitized to the fetal IPA, when trans-
planted with the CB, may have an effect on outcome when 
the patient has the same antigen as the IPA (example shown 
in Figure 2). In those cases, patient and CB donor “share” 
an IPA target for the maternal cells.50

A total of 845 recipients with AML or acute lympho-
blastic leukemia (ALL) and the NYBC CB units they 
received were retrospectively assigned in two groups, those 
with shared IPA targets at one, two, or all HLA three loci 
(n = 751), or those with no shared IPA targets (n = 64), rep-
resenting 6% of the total patient–unit pairs.50 All recipients 
received single unit grafts. The two groups were similar 
with regard to patient and disease characteristics and TNC 
doses. The incidence of acute GvHD grade III and IV was 
not different among the groups. On the contrary, there were 
significantly lower relapse rates in the group of HLA MM 
but shared IPA grafts. In particular, relapse reduction was 
most significant in patients receiving one HLA MM CB 
graft with shared IPA target (HR = 0.15, p < 0.001). The 
strong Graft-versus-Leukemia effect was mediated by the 
maternal microchimeric cells and it was independent of 
other HLA associations.50–52

The above findings support avoiding CB units with 
no IPA targets, if possible, for patients with hematologic 
malignancies. They also highlight the need for having the 
maternal HLA typing (so that IPA can be inferred) at the 
time of CBU selection.46

These analyses used HLA donor–recipient matching at 
the antigen level (including the “antigen-level splits”) for 
HLA-A and -B, and allele-level typing for HLA-DRB1. The 
effects on OS and TRM were significant even without con-
sidering HLA-C or class I allele-level matching.30,31 Future 
studies will need to address NIMA matches at HLA-C also.

5.  APPROACHES TO OVERCOME THE TNC 
LIMITATIONS OF SINGLE CB GRAFTS

Several novel strategies are being evaluated for their effects 
on CB transplant outcomes. In these treatments CBU selec-
tion depends, to some extent, on the combination of grafts 
and stem cell sources used.

In young pediatric patients, the CBU TNC dose is not 
a major obstacle: most centers aim for a pre-cryopreserva-
tion cell dose above 2.5 × 107/kg with no well-defined upper 
limit. It needs to be noted though that merely increasing 
the TNC dose of unmanipulated CBU does not shorten the 
time to neutrophil recovery significantly. For larger pediat-
ric patients dose limitations exist, as is the case with most 
adults. In addition, even with moderate cell doses the post-
transplant neutropenia is long. To improve engraftment as 
well as decrease the period of posttransplant pancytopenia 
and related medical complications including prolonged hos-
pital stay, several approaches have been investigated such as 

use of double unit grafts,53–56 intrabone marrow injections, 
ex vivo expansion of the hematopoietic stem cells, systemic 
addition of mesenchymal stem cells, use of haplo-identical T 
cell-depleted grafts in combination with CB unit(s), and use 
of agents to enhance homing of CB cells to the BM. These 
novel strategies, reviewed in57,58, are aiming to improve the 
overall outcomes of unrelated CB transplantation. Their 
advantages and indications are outside the scope of this 
review; the points related to CBU selection for these differ-
ent approaches are discussed briefly below.

5.1  Double Unit CB Grafts

In double unit grafts only one unit gives rise to long-term 
hematopoiesis in the majority of cases. The time to neutro-
phil engraftment has been shown to correlate with the TNC 
of the engrafting CBU, and most recently, with the viable 
infused CD34+ cell dose of the engrafting CBU. Since we 
cannot accurately predict which unit will engraft, selec-
tion of each of the CB units of the graft empirically fol-
lows the criteria of single unit grafts with a minimum TNC 
>1.5–2.0 × 107/kg for 5/6 or 4/6 matched CBU, and consid-
eration of CD34+ cell dose and viability (see Section 1). The 
role of allele-level HLA matching has not been evaluated 
in double CBU grafts specifically, but most transplant phy-
sicians would apply the criteria of single unit CBU selec-
tion, including evaluation at the allele level for HLA class 
I. Importantly, there are no data indicating that the level of 
mismatch between the two units of the graft has any effect 
on engraftment. This question was evaluated in 84 double 
CB recipients transplanted for hematologic malignancies 
following myeloablative cytoreduction by Avery and col-
leagues.59 There was no association between unit-to-unit 
match and incidence of graft failure or speed of engraftment.

5.2  Combination Grafts

The use of another cell source providing hematopoietic 
progenitor cells, in most cases T cell-depleted, until the 
CB-derived cells are seen in the peripheral blood is being 
evaluated in several studies. Initial studies combining haplo-
identical CD34+ selected BM with the CBU had promising 
results: the Spanish experience is reviewed in60; studies in 
the United States are described in 61–63. More recently, CB-
expanded grafts are used as a “bridge” for neutrophils.64,65 
The advantage of this approach with regard to CBU selec-
tion is that CBU TNC may not be a limiting factor since 
the other graft is supposed to provide neutrophils during 
the early posttransplant period. As a result the best HLA-
matched CBU can be selected.60,66 In fact, good engraft-
ment and outcomes have been reported with a combination 
of haplo-identical stem cell grafts and CBU with low TNC 
doses: TNC doses of 1.1–4.3 × 107/kg were used with mye-
loablative cytoreduction in the studies by Fernandez et al.;60 
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similarly, TNC doses of 1.24–2.1 × 107/kg were used with 
reduced intensity regimen.66 Ongoing analyses will have to 
confirm if this is the case in all clinical scenarios.

6.  QUALITY OF CBU—BANKING 
PRACTICES

6.1  Standardization of Banking Practices 
and Oversight

Standardization of banking practices is crucial for consis-
tent high quality of the products and reliability of testing 
results.

With the growth of CB banking worldwide, it is impor-
tant to evaluate domestic as well as international CBU for 
each patient.5 International search systems and networks 
for adult volunteer donors have included CB searches to 
provide transplant physicians with access to the interna-
tional CB Inventory. The largest are NMDP, BMDW, and 
EMDIS (European Marrow Donor Information System) 
which report information from a very large number of inter-
national CB banks.67,68

Standardization of banking practices is crucial for con-
sistent high quality of the products and reliability of test-
ing results. To that end, accreditation agencies (NetCord/
FACT—Foundation for the Accreditation of Cellular Ther-
apy and AABB—American Association of Blood Banks) 
inspect public CB banks to evaluate compliance with the 
Standards and ensure their optimal function. It is of note 
that a recent study evaluated CD34+ cell viability for a num-
ber of CBU obtained from domestic and international CB 
banks that were thawed at a single transplant center. Post-
thaw CD34+ cell viability varied significantly among the 
CBU from different CB banks11 (Figure 4). Updated, more 

extensive analysis included some of the banking practices 
that may affect the result.10 CB bank accreditation by FACT 
was shown to be an independent prognostic variable. So it is 
desirable to obtain CBU from accredited banks to optimize 
transplant outcomes.

The US FDA (Food and Drug Administration) license 
procedures for the CB banks need to be viewed in the same 
context.69 The FDA regulations focus on Current Good 
Manufacturing Practices (cGMP) that ensure safety, qual-
ity, identity, potency, and purity of the product. They pro-
vide assurance that all steps from CBU collection to CBU 
release for transplant have undergone close monitoring 
and review and the results meet predetermined standards. 
Different agencies in European counties have similar high  
standards and perform rigorous evaluations.

6.2  Evaluation of the Attached Segment: 
“Prediction” of CBU Quality Post-thaw

Studies are evaluating the use of cells from the segment for 
CD34+ cell content and viability, and CFU assays, as indi-
cators of the quality of the cryopreserved product.

CBU selection is based on information provided by the 
banks, and the potency assays reflect the values at the time 
of CBU cryopreservation. The post-thaw results at the trans-
plant centers do not always correlate with the bank data:70,71 
to some degree this is expected based on different labora-
tory practices and assays. However, the ability to accurately 
predict the potency of the CB graft from the pre-cryopreser-
vation information is vital to optimal CBU selection.

Ongoing studies are evaluating the use of cells from the 
segment, the tubing integrally attached to the cryopreser-
vation bag (Figure 5) for evaluation of CD34+ cell content 
and viability, and CFU assays, as indicators of CBU quality 
post-cryopreservation.16,72 There are some considerations 
to the use of the frozen–thawed segment: it is a delicate 
sample, it has to be handled carefully, and the laboratory 
performing the assays needs to have experience with such 
samples and with interpretation of the results. Furthermore, 
the freezing conditions of the cryopreservation bag and seg-
ment must be similar for the quality of the segment to be 
representative of that of the CBU bag. It is of note that the 
evaluation of the segment is not standardized and is not a 
requirement for CBU release for many banks. Additionally, 
intralaboratory variability applies to those results as well.

NYBC recently presented results for a total of 1214 
segments of 956 CBU processed with the AXP system; 
some CBU are cryopreserved in two bags and in those 
cases, both segments were evaluated. The CBU were pro-
cessed over a period of 6 years (2006–2013) and all have 
been released for transplantation.73 Evaluation by flow 
cytometry with 7-AAD exclusion showed that the mean 
segment CD34+ viability was 96%; median was 96.5%, 
and the standard deviation (SD) was 3%. These analyses 

FIGURE 4 Post-thaw CD34+ cell viability and Cord Blood (CB) Bank 
of origin. CB units from domestic (n = 71) and international (n = 21) CB 
banks were evaluated at thaw at a single institution (details provided in 
Ref. 11).
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also showed that segment CD34+ cell viability correlated 
with the CFU output of the hematopoietic progenitor 
cells from the segment and, therefore, indicated that the 
CD34+ cell viability is a reliable assay for CBU potency.73 
Additionally, using the NYBC CFU strategy,16 functional 
evaluation of the hematopoietic progenitor cells could be 
performed in all samples. Segment evaluation, therefore, 
is feasible on a large-scale basis, but the results have to be 
interpreted with caution. It is important to note that CD34+ 
cell viability is the indicator of quality, while CD45+ cell 
viability is usually lower since it reflects the granulocytes 
that are dying during the freezing–thawing procedures. 
Importantly, CD45+ cell viability has not been shown to 
have any effect on CBU engraftment.11

Good correlation of the segment results with those 
obtained from the CBU after thawing has been shown for a 
small number of samples in bank studies.74

However, the important question for the clinical trans-
plants is whether the segment evaluation performed at the 
bank could predict the results at the transplant center after 
thawing the CBU.73

To address this, the post-thaw results of 48 CBU from 
the NYBC, that were selected for transplantation at MSKCC 
and were thawed there, were compared with the segment 
evaluation of those units that had been performed at the 
NYBC prior to CBU release.73 The comparison showed 
very good correlation between the viable CD34+ counts 
(R2: 0.73, p < 0.0001), no clinically significant difference in 
CD34+ cell viability, but poor correlation with CFU. The 
findings illustrated that the CD34+ cell viability of the seg-
ment, as well as that of the CBU, is a reliable assay for the 
evaluation of CBU quality post-thaw. In the same center’s 

experience, CD34+ cell viability also correlated with CBU 
engraftment (described in Section 1).

CB banks have modified their practices so that more 
segments are available for the recently processed CBU, 
to allow for prerelease testing. Occasional CBU, however, 
may not have an extra segment available for potency evalu-
ation, especially if they were cryopreserved years ago and 
their (only) segment was used for HLA confirmatory typ-
ing. These CBU can be used for transplantation provided 
they meet the other selection criteria. Evaluation of the 
overall performance of the CB bank may help the decision, 
as well as back-up plans in case of unexpected results on the 
day of thawing (see Section 9).

7.  PATIENT DIAGNOSIS, RELAPSE RISK, 
AND CBU SELECTION

No advantage in selecting CBU with higher HLA mismatch 
for a more potent anti-leukemic effect has been shown in 
large retrospective single unit CB studies.

Overall, there is no evidence to suggest a higher risk of 
relapse after CB transplantation. Relapse risks were not differ-
ent in the comparison studies of unrelated CB or BM grafts in 
both pediatric3 and adult patients,75 performed by CIBMTR. 
Furthermore, there was no indication that HLA-mismatched 
grafts lead to lower posttransplant relapse rates for patients 
with hematologic malignancies in the NYBC analyses24,26 
and the recent CIBMTR evaluations31 of single unit CB 
grafts. The studies however, clearly showed an increase in 
TRM with higher MM. As a result, there is no clinical advan-
tage in selecting preferentially CBU with higher number of 
HLA mismatches for patients with hematologic malignancies.  

FIGURE 5 Cord blood units (CBU) in cryopreservation bag with the attached segment.
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In addition, when only mismatched grafts are available, CBU 
with certain “permissible” MM may have better outcomes 
than others: TRM was improved in the two large retrospec-
tive studies that evaluated HLA MM but NIMA-matched 
CBU.43 Furthermore, relapse rates were lower in recipi-
ents of 1 HLA MM grafts with shared IPA targets with the 
recipient.50 Finally, in the unidirectionally mismatched CBU-
recipient pairs, CBU with Rejection-Only MM had inferior 
outcomes in patients with hematologic malignancies,32 (as 
described in Section 3). The effect of double unit CB grafts 
on relapse is currently under evaluation in retrospective as 
well as prospective studies.

Patients with non-malignant diseases have a higher 
overall probability of graft failure for a variety of dis-
ease- or prior treatment-related reasons. In a recent Euro-
cord analysis HLA disparity was found to have a major 
impact on engraftment, GvHD, TRM, and survival, and 
the study suggested higher TNC dose for these patients  
(>3.5 × 107/kg).25

8.  OTHER IMMUNOLOGICAL 
CONSIDERATIONS FOR CBU  
SELECTION

8.1  KIR-L Compatibility

Conflicting data exist on the effect of Killer-immunoglob-
ulin receptor-ligand (KIR-L) matching in CB transplanta-
tion.

The European group evaluated 218 recipients with acute 
leukemia in complete remission, transplanted with single 
CB units in a total of 57 transplant centers.76 Of those, 69 
donor–recipient pairs were KIR-L incompatible, based on 
high-resolution typing of donor and recipient for HLA-A, 
-B, and -C alleles. The number of HLA mismatches, stage 
of disease, CMV seropositivity, and frequency of myeloab-
lative or reduced intensity cytoreduction regimens were not 
different among the two groups. With a median follow-up 
of 15 months, improved leukemia-free survival and OS was 
seen in the recipients of KIR-L-incompatible grafts in the 
GvHD direction, as well as decreased incidence of relapse, 
particularly in patients with AML.76

In contrast, the Minnesota group evaluated 257 recip-
ients of single (n = 91) or double unit (n = 166) HLA-
mismatched CB grafts after myeloablative (n = 155) or 
reduced intensity (n = 102) cytoreduction and found no 
advantage in using KIR-L-mismatched CB grafts.77 In that 
single-institution study, KIR-L-mismatch was assigned 
in a similar way as the European study, based on high-
resolution HLA. There was no reduction in relapse in any 
of the patient groups after transplantation with KIR-L-
mismatched units. For recipients of myeloablative regi-
men specifically, KIR-L MM grafts had no impact in any 
of the endpoints evaluated. On the other hand, patients 

who received reduced intensity cytoreduction and were 
engrafted with a KIR-L-mismatched CB unit had signifi-
cantly higher incidence of acute GvHD and TRM, and 
poorer survival.77 Recently, a Japanese study evaluated 
643 single unit transplants in patients with acute leuke-
mia78 and assigned KIR ligand incompatibility as in the 
previous studies. The effects on outcomes were analyzed 
taking into consideration the vector of incompatibility 
also. There were no effects when KIR ligand incompat-
ibility was in the GvH direction, but incompatibility in 
the HvG (or rejection) direction was found to have an 
effect on engraftment in patients with ALL.

8.2  Donor-specific HLA Antibodies

Controversial data exist for the role of donor-directed spe-
cific anti-HLA antibodies (DSA). Their impact on CB 
engraftment has been evaluated in several studies with 
somewhat conflicting results.

In single CB transplants after myeloablative chemother-
apy Takahashi et al.79 showed significantly lower incidence 
of engraftment in 20 CB recipients with CBU-specific anti-
bodies compared with those with no donor-specific antibod-
ies, or no antibodies at all.

Brunstein et al.80 evaluated a total of 126 recipients of 
double CB grafts and reported a comparable cumulative 
incidence of engraftment in DSA and non-DSA patients: 
83% in the 18 patients with DSA versus 78% in those with 
no DSA, and no association with CB unit dominance. More-
over, Dahi et al.81 recently found no effect on engraftment 
for patients with DSA antibodies that received double unit 
CB transplants after myeloablative conditioning: in a cohort 
of 82 recipients, sustained donor engraftment was observed 
in 95% without HLA-Abs, 100% with non-specific HLA-
Abs (n = 16), and 92% with DSA (n = 12).

On the contrary, Cutler et al.82 found a negative effect 
of DSA on engraftment of double CBU transplants in 
73 patients most of whom received ATG. The incidence 
of graft failure was 5.5% in patients with no detectable 
DSA, 18.2% in the 11 patients with DSA against one of 
the two units, and 57% in the nine recipients with DSA 
against both CBU (p = 0.0001). Furthermore, patients 
with DSA had delayed neutrophil recovery and higher 
100-day mortality.

Additionally, Ruggeri et al.83 reviewed the European 
experience of 294 patients after reduced intensity condition-
ing and the impact of DSA: the incidence of engraftment in 
the 14 patients with DSA was 44% compared with 81% for 
those without DSA (p = 0.006). In addition to differences 
in patient populations, CB unit selection, conditioning and 
immunosuppression regimens, and use of ATG or not, the 
conflicting results may also be explained by variations in 
HLA antibody assays and mean fluorescence intensity of 
those with positive DSA.
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9.  OTHER GRAFT CHARACTERISTICS 
AFFECTING CBU QUALITY AND SAFETY

9.1  Attached Segment

NetCord/FACT (Foundation of the Accreditation of Cel-
lular Therapy) and FDA (Food and Drug Administration) 
require confirmation of the identity of the CBU by HLA 
typing of an attached segment prior to release for trans-
plantation. Since mislabeling errors still can occur,84 the 
presence of an attached segment remains an important con-
sideration for the selection of CB units. CB banks use DNA 
from the segment for confirmatory HLA typing and verifi-
cation of unit identity. Some banks perform STR identity 
testing of segment and initial CBU sample prior to CBU 
release.

Use of the segment for the evaluation of CBU quality is 
discussed in Section 5.

9.2  Time in Storage—“Expiration Date”

The significance of unit “age” (i.e., length of time in the 
freezer) is an area of active investigation. While there is no 
apparent decrease in the hematopoietic potential of CB cells 
that have been cryopreserved for over a decade, as evaluated 
by in vitro assays and mouse models,85 the importance of 
the collection/processing year may relate more to changing 
banking practices, equipment, standards, and testing assays 
(cryopreservation and testing for hematopoietic progenitors, 
infectious disease markers (IDM), and other) over time.

Several CB banks are evaluating the long-term effects of 
cryopreservation on the stored products.

NYBC is performing annual stability studies to com-
pare the post-thaw results of CBU cryopreserved for sev-
eral years to those of newly cryopreserved CBU. For these 
studies clinical CBU from the different manufacturing peri-
ods are thawed and evaluation of segment and bag address 
aspects of potency, bacterial contamination, and identity 
of the products, as well as container and label stability. So 
far, CBU cryopreserved as long as 20 years do not show a 
decrease in potency by in vitro assays. Based on the ongo-
ing evaluations, the expiration time of the products (an FDA 
requirement) is being extended annually.

Furthermore, post-thaw flow cytometric evaluation of 
133 segments from “old” CBU, cryopreserved for a median 
of 9 years (range 6–16 years) showed a median CD34+ cell 
viability of 96.2% (mean: 95.2%, SD: 3.2%).73 These results 
were not different from the CD34+ cell viabilities of 1214 
segments from recently cryopreserved CBU with median 
storage time of only 1.9 years (mean: 2.1 years, range: 
0.1–6.4 years); their median CD34+ cell viability post-
thaw was 96.5% (mean: 95.8%, SD: 3.0%, as described in  
Section 5). Moreover, excellent correlation between the via-
ble CD34+ cell counts and the CFU from the segment was seen  
(R2: 0.79, p < 0.001).

Moreover, outcome data analysis from the NYBC 
showed no difference in time to engraftment, graft fail-
ure rate, and OS for CBU infused after cryopreservation 
and storage for >8 years (n = 43, median time of storage: 
9.2 years), compared with those transplanted within 2 years 
from collection (n = 300, median storage time: 1.1 years).86

These results indicate that long-term cryopreservation is 
feasible without compromising the quality and engraftment 
ability of the CBU. It should be noted, however, that freez-
ing and storage procedures, equipment and devices may 
vary significantly over time and from bank to bank, and 
NYBC results may not necessarily apply to other banks.

9.3  Red Cell Content

The red cell content of the CB unit (partially RBC depleted 
or not, i.e., RBC-replete) may influence unit choice. The 
red cell content can be evaluated by the postprocessing 
hematocrit of the CBU or the total number of RBCs remain-
ing in the product. For example, CBU processed with the 
AXP semiautomated system typically have hematocrit 
below 50%, in most cases below 30%. In contrast, manu-
ally processed CBU have a wide range of hematocrit val-
ues, as high as 60%, in some cases. Plasma-depleted but 
RBC-replete CBU can have hematocrits as high as 70% and 
usually have higher cryopreservation volumes also, so the 
total RBC load is substantial. Although data on direct com-
parison of RBC-depleted and RBC-replete units may be dif-
ficult to obtain, analysis of the outcomes of RBC-replete 
but plasma-depleted units has shown similar results to the 
partially RBC-depleted grafts.87 However, important con-
cerns remain about the significant load of red cell debris and 
free hemoglobin of these units upon thawing,88 and the seri-
ous, sometimes fatal, infusion adverse events that have been 
reported, if the products are not washed prior to infusion. 
Current recommendations require washing of these CBU 
prior to infusion, and hydration and careful monitoring of 
the patients. On the other hand, washing post-thaw may 
result in high WBC losses due to the difficulty of separating 
the supernatant from the mononuclear cells after centrifu-
gation. So, this graft characteristic becomes an important 
consideration in heavily pretreated patients with renal  
compromise.

9.4  Nucleated Red Blood Cells

Nucleated Red Blood cells (NRBC) can be present in sub-
stantial proportions in CB.89 Most automated hematology 
analyzers enumerate NRBC and WBC when performing 
counts, and the TNC count of the CBU includes both popu-
lations. The presence of NRBCs in CB TNC evaluation has 
two practical implications: firstly, NRBCs may lyse more 
easily that WBC and may account for an overall lower cell 
recovery post-thaw. Secondly, there is a misconception  
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that, because they are not WBC, the engraftment ability of 
the CBU based on TNC may be “overestimated.” The influ-
ence of the NRBC content on engraftment was evaluated by 
a retrospective study on 1112 recipients that received single 
CBU grafts provided by the NYBC. The evaluation showed 
that NRBC numbers correlated with CFU indicating an 
overall BM response and release of immature cells in the 
peripheral blood, and most importantly, they did not reduce 
the engraftment potential of the CBU.89 So their presence, 
even in high numbers, does not imply a disadvantage for 
the CBU.

9.5  Hemoglobinopathy Screening

CBU hemoglobinopathy screening must utilize methodol-
ogy that distinguishes hemoglobin A, A2, S, C, F, and H. 
If there is a family history of hemoglobinopathy, or, if any 
hemoglobin types except HbA and HbF are detected, fur-
ther testing is required. Units reported as normal or “AF” 
are acceptable. Presence of S hemoglobin in addition to 
HbA and HBF indicates sickle cell trait. CBU homozygous 
for either sickle cell disease or thalassemia, or heterozy-
gous for both sickle cell and thalassemia, cannot be used 
for transplantation. Units heterozygous for either sickle 
cell trait or thalassemia can be used if other donor options 
are limited.

It is of note that with current molecular testing assays 
for thalassemia, heterozygotes for alpha thalassemia, evalu-
ated because of elevated hemoglobin H on the screening 
assay or low Mean Corposcular Volume in the complete 
blood count, are relatively frequent. Most are heterozygotes 
for a single alpha globin gene deletion and therefore are 
“silent” carriers for a-thalassemia, so this molecular find-
ing does not have clinical implications, and CBU have no 
reason not to be used for transplantation.

9.6  Blood Group

ABO blood group and Rh typing of the CBU is considered 
part of the identity testing.

Considering infusion reactions, ABO-incompatible CB 
grafts have not been shown to have a higher incidence of 
events in RBC-depleted CB units,90 probably because a 
large proportion of the RBCs lyse with the freezing and 
thawing procedure, and the patients are well hydrated.

Although small studies have shown some effect of 
ABO incompatibility on acute GvHD after CB trans-
plants,91 larger analyses have not confirmed these results. 
There was no impact of ABO incompatibility on the inci-
dence of acute and chronic GvHD in 503 recipients of 
single or double unit grafts analyzed at the University 
of Minnesota.92 Furthermore, a Japanese study reviewed 
the outcomes of 191 adult recipients of single CB unit 
grafts after myeloablative cytoreduction for malignant 

diseases and found no effect of ABO mismatch on GvHD 
or TRM.93

Based on these data, there appears to be no reason to 
include ABO/Rh type in CBU selection criteria.

9.7  CBU Cryopreservation Volume

Most automated CBU processing systems have a predefined 
final volume (e.g., 20 ml). In contrast, manually processed 
CBU may have variable final volumes. Cryoprotectant con-
centration and cooling rates during freezing procedures are 
important for the quality of the product and these may vary, 
if the final volume is not standardized.

Registries report on the final cryopreservation volume 
of the CBU and whether the product is in one or two bags 
(or more). The method of CBU preparation for infusion has 
to be considered when evaluating the CBU product volume. 
If albumin–dextran dilution is used, and most banks recom-
mend dilution seven- to eight-fold, then the infusion volume 
may be large for small pediatric patients.

9.8  Bacteriology Screening

NetCord/FACT and FDA requirements mandate that CB 
grafts need to be sterile (i.e., bacterial and fungal cultures 
should be negative).

9.9  Infectious Disease Markers

In the United States, infectious disease screening tests are 
performed on the maternal sample (collected within 7 days 
from CBU collection), as outlined by FDA requirements.94 
Complete maternal IDM testing in a Clinical Laboratory 
Improvement Amendments (CLIA) certified laboratory is the 
standard. Additional IDM requirements exist in other coun-
tries and tests (on the maternal and/or the CB sample) need 
to be performed prior to CBU acceptance in appropriately 
accredited testing laboratories. Information about available 
stored samples for testing is important. It is of note that the 
testing requirements and approved screening assays change 
over time, so stored CBU may not have all the currently 
required tests performed at the time of collection. Regulatory 
requirements and practice of medicine should guide the deci-
sions about additional testing and acceptance of older CBU.

9.10  Donor Eligibility

Donor eligibility of the CBU is based on the history and risk 
factors of the mother according to FDA guidelines, and the 
results of the screening assays of the maternal sample.94 CB 
units from ineligible donors can be used for transplantation, 
based on US FDA requirements of “Urgent Medical Need” 
after evaluating the potential risk associated with the reason for 
ineligibility versus the potential benefit of the TNC and HLA 
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match of the respective CBU relative to other graft options for 
the patient. The requirements many vary in other countries.

10.  “BACK-UP” CB GRAFTS

Many transplant centers have implemented a policy to 
have at least one back-up CBU identified pretransplant in 
the event that there are problems with unit shipping, thaw, 
infusion, or graft failure.95 These back-up units should 
have confirmatory HLA typing completed, and need to be 
ready for shipment on the transplant day in case there are 
unexpected problems with the thawing of the graft. The CB 
units remain reserved until the patient has engrafted. It is of 
note that several non-US banks may require fees if reserved 
CBU are not used.

It is the transplant center’s decision what procedures to 
have in place in case of emergency for the acquisition of 
additional CB units.

11.  CONCLUSIONS—SELECTION 
GUIDELINES

The CB transplantation field has evolved tremendously 
over the past 20 years, and the efficacy and safety of the 
unrelated CB grafts have improved significantly. Still, sig-
nificant work lies ahead. With the expanding global inven-
tory, more precise evaluation of the cellular contents and the 
quality of the CB units become necessary.

Selection of CBU for transplantation remains a com-
plex decision and no algorithm “fits” all, since there are 
many considerations related to graft characteristics, the 
patient’s disease and clinical condition, as well as the treat-
ment and type of transplant planned. While recommenda-
tions can be provided for selection of CBU for single or 

double unrelated grafts (Figure 6), transplant centers need 
to develop their own algorithms based on their specific 
studies as well as their results of post-thaw CBU evaluation 
and outcomes. Furthermore, selection of CBU to be used 
with novel expansion or homing strategies or with haplo-
identical grafts may be somewhat different, particularly 
regarding the TNC dose.

For most patients, a search through domestic and inter-
national registries will display many potentially matched 
CBU.

 1.  “Screen” CBU of the search by TNC dose: selection 
algorithms need to establish a TNC dose “threshold,” 
below which CBU will not be evaluated. The TNC dose 
depends on the use of single or double CBU graft or 
additional stem cell sources, and on specific center stud-
ies. Most would recommend a minimum TNC dose of 
2–3 × 107/kg for single CBU and 1.5–2.0 × 107/kg for 
each of the CBU in a double graft.

 2.  For CBU above the “threshold” TNC dose:
 a.  Evaluate HLA match level (at six and eight alleles, 

preferably)
Since large retrospective studies have shown best 
outcomes with fully-matched CBU, a 6/6 (or 8/8 
allele)-matched CBU would be the first choice. It 
needs to be considered, however, that the lower TNC 
threshold for a fully-matched graft is not established. 
Furthermore, CBU quality has to be considered as in 
all other CBU.

 b.  Avoid CBU with <3/8 match, if possible
If patient has only HLA MM CBU (as is the case 
in the vast majority of the searches) consider  
“permissible” mismatches particularly in patients 
with hematologic malignancies: unidirectional 

FIGURE 6 Cord blood unit (CBU) selection for transplantation.
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MM, maternal HLA phenotype for NIMA/IPA 
assignments.

 c.  Do not limit selection based on unit–unit match, for 
double CBU grafts

 d.  Evaluate potency assays if present; presence of CBU 
segment

 e.  Evaluate CB bank of origin; overall quality of  
products

 f.  Evaluate potential patient-related variables (DSA, 
RBC content, CBU volume)

 3.  Identify CBU for the graft; also identify back-up graft.

ACKNOWLEDGMENT
We thank the NYBC National Cord Blood Program staff who per-
form all of the tasks needed to ensure the quality of the CB units and 
Dr Pablo Rubinstein, Director of the National Cord Blood Program, 
for his support and constructive criticism. We are grateful to the ob-
stetricians in the collaborating hospitals who support the National 
Cord Blood Program, and to the mothers who generously donate 
their infant’s cord blood to be used by any patient that might need it. 
We also thank Professor Jon J. van Rood for his insight and support.

We thank the Memorial Sloan-Kettering Cancer Center hospital 
staff, clinical teams, unrelated search coordinators and laboratories for 
excellent patient care, detailed evaluation of CBU searches and post-
thaw CBU studies.

REFERENCES
 1.  Barker JN, Byam CE, Kernan NA, Lee SS, Hawke RM, Doshi KA, 

et al. Availability of cord blood extends allogeneic hematopoietic stem 
cell transplant access to racial and ethnic minorities. Biol Blood Mar-
row Transpl 2010;16(11):1541–8.

 2.  Scaradavou A, Brunstein CG, Eapen M, Le-Rademacher J, Barker JN, 
Chao N, et al. Double unit grafts successfully extend the application 
of umbilical cord blood transplantation on adults with acute leukemia. 
Blood 2013;121:752–8.

 3.  Eapen M, Rubinstein P, Zhang M-J, Stevens C, Kurtzberg J, Scara-
davou A, et al. Outcomes of transplantation of unrelated donor umbili-
cal cord blood and bone marrow in children with acute leukemia: a 
comparison study. Lancet 2007;369:1947–54.

 4.  Ponce DM, Zheng J, Gonzales AM, Lubin M, Heller G, Castro-
Malaspina H, et al. Reduced late mortality risk contributes to similar 
survival after double-unit cord blood transplantation compared with 
related and unrelated donor hematopoietic stem cell transplantation. 
Biol Blood Marrow Transpl 2011;17:1316–26.

 5.  Barker JN, Byam C, Scaradavou A. How I treat: the selection and 
acquisition of unrelated cord blood grafts. Blood 2011;117:2332–9.

 6.  World Marrow Donors Association. Annual report 2012.
 7.  Scaradavou A, Stevens C, Dobrila L, Zhu T, Jiang S, Daniels D, 

et al. Cord blood (CB) unit mononuclear cell (MNC) dose: effect 
on transplantation outcome and relevance to processing method 
and CBU selection. Blood 2008;112:1969 [abstract].

 8.  Wagner JE, Barker JN, DeFor TE, Baker KS, Blazar BR, Eide C, 
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;100:1611–8.

 9.  Laughlin MJ, Barker J, Bambach B, Koc ON, Rizzieri DA, Wagner 
JE, et al. Hematopoietic engraftment and survival in adult recipi-
ents of umbilical cord blood from unrelated donors. N Eng J Med 
2001;344:1815–22.

 10.  Purtill D, Smith KM, Tonon J, Evans KL, Lubin MN, Byam C, et al. 
Analysis of 402 cord blood units to assess factors influencing infused 
viable CD34+ cell dose: the critical determinant of engraftment. Blood 
2013;122:296 [abstract].

 11.  Scaradavou A, Smith KM, Hawke R, Schaible A, Abboud M,  
Kernan NA, et al. Cord blood units with low CD34+ cell viability have 
a low probability of engraftment after double unit transplantation. Biol 
Blood Marrow Transpl 2010;16:500–8.

 12.  Migliaccio AR, Adamson JW, Stevens CE, Dobrila NL, Carrier 
CM, Rubinstein P. Cell dose and speed of engraftment in pla-
cental/umbilical cord blood transplantation: graft progenitor cell 
content is a better predictor than nucleated cell quantity. Blood 
2000;96:2717–22.

 13.  Prasad VK, Mendizabal A, Parikh SH, Szabolcs P, Driscoll TA, Page 
K, et al. Unrelated donor umbilical cord blood transplantation for 
inherited metabolic disorders in 159 pediatric patients from a single 
center: influence of cellular composition of the graft on transplantation 
outcomes. Blood 2008;112:2979–89.

 14.  Page KM, Zhang L, Mendizabal A, Wease S, Carter S, Gentry T, et al. 
Total colony-forming units are a strong, independent predictor of neu-
trophil and platelet engraftment after unrelated umbilical cord blood 
transplantation: a single-center analysis of 435 cord blood transplants. 
Biol Blood Marrow Transpl 2011;17:1362–74.

 15.  Albano MS, Rothman W, Watanabe C, Gora A, Scaradavou A, 
Rubinstein P. Hematopoietic colony forming unit: development of 
a high-throughput CFU assay strategy by the use of high-resolution 
digital images stored in a laboratory information system. Blood 
2008;112:2306 [abstract].

 16.  Albano MS, Stevens CE, Dobrila LN, Scaradavou A, Rubinstein P. 
Colony-Forming-Unit (CFU) assay with high-resolution digital imag-
ing: a reliable system for cord blood (CB) CFU evaluation. Biol Blood 
Marrow Transpl 2009;15:45 [abstract].

 17.  Albano MS, Rothman W, Scaradavou A, Blass DP, McMannis JD, 
Rubinstein P. Automated counting of Colony Forming Units (CFU): 
towards standardization of the measurement of potency in cord blood 
cell therapy products. Blood 2011;118:485 [abstract].

 18.  Nawrot M, McKenna DH, Sumstad D, McMannis JD, Szczepi-
orkowski ZM, Belfield H, et al. Interlaboratory assessment of a novel 
colony-forming unit assay: a multicenter study by the cellular team of 
Biomedical Excellence for Safer Transfusion (BEST) collaborative. 
Transfusion 2011;51:2001–5.

 19.  Reems JA, Hall KM, Gebru LH, Taber G, Rich IN. Development of a 
novel assay to evaluate the functional potential of umbilical cord blood 
progenitors. Transfusion 2008;48:620–8.

 20.  Kurtzberg J, Balber A, Mendizabal A, Reese M, Kaestner A, Gentry 
T. Preliminary results of a pilot trial of unrelated umbilical cord blood 
transplantation (UCBT) augmented with cytokine-primed aldehyde 
dehydrogenase-bright (ALDHbr) cells. Blood 2006;108:3641 [abstract].

 21.  Rocha V, Wagner JE, Sobocinski KA, Klein JP, Zhang M-J, Horowitz 
MM, et al. Graft-versus-host disease in children who have received a 
cord blood or bone marrow transplant from an HLA-identical sibling. 
N Eng J Med 2000;342:1846–54.



226 SECTION | V Cord Blood Banking: A Current State of Affairs

 22.  Laughlin MJ, Eapen M, Rubinstein P, Wagner JE, Zhang MJ, Cham-
plin RE, et al. Outcomes after transplantation of cord blood or bone 
marrow from unrelated donors in adults with leukemia. N Eng J Med 
2004;351:2265–75.

 23.  Rocha V, Labopin M, Sanz G, Arcese W, Schwerdtfeger R, Bosi A, 
For the Acute Leukemia Working Party of European Blood and Mar-
row Transplant Group and the Eurocord-Netcord Registry, et al. Trans-
plants of umbilical-cord blood or bone marrow from unrelated donors 
in adults with acute leukemia. N Eng J Med 2004;351:2276–85.

 24.  Rubinstein P, Carrier C, Scaradavou A, Kurzberg J, Adamson J, Migli-
accio AR, et al. Initial results of the placental/umbilical cord blood 
program for unrelated bone marrow reconstitution. N Eng J Med 
1998;339:1565–77.

 25.  Gluckman E, Rocha V. Cord blood transplantation: state of the art. 
Hematologica 2009;94(4):451–4.

 26.  Barker JN, Scaradavou A, Stevens CE. Combined effect of total 
nucleated cell dose and HLA-match on transplant outcome in 1061 
cord blood recipients with hematological malignancies. Blood 2010; 
115:1843–9.

 27.  Scaradavou A. Unrelated umbilical cord blood unit selection. Semi-
nars Hematol 2010;47:13–21.

 28.  Kogler G, Enszmann J, Rocha V, Gluckman E, Wernet P. High-resolu-
tion HLA typing by sequencing for HLA-A, -B, -C, -DR, -DQ in 122 
unrelated cord blood/patient pair transplants hardly improves long-
term clinical outcome. Bone Marrow Transpl 2005;36:1033–41.

 29.  Kurtzberg J, Prasad VK, Carter SL, Wagner JE, Baxter-Lowe LA, 
Wall D, et al. COBLT steering committee results of the cord blood 
transplantation study (COBLT): clinical outcomes of unrelated donor 
umbilical cord blood transplantation in pediatric patients with hema-
tologic malignancies. Blood 2008;112:4318–27.

 30.  Eapen M, Klein PK, Sanz GF, Spellman S, Ruggeri A, Anasetti C, 
et al. Effect of donor-recipient HLA matching at HLA A, B, C, and 
DRB1 on outcomes after umbilical-cord blood transplantation for 
leukaemia and myelodysplastic syndrome: a retrospective analysis. 
Lancet 2011;12:1214–21.

 31.  Eapen M, Klein PK, Ruggieri A, Spellman S, Lee SJ, Anasetti C, et al. 
Impact of allele-level HLA matching on outcomes after myeloabla-
tive single unit umbilical cord blood transplantation for hematologic 
malignancy. Blood 2014;123:133–40.

 32.  Stevens CE, Carrier C, Carpenter C, Sung D, Scaradavou A. HLA mis-
match direction in cord blood transplantation: impact on outcome and 
implications for cord blood unit selection. Blood 2011;118:3969–78.

 33.  Ottinger HD, Ferencik S, Beelen DW, Lindemann M, Peceny R, 
Elmaagacli AH, et al. Hematopoietic stem cell transplantation: con-
trasting the outcome of transplantations from HLA-identical siblings, 
partially HLA-mismatched related donors, and HLA matched unre-
lated donors. Blood 2003;102:1131–7.

 34.  Matsuno N, Wake A, Uchida N, Ishiwata K, Aroaka H, Takagi S, et al. 
Impact of HLA disparity in the graft-versus-host direction on engraft-
ment in adult patients receiving reduced-intensity cord blood trans-
plantation. Blood 2009;114:1689–95.

 35.  Sanz J, Jaramillo FJ, Planelles D, Montesinos P, Lorenzo I, Moscardó F, 
et al. Impact on outcomes of human leukocyte antigen matching by allele-
level typing in adults with acute myeloid leukemia undergoing umbilical 
cord blood transplantation. Biol Blood Marrow Transpl 2014;1:106–10.

 36.  Cunha R, Loiseau P, Ruggeri A, Sanz G, Michel G, Paolaiori A, et al. 
Impact of HLA mismatch direction on outcomes after umbilical cord 
blood transplantation for hematological malignant disorders: a retrospec-
tive Eurocord-EBMT analysis. Bone Marrow Transpl 2014;49:24–9.

 37.  van Rood JJ, Oudshoorn M. When selecting a HLA mismatched 
stem cell donor consider donor immune status. Curr Opin Immunol 
2009;21:1–6.

 38.  Van Rood JJ, Eemisse JG, van Leeuwen A. Leukocyte antibodies in 
sera from pregnant women. Nature 1958;181:1735–6.

 39.  Mold JE, Michaëlsson J, Burt TD, Muench MO, Beckerman KP, 
Busch MP, et al. Maternal alloantigens promote the development of 
tolerogenic fetal regulatory T cells in utero. Science 2008;322:1562–5.

 40.  Burlingham WJ, Grailer AP, Heisey DM, Claas FH, Norman D, 
Mohanakumar T, et al. The effect of tolerance to non-inherited mater-
nal HLA antigens on the survival of renal transplants from sibling 
donors. N Engl J Med 1998;339:1657–64.

 41.  van Rood JJ, Loberiza Jr FR, Zhang MJ, Oudshoorn M, Claas F, Cairo 
MS, et al. Effect of tolerance to noninherited maternal antigens on the 
occurrence of graft-versus-host disease after bone marrow transplantation 
from a parent or an HLA-haploidentical sibling. Blood 2002;99:1572–7.

 42.  Mommaas B, Stegehuis-Kamp JA, van Halteren AG, Kester M, 
Enczmann J, Wernet P, et al. Cord blood comprises antigen- 
experienced T cells specific for maternal minor histocompatibility 
antigen HA-1. Blood 2005;105:1823–7.

 43.  van Rood JJ, Stevens CE, Schmits J, Carrier C, Carpenter C,  
Scaradavou A. Re-exposure of cord blood to non-inherited maternal 
HLA antigens improves transplant outcome in hematological malig-
nancies and might enhance its anti-leukemic effect. Proc Natl Acad 
Sci USA 2009;106:19952–7.

 44.  Rocha V, Spellman S, Zhang MJ, Ruggeri A, Purtill D, Brady C, 
Eurocord-European Blood and Marrow Transplant Group and the 
Center for International Blood and Marrow Transplant Research, et al. 
Effect of HLA matching recipients to donor noninherited maternal 
antigens on outcomes after mismatched umbilical cord blood trans-
plantation for hematologic malignancy. Biol Blood Marrow Transpl 
2012;18:1890–6.

 45.  Van der Zanden HG, Van Rood JJ, Oudshoorn M, Bakker JN, Melis A,  
Brand A, et al. Noninherited maternal antigens identify acceptable 
HLA mismatches: benefit to patients and cost-effectiveness for cord 
blood banks. Biol Blood Marrow Transplant 2014;20:1791–5.

 46.  Scaradavou A. HLA-mismatched, noninherited maternal antigen-
matched unrelated cord blood transplantations have superior survival: 
how HLA typing the cord blood donor’s mother can move the field 
forward. Biol Blood Marrow Transpl 2012;18:1773–5.

 47.  Bone Marrow Donors Worldwide. http://www.bmdw.org.
 48.  Scaradavou A, Rubinstein P. Personal communication.
 49.  Scaradavou A, Carrier C, Mollen N, Stevens C, Rubinstein P. Detec-

tion of maternal DNA in placental/umbilical cord blood by locus-
specific amplification of the non-inherited maternal HLA gene. Blood 
1996;88:1494–500.

 50.  van Rood JJ, Scaradavou A, Stevens CE. Indirect evidence  
that maternal microchimerism in cord blood mediates a graft- 
versus-leukemia effect in cord blood transplantation. Proc Natl 
Acad Sci USA 2012;109:2509–14.

 51.  Burlingham WJ, Nelson LJ. Microchimerism in cord blood: mother as 
anticancer drug. Proc Natl Acad Sci USA 2012;109:2190–1.

 52.  Milano F, Nelson LJ, Delaney C. Fetal maternal immunity and anti-
leukemia activity in cord-blood transplant recipients. Bone Marrow 
Transpl 2013;48:321–2.

 53.  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 transplantation after reduced-intensity 
conditioning. Blood 2003;102:1915–9.

http://www.bmdw.org


Selecting Cord Blood Grafts for Transplant Chapter | 16 227

 54.  Barker JN, Weisdorf DJ, DeFor TE, Blazar BR, McGrave PB, Miller 
JS, et al. Transplantation of two partially HLA-matched umbilical 
cord blood units to enhance engraftment in adults with hematologic 
malignancy. Blood 2005;105:1343–7.

 55.  Brunstein CG, Barker JN, Weisdorf DJ, DeFor TE, Miller JS, Blazar 
BR, et al. Umbilical cord blood transplantation after non-myeloabla-
tive conditioning: impact on transplant outcomes in 110 adults with 
hematological disease. Blood 2007;110:3064–70.

 56.  Brunstein CG, Gutman JA, Weisdorf DJ, et al. Allogeneic hematopoi-
etic cell transplantation for hematological malignancy: relative risks 
and benefits of double umbilical cord blood. Blood 2010;116:4693–9.

 57.  Oran B, Shpall E. Umbilical cord blood transplantation: a maturing 
technology. ASH Educ Program 2012;2012:215–22.

 58.  Ballen KK, Gluckman E, Broxmeyer HE. Umbilical cord blood trans-
plantation: the first 25 years and beyond. Blood 2013;122:491–8.

 59.  Avery S, Shi W, Lubin M, Gonzales AM, Heller G, Castro-Malaspina 
H, et al. Influence of infused cell dose and HLA match on engraftment 
after double-unit cord blood allografts. Blood 2011;117:3277–85.

 60.  Sebrango A, Vicuna I, de Laiglesia A, Millan I, Bautista G, Martin-
Donaire T, et al. Haematopoietic transplants combining a single unre-
lated cord blood unit and mobilized hematopoietic stem cells from 
an adult HLA-mismatched third party donor. Comparable results to 
transplants from HLA-identical related donors in adults with acute 
leukemia and myelodysplastic syndromes. Best Pract Res Clin Hae-
matol 2010;23:259–74.

 61.  van Besien K, Liu H, Jain N, Stock W, Artz A. Umbilical cord blood 
transplantation supported by third-party donor cells: rationale, results, 
and applications. Biol Blood Marrow Transpl 2013;19:682–91.

 62.  Barker JN, Ponce DM, Devlin S, Evans KL, Lubin MN, Meagher R, 
et al. Double-unit cord blood (CB) transplantation combined with 
haplo-identical CD34+ cell-selected PBSC results in 100% CB engraft-
ment with Enhanced myeloid recovery. Blood 2013;122:298 [abstract].

 63.  Kotecha R., Tian X., Wilder J., Gormley N., Khuu N., Stroncek D., 
et al. NK cell KIR ligand mismatches influence engraftment fol-
lowing combined haploidentical and umbilical cord blood (UCB) 
transplantation in patients with severe aplastic anemia (SAA). Blood 
2013;122:2038 [abstract].

 64.  Delaney C, Heimfeld S, Brashem-Stein C, Voorhies H, Manger RL, Bern-
stein ID. Notch-mediated expansion of human cord blood progenitor cells 
capable of rapid myeloid reconstitution. Nat Med 2010;16:232–6.

 65.  Norkin M, Lazarus HM, Wingard JR. Umbilical cord blood graft 
enhancement strategies: has the time come to move these into the 
clinic? Bone Marrow Transpl 2013;48:884–9.

 66.  Liu H, Rich ES, Godley L, Odenike O, Joseph L, Marino S, et al. 
Reduced-intensity conditioning with combined haploidentical and 
cord blood transplantation results in rapid engraftment, low GVHD, 
and durable remissions. Blood 2011;118:6438–45.

 67.  Stavropoulos-Giokas C, Dinou A, Papassavas A. The role of HLA in 
cord blood transplantation. Bone Marrow Res 2012;2012:485160.

 68.  Gluckman E, Ruggeri A, Volt F, Cunha R, Boudjedir K, Rocha V. 
Milestones in umbilical cord blood transplantation. Br J Haematol 
2011;154:441–7.

 69.  FDA Guidance for Industry. Minimally manipulated, unrelated allo-
geneic placental/umbilical cord blood intended for hematopoietic 
reconstitution for specified indications. October 2009.

 70.  Wagner E, Duval M, Dalle JH, Morin H, Bizier S, Champagne J, et al. 
Assessment of cord blood unit characteristics on the day of trans-
plant: comparison with data issued by cord blood banks. Transfusion 
2006;46:1190–8.

 71.  NYBC analyses. Scaradavou A, Rubinstein P. Personal communication.
 72.  Rodriguez L, Garcia J, Querol S. Predictive utility of the attached seg-

ment in the quality control of a cord blood graft. Biol Blood Marrow 
Transpl 2005;11:247–51.

 73.  Scaradavou A, Albano MS, Dobrila NL, Smith K, Lubin MN, Tonon 
J, et al. Analysis of cord blood unit (CBU) segment for CD34+ cell 
viability and hematopoietic progenitor cell content correlates with 
the Post-Thaw CBU after albumin-dextran reconstitution. Blood 
2012;120:3023 [abstract].

 74.  Querol S, Gomez SG, Pagliuca A, Torrabadella M, Madrigal JA. Qual-
ity rather than quantity: the cord blood bank dilemma. Bone Marrow 
Transpl 2010;45:970–8.

 75.  Eapen M, Rocha V, Sanz G, Scaradavou A, Zhang MJ, Arcese W, 
et al. Effect of graft source on unrelated donor haemopoietic stem-cell 
transplantation in adults with acute leukaemia: a retrospective analy-
sis. Lancet Oncol 2010;11(7):653–60.

 76.  Willemze R, Rodrigues CA, Labopin M, Sanz G, Michel G, Socie 
G, et al. KIR-ligand incompatibility in the graft-versus-host direc-
tion improves outcomes after umbilical cord blood transplantation for 
acute leukemia. Leukemia 2009;23:492–500.

 77.  Brunstein CG, Wagner JE, Weisdorf DJ, Cooley S, Noreen H, Barker 
JN, et al. Negative effect of KIR alloreactivity in recipients of umbili-
cal cord blood transplant depends on transplantation conditioning 
intensity. Blood 2009;113:5628–34.

 78.  Tanaka J, Morishima Y, Takahashi Y, Yabe T, Oba K, Takahashi S, 
et al. Effects of KIR ligand incompatibility on clinical outcomes of 
umbilical cord blood transplantation without ATG for acute leukemia 
in complete remission. Blood Cancer J 2013;3:e164.

 79.  Takanashi M, Atsuta Y, Fujiwara K, Kodo H, Kai S, Sato H, et al. The 
impact of anti-HLA antibodies on unrelated cord blood transplanta-
tions. Blood 2010;116:2839–46.

 80.  Brunstein CG, Noreen H, DeFor TE, Maurer D, Miller JS, Wagner JE. 
Anti-HLA antibodies in double umbilical cord blood transplantation. 
Biol Blood Marrow Transpl 2011;17(11):1704–8.

 81.  Dahi PB, Barone J, Devlin SM, Byam C, Lubin M, Ponce DM, et al. 
Sustained donor engraftment in recipients of double-unit cord blood 
transplantation is possible despite donor-specific HLA-antibodies. 
Biol Blood Marrow Transpl 2014;20(5):735–9.

 82.  Cutler C, Kim HT, Sun L, Sese D, Glotzbecker B, Armand P, et al. 
Donor-specific anti-HLA antibodies predict outcome in double umbil-
ical cord blood transplantation. Blood 2011;118:6691–7.

 83.  Ruggeri A, Rocha V, Masson E, Labopin M, Cunha R, Absi L, et al. 
Impact of donor-specific anti-HLA antibodies on graft failure and sur-
vival after reduced intensity conditioning-unrelated cord blood trans-
plantation: a Eurocord, Société Francophone d’Histocompatibilité 
et d’Immunogénétique (SFHI) and Société Française de Greffe de 
Moelle et de Thérapie Cellulaire (SFGM-TC) analysis. Haematolog-
ica 2013;98:1154–60.

 84.  McCullough J, McKenna D, Kadidlo D, Maurer D, Noreen HJ, 
French K, et al. Mislabeled units of umbilical cord blood detected 
by a quality assurance program at the transplantation center. Blood 
2009;114:1684–8.

 85.  Broxmeyer HE, Srour EF, Hangoc G, Cooper S, Anderson SA, Bodine 
DM. High-efficiency recovery of functional hematopoietic progeni-
tor and stem cells from human cord blood cryopreserved for 15 years. 
Proc Natl Acad Sci USA 2003;100:645–50.

 86.  Scaradavou A, Stevens CE, Dobrila L, Sung D, Rubinstein P. “Age” 
of the cord blood (CB) unit: impact of long-term cryopreservation and 
storage on transplant outcome. Blood 2007;110:2033 [abstract].



228 SECTION | V Cord Blood Banking: A Current State of Affairs

 87.  Chow R, Nademanee A, Rosenthal J, Karanes C, Jaing T-H, Graham 
M, et al. Analysis of hematopoietic cell transplants using plasma-
depleted cord blood products that are not red cell reduced. Biol Blood 
Marrow Transpl 2007;13:1346–57.

 88.  Barker JN, Scaradavou A. The controversy of red blood cell-replete 
cord blood units. Blood 2011;118:480 [Letter to Blood; Response].

 89.  Stevens CE, Gladstone J, Taylor PE, Scaradavou A, Migliaccio AR, 
Visser J Dobrila NL, et al. Placental/umbilical cord blood for unre-
lated-donor bone marrow reconstitution: relevance of nucleated red 
blood cells. Blood 2002;100:2662–4.

 90.  Dahi PB, Lubin MN, Evans KL, Gonzales AMR, Schaible A, Tonon 
J, et al. “No wash” albumin-dextran dilution for double-unit cord 
blood transplantation (DCBT) is safe with appropriate manage-
ment and results in high rates of sustained donor engraftment. Biol 
Blood Marrow Transpl 2014;20(4):490–4.

 91.  Berglund S, Le Blanc K, Remberger M, Gertow J, Uzunel M, Sven-
berg P, et al. Factors with an impact on chimerism development and 
long-term survival after umbilical cord blood transplantation. Trans-

plantation 2012;94:1066–74.

 92.  Romee R, Weisdorf DJ, Brunstein C, Wagner JE, Cao Q, Blazar 
BR, et al. Impact of ABO-mismatch on risk of GVHD after umbili-
cal cord blood transplantation. Bone Marrow Transpl 2013;48: 
1046–9.

 93.  Konuma T, Kato S, Ooi J, Oiwa-Monna M, Ebihara Y, Mochizuki S, 
et al. Effect of ABO blood group incompatibility on the outcome of 
single-unit cord blood transplantation after myeloablative condition-
ing. Biol Blood Marrow Transpl 2013:S1083–8791 [abstract].

 94.  FDA Guidance for Industry: eligibility determination of donors of 
human cells, tissues, and cellular and tissue-based products (HCT/
Ps). U.S. Department of Health and Human Services, Food and Drug 
Administration, Center for Biologics Evaluation and Research, August 
2007.

 95.  Ponce DM, Lubin M, Gonzales AM, Byam C, Wells D, Ferrante R, et al. 
The use of back-up units to enhance the safety of unrelated donor cord 
blood transplantation. Biol Blood Marrow Transpl 2012;18:648–51.



229
Cord Blood Stem Cells Medicine. http://dx.doi.org/10.1016/B978-0-12-407785-0.00017-7
Copyright © 2015 Elsevier Inc. All rights reserved.

Chapter 17

Quality Management Systems Including 
Accreditation Standards
Andreas Papassavas, Theofanis K. Chatzistamatiou, Efstathios Michalopoulos, Markella Serafetinidi, Vasiliki 
Gkioka, Elena Markogianni and Catherine Stavropoulos-Giokas
Hellenic Cord Blood Bank, Biomedical Research Foundation Academy of Athens (BRFAA), Greece

Chapter Outline
1.  Introduction 230
2.  Quality Management 230

2.1  Definition and Important Components 230
2.2  What is “Quality”? 230
2.3  Quality Characteristics/Requirements 230
2.4  QM Principles 231
2.5  QM Components 231

2.5.1  Quality Control 231
2.5.2  Quality Assurance 231
2.5.3  Quality Improvement 232

3.  QM Systems 232
3.1  Definition 232
3.2  Benefits and Risks of Implementing a Quality  

Management System 232
3.3  Elements of a Quality Management System 233

3.3.1  Plan for the Development of the Quality  
Management System—“Vision and Values” 233

3.3.2  Organizational Structure 233
3.3.3  Data Management 233
3.3.4  Statistics 234
3.3.5  Control Charts 234
3.3.6  Education and Training 234
3.3.7  Auditing 234
3.3.8  Corrective and Preventive Actions 235
3.3.9  Purchasing 235
3.3.10  Continual Improvement Process 235
3.3.11  Rewards and Acknowledgments 236
3.3.12  Communication 236

3.4  Setting up a Quality Management System 236
3.5  Total Quality Management 236

4.  Creating a Documented Quality Management  
System (Program): Quality Management Plan 237
4.1  Quality Management Plan: Definition, Purpose 237
4.2  Management Requirements of a Quality Management  

Plan 237
4.2.1  Structure of the Organization/Institute 237
4.2.2  Document Control 238

4.2.3  Third-party Agreements 238
4.2.4  Subcontracting of Analytical Work 238
4.2.5  Purchasing Services and Supplies 238
4.2.6  Complaints 238
4.2.7  Corrective and Preventive Actions 238
4.2.8  Control of Records/Chain of Custody 239
4.2.9  Internal Audit 240
4.2.10  Management Reviews 240

4.3  Technical Requirements of a Quality Management  
Plan 240
4.3.1  Personnel 240
4.3.2  Facilities: Accommodation and Environmental 

Conditions 241
4.3.3  Health and Safety 241
4.3.4  Test Methods, Method Validation, and  

Procedures 242
4.3.5  Equipment 242
4.3.6  Reference Samples, Materials, and Reagents 243
4.3.7  Handling of Test Items 243
4.3.8  Reporting the Results 244
4.3.9  QC, Proficiency Testing, and Interlaboratory 

Comparisons 244
5.  Standardized Systems 244

5.1  International Organization for Standardization 244
5.2  The ISO 9000 QM system 244

6.  Accreditation 245
6.1  Accreditation: An Overview 245
6.2  The Benefits of Accreditation 245
6.3  The Uniformity of Accreditation—Accreditation  

Programs 246
6.4  Accreditation Programs in Cellular Therapy 246

6.4.1  American Association of Blood Banks 246
6.4.2  NetCord-FACT 247

7.  Conclusion 247
Abbreviations 247
References 247



230 SECTION | V Cord Blood Banking: A Current State of Affairs

1.  INTRODUCTION

After more than 20 years of clinical experience, cord blood 
(CB) is now generally accepted as being equivalent to or even 
better than bone marrow as a source of hematopoietic cells 
for transplantation. CB is being used increasingly not only for 
pediatric patients but also for adult patients, with more than 
2500 unrelated CB transplantation procedures performed 
each year. Recognizing the potential clinical benefit of banked 
cord blood units (CBUs), the first cord blood bank (CBB) was 
created by the New York Blood Center in 1991. Other banks 
soon followed, and there are now over 608,000 publicly avail-
able CBUs listed in the registries worldwide. Furthermore, 
there are estimated to be at least 360 private CBBs throughout 
the world storing CBUs for autologous and related-party use.

This chapter will try to show that the development of a 
quality management program (QMP) in a CBB, along with 
the never-ending search for improved quality, can set the 
framework for the establishment of effective promotional 
strategies, which will control and certify all the possible fac-
tors which lead to a successful CB transplantation. In addition, 
it is intended to be shown that the implementation to a CBB 
of a QMS/P certifies the security of the patients’ lives and per-
mits the CBB to continue its function properly and efficiently.

2.  QUALITY MANAGEMENT

2.1  Definition and Important Components

Quality management (QM) is a recent phenomenon, has a 
specific meaning within many business sectors, and is focused 
not only on product/service quality, but also on the means 
to achieve it. QM therefore uses quality assurance (QA) and 
control of processes as well as products to achieve more con-
sistent quality.1 For more than two decades “quality” issues 
in business have been responsible for the development of new 
organizations and even industries, for instance, the “Ameri-
can Society for Quality” and “Six Sigma” (a statistically ori-
ented approach to process improvement that uses a variety 
of tools, including statistical process control, total quality 
management (TQM), and design of experiments) consulting.

In general, QM:

 l  Is focused on the effectiveness of services provided by an 
organization and its produced outcomes.

 l  Aims to establish new benchmarks for “best practice.”
 l  Is interested in continuous improvement of systems and 

processes.
 l  Improves quality.

2.2  What is “Quality”?

“Quality” is not something that occurs as an independent 
activity. It needs to be designed into all elements and func-
tions of the organization, and then systematically controlled. 

The literature on QM provides a broad range of definitions 
of quality. In particular, the literature notes that quality is a 
subjective term and that individuals and organizations have 
their own perceptions and definitions. However, the com-
mon theme or focus of each of these definitions reflects the 
need for the total characteristics and features of a product 
or service to satisfy a specified need or use. Thus, the Inter-
national Organization for Standardization (ISO) provides 
this in its definition of “quality:” the “degree to which a set 
of inherent characteristics fulfils requirements.” “Require-
ment” signifies “need or expectation that is stated generally 
implied or obligatory;” “inherent” signifies “quality is rela-
tive to what something should be and what it is, especially 
as a permanent characteristic.” In addition, in the literature 
on quality according to the American Society for Quality, 
“quality” can be defined in the following ways:

 l  It is based on customer’s (e.g., transplants) perceptions 
of a product (e.g., CBU)/service’s (CBB) design and how 
well the design matches the original specifications.

 l  It shows the ability of a product (e.g., CBU)/service 
(CBB) to satisfy stated or implied needs.

 l  It is achieved by conforming with established require-
ments within an organization (e.g., CBB).

Another influential individual in the development of 
“quality” was Joseph M. Juran, who defined “quality” as 
“fitness for use,” meaning that the users of products or ser-
vices should be able to rely on that product or service 100% 
of the time without any concern about defects.

Nowadays, the influence of “quality” thinking has 
spread to nontraditional applications outside the walls of 
manufacturing, extending into service sectors and into areas 
such as sales, marketing, customer service and, recently, in 
the health service concerning the biological products used 
for cellular therapies. Thus, quality in medical and labora-
tory management for cellular therapies includes:

 l  Any feature or characteristic of a product (e.g., CBU) that 
is needed to satisfy a user’s (e.g., transplant center) needs.

 l  Measures to investigate, detect, assess, correct, and pre-
vent errors.

 l  Significant reduction of errors.
 l  Credibility of outcomes.
 l  Improvement of patient safety and quality of processes.

It is important to recognize that, when an organization/
institute adopts a QM approach, “quality” is not something 
that can be put in place and just forgotten. It is not like an 
obsolete policy document on the shelf. QM is a journey, not 
a destination.

2.3  Quality Characteristics/Requirements

Any feature or characteristic of a product (e.g., CBU) or 
service (e.g., CBB) that is needed to satisfy user needs or 
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achieve fitness for use is a “quality characteristic/require-
ment.” When dealing with products (e.g., CBUs), the 
characteristics are mostly technical (“product technical 
characteristic”), for example accessibility, availability, 
operability, and durability, whereas “service quality char-
acteristics” have a human dimension, for example, waiting 
time, delivery time accuracy, and accessibility.

2.4  QM Principles

The quality management principles (QMPr) reflect best 
practice and are designed to enable continual improvement 
of the QM. These QMPr can be used as a framework to 
guide an organization/institute toward improved perfor-
mance. These QMPr include:

 1.  “Customer” focus. The organization/institute should doc-
ument “customer” requirements and monitor the quality 
of services as perceived by them. All “customer” feedback 
and complaints should be formally recorded and followed 
up without delay. Details of action taken and recommen-
dations for improvement should be documented.

 2.  Leadership. Leaders establish unity of purpose and 
direction of the organization/institute. They should cre-
ate and maintain the internal environment in which staff 
can become fully involved in achieving the organization/
institute objectives. The implementation of QM will 
hardly be successful if there is lack of commitment from 
top management. As such, it is critical that top manage-
ment has a sound appreciation and understanding of all 
facets of QM and, in particular, issues pertaining to QA. 
This understanding and appreciation should be obtained 
through appropriate training and experience. It must 
also be remembered that leadership can be found at all 
levels within an organization and identifying this quality 
may be of great benefit in establishing a quality culture 
within a specific section of an organization or through-
out the organization as a whole.

 3.  Involvement of people. People at all levels are the essence 
of the organization/institute and their full involvement 
enables their abilities to be used for the benefit of the 
organization/institute. Staff must be suitably quali-
fied and competent in their jobs, as the quality of their 
work directly affects the quality of service. This can be 
achieved through the provision of appropriate training 
and evaluation. Quality awareness training should also be 
provided to all relevant staff to heighten responsibility, 
accountability, and quality consciousness, that is, to assist 
in building a quality-focused culture. With the implemen-
tation of QM, staff needs to take on additional responsi-
bilities such as the day-to-day consistency checks as part 
of the data for product QA and control processes.

 4.  Process approach. A desired result is achieved more 
efficiently when activities and related resources are 

managed as a process. A “process” is a set of interre-
lated or interacting activities that transform inputs into 
outputs. QM can be thought of as a single large process 
that uses many inputs to generate many outputs. In turn, 
this large process is made up of many smaller processes.

 5.  System approach to management. The effectiveness and 
efficiency of an organization/institute in achieving its qual-
ity objectives are contributed by identifying, understand-
ing, and managing all interrelated processes as a system.

 6.  Continual improvement. Continual improvement of the 
organization’s overall performance should be a per-
manent objective of the organization. Specifically, the 
effectiveness and suitability of the QM has to be evalu-
ated, and areas for improvement identified and rectified. 
Management reviews have to be conducted regularly 
using the data collected from the monitoring and mea-
surement process to identify areas for further improve-
ment. Channels may need to be established to allow all 
staff in the organization/institute to make suggestions on 
ways to improve the service.

 7.  Factual approach to decision-making. Effective deci-
sions are based on the analysis of data and information.

 8.  Mutually beneficial supplier relationships. An organiza-
tion/institute and its suppliers are interdependent and a 
mutually beneficial relationship enhances the ability of 
both to create value. Suppliers should be evaluated and 
selected on the basis of their ability to meet purchase 
order requirements and on their past performance.

2.5  QM Components

QM can be considered to have three main components:

 l  Quality control (QC).
 l  Quality assurance (QA).
 l  Quality improvement (QI).

2.5.1  Quality Control

The QC function of an organization first evolved when 
inspectors were hired to inspect products to differentiate 
between the good and the bad. The 100% inspection later 
evolved into sampling inspection. QC is a part of QM focused 
on fulfilling quality requirements. In other words, the opera-
tional techniques and activities, such as the sampling inspec-
tion mentioned above, are used to fulfill the requirements 
for quality. The nature of this approach remains more or less 
detection and is considered a reactive downstream approach, 
i.e., correction only after problems occur.

2.5.2  Quality Assurance

The QA is also part of QM, but it is focused on providing con-
fidence that quality requirements (particular standards) will 
be fulfilled. QA pertains to all those planned and systematic 
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actions necessary to provide adequate confidence that a prod-
uct (e.g., CBU) will satisfy the requirements for quality. This 
is a fundamental shift in concept from the reactive down-
stream approach of QC by means of detection, to a proactive 
upstream approach that controls and manages the upstream 
activities to prevent problems from arising.

Components of QA include:

 l  Focus on outputs.
 l  Use of a standard as a benchmark of quality.
 l  Control of systems and processes.
 l  Focus on efficiency.
 l  Driven from the top.
 l  “Assures” quality.

“Quality” viewed as a destination is really QA, where it 
is aiming to meet a required standard, with no commitment 
to improvement. QA is more applicable when the output is 
a product. However, where the output is the delivery of a 
service, “quality” becomes an ongoing journey.

2.5.3  Quality Improvement

Quality improvement (QI) is another part of QM that is often 
called continuous improvement process (CIP), in order to 
characterize the ongoing effort to improve efficiency (by 
identifying critical points and controlling for variation) 
of products, services, or processes by maximizing the use 
of resources, and to improve effectiveness (by identifying 
individual needs, and developing appropriate responses to 
achieve improved outcomes).2 It is not connected with cor-
rective errors but is concerned with doing things better to 
improve system efficiency and effectiveness. Delivery pro-
cesses are constantly evaluated and improved in the light of 
their efficiency, effectiveness, and flexibility.

The concept of QI needs to be embedded in all levels of 
an organization/institute, and drive decision-making and 
resource allocation. It needs to become part of the QM of 
the organization/institute. It is a way of operating. A good 
starting point is to include QI as a standing agenda item on 
all management committee meetings and team meetings.

In health-care the CIP has taken on the acronym 
“FOCUS-PDCA:”

 l  Find a process to improve.
 l  Organize to improve a process.
 l  Clarify what is known.
 l  Understand variation.
 l  Select a process improvement.

Then move through the process improvement plan:

 l  Plan: create a timeline, including all resources, activities, 
dates, and personnel training.

 l  Do: implement the plan and collect data.
 l  Check: analyze the results of the plan.
 l  Act: act on what was learned and determine the next steps.

The “FOCUS-PDCA” acronym is an easy system for 
management to communicate to teams, and it helps them stay 
organized and on track with the end result in mind. The system 
has proven to be very successful for the CIP team approach.

3.  QM SYSTEMS

3.1  Definition

The definition of a quality management system (QMS) is 
evolving into a definition of good management. A QMS 
can be seen as a complex system consisting of all the parts 
and components of an organization dealing with the qual-
ity of processes and products. There are many definitions 
of a QMS, but most definitions do not provide any more 
information than the words “quality management system-
program.” It is not an addition to an organization. It is an 
integral part of its management and production.

A QMS can be defined as:

 l  “A set of coordinated activities to direct and control an 
organization in order to continually improve the effective-
ness and efficiency of its performance.”3

 l  “The managing structure, responsibilities, procedures, 
processes, and management resources to implement the 
principles and action lines needed to achieve the quality 
objectives of an organization.”

 l  “A management technique used to communicate to staff 
what is required to produce the desired quality of prod-
ucts and services, and to influence staff’s actions to com-
plete tasks according to the quality specifications.”

A QMS would not in itself solve an organization’s 
problems, but it does significantly increase the chances of 
identifying and removing the causes of error and waste, 
and thence of improving processes and information. A 
good QMS does not in itself make an organization more 
profitable and efficient but it will give an organization the  
ability to do anything better, from production to sales.

3.2  Benefits and Risks of Implementing  
a Quality Management System

The organization shall establish, document, implement, and 
maintain a QMS and continually improve its effectiveness. 
In “good reasons for implementing a QMS,” a number of 
“direct benefits” of a QMS are stated:

 l  Improved “customer” satisfaction.
 l  Improved quality of products and services.
 l  Staff’s satisfaction and more commitment to the organi-

zation.
 l  Better management and a more effective organization.
 l  Improved relations with suppliers.
 l  Improved promotion of corporate image.
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Besides these direct benefits, there are also several 
“indirect benefits” to identify, which give opportunities to:

 l  Review business goals, and assess how well organization 
is meeting those goals.

 l  Identify processes that are unnecessary or inefficient, and 
then remove or improve them.

 l  Review the organizational structure, clarifying manage-
rial responsibilities.

 l  Improve internal communication, and business and pro-
cess interfaces.

 l  Improve staff morale by identifying the importance of 
their output to the business, and by involving them in the 
review and improvement of their work.

The main risks of implementing and maintain-
ing a QMS are now well known. Although they cannot  
necessarily be eliminated they can be managed and their 
impact reduced. Briefly, the main identified risks include 
the following:

 l  Short-term increase in production costs during training 
and implementation of the QMS.

 l  Dissatisfaction of staff because of new procedures-
methodology (e.g., resistance to change and perceived 
risk of “exposure”).

 l  Another set of policies and documents without actual 
results (e.g., documents that reflect what management 
think is happening, not what is really happening).

 l  No improvement of the quality level in the final product 
(additional bureaucratic effort with no gain).

3.3  Elements of a Quality Management 
System

There are several elements to a QMS and each organization 
is going to have a unique system. The most important ele-
ments of a QMS are the following:

3.3.1  Plan for the Development of the Quality 
Management System—“Vision and 
Values”

The starting point for the management and leadership is the 
formation of a well-defined vision and value statement, which 
will be used to establish the importance of the QMS, in order 
to build motivation for the changes that need to take place. 
The exact form of the vision and values is not as important as 
the fact that it is articulated and known by everyone involved. 
This vision and value statement is going to be a driving force 
to help mold the culture that is needed throughout the organi-
zation in the drive for quality. It is not the words of the value 
statement that produce quality products and services; it is the 
people and processes that determine if there is going to be 
a change in quality. The vision and value goals will be very 

important statements to set agendas for all other processes 
used to manage the quality system.

Although the plan for the QMS is usually different for 
every organization, there are similar characteristics, which 
must include the following:

 l  Clear and measurable goals.
 l  Financial resources available for quality.
 l  QMS consistent with the organization’s vision and values.
 l  A flexible Quality Management Plan (QMP) for employee 

improvement, because, as has been demonstrated, the 
most successful QMS allow employees at all levels to 
provide input.

The plan for the quality system might also include pilot 
projects that would entail setting up small quality projects 
within the organization. This will allow management to 
understand how well the quality system is accepted, learn 
from mistakes, and have greater confidence in launching an 
organization-wide quality system. The plan should provide 
some flexibility for employee empowerment, because, as 
has been demonstrated, the most successful quality systems 
allow employees at all levels to provide input.

3.3.2  Organizational Structure

An organizational structure can be considered as the view-
ing glass or perspective through which individuals see the 
activities (task allocation, coordination, and supervision) of 
their organization, which are directed toward the achieve-
ment of organizational aims.4 An organization can be struc-
tured in many different ways, depending on their objectives. 
The structure of an organization will determine the methods 
by which it operates and performs.

Organizational structure allows the expressed allocation 
of responsibilities for different functions and processes to 
different entities such as the branch, department, section, 
workgroup, and individual. Furthermore, it determines 
which individuals get to participate in which decision-mak-
ing processes, and thus to what extent their views shape the 
organization’s actions.4–7

Organizational structure may not coincide with facts 
evolving in operational action, and such divergence 
decreases performance when growing. Thus, wrong orga-
nizational structure may hamper cooperation and thus  
hinder the completion of orders in due time and within  
limits of resources and budgets. Organizational structure 
should be adaptive to process requirements, aiming to  
optimize the ratio of effort and input to output.

3.3.3  Data Management

In an increasing number of scientific disciplines, large 
data collections are emerging as important community 
resources.8 The definition provided in Data Manage-
ment (DAMA)—Data Management Body of Knowledge 
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(DAMA-DMBOK) is: “Data management is the develop-
ment, execution and supervision of plans, policies, programs 
and practices that control, protect, deliver and enhance the 
value of data and information assets.”9

The combination of large data set size, geographic distri-
bution of users and resources, and computationally intensive 
analysis results in complex and stringent performance demands 
that are not satisfied by any existing data management infra-
structure. A large scientific collaboration may generate many 
queries, each involving access to—or supercomputer-class 
computations on—gigabytes or terabytes of data. Efficient and 
reliable execution of these queries may require careful man-
agement of terabyte caches, gigabits per second data transfer 
over wide area networks, coscheduling of data transfers and 
supercomputer computation, accurate performance estima-
tions to guide the selection of data set replications, and other 
advanced techniques that collectively maximize use of scarce 
storage, networking, and computing resources.8

CBB information technology has been touted as a prom-
ising strategy for preventing errors.10 For example, comput-
erized order entry by the CBB Laboratory Manager or/and 
the Technical Supervisor has been shown to reduce the inci-
dence of serious reagents’ errors by 55%. Bar-code verifica-
tion technology, ubiquitous in industries outside the field of 
health-care, is another example. Thus, at the processing lab-
oratory, the use of bar-code technology to verify a CBU’s 
identity is an important strategy for preventing errors.11 
Bar-code verification of supplies–reagents at the processing 
laboratory is usually implemented in conjunction with an 
electronic administration system (eSAR), allowing staff to 
automatically document the administration of supplies and 
reagents by means of bar-code scanning. Because the eSAR 
imports electronically orders of supplies and reagents from 
either the Laboratory Manager/Technical Supervisor or the 
CBB staff, its implementation may reduce errors. Given its 
potential to improve safety, bar-code eMAR technology is 
being considered as a criterion for achieving “meaningful 
use” of health information technology in CBBs.

3.3.4  Statistics

Statistical analysis is a very important measurement portion 
of quality systems which allow it to be managed. It could be 
considered a cornerstone of the quality improvement pro-
cess and is very closely tied to auditing a quality system. A 
very common saying in management, which relates well to 
quality, is “you cannot manage what you cannot measure,” 
and statistical analysis will provide the organization with the 
necessary measurements to make management decisions.

3.3.5  Control Charts

Control charts are the most widely used tool in quality 
systems. Control charts communicate a lot of information 
effectively.

The exact use of statistical measures is going to be differ-
ent for each organization/institute. Some statistical analysis 
will be very easy to set up and use. For example, the length 
or weight of a particular part can be measured and analysis 
can show if the parts are within the required specifications.

3.3.6  Education and Training

The education of the quality supervisor (QS) on quality issues 
should start with a general discussion of quality systems and 
the roles that quality supervisors (QSs) play in quality pro-
grams. More specifically, QSs must know how quality pro-
grams have affected their specific field in the past, and they 
should have an idea of what role quality programs play in the 
future of their industry. Management must also keep abreast 
of new developments in quality. The discussion of the roles 
that the QSs must play in a quality system is the most impor-
tant aspect of their education. They must understand how 
employees view their actions or inactions, how their individual 
actions and jobs impact quality, and the overall importance of 
dedication to quality by them. The QSs must understand that 
without strong leadership and reinforcing dedication to qual-
ity, a quality program will not be meaningful.

The education of employees for a quality program will 
include a discussion of how these programs will affect their 
jobs on a daily basis. It should also include a brief overview 
of quality as well as the tools employees will use in order to 
ensure outputs and how their roles add to the overall quality 
goals of the organization.

3.3.7  Auditing

Audit is “the process of systematic examination of a QMS 
carried out by an internal or external quality auditor or 
an audit team. It is an important part of organization’s 
QMS.”12 Traditionally, audits were mainly associated with 
gaining information about financial systems and the finan-
cial records of a company or a business.

Auditing includes a systematic and independent exami-
nation of data, statements, records, operations, and perfor-
mances of an organization/institute for a stated purpose. 
In any auditing the auditor perceives and recognizes the 
propositions before him for examination, collects evidence, 
evaluates the same, and on this basis formulates his judg-
ment which is communicated through his audit report.

Audits are typically performed at predefined time inter-
vals and ensure that the organization/institution has clearly 
defined internal system monitoring procedures linked to 
effective action. This can help to determine whether the 
organization/institute complies with the defined quality 
processes or results-based assessment criteria.

Auditing a QMS is just as important as any other aspect 
of the system. The audit process allows everyone involved 
to see if the QMS is working correctly and if the goals and 
objectives are being reached. Auditing also plays major 
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roles in motivating employees and allows for rewards and 
acknowledgment measures to be assessed, as well as pos-
sible compensation.

To benefit an organization/institute, quality auditing 
should be performed. Quality audits are performed to verify 
conformance to standards through review of objective evi-
dence. A system of quality audits may verify the effective-
ness of a QMS. Quality audits are essential to verify the 
existence of objective evidence showing conformance to 
required process to assess how successfully processes have 
been implemented, and to judge the effectiveness of achiev-
ing any defined target levels. Quality audits are also necessary 
to provide evidence concerning reduction and elimination of 
problem areas, and they are a hands-on management tool for 
achieving continual improvement in an organization.

Auditing of QMS can take many forms, and each orga-
nization will have a unique auditing process that fits its sys-
tem. Health-care organizations will have a very different 
auditing system than a manufacturing organization, but the 
end result of the systems is going to be the same.

3.3.8  Corrective and Preventive Actions

Corrective and preventive actions are part of the overall QMS 
and include the systematic investigation of the root causes 
of nonconformities in an attempt to prevent their recurrence 
(for corrective action) or to prevent occurrence (for preven-
tive action). Thus, their goal is the improvements to an orga-
nization’s processes taken in order to eliminate the causes 
of nonconformities or other undesirable situations. To ensure 
that corrective and preventive actions are effective, the sys-
tematic investigation of the root causes of failure is pivotal.

3.3.9  Purchasing

Purchasing is an area in an organization/institute where sub-
stantial gains in quality can be realized through the imple-
mentation of just a few policies and procedures designed 
around quality. Today’s suppliers need to be partners in the 
quality effort. An organization’s/institute’s products or ser-
vices are only as good as the combination of all the inputs.

Steps in molding the purchasing system include the  
following:

 1.  Collaboration with the entire quality system, in order to 
take all the standards developed for all incoming materi-
als that can be qualified as an input to routine process or 
activity. If the quality system’s performance standards 
and procedures are completed as described in the design 
phase these standards should already be established.

 2.  Education of the purchasing personnel on how the stan-
dards are important to the process flows of the organiza-
tion. If standards are not upheld, the quality of the product 
or service will be jeopardized. The employees should 
be educated on how to measure and communicate the 

required standards. This may involve materials or statisti-
cal processes that control education, and it could even be  
as simple as cross-training the purchasing personnel 
so that they know exactly how the inputs fit into the 
organization. Once the purchasing area knows how the 
products are used and what problems can arise, they will 
have a better chance of procuring inputs that meet all the 
specifications.

Once steps one and two are complete it will be the pur-
chasing department’s responsibility to communicate the 
requirements to suppliers and hold them accountable for 
the quality. This sometimes may not be a simple task and 
could involve finding new suppliers or working with current  
suppliers to develop higher-quality standards.

3.3.10  Continual Improvement Process

Leading and operating an organization successfully requires 
managing it in a systematic and visible manner. Success 
should result from implementing and maintaining a man-
agement system that is designed to continually improve the 
effectiveness and efficiency of the organization’s perfor-
mance by considering the needs of the interested parties.

The organization shall establish, document, implement, 
and maintain a QMS and continually improve its effective-
ness in order to keep with and meet current quality levels, 
meet the customer’s requirements for quality, retain staff 
through competitive compensation programs, and keep up 
with the latest technology.

The entire quality process (a dynamic concept, which 
uses a series of steps taken to complete a task), once started, 
will be an ongoing dynamic effort of the organization to 
improve products, services or processes. These efforts 
can seek “incremental” improvement over time or “break-
through” improvement all at once.13 The implementation of 
the successful quality system shall involve many different 
aspects that must be addressed on a continuous basis.

Among the most widely used tools for continuous 
improvement is a four-step quality model: the “Plan-Do-
Check-Act (PDCA) cycle,” also known as the Deming Cycle 
or Shewhart Cycle, which is briefly described below:14

 l  Plan: Identify an opportunity and plan for change.
 l  Do: Implement the change on a small scale.
 l  Check: Use data to analyze the results of the change and 

determine whether it made a difference.
 l  Act: If the change was successful, implement it on a wider 

scale and continuously assess your results. If the change 
did not work, begin the cycle again.

The “PDCA” cycle can be used in the following situa-
tions:

 l  As a model for continuous improvement.
 l  When starting a new improvement project.
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 l  When developing a new or improved design of a process, 
product, or service.

 l  When defining a repetitive work process.
 l  When planning data collection and analysis in order to 

verify and prioritize problems or root causes.
 l  When implementing any change.

William Edwards Deming, a pioneer of the field (best 
known for the “Plan-Do-Check-Act” cycle popularly 
named after him), considered the “continuous improve-
ment process” (abbreviated as “CIP” or “CI”), as part of 
the QMS whereby feedback from the process and customer 
were evaluated against organizational goals.14

3.3.11  Rewards and Acknowledgments

Rewards, compensation, and acknowledgment for achieve-
ments in quality are very effective ways to motivate employ-
ees and they may also be seen as a form of communication. 
They could be seen as tangible methods that a QMS of an 
organization/institute could use in order to let employees 
know that quality is important. This could come in the form 
of individual rewards or team rewards.

3.3.12  Communication

Communication:

 l  Is the vital link between management, employees, con-
sumers, and stakeholders.

 l  Needs to allow employees to give feedback and provide 
possible solutions to issues the organization/institute must 
face. Thus, management needs to allow communication, 
in both formal and informal ways, such as employee feed-
back slips and feedback roundtable meetings.

3.4  Setting up a Quality Management System

The adoption of a QMS needs to be a strategic decision 
of an organization, and is influenced by varying needs, 
objectives, the products/services provided, the processes 
employed, the size and structure of the organization. The 
QMS of an organization can be related to the institutional 
program in several ways:

 l  Nested within the institutional QMS.
 l  Shared components with the institutional QMS.
 l  Completely separate from the QMS.

A QMS must ensure that the products/services conform 
to customer needs and expectations, and the objectives of 
the organization. Issues to be considered when setting up a 
QMS include the following:3

 l  Design and build must be included in the structure of the 
QMS, the process, and its implementation. Its design must 
suit the needs of the organization, and this is ideally done 

using a framework to lead the thinking. Furthermore, 
the design of the QMS should come from determining 
the organization’s core processes and well-defined goals 
and strategies, and be linked to the needs of one or more 
stakeholders. The process for designing and building the 
QMS must also be clear, with the quality function playing 
a key role, but involvement and buy-in to the system must 
also come from all other functions.

 l  Deployment and implementation are best achieved using 
process packages, where each core process is broken 
down into subprocesses, and described by a combination 
of documentation, education, training, tools, systems, and 
metrics. Electronic deployment via intranets is increas-
ingly being used.

 l  Control of the QMS will depend on the size and com-
plexity of the organization. Local control, where possible, 
is effective, and good practice is found where key stake-
holders are documented within the process and where the 
process owner is allowed to control all of the process. 
Ideally, process owners/operators are involved in writing 
procedures.

 l  Measurement is carried out to determine the effectiveness 
and efficiency of each process toward attaining its objec-
tives. It should include the contribution of the QMS to the 
organization’s goals; this could be achieved by measuring 
the following:

 l  policy definition completeness;
 l  coverage of business;
 l  reflection of policies;
 l  deployment;
 l  usage;
 l  whether staff find the QMS helpful in their work;
 l  speed of change of the QMS; and
 l  relevance of QMS architecture to the job in hand.

A form of scorecard deployed through the organization 
down to individual objective level can be employed, and the 
setting of targets at all levels is vital.

 l  Review of the effectiveness, efficiency, and capability of 
a QMS is vital, and the outcome of these reviews should 
be communicated to all employees. Reviewing and moni-
toring should be conducted whether or not improvement 
activities have achieved their expected outcomes.

 l  Improvement should follow as a result of the review pro-
cess, with the aim of seeking internal best practice. It is 
part of the overall improvement activities and an integral 
part of managing change within the organization.

3.5  Total Quality Management

The “TQM” is a management approach in which quality 
is emphasized in every aspect of the organization/institute. 
Its goals are aimed at long-term development of quality 
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products and services. TQM breaks down every process or 
activity and emphasizes that each contributes or detracts 
from the quality and productivity of the organization as a 
whole.

The role of the quality managers in TQM is to develop 
a quality strategy that is flexible enough to be adapted to 
every department, aligned with the organizational objec-
tives, and based on stakeholder needs. Once the strategy is 
defined, it must be the motivating force to be deployed and 
communicated for it to be effective at all levels of the orga-
nization. Some degree of employee empowerment is also 
encompassed in the TQM strategy and this usually involves 
both departmental and cross-functional teams to develop 
strategies to solve quality problems and make suggestions 
for improvement.

4.  CREATING A DOCUMENTED QUALITY 
MANAGEMENT SYSTEM (PROGRAM): 
QUALITY MANAGEMENT PLAN

4.1  Quality Management Plan: Definition, 
Purpose

The QMP is a written document that describes the systems 
in place to implement the QMS. The QMP shall include sev-
eral categories of documents (“master documents”) needed 
by the organization/institute to ensure the effective plan-
ning, operation, and control of its process. The main three 
categories of the master documents are mentioned below:

 1.  Policies: documents that define the scope of an organi-
zation/institute, explain how the goals of the organiza-
tion will be achieved, and/or serve as a means by which 
authority can be delegated.

 2.  Standards operating procedures (SOPs): documents 
that describe in detail the process or chronological steps 
taken to accomplish specific tasks; a procedure is more 
specific than a policy.

 3.  Supporting documentation: worksheets, forms, and 
templates through which performance of a procedure is 
documented.

The purpose of the QMP is:

 l  To define and establish the structure of the QMS to be 
implemented in an organization/institute.

 l  To provide a description of the activities carried out from 
the organization/institute, according to the requirements 
of an appropriate accreditation body (e.g., NetCord-
FACT).

 l  To improve standards in those areas where performance is 
wanting.

 l  To identify the organizational framework, policy, and pro-
cedures, functional responsibilities of management and 
staff, lines of authority, and its processes for planning, 

implementing, documenting, and assessing activities  
conducted within the organization/institute.

 l  To harmonize policies and practices across all depart-
ments.

 l  To create stability and minimize variances.
 l  To eliminate complexity and reduce processing time.
 l  To produce consistent quality products through a better 

understanding of the organization’s/institute’s structure 
and activities.

 l  To integrate essential systems that must be in place to 
meet specific objectives.

 l  To inform the personnel on the techniques and the pro-
cedures required in order to obtain, to maintain, and to 
improve adequate standards of quality.

4.2  Management Requirements of a Quality 
Management Plan

4.2.1  Structure of the Organization/Institute

The QMP should define the following:

 l  The management structure of the organization/insti-
tute and its place in any larger organization, together 
with the relationships which exist between QM, techni-
cal operations, and support services. In addition, if the 
organization/institute is part of a larger organization, the 
responsibilities of any person in that organization who is 
involved in, or can influence, the work of the organization 
should be defined.

 l  Who is legally responsible for the work of the organiza-
tion/institute in the event of legal action being taken (for 
example, by a “client”—transplant center). Legal respon-
sibility might lie with, for example, the director of the 
organization, the head of the laboratory, or with individ-
ual scientists.

 l  The responsibility, authority, and interrelationships of all 
personnel who manage, perform, or verify work affecting 
the quality of the results.

 l  Which personnel have managerial and technical author-
ity for QM, what their specific responsibilities are, nomi-
nated deputies, and what resources are available to them 
to carry out their duties. Thus, it should be included 
that a quality supervisor (QS) who, irrespective of other 
duties and responsibilities, has defined responsibility and 
authority for ensuring that the QMS is implemented and 
followed at all times; has direct access to the highest level 
of management at which decisions are made on organiza-
tion policy or resources; maintains and updates the QMP; 
monitors laboratory practices; ensures the validation of 
new technical procedures; selects, trains, and evaluates 
internal auditors; recommends training to improve the 
quality of laboratory staff; and proposes improvements in 
the already existing quality system.
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4.2.2  Document Control

All master documents of an organization/institute should 
be controlled from the Quality Management Unit (QMU) 
and archived documents, including SOPs, policies, reports, 
worksheets, protocols, validation/qualification plans/
reports, agreements, informative materials, and labels 
should be maintained indefinitely. It is obvious that a QMS 
can only operate effectively if all the above-mentioned mas-
ter documents are archived, kept up-to-date, and a proce-
dure for their annual review is scheduled.

“Document control” is the mechanism by which the 
QMS master documents are created, amended, reviewed, 
approved, distributed, and archived to ensure that all staff 
uses the latest authorized versions. The quality supervi-
sor should ensure that all aspects of the organization’s/
institute’s work are documented in the QMS and that new 
documents are created by competent personnel and autho-
rized by designated staff before being issued. The quality 
supervisor should also ensure that all master documents are 
subject to periodical review and, where necessary, revised 
to take account of changing circumstances and incorporate 
best practice. Once approved, the quality supervisor should 
arrange for documents to be made available to all relevant 
staff in their workplace. When changes have been made to 
existing documents, the quality manager should make sure 
that the changes are highlighted in the latest versions.

All QMS documents should be uniquely identified and 
should bear the name/signature of the authorizing person. 
Each page of a document should be individually numbered 
as “page x of y pages” and should include the unique QMS 
document identifier, date of issue, and version. This sys-
tem for page identification minimizes the risk of undetected 
omission of current pages and undetected retention of obso-
lete pages. If documents are held and distributed electroni-
cally, they should be read-only versions which may only be 
edited by authorized staff. A master list bearing the date of 
issue and, where appropriate, a complete record of all ver-
sions, the dates on which they were made and the name of 
the authorizing person and distribution list should be main-
tained. This may be supplemented with a sheet attached to 
each document identifying the same details.

The organization/institute may allow minor changes to 
printed documents, such as correction of typing errors, to be 
handwritten on the document in permanent ink, dated and 
authorized. However, a revised version should be issued as 
soon as practicable. Invalid or obsolete documents should 
be promptly removed from all locations to prevent their 
accidental use. A copy of each obsolete document should be 
retained for either legal or knowledge preservation purposes 
and suitably marked (for example, “not valid”).

4.2.3  Third-party Agreements

The organization/institute should have procedures to ensure 
that the requirements of its third party are adequately 

defined, documented, and understood, and that it has the 
capability of meeting these requirements before agreeing 
(making a contract) to do the work. The agreement may be 
written or oral, but if reached orally it should subsequently 
be documented. In case the organization/institute does 
not have the capability, it should attempt to reach agree-
ment with the third party on what work it could carry out 
or would subcontract before any work commences. Any 
revised agreement should then be documented.

The agreement should be kept under review by the third 
parties and the organization/institute. If new requirements 
are requested by a third party, or the organization/institute 
is unable to meet the original agreement or the new require-
ments, this should be communicated between the parties, 
discussed, and a revised agreement reached. Records should 
also be kept of all communications between the third party 
and the organization/institute related to the work being car-
ried out. This will ensure the common understanding of 
requirements, responsibilities, and work to be performed by 
the laboratory, its clients, and all other parties involved.

4.2.4  Subcontracting of Analytical Work

If the organization/institute uses another party (“subcon-
tractor”) to undertake work on its behalf, it should have 
documented policies and processes to ensure that the other 
party is competent to do the work.

4.2.5  Purchasing Services and Supplies

The organization/institute should have a policy and 
procedure(s) for the selection and purchase of services, 
reagents, and laboratory consumable materials which might 
affect the quality of its work, for the reception and storage 
of the reagents and consumables, and for ensuring that the 
services, reagents, and consumables comply with the tech-
nical specifications described in the QMS before they are 
purchased and used.

4.2.6  Complaints

The organization/institute should have a system for dealing 
effectively with complaints. This should include a require-
ment to inform staff and/or “clients” (e.g., transplant cen-
ters) of any actions taken to resolve the issue and prevent 
any recurrence. Records should be maintained of all com-
plaints and corrective actions, and used as an opportunity to 
improve QM in the organization/institute.

Failure to handle complaints from staff and/or “clients” 
to their satisfaction can adversely affect the relationship 
between the organization/institute and the staff, and/or the 
“clients.”

4.2.7  Corrective and Preventive Actions

When the work carried out by a section of the organiza-
tion/institute is inconsistent with its QMS (for example, the 
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work deviates from an operating procedure, or the require-
ments of the transplant center), this is termed “nonconfor-
mance.” The organization/institute should have systems in 
place (for example, for checking work within the section, 
case file or QMS audit, staff/customer feedback) to recog-
nize when nonconformance has occurred and how it should 
be managed. Implementation of corrective and preventive 
actions is the path toward improvement and effectiveness 
of QMS. Corrective actions are the action(s) taken based 
on the problem identification. The problem or a noncon-
formance can be identified internally through staff sugges-
tions, management reviews, document reviews, or audits 
(internal or/and external). Every effort should be made to 
detect nonconformities before the work is released to the 
transplant center, as release of incorrect results can severely 
damage the organization–transplant center relationship and 
could lead to a miscarriage of justice. If the nonconfor-
mance could recur without wider action being taken (for 
example, amending the QMS or staff re-training), then pre-
ventive actions should be authorized at an appropriate level 
to prevent any recurrence.

All nonconformances, corrective actions, and preven-
tive actions should be recorded. Corrective actions should 
be checked for their effectiveness by authorized staff to 
show that the work now conforms to the requirements of 
the QMS/transplant center. Preventive actions should also 
be monitored to ensure that the nonconformances are not 
recurring (for example, through audit).

The recognition of nonconformances and the implemen-
tation of corrective and preventive actions are essential ele-
ments in continuously improving the effectiveness of the 
organization’s performance.

4.2.8  Control of Records/Chain of Custody

The organization/institute should have systems in place for 
the creation, identification, management, storage, move-
ment/transmission, retrieval, and disposal of all records, in 
both paper and electronic formats. All paper records should 
be easily readable, uniquely identifiable (for example, with 
the date, author, and page number) and made in a permanent 
medium such as ink. Pencil should not be used. No record 
should be deleted. Alterations and correction of mistakes 
which have been made by hand should not obscure the orig-
inal record and should be signed/initialed and dated. The 
organization/institute should also have measures in place to 
safeguard original electronic records (for example, by creat-
ing backups of computer files), to identify any alterations to 
them (for example, through the electronic audit trails some 
manufacturers provide in their software) and to ensure their 
integrity and confidentiality. All records should be filed 
systematically to make retrieval easy. At the same time, 
they should be treated as confidential, the data protection 
and legislation requirements for the rights of an individual 

to privacy, etc., should be observed and access should be 
restricted to authorized personnel.

Records may be subdivided into “quality” and “techni-
cal” records.

 l  “Quality” records include audit reports, proficiency tests, 
transplant center(s) feedback, corrective and preventive 
actions, and management reviews. The records should be 
uniquely identifiable (for example, with the date, author, 
etc.) and held in a safe and secure location which is acces-
sible to relevant staff. The organization/institute should 
have a policy for how long these records should be kept 
(for example, based on legal requirements). Records for 
disposal should be treated as confidential waste and incin-
erated or shredded.

 l  “Technical” records include all materials relating to 
cases, including sample submission forms, chain of 
custody documents, case notes (including drawings and 
diagrams), records of telephone conversations, spectra, 
calibration and other QC data, instrumental operating 
parameters and printouts, reports, statements, etc., instru-
ment maintenance records, and staff training, competency 
and authorization records. They should be made at the 
time the work is done.

Each entry of every record should be traceable to the 
analyst/examiner and, where appropriate, to a uniquely 
identified case or exhibit. It should be clear from the case 
record who has performed all stages of the analysis/exami-
nation and when each stage of the analysis/examination was 
performed (for example, the relevant dates). All records 
should contain sufficient information to allow an audit trail 
to be established showing who did what work and how and 
when it was done.

Critical findings (for example, calculations and data 
transfers which do not form part of a validated electronic 
process) should be checked, preferably by a second autho-
rized person. The organization/institute should have docu-
mented procedures for the overall review of case records 
by authorized persons. The case record should include an 
indication that such checks and reviews have been carried 
out, when and by whom. This may be indicated in a number 
of ways (for example, by entries against each finding, entry 
on a summary of findings, or a statement to this effect in the 
records). If the checker or case reviewer disagrees on any 
point in the initial record, the reason(s) for the disagreement 
and any action taken as a result should be recorded.

In general, the records required to support conclusions 
should be such that, in the absence of the analyst/examiner, 
another competent analyst/examiner could evaluate what 
had been performed, interpret the data and, where appropri-
ate, repeat the work. When a test result or observation is 
rejected, the reason(s) should be recorded. This information 
is necessary for another analyst to understand how the case 
was managed.
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Technical records should be kept in a safe and secure 
place, to prevent damage, deterioration, unauthorized 
access or loss, for a period depending on the needs of the 
organization/institute. The length of retention may also 
be defined in a policy of the organization/institute. This 
could result in donor records being retained indefinitely, 
being destroyed, or some intermediate arrangement. 
Records for disposal should be treated as confidential 
waste and incinerated or shredded.

4.2.9  Internal Audit

The organization/institute should have a schedule and pro-
cedure for periodic audit of all elements of its activities 
to verify that its operations comply with the requirements 
of its QMS. The audits should be organized by the qual-
ity supervisor at least once per year and carried out and 
reported by trained, qualified personnel who are, whenever 
resources permit, independent of the activity to be audited. 
When audit findings cast doubt on the effectiveness of the 
operations or on the correctness or validity of the labora-
tory’s work, the findings should be discussed by the audi-
tor, the quality manager and relevant staff, and appropriate 
corrective actions agreed.

The area of activity audited, the audit findings and cor-
rective actions should be recorded. Future audits of the 
same activity should record how effective the corrective 
actions have been in order to identify lessons learned and 
consequently improve the organization’s performance.

4.2.10  Management Reviews

The quality supervisor should organize an annual review 
of the organization’s/institute’s QMS to ensure that it 
remains suitable and effective or to identify any changes 
and improvements required. The review should be carried 
out by high level management of the organization/institute, 
the quality supervisor, and other relevant staff. The review 
and any recommended actions should be recorded and the 
actions carried out within an appropriate timescale, agreed 
between the reviewers and the quality supervisor, taking 
into account availability of resources.

The management review should cover the following 
areas:

 l  QC activities, resources and staff training, and other rel-
evant factors.

 l  The suitability of policies and procedures.
 l  Reports from managers and supervisors.
 l  The outcome of recent internal audits.
 l  Assessments of external bodies.
 l  Feedback from transplant center(s).
 l  Complaints.
 l  The results of interlaboratory comparisons or proficiency 

tests (in the case of CBBs).

 l  Corrective and preventive actions.
 l  Recommendations for improvement.

4.3  Technical Requirements of a Quality 
Management Plan

Various factors, such as personnel, facilities, health and 
safety, test methods, method validation and procedures, 
equipments, reference standards, materials and reagents, 
handling of test items, reporting the results, QC and profi-
ciency testing contribute toward the accuracy and reliability 
of results and also determine to a large extent the uncer-
tainty of the measurement. These factors should all be taken 
into account when developing methods and procedures, 
in the training of personnel, and in the choice and use of 
equipment.

4.3.1  Personnel

The organization/institute should foster an atmosphere 
wherein employees are encouraged to improve their knowl-
edge and skills, to grow as individuals, and to fully develop 
their potential. It should only use personnel with whom the 
organization/institute has an employment contract, includ-
ing temporary staff.

The organization/institute should ensure that the staff 
has the appropriate education, training, experience, knowl-
edge, skills and abilities (i.e., competence) to do the work 
assigned, is appropriately supervised, and works in accor-
dance with organization’s/institute’s QMS. It should have 
in place policies and procedures for identifying training 
needs and providing training for staff to help them achieve 
and maintain competence (for example, through structured 
on-the-job training programs, participation in scientific 
meetings, conferences and workshops, technical training 
courses, instrument operation and maintenance courses 
taught by vendors, in-house technical meetings, courses, 
seminars, and further education). While staff is being trained 
they should be more closely supervised and the effective-
ness of their training should be monitored and evaluated. 
Where test- or technique-specific training is given, accep-
tance criteria should be assigned (for example, observation 
of the relevant tests or analyses by an experienced officer, 
or their satisfactory performance in the analysis of QC/QA 
samples and correlation of results with those obtained by 
other trained staff).

Records should be maintained for each member of staff 
of their education, qualifications and training, together with 
a list of tasks they are competent to perform and authorized 
to carry out (for example, to perform particular types of 
test, to issue test reports, to give opinions and interpreta-
tions, and to operate particular types of equipment). This 
information should be readily available to staff and should 
include the date on which competence and authorization 
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are confirmed, so all staff has a clear understanding of the 
scope of their assigned tasks and their responsibilities. Each 
member of staff should have a current job description which 
they have agreed with their designated line manager. This 
should include their responsibilities, duties, and required 
competencies.

4.3.2  Facilities: Accommodation and 
Environmental Conditions

The organization/institute premises and environmental 
conditions should permit the work to be carried out to the 
required quality standards. Thus, for example, in the pro-
cessing facility of a CBB the following factors should be 
considered: space, security, health and safety of staff, tem-
perature and humidity control, lighting, air flow and ven-
tilation, in addition to the provision of basic laboratory 
facilities (for example, electricity, gas, water, telephone 
and computer connections, laboratory benches, safety cabi-
nets, refrigerators and freezers). Furthermore, processing 
facilities should enable correct performance of the work, 
and where specific environmental conditions are critical 
they should be specified, documented, and monitored (for 
example, storage temperatures of samples). Environmen-
tally sensitive equipment should be in low-access areas 
and microbalances should be protected from vibration and 
chemical corrosion.

Adequate and appropriate space should be allocated for 
each activity/function and employee. Suitable accommoda-
tion is required for the storage of evidential materials to pre-
vent loss, deterioration, or contamination and so maintain 
the integrity and identity of the evidence, both before and 
after it has been examined.

The areas of the processing facility should be suffi-
ciently clean and tidy to minimize the risk of contamination 
and ensure that the quality of the work carried out is not 
compromised. There should thus be effective spatial sepa-
ration of incompatible activities (for example, the process-
ing of CB and DNA extraction for human leukocyte antigen 
typing) which should not be carried out using the same 
facilities. Measures should also be taken to prevent cross-
contamination (for example, between two different bulk 
seizures or between reference materials and case samples). 
These measures might include control of staff movement, 
flow of samples, and sharing of equipment (for example, 
opened biologically hazardous specimens and dirty glass-
ware should not be transported through unprotected areas).

Processing facility and evidence storage areas should 
be kept secure at all times to prevent theft or interfer-
ence and there should be limited, controlled access. There 
should be controls at both entry and exit points of buildings 
and between different secure areas (for example, by use of 
keys or magnetic cards distributed to authorized person-
nel for specific purposes). In this way, no unauthorized 

personnel will be able to handle samples or gain access 
to restricted areas where reagents, specimens, or records 
are stored.

The organization/institute should hold on record a list of 
all staff that is authorized to enter the secure areas. This list 
should be reviewed and updated on a regular basis. Unau-
thorized persons needing to enter secure areas (for exam-
ple, other laboratory personnel, clients, service engineers, 
cleaners, administrative personnel, and visitors) should be 
escorted at all times by authorized personnel and a record 
of these entries should be maintained.

4.3.3  Health and Safety

The organization/institute should have a safety manual con-
taining procedures that address issues affecting the health 
and safety of the staff and which are designed to safeguard 
employees from service-related injury and health problems. 
These should be based on risk assessments of all activities 
and documented safe systems of work (for example, the 
need to handle hazardous chemicals).

Details of the following should be contained in the 
safety manual:

 l  Designated staff with responsibility for aspects of safety 
(for example, safety officer, biological safety officer, fire 
safety officer, first aid staff). These responsibilities can be 
held by several people or by a single member of staff.

 l  Emergency procedures and contact information (for 
example, what to do in the event of fire, chemical spill-
ages, personal injury).

 l  Staff training (for example, fire drills and first aid).

Accommodation (for example, hand wash facilities, 
emergency showers, first aid cabinets, eye wash bottles, 
safety cabinets/exhaust hoods, autoclaves, fire extinguish-
ers, solvent and chemical stores, disposal facilities for 
waste, chemicals, sharps and radioactive material, safety 
signs/hazard warnings, notices for fire exits and location 
of safety equipment, and emergency telephone numbers).

Personal protective equipment (PPE) (for example, 
laboratory coats, disposable gloves, goggles/safety glasses, 
face protectors, ear protectors, and radiation safety badges).

 l  General laboratory hygiene/safety (for example, cleaning 
and disinfection of surfaces, autoclaving of biologically 
contaminated equipment, the wearing of PPE, prohibition 
of eating, drinking and smoking in the laboratory, pro-
hibition of laboratory clothing in designated clean areas, 
and prohibition of lone working in laboratories).

 l  Specific biological hazards (for example, the use of 
microbiological safety cabinets, immunization of staff, 
safe disposal of clinical waste, sterilization of equipment, 
and PPE).

 l  Radioactivity hazards (for example, reference to relevant 
regulations dealing with the use of radioactive materials).
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4.3.4  Test Methods, Method Validation,  
and Procedures

The laboratory should use appropriate methods and proce-
dures for all of its work: sampling, handling, transport and 
storage of evidence, use of equipment, testing, evaluation 
and interpretation of results, and reporting. The methods 
and procedures should be up-to-date, fully documented, and 
readily available to relevant personnel.

The documentation of methods should record the name/
reference number of the method, the scope of the method, 
the principle of the method; a summary of the valida-
tion parameters; the apparatus and equipment required, 
including technical specifications; the reference materials 
required; the environmental conditions required (for exam-
ple, room temperature); and a step-by-step description of 
the procedure, including the following:

 l  Special precautions which should be observed (for exam-
ple, health and safety issues).

 l  Requirements for sampling, labeling, packaging, trans-
porting, and storing of samples.

 l  Preparation of samples, reference materials, controls, and 
calibrators for analysis.

 l  Requirements for equipment checks and calibration (for 
example, running a QC sample, tuning and calibration of 
a mass spectrometer).

 l  Analysis process/test procedure and QC (for example, 
use of blanks, controls, and calibrators).

 l  Recording and processing of results (for example, cal-
culations, preparation of calibration curves and charts), 
including the criteria and/or requirements for acceptance/
rejection (for example, if results are outside the calibra-
tion range or QCs give unacceptable results).

 l  Requirements for the reporting of results and the uncer-
tainty of the method.

Any departure from these methods and procedures 
should only be allowed if they are justified, authorized, 
agreed with the client, where appropriate, and docu-
mented.

4.3.5  Equipment

Laboratories should ensure the reliability and performance 
of the equipment used. Equipment and software required for 
the work carried out should be fit for its intended purpose 
and should preferably be available within the laboratory. If 
equipment outside the laboratory is used, it must comply 
with the QMS standards. An inventory of equipment should 
be maintained along with records of their location, date of 
purchase, service history, and maintenance. Major items of 
equipment (for example, instruments such as spectrometers) 
should have their own logbook for recording this informa-
tion kept nearby. Staff should be trained to use the equip-
ment and only be authorized to use it when they have been 

found to be competent. Training and authorization should 
be documented in staff records.

When equipment is procured, the manufacturer’s speci-
fications should match or exceed the laboratory’s require-
ments. It should be checked on installation to ensure that it 
meets the manufacturer’s specifications (performance veri-
fication, usually carried out by the supplier’s installation 
engineer, also known as the “before use check” or “equip-
ment validation”). If an instrument is subsequently moved, 
the installation check should be repeated and its perfor-
mance certified if necessary (for example, a balance will 
usually need to have its calibration checked if it is moved to 
a new location).

Equipment should also be checked regularly when it 
is in use, using documented procedures to show that the 
performance continues to be acceptable (for example, an 
instrument might be checked before each set of samples 
is analyzed to ensure that it is working properly). This 
might include checking temperatures, gas pressures, tun-
ing, calibration, etc., depending on the instrument involved. 
Test samples can also be analyzed for checking purposes. 
Appropriate corrective action is taken when necessary. Up-
to-date instructions on the use and maintenance of equip-
ment (for example, abbreviated operating instruction sheets 
prepared in-house as well as instruction manuals supplied 
by the manufacturer) should be readily available, preferably 
adjacent to the instrument, for use by the appropriate labo-
ratory personnel.

Equipment having a significant influence on the accu-
racy of test results should be calibrated according to a 
schedule, using documented procedures which are available 
to authorized users. Equipment should be labeled to indi-
cate the status of calibration (for example, the date when 
last calibrated and the date or expiration criteria when reca-
libration is due) to ensure that it is not confused with uncali-
brated equipment.

“Critical equipment” (e.g., “critical equipment” for 
CBBs is any piece of equipment used for the processing, 
cryopreservation, storage, and testing of CB that might 
adversely affect the quality of the CBU or lead into errone-
ous donor eligibility determination) (for example, balances, 
devices for CBU volume reduction) should be uniquely 
identified and calibration records, including certificates if 
available, should be kept. Staff members responsible for 
equipment should ensure that regular documented check 
samples, calibrators, and blanks are analyzed and that the 
performance specifications are being maintained. Records 
should be kept of all calibration, maintenance, and servic-
ing, whether by in-house personnel or an outside agency. 
These should include the unique identifier of the item of 
equipment and data system (if any), the manufacturer, 
model, serial number, the location (if appropriate), perfor-
mance checks, operating instructions prepared in-house, 
the manual supplied by the manufacturer or reference to its 
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location, dates, results, copies of reports, certificates of all 
calibrations, acceptance criteria relating to performance, the 
due date of the next calibration, the maintenance schedule 
(where appropriate), maintenance carried out to date, any 
damage, faults, and modification or repair to the equipment.

Identified faults should be brought to the attention of the 
person responsible for the equipment and for taking cor-
rective actions. If the fault is critical (for example, if the 
light source of a microscope is unstable or a vacuum pump 
is not holding a sufficient vacuum pressure), the equip-
ment should be withdrawn from service until the problem 
has been rectified, and the manner in which the problem is 
resolved, and the time and date should be recorded in the 
logbook for the equipment. Similarly, equipment that has 
been operated incorrectly, such that it no longer gives reli-
able results or has been found to be malfunctioning, should 
be taken out of service. It should be isolated to prevent its 
use or clearly labeled or marked as being out of service until 
it has been repaired and shown by calibration or test to be 
working properly. Analytical results that were obtained dur-
ing the period of equipment malfunction should be checked 
and the procedure for control of nonconformities should be 
initiated.

4.3.6  Reference Samples, Materials,  
and Reagents

Reference samples, materials, and reagents should be ade-
quate for the procedure used and they should comply with 
the quality specifications of the method. Lot/batch num-
bers of reference samples and critical reagents should be 
recorded and they should be tested for their reliability and 
should be labeled with: name, concentration (where appro-
priate), preparation date and/or expiry date, identity of pre-
parer, storage conditions, if relevant biohazard warning, 
where necessary.

Reference samples, reagents, and other materials should 
be correctly stored to ensure their stability and integrity. An 
expiry date furnished by a vendor/manufacturer determines 
the useful lifetime of the sample/reagent/material unless 
it can be verified beyond that date. Where appropriate, 
“opened” dates and “use by” dates should also be recorded. 
It is important to note that problems with standards and 
reagents can arise after they have been received in the labo-
ratory.

“Certified reference materials” (CRMs) can be used if 
available.4 A CRM is a reference sample, usually obtained 
commercially, for which the analyte concentration(s) has 
been certified by analysis, accompanied by, or traceable to, 
a certificate or other documentation that is issued by a cer-
tifying body. These commercial reference samples are sup-
plied with a description of their chemical identity, purity, 
and concentration (for example, a “specification and cer-
tificate of analysis”). However, it is recommended that the 

laboratory should independently verify their identity and 
purity (or concentration) before putting them to use (for 
example, by interlaboratory comparisons or within the labo-
ratory using a previously used reference sample).

The reference samples required for each procedure/
method used by the laboratory should be documented 
and should be available in the laboratory. They should be 
appropriate for the test being performed. A record should 
be maintained describing their source, the date of acquisi-
tion, and the quantity held in the laboratory. When reference 
samples need to be imported or exported, import/export cer-
tificates should be obtained from the relevant national com-
petent authority.15

The responsibility for acquiring and maintaining ref-
erence standards should be given to a designated person, 
who should keep a central register of these materials. The 
register should include all official reference substances and 
reference preparations.

4.3.7  Handling of Test Items

The organization/institute (e.g., a CBB) should have pro-
cedures for the collection of CBUs and these procedures 
should be available at the collection sites where the CBUs 
are collected. On the other hand, the sampling procedure 
should ensure that the portion taken for analysis is repre-
sentative of the whole. The sampling plan and/or sampling 
procedure, the identification of the person taking the sam-
ple and the environmental conditions, if relevant, should be 
recorded. The sampling plan should be practical and easy 
to carry out by nonscientists, avoid unnecessary additional 
work for the laboratory, be easy to explain, and be defen-
sible in court.

The QMS should provide guidelines to ensure that the 
materials to be tested are properly sampled, labeled, pack-
aged, preserved, and stored. The labeling should be suf-
ficient to allow unique identification of the samples and 
subsamples and their relationship with their original source. 
It is important that the packaging at the collection sites will 
prevent unauthorized access to and loss or contamination of 
the collected CBUs during transportation. At the processing 
laboratory, an authorized person should receive and care-
fully check the samples and documents. One or more iden-
tified individuals should also be authorized to reject CBU 
collections that do not accord with the CBB’s acceptance 
policies. They should inform the laboratory manager of any 
such rejections. Any remedial action taken should always 
be documented.

The QMS should have an effective documented system 
for the secure storage of collected CBUs and accompanying 
samples, both before and after examination, correlating the 
CBUs and the samples to other information provided with 
them (for example, the signed informed consent), identifying 
any subsamples prepared from the CBUs and their samples, 
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and showing the progress of analysis, date of issue of the 
report of analysis, and the date and subsequent means of 
disposal of any remaining sample after analysis. The system 
should be designed and operated to ensure that CBUs and 
samples cannot be confused physically or when referred to in 
records or other documents. The processing laboratory should 
also have documented procedures and appropriate facilities 
to minimize deterioration and avoid loss or damage to the 
CBUs and samples during storage, handling, and analysis.

There should be documented procedures for the disposal 
of CBUs which comply with the applicable laws and pro-
cedures of the jurisdiction. Records should be kept of each 
disposal.

4.3.8  Reporting the Results

The results of analyses carried out by the processing labora-
tory and the reference laboratories should be reported accu-
rately, clearly, unambiguously, and objectively, and meet the 
quality requirements of the CBB. The report format should 
be designed to accommodate each type of analysis carried 
out and to minimize the possibility of misunderstanding or 
misuse. Where required and appropriate, an interpretation 
of the significance of the analysis results in the context of 
the case should also be provided.

4.3.9  QC, Proficiency Testing, and 
Interlaboratory Comparisons

There should be an appropriate level of QC for each analy-
sis. QC check samples should be analyzed by the defined 
procedures, at the required frequency. Where control charts 
are used, a record should be kept of performance outside 
the acceptable criteria. The processing laboratory should 
participate in proficiency testing and interlaboratory com-
parisons.

Where deficiencies or opportunities for improvement 
are identified there should be a process for taking appropri-
ate action. Improvement and corrective actions should be 
recorded. There should also be an effective system for link-
ing proficiency testing performance with day-to-day QC.

5.  STANDARDIZED SYSTEMS

5.1  International Organization  
for Standardization

The ISO, established in 1947 and based in Geneva, Swit-
zerland, prescribes procedures controlling the basic pro-
cess whereby an ISO International Standard is updated and 
released. The ISO is a worldwide federation of national 
standards bodies, which are responsible for standards in 
some 155 countries, many of which are government organi-
zations. The objective of the ISO is to promote the develop-
ment of standardization and related activities globally with 

a view to facilitating international exchange of goods and 
services, and to developing cooperation in the spheres of 
intellectual, scientific, technological, and economic activity.

The ISO is an excellent tool for allowing an organiza-
tion/institute to have a set of standards (serve the purpose 
to assuring the quality of the products) and a process which 
describes how it will meet those standards. The organiza-
tion/institute is audited and certified as to the effectiveness 
of its process.

The work of preparing international standards is nor-
mally carried out through ISO specialized technical com-
mittees (TCs). ISO/TC 176—QM and QA, the secretariat 
of which is held by the Standards Council of Canada, is 
the ISO TC responsible for developing and maintaining a 
universally accepted set of QM standards.

5.2  The ISO 9000 QM system

The ISO16 developed a series of standards for service 
industries (ISO 9000) that has been used to assess quality 
systems in specific aspects of health services. Since these 
standards largely relate to administrative procedures rather 
than to clinical results, ISO standards have been used more 
frequently in mechanical departments such as laboratories 
(EN 45001), radiology, and transport, but have also been 
applied to whole hospitals and clinics. The ISO has also 
published a glossary of QM in ISO 8402.

The ISO 9000 QMS, as it became known, was first pub-
lished in 1987 but it was not until 1994 that the first revisions 
were published. The reason was that management systems 
were new to many of the organizations engaged in establishing 
quality systems on the basis of the ISO 9000 standards. In this 
situation, ISO/TC 176 believed that making major changes 
in the standards could run the risk of disrupting such efforts. 
Consequently, the 1994 revisions were relatively minor and 
mostly related to the removal of internal inconsistencies.

There are many reasons why a new series of the stan-
dards was published in 2000. First, ISO International Stan-
dards have a normal review cycle of five years. Secondly, 
the user community requested it. The year 2000 revisions 
represented a thorough overhaul of the standards to take 
into account developments in the field of quality and the 
considerable body of experience that had built up as a result 
of implementing ISO 9000. The users demanded a process-
oriented approach and a defined route for performance 
improvement. A revised version of the ISO 9000 series of 
standards, issued in 2000, is moving closer to the develop-
ment model of the European Foundation for Quality Man-
agement (EFQM).15 A further updatable ISO 9000 series 
of standards was introduced by 2008 in order to provide 
clarification and to enhance compatibility with the ISO 
1400:2004 standards. This update included ISO 9000:2005 
containing the fundamentals and vocabulary, and ISO 
9001:2008 providing the requirements.
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In order to implement ISO 9000 QMS successfully, there 
are 14 essential steps, which must be followed. These steps 
are the following: top management commitment, estab-
lishment of an implementation team, awareness programs 
for ISO 9000, staff training, initial status survey should be 
conducted, creation of a documented implementation plan, 
development of a QMS documentation, document control, 
implementation, internal quality audit, management review, 
preassessment audit, certification and registration, contin-
ual improvement.

In each country, a national body tests and recognizes—
i.e., accredits—independent agencies as competent to cer-
tify organizations that comply with the standards. The audit 
process tests compliance with standards and is not intended 
in itself to be a tool for organizational development.

6.  ACCREDITATION

6.1  Accreditation: An Overview

Accreditation is an evaluation process used to assess the 
quality of the health-care services provided by the entity 
seeking accreditation. Specifically, accreditation is the 
process designed to improve the quality, efficiency, effec-
tiveness of a health-care organization and the products or 
services it provides, including its structures, processes, and 
outcomes. It is based on the premise that adherence to evi-
dence-based standards will reliably produce higher-quality 
health products and services in a safer environment than 
would be the case without such standards.17 Furthermore, 
accreditation is a process in which certification of compe-
tency, authority, or credibility is presented.

The term “accreditation” (applied to organizations 
rather than specialty clinical training) reflects the origins 
of systematic assessment of hospitals against explicit stan-
dards; it began in the United States in 1917 as a mechanism 
for recognition of training posts in surgery. This indepen-
dent, voluntary program developed from a focus on training 
into multidisciplinary assessments of health-care functions, 
organizations, and networks.18

The Joint Commission model spread first to other Eng-
lish-speaking countries and Europe, Latin America, Africa, 
and the Western Pacific during the 1990s. Mandatory pro-
grams have been adopted in France, Italy, and Scotland. At 
least 28 countries now have an operational accreditation 
program. Several of the established programs provide devel-
opment support to other countries, but only Joint Commis-
sion International (JCI) also offers external accreditation. 
An international taskforce developed the JCI standards for 
application worldwide.

Accreditation can serve as a risk mitigation strategy, and 
it can also measure performance; it provides key stakehold-
ers with an unbiased, objective, and third-party review. It 
can constitute a management tool for diagnosing strengths 

and areas for improvement, as well as for facilitating the 
merger of health-care organizations by stimulating the 
emergence of common organizational identity, culture, and 
practices.19,20

Organizations that participate in accreditation confirm 
their commitment to quality improvement, risk mitigation, 
patient safety, improved efficiency, and accountability; it 
sends a powerful message to key decision-makers and the 
public. This performance measure contributes to the sustain-
ability of the health-care system.17 Finally, accreditation or 
certification of health-care organizations should be strongly 
encouraged with incentives, or indeed made mandatory, 
but choice of accreditation/certification/award approaches 
should be allowed.17 Whatever the mechanisms adopted, 
accreditation of health-care organizations should require 
processes for continuous improvement, and achievement of 
quality enhancement outcomes.

6.2  The Benefits of Accreditation

Accreditation organizations are uniquely positioned to pro-
vide a comprehensive look at the challenges and successes 
of health-care organizations, and to identify themes and 
trends in the delivery of health-care services. The data col-
lected through accreditation is an invaluable resource for 
health-care providers, governments, policy-makers, and 
other health-care leadership organizations, as it can con-
tribute to effective and efficient decision-making to ensure 
ongoing quality improvement and reduce costs through risk 
mitigation.17

In the current era of heightened fiscal responsibility, 
transparency, accountability, and escalating health-care 
complexity and risk, accreditation contributes to ensur-
ing that care meets the highest standards of health-care 
decision-making and provision.17 Furthermore, “accredi-
tation:”

 1.  Provides a framework to help create and implement 
systems and processes that improve operational effec-
tiveness and advance positive health outcomes.21

 2.  Improves communication and collaboration internally 
and with external stakeholders.22

 3.  Strengthens interdisciplinary team effectiveness.23

 4.  Demonstrates credibility and a commitment to quality 
and accountability.24

 5.  Decreases liability costs; identifies areas for addi-
tional funding for health-care organizations and pro-
vides a platform for negotiating this funding.20

 6.  Mitigates the risk of adverse events.24

 7.  Sustains improvements in quality and organizational 
performance.25

 8.  Supports the efficient and effective use of resources in 
health-care services.26

 9.  Enables ongoing self-analysis of performance in rela-
tion to standards.27
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 10.  Ensures an acceptable level of quality among health-
care providers.28

 11.  Enhances the organization’s understanding of the con-
tinuum of care.

 12.  Improves the organization’s reputation among end-users 
and enhances their awareness and perception of quality 
care, as well as their overall satisfaction level.22,29

 13.  Promotes capacity-building, professional develop-
ment, and organizational learning.30

 14.  Codifies policies and procedures.31

 15.  Promotes the use of ethical frameworks.
 16.  Drives compliance with medication reconciliation.32

 17.  Decreases variances in practice among health-care 
providers and decision-makers.

 18.  Provides health-care organizations with a well-
defined vision for sustainable quality improvement 
initiatives.33

 19.  Stimulates sustainable quality improvement efforts 
and continuously raises the bar with regard to quality 
improvement initiatives, policies, and processes.33

 20.  Leads to the improvement of internal practices.23

 21.  Increases health-care organizations’ compliance with 
quality and safety standards.20

 22.  Enhances the reliability of laboratory testing.
 23.  Improves patients’ health outcomes.34

 24.  Provides a team-building opportunity for staff and 
improves their understanding of their coworkers’  
functions.35

 25.  Promotes an understanding of how each person’s job 
contributes to the health-care organization’s mission 
and services.35

 26.  Contributes to increased job satisfaction among physi-
cians, nurses, and other providers.29

 27.  Engenders a spill-over effect, whereby the accredita-
tion of one service helps to improve the performance of 
other service areas.20

 28.  Highlights practices that are working well.33

 29.  Promotes the sharing of policies, procedures, and best 
practices among health-care organizations.

 30.  Promotes a quality and safety culture.36

6.3  The Uniformity of Accreditation—
Accreditation Programs

Although empirical evidence that accreditation provides 
a higher-quality product or service is limited,17 its near 
universal acceptance as a mechanism to ensure quality 
supports the assumption that the development and use of 
accreditation is an important mechanism to ensure the qual-
ity of products available in clinical practice.

Accreditation programs are varied in approach and 
content, thus comparisons are at times difficult or inappro-
priate.37 While there is no conclusive evidence about the 
direct impact of accreditation on health-care, there is some 

indication that if accreditation strengthens interdisciplin-
ary team effectiveness and communication and enhances 
the use of indicators leading to evidence-based decision- 
making, then it contributes to improving health outcomes.

Few studies have attempted to draw causal inferences 
about the direct influence of accreditation on patients’ health 
outcomes, so further research is warranted. For this purpose, 
Donabedian’s “structure–process–outcomes model” or the 
resultant Quality Health Outcomes Model (QHOM) could 
be particularly useful (Thornlow & Merwin, 2009).

Many countries have adopted external accreditation 
of health services as a vehicle for disseminating national 
standards and for public accountability. Traditionally, in 
Australia, Canada, and the United States these programs 
were begun by voluntary collaboration of clinical associa-
tions (especially medical) and hospital administrators as a 
means of organizational development. More recently, they 
have also been driven by reimbursement schemes, central 
control, and an emphasis on primary care, health networks 
and community-based services.

6.4  Accreditation Programs in Cellular 
Therapy

Accreditation has been embraced in the blood and bone 
marrow transplant field. Accreditation programs in cellular 
therapy are usually performed by a multidisciplinary team 
of health professionals and are assessed against published 
standards for the environment in which clinical care is deliv-
ered. The standards adopted nationally usually derive from 
an amalgamation of national statutes, governmental guid-
ance, independent reports, overseas accreditation standards, 
and biomedical and health service research. Their content 
and structure can be applied in many settings, as described 
in a WHO report in 1993. In general, standards are tailored 
to individual countries, but there is a growing trend toward 
consistency with other countries and with other standards 
such as ISO.

Currently, accreditation programs for transplant programs 
are provided by organizations such as the Foundation for the 
Accreditation of Cellular Therapy (FACT), the Joint Accredi-
tation Committee of the International Society for Cellular 
Therapy (ISCT), and the European Group for Blood and 
Marrow Transplantation (EBMT), the combination being 
abbreviated as JACIE. Accreditation for cellular laboratories 
is offered by organizations such as the ΑΑΒΒ, (American 
Association of Blood Banks) FACT, JACIE.38 National donor 
registries that facilitate access to adult donor and CB regis-
tries may be accredited by the World Marrow Donor Associa-
tion (WMDA).

6.4.1  American Association of Blood Banks

In 1958, the ΑΑΒΒ published its first set of standards for 
blood banking and began an independent accreditation 
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program. These standards evolved as the Federal Drug 
Administration (now Food and Drug Administration, or 
FDA) introduced additional regulation in the blood bank-
ing industry through the application of good manufacturing 
practice recommendations and the adoption of the Clinical 
Laboratory Improvement Amendments of 1988 (CLIA).39

In 2001, the ΑΑΒΒ published the first edition of the 
Standards for Cord Blood Services and consolidated these 
subsequently with the standards for hematopoietic progeni-
tor cell services into a unified set, the Standards for Cel-
lular Therapy Product Services. The fifth edition of those 
standards became effective on September 1, 2011. CBB 
accreditation certification by ΑΑΒΒ is valid for 2 years.
ΑΑΒΒ Accreditation is granted for collection/procure-

ment, processing, testing, storage, distribution, and admin-
istration for transfusion medicine activities (donor center, 
transfusion, perioperative, immunohematology reference 
laboratories, and molecular testing laboratories); cellular 
therapy activities (clinical, hematopoietic stem cells, CB, and 
somatic cell); relationship testing activities; and Specialist in 
Blood Banking Technology (SBB) schools.

6.4.2  NetCord-FACT

The NetCord-FACT standards were first published in 2000 
as a collaboration between the International NetCord Foun-
dation (ΝetCord) and FACT. NetCord was founded in 1998 
by a group of CBBs with a mission to promote high-quality 
CB banking and uniform clinical use of CB for allogeneic 
progenitor cell transplantation. Its membership created a 
set of standards as a common set of banking procedures 
among the members.40 FACT was founded in 1996 and is 
the accreditation arm of the American Society of Blood 
and Μarrow Transplantation and the ISCT. It has created 
accreditation programs for transplant centers and cell pro-
cessing labs. The first draft of set of standards was pub-
lished by FACT in 1996 for hematopoietic progenitor cell 
collection, processing, and transplantation.

In 1997, FACT recognized the need for standards to address 
CB banking recognizing CB as an important cell source for 
transplantation. Through its collaboration with NetCord, it 
published the first NetCord-FACT International Standards 
for Cord Blood Collection, Processing, Testing and Release 
in 2000. New editions of the standards are published approxi-
mately at 3-year intervals to keep abreast of the latest develop-
ments and requirements of high-quality banking.41

CBBs are accredited for unrelated allogeneic, directed 
allogeneic, and/or autologous banking, and inspections 
began in 2001.

7.  CONCLUSION

The development/implementation of a quality management 
program and the final accreditation of CBBs/transplant 
programs have been critical operations. Since CBUs are 

distributed worldwide, it is common that transplant pro-
grams will be utilizing units from programs with which they 
do not have established working relationships. The trans-
plant program needs to be assured that the unit has been 
properly collected, processed, tested, and stored since they 
will be accepting full responsibility for that product once it 
is transferred to them. The only way to have that assurance 
is for the transplant program to know that the bank has the 
proper systems in place, something that can only be ascer-
tained by on-site inspection by an accrediting program/
body that is familiar with the field.

Voluntary accreditation of cells, tissues, and cellular and 
tissue-based products intended for human transplantation is an 
important mechanism for improving quality in cellular therapy.

ABBREVIATIONS
AABB American Association of Blood Banks
CBB Cord blood bank
CB Cord blood
CBU Cord blood unit
CRM Certified reference material
CIP Continuous improvement process
CLIA Clinical Laboratory Improvement Amendments
EFQM European Foundation for Quality Management
eSAR Electronic administration system
FACT Foundation for the Accreditation of Cellular Therapy
FDA Food and Drug Administration
ISCT International Society for Cellular Therapy
ISO International Organization for Standardization
QMPr Quality management principles
PPE Personal protective equipment
TC Technical committee
TQM Total quality management
SOP Standard operating procedure
QA Quality assurance
QC Quality control
QI Quality improvement
QM Quality management
QS Quality supervisor
QSs Quality Supervisors
QMP Quality Management Plan
QMS Quality Management System
QMU Quality Management Unit
QHOM Quality Health Outcomes Model
SBB Specialist in Blood Banking Technology
WMDA World Marrow Donor Association
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1.  INTRODUCTION

The development of biomedicine in the field of life sciences 
in modern times constitutes a complex reality in which the 
international community is called to regulate the freedom of 
scientific research and the protection of public health based 
on respect for human rights.

However, greater awareness is necessary regarding the 
implementation of scientific achievements during clinical 
practice, as medicine intervenes with suffering individu-
als through medical acts, using technical and pharmaceuti-
cal products, as well as human tissues and stem cells. In 
some cases, however, these acts have not been established 
through long-lasting practice by the medical community, or 
safe research results suitable for implementation on humans 
have not been reached yet. This is with regard to diagnostic 

and therapeutic acts that concern mainly regenerative medi-
cine and not the established and increasing use of units of 
umbilical cord blood (UCB) for transplantation. Recently, 
cell therapies and particularly advanced or innovative ones 
in the field of regenerative medicine promise to treat chronic 
illnesses and malfunctions of the human body that result 
from diseases, accidents, or even unsuccessful treatments.

To the extent that scientific developments and the imple-
mentations of the use of hematopoietic stem cells (HSCs) 
from UCB, mesenchymal stem cells, and iPs for therapeutic 
purposes advance rapidly, the European Union (EU), the 
USA, and other countries of the international community 
hasten to promote regulations and standards, managing 
the specific issue for reasons regarding the safety of public 
health and the dismantling of barriers in order to ensure free 
circulation among the countries of stem cells which come 



250 SECTION | V Cord Blood Banking: A Current State of Affairs

from donation, testing, processing, preservation, and stor-
age of UCB in the interest of suffering individuals.1 Regu-
lation and accreditation of banks for the importation and 
exportation of UCB and for further “healthy” development 
of the cord blood industry across the globe are necessary.2

2.  REGULATION IN THE EU

It is known that there is a variety of policies and legislations 
in the interior of the national states of the EU that regulate 
in a different manner issues which pertain to the collec-
tion, storage, and transplantation of UCB, and also to cell 
therapies in the field of regenerative medicine. It is due to 
this legal inflation that during the last 20 years the EU has 
focused on the establishment of common policies and the 
formation of a converging European law among its member 
states. The law of the EU comprises mostly of the rules that 
are founded on conventions and binding legal acts, such as 
the regulations, the directives, and the decisions that prevail 
in the internal law of member states, while member states 
can enact stricter rules provided that they do not oppose the 
conventions.3 Even though there is a significant difference 
between regulation or directive of the EU and regulation  
of the American legal ordera, the case remains that both  
of them provide the minimum set of standards to be  
able to provide a product of service within the regulated 
jurisdiction.4

In light of the European lawb and in relation to UCB,  
the EU sets the following general and specific rules:

 l  The protection of Public Health with the Maastricht 
Treaty (article 152) and the Protection of Fundamental 
Rights with the Charter of Nice in 2000, which was incor-
porated in the Treaty of Lisbon

 l  Article 12, Directive 2004/23/EC according to which 
member states shall take all necessary measures to ensure 
that procurement of cells and tissues takes place on a non-
profitable basis

 l  The establishment of quality and safety protocols
 l  The strengthening of the principles of informed consent, 

anonymity, and protection of personal data
 l  The regulation of cell therapies from “unprocessed” cells 

and tissues for allogeneic use
 l  The regulation of cell therapies from fundamentally 

“processed” cells and tissues for allogeneic use. This 
“processing” should not induce substantial modification 
and the use of cells should remain the same (e.g., HSCs 
should be used for blood therapies)

a “Regulations in the United States are requirements mandated by the 
governing body.” In general, regulation and accreditation are conceptually 
different.
b WHO has given special attention to human cell and tissue transplantation, 
and so have the Council of Europe and other national organizations.

 l  The prediction of the traceability and the disclosure of 
serious and unwanted incidents and reactions, as well as 
the establishment of a mechanism of biovigilance

2.1  Cord Blood Banking in the EU: Directives 
2004/23/EC, 2006/17/EC, and 2006/ 
86/EC

Already since the 2000s, the three directives of the EU 
related to “tissues and cells” to be implemented and incor-
porated by the member states pose a minimum of regula-
tions regarding UCB and banking.

To begin with, Directive 2004/23/EC of the European 
Parliament and of the Council of March 31, 2004 (Directive 
2004/23/EC of the European Parliament and of the Council of 
March 31, 2004 on setting standards of quality and safety for 
the donation, procurement, testing, processing, preservation, 
storage, and distribution of human tissues and cells)5 con-
cerns the establishment of standards of quality and safety for 
the donation, procurement, testing, processing, preservation, 
storage, and distribution of UCB and other tissues and cells, 
as well as modified products that come from tissues and cells 
to be used on humans (Directive 2004/23/EC, article 2 and 
Directive 2006/86/CE, article 1). Directive 2004/23/CE does 
not cover research using human tissues and cells (Article 1).

For the implementation of the abovementioned activi-
ties, it is required that the institutions providing tissues have 
been accredited, defined, approved, or licensed by a compe-
tent authority, while specific tissues and cells may be given 
directly to the recipient by the institution/supplier for direct 
transplantation with the agreement of the competent authority.

Member states must assign competent authorities the 
inspection and regular control of tissue institutions in order 
for them to determine whether the directives and the stan-
dards required for the procurement of human tissues and cells 
are observed. Controls include inspections of tissue institu-
tions and facilities of third parties, evaluation of the proce-
dures, and the acts and examination of documentation and of 
other elements. More specifically, inspections and controls 
are organized in the case of a serious unwanted reaction or a 
serious unwanted incident, especially following the justified 
request of a competent authority of another member state.

Moreover, member states are accountable for the insur-
ance of the traceability of all tissues and cells throughout 
the stages of the procedure, from the donor to the recipient 
and vice versa. This insurance is extended to all elements 
related to pertinent products and materials, and a system of 
donor identification with a unique code for every donation 
and product must be secured. Tissues and cells are labeled 
and classified in cell institutions, which keep the data for 
a period of at least 30 years after their clinical use, while 
digital storage of data is also allowed.

Import and export of human tissues and cells from and 
to Third World countries are possible provided that they 
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take place among tissue institutions that are legitimate and 
meet quality and safety criteria.

Tissue institutions record all activities and submit an 
annual report, which is published. Member states and the 
committee form an interconnected network of registries of 
national institutions. Their primary concern is the publica-
tion of serious and unwanted incidents and reactions, which 
may concern stages from collection to distribution but also 
the stage of implementation on humans, in order to ensure 
quality and safety, while the possibility of withdrawal from 
product distribution is assured.

Directive 2006/17/CE of the February 8, 2006 (Direc-
tive 2006/17/EC of February 8, 2006 implementing Directive 
2004/23/EC of the European Parliament and of the Council as 
regards certain technical requirements for the donation, pro-
curement, and testing of human tissues and cells)6 refers to 
the implementation of Directive 2004/23/CE and is related to 
technical requirements that concern donation, procurement, 
and testing of tissues and cells of human origin.

Given the fact that the use of tissues and cells for imple-
mentation on the human body poses the risk of disease trans-
mission and other likely side effects, this risk can be reduced 
through a number of measures. Examples of such measures 
are the selection of the donor, laboratory testing of every 
donation, and the implementation of procedures regarding 
the procurement of tissues and cells according to the appro-
priate regulations and procedures. In this regard, all tissues 
and cells, including those to be used as original material for 
the production of medical products to be used in the EU, must 
meet the safety and quality requirements of this directive.

Standardized procedures of operation that determine the 
donor’s identity, family’s consent and authorization, careful 
selection of the donor based on specific criteria, evaluation 
of laboratory testing, coding of data in a registry, and the 
ability of identification with the donor, especially regarding 
issues of traceability, are important aspects in this regard.

Directive 2006/86/EC of the October 24, 2006 (Directive 
2006/86/EC of October 24, 2006 implementing Directive 
2004/23/EC of the European Parliament and of the Council 
as regards traceability requirements, notification of serious 
adverse reactions and events, and certain technical require-
ments for the coding, processing, preservation, storage, and 

distribution of human tissues and cells)7 focuses on and 
defines traceability requirements, notification of serious 
adverse reactions and events, as well as certain technical 
requirements regarding the coding, processing, preserva-
tion, storage, and distribution of human tissues and cells. 
It follows the trace of UCB from donation to distribution of 
tissues and cells that are to be given for implementation on 
humans. In general, emphasis is put on the development of 
a quality system, “standard operating procedures” (SOPs)c  
and the creation of a safety system that will enable  
the tracking and identification of cells and tissues through-
out the stages of the procedure. Notification with the 
competent authority is necessary even in cases regarding 
research results, which concern the analysis of causes and 
effects. Processed products from cells and tissues that are 
not subject to other directives or regulations are also in its 
jurisdiction.

Within the European legal framework, our goal is 
to ensure high standards of protection of human health. 
For this reason it is necessary that member states of the 
EU predict procedures that accredit, define, approve, or 
license institutions and production methods. In this context, 
issues regarding organization, administration, staff, equip-
ment, documentation, file observation, creation of a single 
European code for the identification of the donor and the 
traceability of the donated material, use of technology and 
solutions regarding e-government for the transmission and 
processing of data in standardized format for the exchange 
of information must be incorporated in the legislation of 
member states. The information is annually submitted by 
the competent national authorities to the commission at a 
European level. Following that, the commission sends a 
summary of the report to the other member states. At the 
same time, the notification of serious, unwanted actions and 
events among the competent authorities is ensured.

The following table presents the main regulations among 
the three directives regarding “tissues and cells” of the EU.

c “SOPs mean written instructions describing the steps in a specific 
process, including the materials and methods to be used and the expected 
end product.”

Definition Source

Audit Documented review of procedures, records, personnel functions,  
equipment, materials, facilities, and/or vendors in order to evaluate  
compliance with written SOPs, standards, or government laws and  
regulations, conducted by professional peers, internal quality system  
auditors, or certification body auditors

Adapted from the Council 
of Europe Guide for Safety 
and Quality Assurance for 
Organs, Tissues and Cells 
for Transplantation,
3rd Edition, Council of 
Europe publishing,
January 2007

Cells Individual human cells or a collection of human cells when not bound by 
any form of connective tissue

Directive 2004/23/EC

Continued
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Definition Source

Critical Potentially having an effect on the quality and/or safety of or coming into 
contact with the cells and tissues

Directive 2006/86/EC

Distribution Transport and delivery of tissues or cells intended for human applications Directive 2004/23/EC

Donation Donating human tissues or cells intended for human applications Directive 2004/23/EC

Donor Every human source, whether living or deceased, of human cells or tissues Directive 2004/23/EC

Expert Individual with appropriate qualifications and experience to provide  
technical advice to a Competent Authority (CA) inspector

Guidelines Drafting Group

Human application Use of tissues or cells on or in a human recipient/patient and extracorporal 
applications

Directive 2004/23/EC

Organization  
responsible for 
application of human 
tissues and cells

A health-care establishment or unit of a hospital or another body that carries 
out human application

Directive 2006/86/EC

Partner donation Donation of reproductive cells between a man and a woman who declare 
that they have an intimate physical relationship

Directive 2006/86/EC

Quality system The organizational structure, defined responsibilities, procedures, processes, 
and resources for implementing quality management, including all activities 
that contribute to quality, directly or indirectly

Directive 2006/86/EC

Reproductive cells All tissues and cells intended to be used for the purpose of assisted reproduction Directive 2006/86/EC

Serious adverse event Any untoward occurrence associated with the procurement, testing, processing, 
storage, and distribution of tissues and cells that might lead to transmission of a 
communicable disease, to death, or to life-threatening, disabling, or  
incapacitating conditions for patients, or that might result in, or prolong,  
hospitalization or morbidity

Directive 2004/23/EC

Serious adverse  
reaction

An unintended response, including a communicable disease, in the donor 
or in the recipient associated with the procurement or human application 
of tissues and cells that is fatal, life-threatening, disabling, incapacitating, or 
that results in, or prolongs, hospitalization or morbidity

Directive 2004/23/EC

Standard operating 
procedures

Written instructions describing the steps in a specific process, including the 
materials and methods to be used and the expected properties of the tissues 
or cells to be distributed

Adapted from Directive 
2006/86/EC

Storage Maintaining the tissues or cells under appropriate controlled conditions until 
distribution

Directive 2004/23/EC

Third country Any country that is not a member state of the EU European Commission:
ec.europa.eu

Third party Any organization that provides a service to a procurement organization or a 
Tissue Establishment (TE) on the basis of a contract or written agreement.
Includes donor- or tissue-testing laboratories, contract sterilizers, and user 
hospitals, which store tissues or cells pending human application

Operational Manual Draft-
ing
Group

Tissue All constituent parts of the human body formed by cells Directive 2004/23/EC

Tissue establishment A tissue bank or a unit of a hospital or another body where processing,  
preservation, storage, or distribution of human tissues and cells are undertaken. 
It may also be responsible for procurement or testing of tissues and cells.

Directive 2004/23/EC

Traceability The ability to locate and identify the tissues/cells during any step from 
procurement, through processing, testing, and storage, to distribution to the 
recipient or disposal. This also implies the ability to identify the donor and 
the tissue establishment or the manufacturing facility receiving, processing, 
or storing the tissues/cells and to identify the recipient(s) at the medical  
facility or facilities applying the tissues/cells to the recipient(s).
Traceability also covers the ability to locate and identify all relevant data  
relating to products and materials coming into contact with those tissues/cells.

Directive 2006/86/EC

—cont’d
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2.2  Regulation (EC) No 1394/2007 and 
Regulation (EU) No 1235/2010 regarding 
Advanced or Innovative Cell Therapies

Relatively recently, the development of cell therapies that 
come from UCB as a source of HSCs and their use in regen-
erative medicine pose additional issues to be addressed by 
the EU, which cannot be solved by the abovementioned 
directives of “tissues and cells” regarding UCB and cord 
blood banking. Cell therapies derive from living cells and 
cure human diseases or malfunctions through their medical 
application on humans.

In the light of this, medicinal products that are produced 
from stem cells, including those from UCB, are classified 
at an EU level and with reference to legislation, regulatory 
acts, and administrative procedures as follows:

 1.  Advanced therapy medicinal products (ATMPs) are con-
sidered medicines, provided that they have been indus-
trially manipulated. They are covered by Regulation 
(EC) no 1394/2007, which has been in effect since 
December 2008 and applies directly to the national law 
of member states (Regulation (EC) no 1394/2007 of the 
European Parliament and of the Council of November 
13, 2007 on ATMPs and amending Directive 2001/83/
EC and Regulation (EC) no 726/2004).8

According to the abovementioned regulation, licensing 
and supervision procedures of the specific medicines to 
be used on humans are regulated and the Committee for 
Advanced Therapies (CAT) is founded. Regulation (EC) 
no 1394/2007 has relatively recently been modified by 
Regulation (EU) 1235/2010, mainly in relation to the 
regulation of pharmacovigilance issues.
More specifically, products/medicines for advanced or 
innovative cell therapies, which pertain to Regulation 
(EC) no 1394/2007 modified by Regulation (EU) 
1235/2010, follow a registration procedure that takes 
place at a European level. Responsibilities lie with the 
European Medicine Agency (EMA) and the CAT, and 
not with the national organizations for medicines of 
member states.

 2.  Products of advanced or innovative therapies are 
exempted and regulated separately, according to article 

28 of Regulation (EC) no 1394/2007. Even though the 
abovementioned cell products fall within the definition 
of advanced or innovative therapy and can be regarded 
as medicines, when they are personalized for a unique 
patient, used by a hospital within a single country and 
are not industrially produced products, they are regu-
lated at a national level, mainly in relation to licens-
ing. These products, however, are not exempted from 
the requirements of traceability and pharmacovigi-
lance. Moreover, they pertain to quality regulations 
equivalent to those provided for medicines regulated 
by Regulation (EC) no 1394/2007 and Regulation (EC) 
no 726/2004, as well as Directives 2010/84/EU and 
2011/62/EU.

 3.  Products for cell therapies that do not fall within the 
definition of advanced or innovative cell therapies are 
not considered medicines. In this case, the abovemen-
tioned products are not legally considered medicines 
and pertain to the Directive of “tissues and cells” of the 
EU 2004/23/EC, which is legally incorporated in the 
internal law of member states. Licensing procedures 
take place at a national level.
Regulation (EC) no 1394/2007 is enforced and applied 
directly to all countries. However, a deadline is given 
to member states of the EU, which have products in 
their internal markets and fall within the definition of 
advanced or innovative therapy, in order for them to 
become “legitimate.”
Products, however, manufactured for a single patient, 
within a single hospital, prepared on a nonroutine basis 
pertain to article 28 of Regulation (EC) no 1394/2007, 
and their regulation takes place at a national level with 
authorization from a national body (even though they are 
considered medicines).
The main strategy of the EU aims to allow the safe 
circulation within its grounds for reasons of free cir-
culation and legal protection of the health of civil-
ians only of medicines that have been approved by the 
EMA. Regarding products that pertain to article 28 of 
Regulation (EC) no 1394/2007, their license from a 
national body of a member state is by way of exception 
still valid. However, after 2012 it is likely that difficult 
legal issues will arise, especially regarding the issue of 

Definition Source

Validation (or  
“qualification” in the 
case of equipment or 
environments)

Establishing documented evidence that provides a high degree of assurance 
that a specific process, piece of equipment, or environment will consistently 
produce tissues or cells meeting its predetermined specifications and quality 
attributes; a process is validated to evaluate the performance of a system in 
terms of its effectiveness for its intended use.

Directive 2006/86/EC

Inspection of Tissue and Cell Procurement and Tissue Establishments - Operational Manual for Competent Authorities; Version 1.0; European Commission 
Health and Consumers Directorate-General

—cont’d
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whether the pharmaceutical product has been industri-
ally manufactured or not. Moreover, there is a great 
risk that the public sector and the nonprofitable sector, 
which deal with cell therapies and for which “commer-
cialization” of cell products is not an objective, will 

limit their scientific and research activity to products for 
cell therapies.

The following table presents differences in the regula-
tory frame in the EU:

Legislation

Advanced or Innovative 
Cell Therapies/
Pharmaceutical Products

Personalized Advanced Cell 
Therapies

Products from 
Hematopoietic Stem Cells 
(HSCs)

HSCs for the regeneration 
of another tissue. Advanced 
therapy medicinal products 
(ATMPs) in particular are man-
ufactured either industrially or 
with a method that includes 
industrial processing:
 l  Gene therapies
 l  Somatic cell therapies
 l  Cell and tissue engineering
 l  Combined medicine ATMPs

Autologous use/personal-
ized production of HSCs for 
a specific patient, within the 
hospital and within a single 
member state for the regenera-
tion of another tissue

Products from HSCs that are 
not ATMPs and are destined 
for blood regeneration through 
transplantation, especially 
after chemotherapy

Directives of “tissues and 
cells”
2004/23/EC
2006/17/EC
2006/86/EC

Are valid regarding donation, 
collection, testing, storage, 
and disposal of tissues and 
cells

Are valid regarding donation, 
collection, testing, storage, 
and disposal of tissues and 
cells

Pertain only to integrated 
directives of “tissues and 
cells” of the EU in the internal 
law of a member state and to 
national legislation

Directives:
2004/23/EC
2006/17/EC
2006/86/EC +
Regulation (EC) 1394/2007 +
Directive 2001/83/EC

Compulsory European central 
procedure by Committee for 
Advanced Therapies/European 
Medicine Agency (licensing, 
approval, etc.)

Directive 2001/83/EC and 
national legislation

3.  CORD BLOOD BANKING IN THE USA

Over the last decade, we have seen a significant increase in 
the use of UCB as a source of HSCs for allogeneic trans-
plantation. Each year thousands of patients are diagnosed 
with life-threatening illnesses for which an HSC or cord 
blood transplant is the treatment of choice. A successful 
transplant, however, requires an HLA (Human Leucocyte 
Antigen)-compatible (tissue type matched) donor.

In response to the recognition of the clinical value of cord 
blood, public and private cord blood banks were established 
in the mid-1990s in the United States and internationally.9 
Although the US still lacks a well-funded, well-publicized 
system of public donor banks, the number of public Cord 
Blood banking programs in the country is growing. The 
American Academy of Pediatrics, the American College 
of Obstetricians and Gynecologists, the American Medical 
Association, and the American Society for Blood and Mar-
row Transplantation have recently issued new or revised 
guidelines that encourage public Cord Blood banking, and 
cord blood education laws have been passed in 27 states.

Since the Food and Drug Administration first estab-
lished standards for family banking in 1998, public policy 

initiatives at both the federal and state level continue to 
reinforce the importance of stem cells. In 2005, Congress 
passed the Stem Cell Therapeutic and Research Act 18.10 
The act, reauthorized in 2010,11 includes the C.W. Bill 
Young Cell Transplantation Program to encourage cord 
blood research and build a national public cord blood 
inventory to address inequalities in the access for minori-
ties to transplant by funding public banking programs 
that target minority donors.12 The Stem Cell Acts of 2005 
and 2010 are managed by the Health Resources and Ser-
vices Administration of the US Department of Health and 
Human Services (HHS). The Stem Cell Acts include:

 l  the C.W. Bill Young Cell Transplantation Program. 
Congressman C.W. Bill Young was a long-time supporter 
of bone marrow transplantation. Congressman Young’s 
devoted efforts helped start the National Bone Marrow 
Donor Registry. The Program expanded on the previous 
requirements of the registry to increase the number of 
marrow donors and cord blood units (CBUs) and contin-
ues to serve patients who need a bone marrow or UCB 
transplant. The Program also established an outcomes 
database to collect data and perform research.
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 l  the National Cord Blood Inventory (NCBI). The goal 
of the NCBI cord blood banks is to collect and store at 
least 150,000 new CBUs to treat patients. The NCBI 
banks will also provide CBUs for research studies. The 
Stem Cell Act 2010 also required the US Government 
Accountability Office to report on efforts to increase 
CBUs.

 l  the 3-year demonstration project under which qualified 
cord blood banks will receive a portion of the funding 
in order to collect and store CBUs for a family where a 
first-degree relative has been diagnosed with a condition 
that will benefit from transplantation (including blood 
disorders, malignancies, metabolic disorders, hemoglo-
binopathies, and congenial immunodeficiencies) at no 
cost to such family.

In 2007 Health Resources and Services Administration 
(HRSA) has entered into contracts with 13 cord blood banks 
to contribute cord blood units to the NCBI, with each contract 
specifying by racial and ethnic group a specific goal of bank-
able units. Since then, 24 more public cord blood banks have 
been established, and the demand for and utilization of CBUs 
have increased substantially. These developments high-
light the compelling need to assess existing public banking  
policies and practices.

3.1  Cord Blood Banking by State

3.1.1  Arizona

As of January 2007, health-care professionals are required 
to inform a pregnant patient in her second trimester about 
her ability to family bank or donate her newborn’s cord 
blood. The Department of Health Services has developed 
a brochure on all options for expectant mothers, including 
the benefits of UCB collection to the newborn, biological 
family, and nonrelated individuals. Arizona is the first state 
to inform expectant parents about free cord blood collection 
and storage programs offered by family and sibling donor 
banks.

3.1.2  Arkansas

By June 2008, the Arkansas commission will have devel-
oped a voluntary program to educate patients on Cord 
Blood banking, including an explanation of the differences 
between public and private banking options relating to 
availability and cost.

3.1.3  California

Consistent with the recommendations of the IOM, the 
Maternal and Child Health Advancement Act will authorize 
the Department of Health to create a cord blood awareness 
campaign that will offer standardized, objective information 
to expectant mothers about the differences between public 

and private banking, current and future uses of cord blood, 
and how medical or family history can impact a family’s 
decision to donate or family bank their newborn’s stem cells.

3.1.4  Connecticut

In July 2009, Governor M. Jodi Rell signed into law a bill 
with a provision requiring physicians and other health-care 
providers who provide health-care services to pregnant 
women to provide timely, relevant, and appropriate infor-
mation during the last trimester of pregnancy, sufficient 
to allow each woman to make an informed and voluntary 
choice regarding options to bank or donate UCB following 
the delivery of a newborn.

3.1.5  Georgia

Following the governor’s executive order last year, Gover-
nor Perdue signed into law SB 148, Saving the Cure Act 
in 2007. The act establishes the Newborn Umbilical Cord 
Blood Bank and the creation of a commission whose numer-
ous tasks will include developing a program to explain dif-
ferences between public or private banking, the medical 
process involved in the collection and storage of postnatal 
tissue and fluid, the current and potential future medical 
uses of stored postnatal tissue and fluid, the benefits and 
risks involved in the banking of postnatal tissue and fluid, 
and the availability and cost of storing postnatal tissue and 
fluid in public and private UCB banks. Beginning June 
2009, all physicians and hospitals in Georgia have informed 
pregnant patients of the full range of cord blood options 
before the third trimester.

3.1.6  Illinois

In 2004, the Hospital Licensing Act was amended to add a 
mandate that hospitals offer pregnant women the option to 
donate their newborn’s cord blood to a public bank.

3.1.7  Louisiana

In June 2008, Governor Jindal signed HB 861 requiring 
Louisiana Department of Health and Hospitals (LDHH) to 
promote awareness of the potential benefits of Cord Blood 
banking. The LDHH will develop an outreach campaign via 
written materials, brochures, the Internet, and public service 
announcements to promote Cord Blood banking awareness. 
It educates medical professionals and establishes a toll-free 
number for information on all cord blood banks serving the 
State of Louisiana. Implementation of this program was 
dependent upon monies being allocated in July 2008.

3.1.8  Massachusetts

An act enhancing regenerative medicine in the Massa-
chusetts Commonwealth has become law and has been 
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incorporated into the acts that govern the state. The Mas-
sachusetts Department of Public Health will establish a pro-
gram to educate women on all cord blood options, so they 
can make an informed decision on whether or not to partici-
pate in a private or public UCB banking program. Hospitals 
within the Commonwealth will inform pregnant patients of 
their ability to donate to a public bank.

3.1.9  Michigan

Several bills focused on creating a network of UCB banks 
were passed in 2006. An education bill was passed, which 
encouraged health-care professionals, facilities, and agen-
cies to disseminate educational materials on all cord blood 
options, developed by the Department, to a pregnant woman 
before her third trimester, including the differences between 
public and private banking.

3.1.10  New Jersey

In January 2008, New Jersey passed cord blood legislation 
aimed at helping educate expectant families on all their cord 
blood preservation options, including family banking and 
public donation. The legislation includes a provision for the 
Department of Health and Senior Services to create an edu-
cational brochure and directs prenatal health-care providers 
to share the brochure with expectant parents prior to labor 
and delivery, preferably in the first trimester.

3.1.11  New York

In August 2007, New York State amended the state’s public 
health law, establishing a public and private Cord Blood bank-
ing program to promote public awareness of the potential ben-
efits of both public or family Cord Blood banking, promote 
research into the uses of cord blood, and facilitate predeliv-
ery arrangements for public or private banking of cord blood 
donations. The program is charged with providing educa-
tional materials and brochures on both cord blood options, to 
be made available to the general public and potential donors, 
through local departments of health, health-care practitioners, 
hospitals, clinics, and other organizations serving pregnant 
women. In addition, the bill requires the coordination and 
promotion of educational materials for health-care providers.

3.1.12  North Carolina

The HHS shall make online materials available and will 
encourage health-care professionals to educate all pregnant 
patients on their cord blood options, to ensure every family 
has the opportunity to make an informed choice.

3.1.13  Oklahoma

Oklahoma governor Brad Henry has signed a public 
Cord Blood banking bill HB 3060, which discusses the 

establishment of a public bank/public donation collection 
program in the state. The bill includes a Department of 
Health program to educate maternity patients with sufficient 
information to make an informed decision on whether or not 
to participate in a private or public UCB banking program.

3.1.14  Pennsylvania

In April 2008, the Umbilical Cord Blood Education and Dona-
tion Act was passed into law. The law encourages health-care 
providers to educate expectant parents about their cord blood 
preservation options prior to the end of the second trimester, so 
they are equipped to make an informed choice between family 
(private) banking, public donation, or free family banking in 
instances where there is an existing medical need within the 
family. The new law also includes a provision calling for the 
Department of Health of the Commonwealth to create an online 
brochure that health-care providers can print and give to their 
patients. This brochure will outline the current and future medical  
uses of cord blood stem cells and differences between  
family banking and public donation.

3.1.15  Rhode Island

Enacted June 27, 2008, the law states that health-care pro-
fessionals shall educate a pregnant patient after her first 
trimester about her ability to family bank or donate her new-
born’s cord blood. It also states that hospitals shall facilitate 
cord blood collections. In addition, physicians will inform 
expectant parents about free cord blood collection and stor-
age programs offered by family and sibling donor banks.

3.1.16  Tennessee

The original cord blood legislation in Tennessee was enacted in 
2006 as a donation inform-only bill. It was amended in March 
2010 to direct the department of health to create a publica-
tion educating pregnant women about all Cord Blood banking 
options and encourage physicians to provide the information 
by the end of a woman’s second trimester of pregnancy. The 
effective date of this updated legislation was July 1, 2010.

3.1.17  Texas

In May 2007, Governor Perry signed HB 709 requiring 
Texas Health and Human Services Commission to develop 
a brochure regarding public donation and family banking, 
including the free programs where there is an existing medi-
cal need. The brochure includes current and potential future 
uses and benefits of cord blood stem cells to a potential 
recipient of donated stem cells, such as a biological fam-
ily member or a nonrelated individual, the medical process 
to collect cord blood, and any risks and associated costs 
with Cord Blood banking. The brochure will be provided 
by maternal health-care professionals to pregnant women 
before the third trimester, or as soon as reasonably feasible.



Regulation Across the Globe Chapter | 18 257

3.1.18  Virginia

The department of health posted information on their Web 
site developed by Parent’s Guide to Cord Blood Banking 
foundation outlining the value of cord blood stem cells, the 
differences between related and unrelated stem cell sources, 
and the difference between public and private banking. Phy-
sicians make this information available to pregnant patients 
in their third trimester of pregnancy. The effective date of 
this updated legislation was July 1, 2010.

3.1.19  Wisconsin

The prenatal provider must offer information on public 
donation by the 35th week of pregnancy. The effective date 
of this legislation was July 1, 2010.

3.1.20  Washington

In 2008, the Washington state legislature signed into law 
House Bill 2431, which encourages health-care providers to 
better educate their patients about the value of cord blood 
stem cells and the options for preserving them. The law 
ensures that expectant parents have greater access to cord 
blood information prior to the third trimester of pregnancy 
to help them more readily arrange for private cord stem cell 
storage or public donation as alternatives to discarding cord 
blood as medical waste. The new law also required cord 
blood banks to have licenses, accreditations, and other autho-
rizations required under federal and Washington State law.

4.  CORD BLOOD BANKING IN ASIA, 
AFRICA, AND OCEANIA

Cord Blood banking in other parts of the world does not fol-
low a uniform model or regulations as is the case in Europe 
or North America. In Asia, Oceania, and Africa, there are 
great disparities due to the coexistence in the same geo-
graphical area of developed and developing countries, and 
different political and economic systems.1,2

Public and private cord blood banks coexist and in some 
cases support each other. Regarding private cord blood 
banks—they are present in most countries. Sometimes, they 
are local subsidiaries of international corporations with a 
presence in several continents. They usually have an operat-
ing license, but in a lot of countries the absence of concrete 
regulations on Cord Blood banking means that the license is 
for a medical establishment that does not necessarily meet 
any specific requirements regarding Cord Blood banking. 
These organizations are usually self-regulated, by submitting 
to accreditation by organizations like AABB or FACT. Public 
cord blood banks need stricter and preferably government-
enforced regulations that ensure the safety of the offered prod-
uct. In any case, there is a disparity between regulations of 
different countries.

There have been some efforts to present unified standards 
for cord blood banks to follow. AsiaCORD is one such exam-
ple: it was founded in 1999 in order to promote Cord Blood 
banking in Asia with members in China, Japan, Thailand, 
Korea, Taiwan, and Vietnam, and to supply high-quality 
CB units for transplantation. It originally had its own stan-
dards and granted accreditation to banks. It has evolved to an 
organization that promotes Cord Blood banking and related 
research in the field of cellular therapy (http://www.asiacord.
umin.jp/). Another organization is the Asia Pacific Cord 
Blood Bank Consortium (http://www.apcbbc.org), uniting 
private cord blood banks in Asia, Africa, and the Pacific.

4.1  Japan

Public Cord Blood banking in Japan was established by 
parent organizations. There are 11 public cord blood banks 
in Japan, partly funded by government, forming the Japan 
Cord Blood Banking Network (which started in 1999).13 
UCB transplantation follows the same regulations as bone 
marrow transplantation. It is defined as a medical proce-
dure, and CB is not considered a blood or tissue product 
that would fall under the Pharmaceutical Affairs Law (with 
mandatory Good Manufacturing Practices (GMP) and Good 
Tissue Practices (GTP)) and is not supervised by the Minis-
try of Health, Labour and Welfare as such.14 So, the issues 
of quality of CB are self-regulated (JCBBN Guidance for 
UCB Collection and SOPs for UCB Collection), as this 
product is not covered by the “Notice for quality and safety 
of cellular and tissue-based pharmaceuticals and devices” 
issued in 2008 by the MHLW. Only the Tokyo Cord Blood 
Bank is a member of international organizations Netcord, 
BMDW, and AsiaCORD, and the government does not 
allow export or exchange of cord blood units.15

4.2  China

In China, the first cord blood bank was founded in Beijing in 
1996, and guidelines and administrative measures concern-
ing Cord Blood banking were set by the Ministry of Health 
in 1999.16 The following documents have been implemented 
in order to regulate the operation of cord blood banks in 
China: the (Trial) Administrative Measures for Cord Blood 
Hematopoietic Stem Cell Banks (“CBB Measures”); the 
Administrative Measures for Blood Banks (“Blood Bank 
Measures”); the (Trial) Technical Norms on Cord Blood 
Hematopoietic Stem Cells; the (Trial) Administrative Norms 
on Facilities of the Cord Blood Hematopoietic Stem Cells; 
and the Principles of Guideline for Plans of Establishment 
of Institutes for Blood Collection and Provision.16

The Ministry of Health has decreed that 10 cord blood 
banks should operate in China in order to provide CBUs for 
the Chinese population. Nevertheless, the cord blood banks 
are not financed by the Ministry and are expected to raise 

http://www.asiacord.umin.jp/
http://www.asiacord.umin.jp/
http://www.apcbbc.org/
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the funds needed for their operation. Although according to 
Chinese law a cord blood bank cannot be a for-profit orga-
nization, a mixed system has arisen, with corporations own-
ing at least partly the existing cord blood banks that have 
both public and private storage facilities. The profits from 
the private cord blood banks finance the public cord blood 
banks. There is speculation that not all licensed cord blood 
banks promote the donation procedures and instead focus 
on the family storage of cord blood.

The license required for Cord Blood banking operation 
is granted (since 2006) by the health administration of the 
province where a cord blood bank is based, that is also 
responsible for the supervision of the Cord Blood banking. 
There are a limited number of licenses per province, but an 
organization may hold more than one license. The private 
(and public) banks are held by three corporations (http://
chinacordbloodcorp.com, www.shanghaicordblood.org, 
http://www.chinastemcell.com). The Ministry of Health 
still inspects cord blood banks and issues the requirements 
a cord blood bank must meet.

At the moment, seven public cord blood banks operate 
in China. Six of them cooperate with the CMDP (www.
cmdp.com.cn) for the listing and distribution of the CBUs 
(WMDA, Shanghai CB). In total, approximately 54,000 
units are available. There are no data on the total number 
of CBUs for family use in China, but they are estimated to 
be much higher.

On November 13, 2009, China’s Ministry of Health 
issued the Technology Management Norms for Umbilical 
Cord Blood Hematopoietic Stem Cell Therapy in order to 
standardize clinical use of such therapy.17

4.3  Hong Kong

There is one public cord blood bank operating in Hong 
Kong and several banks offering private storage. Although 
cord blood is regarded as an “organ” under the Human 
Organ Transplant Ordinance (CAP 465 Human Organ 
Transplant Ordinance), the Administrative Guidelines for 
the Human Organ Transplant Ordinance (CAP.465) ed. of 
2011 do not address the issues of the collection and storage  
of cord blood in Hong Kong. The only general outlines  
were given in 2002,18 but some legislators have urged for 
regulation of Cord Blood banking.19

4.4  Taiwan

There are four public cord blood banks in Taiwan and eight 
family banks, some of which have a public donations inven-
tory. Cord blood banks must register with the Department of 
Health and get a 3-year permit in order to operate in Taiwan, 
according to “Measures on the Administration of Human 
Organ Banks,” issued in 2009, which follow the Human 
Organ Transplant Regulations (last amended 2003).20

4.5  Singapore

Singapore is home to one public cord blood bank and at 
least two private ones. There seem to be no regulations in 
place governing the operation of Cord Blood banking, as 
it is not covered either by the 2004 Regulation regarding  
licensing for tissue banking,21 or by the 2008 Human 
Organ Transplant Act.22

4.6  Australia

Cord blood banks in Australia are licensed by the Austra-
lian Therapeutic Goods Act 1989.23 The standards for the 
collection, testing, processing, storage, and release must 
follow the Therapeutic Goods Order 75 standards for hema-
topoietic progenitor cells derived from cord blood,24 which 
are based on the 3rd Ed. FACT-Netcord Standards. They 
must comply to the Therapeutic Goods (Manufacturing 
Principles) Determination No.1 of 2013 for human blood 
and blood components, human tissues, and human cellular 
therapy products 2013 (2013 code of GMP),25 and to the 
Therapeutic Goods Order No.88 (TGO 88) for the minimi-
zation of infectious disease transmission.26 All Australian 
cord blood banks are FACT-accredited, and there are three 
private banks and three public banks. The public banks 
form the AusCord Netcord.

4.7  South Korea

In South Korea, there are both private and public cord 
blood banks. Some of the private banks also have public 
CB banking programs. Since 2011, the “Cord Blood Man-
agement and Research Act” has been implemented and all 
banks are approved by the Ministry of Health.27 It addresses 
issues concerning the operation of both private and public 
Cord Blood banking, funding for public banks, as well as 
research-related activities. It is accompanied by ordinances 
and regulations based on the FACT Standards, 4th ed. and 
by updates on relevant legislation (regarding ethics, trans-
plantation, health insurance, etc.).28

4.8  Saudi Arabia, Jordan, Egypt, Qatar, UAE

Cord blood stem cell banking is permitted under Islamic 
law and there are several fatwas supporting Cord Blood 
banking in Arab countries.29 The policies regarding public 
or private Cord Blood banking differ from country to coun-
try. Saudi Arabia and the UAE already have a government-
funded public Cord Blood banking program and the relevant 
legislation. Qatar is trying to implement its own program 
with hybrid characteristics, while Egypt and Jordan have no 
policy regarding public banking. With the exception of the 
UAE, which prohibits private banking, private banks oper-
ate in all of these countries.

http://chinacordbloodcorp.com/
http://chinacordbloodcorp.com/
http://www.shanghaicordblood.org/
http://www.chinastemcell.com/
http://www.cmdp.com.cn/
http://www.cmdp.com.cn/
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4.9  India

In India, the 2011 amendment of the 1945 Drugs and Cos-
metics Acts and the ICMR-DBT Guidelines for Stem Cell 
Research give the framework for Cord Blood banking 
operation. They have been in effect since 2012 and concern 
both private and public banking. They outline all aspects 
of banking, from collection to release for transplantation. 
Cord Blood banking requires registration and license from 
the government regulatory agency, namely Drug Controller 
General of India.30–32

4.10  Malaysia

In 2008, the “National Standards for Cord Blood Banking 
and Transplantation” (Ministry of Health) were established 
in Malaysia. One public cord blood bank and several private 
ones operate in Malaysia and are licensed by the Ministry 
of Health.33

4.11  Israel

In Israel, the Cord Blood Law was passed by the Knesset in 
200734 and implemented in 2010.35 It regulates the activi-
ties of both public and private Cord Blood banking, defines 
the protocols from collection to transplantation, and provides 
state funding for the three public cord blood banks. In 2012, 
further regulation concerning the operation of private Cord 
Blood banking was implemented.36

4.12  Turkey

In Turkey, since 2005 there is a bylaw on cord blood—the 
“Regulation for Umbilical Cord Blood Banking.” In Tur-
key, private cord blood banks are allowed, but 25% of their 
stored CBUs must be offered to the public for allogeneic 
transplantation.37

In some countries (Thailand, Pakistan, South Africa, 
Vietnam, Indonesia, Philippines), there is no clear regula-
tory environment for the operating Cord Blood banking 
(whether public or private), while sometimes cord blood 
banks are part of blood banks and transfusion services that 
are government regulated as such (e.g., Iran).38

5.  CONCLUSION

Across the world, not all countries have established legisla-
tion to regulate Cord Blood banking and banks. Moreover, 
there is a pluralism of laws governing cord blood. Harmoni-
zation of regulations in the EU, including efforts by WHO 
and the Council of Europe, as well as North America and a 
few other countries, remains a goal to be achieved.

Consequently, the enactment of uniform or, at least, 
converging rules at a national level is necessary for the 

safety, sufficiency, and promotion of UCB stem cells or 
processed products across the globe. Respect of human 
rights, biovigilance, traceability, and the exclusion of 
persons from high-risk groups constitute fundamental 
guarantees for public health. The abovementioned rules 
relate not only to UCB for allogeneic or autologous use 
for transplantation from private or public banks, regard-
ing setting standards of quality and safety for the dona-
tion, procurement, testing, processing, preservation, 
storage, and distribution of human tissues and cells, 
but also to a “healthy” development of cord blood  
industry relating to their industrial processing (HSCs,  
mesenchymal stem cells, and iPS) for use in regenerative 
medicine.
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Chapter 19

International Development and Import/
Export—WMDA
Lydia Foeken and Daniela Orsini
World Marrow Donor Association, WMDA Office, Leiden, The Netherlands

1.  INTRODUCTION

The world’s first cord blood banks were established in 
New York (United States) and Düsseldorf (Germany) in 
1991 and 1992, respectively. To date (2014), an estimated 
700,000 cord blood units (CBUs) for unrelated transplanta-
tion are stored in 160 public cord blood banks, established 
in 36 different countries.

In addition, over 34,000 CBUs have been distributed 
worldwide for both adults and children with life-threatening  
malignant and nonmalignant diseases. These data are 
retrieved from the annual reports of the World Marrow 
Donor Association (WMDA),1 which show that 36% of all 
CBUs have been shipped to North America, 34% to Asia, 
and 23% to Europe. The international exchange of cord 
blood products has grown from 129 (1999) to 1162 (2013)1 
cord blood products annually, accounting for nearly 30% of 
all CBUs provided for unrelated hematopoietic progenitor 
cell (HPC) transplantation (Figure 1). As 30% of the CBUs 
are passing an international border, when transported from 
one country to another, rules and regulations are important 
to ensure a high-quality cord blood product for a patient in 

need of an HPC transplant. Therefore, international strat-
egies have been developed governing the collection, pro-
cessing, storage, and use of cord blood (see Chapter 18 for 
Regulation Across the Globe).

In this chapter, we will first discuss factors to be con-
sidered when setting up a cord blood bank and the possibil-
ity of collaboration with an HPC donor registry. Next, we 
will describe the challenges when providing a cord blood 
product internationally. An HPC donor registry is an orga-
nization responsible for the search for HPCs from donors 
(including cord blood) unrelated to any potential recipients. 
An HPC donor registry can assist a starting cord blood bank 
with listing their cord blood products in international data-
bases, like Bone Marrow Donors Worldwide (BMDW), to 
make these CBUs available for transplant units. Next, we 
will focus on the issues transplant units face when a cord 
blood transplant search is initiated and on what needs to 
be done if the best-matched CBU has to be imported from 
another country. Finally, we will give an analysis of the field 
based upon the WMDA annual reports and future plans for 
cord blood banks.
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2.  ISSUES TO CONSIDER WHEN STARTING 
A CORD BLOOD BANK

Establishing a cord blood bank is a very large and com-
plex endeavor, which requires extensive resources. It also 
requires commitment, motivation, funding, and competence 
in collecting and processing of cord blood. The motivation 
to start a cord blood bank is often a patient in need of a 
transplant.

Setting up a cord blood bank and taking part in the inter-
national exchange of cord blood products starts in your own 
country, as the primary goal of a cord blood bank is to help 
patients in need of a transplant in their own country. There-
fore, it is important to assess the status of and need for unre-
lated donor transplantations in your country. This concerns 
questions such as:

 l  Which country or registry or cord blood bank is currently 
providing the cord blood products for patients in your 
country?

 l  Will the import of these products with acceptable human 
leukcocyte antigen (HLA) matches and at acceptable cost 
be sustainable in the future?

 l  What percentage of patients have no matches among their 
siblings or family members?

 l  Are there large family sizes or consanguineous marriages 
in your country that minimize the need for unrelated 
donors? Or is the need increased because of genetic het-
erogeneity, which causes hybrids of rare haplotypes?

Also consider whether in your country haploidenti-
cal transplants, where HLA type is half-matched, are pre-
ferred to unrelated donor transplants. Many transplant units 
are successfully using haploidentical graft sources as an 
alternative to unrelated donor sources due to logistical and 
financial limitations. These haploidentical donors are usu-
ally parents or children of the patient and thus, in general, 
available to the patient. However, posttransplantation, the 

patient’s immune reconstitution may be poorer and relapse 
rates may be higher.2

Once you have assessed the status of unrelated donor 
transplantation in your country, the next thing to determine is 
if you would like to start an organization, recruiting adult vol-
unteer donors (the so-called donor center or donor registry), 
or a cord blood bank. The WMDA developed a handbook 
with answers to any questions that come to mind when you 
consider establishing a cord blood bank in your country.3

When you would also like to ship CBUs to other coun-
tries to help patients abroad, it is highly recommended that 
representatives of your cord blood bank become familiar 
with the WMDA and BMDW to learn more about the inter-
national exchange, and with the American Association of 
Blood Banks (AABB) and NetCord Foundation to learn 
more about quality standards (see below for more informa-
tion about these organizations). Being a member of profes-
sional societies gives you the opportunity to learn more 
from the experience of colleagues in the field and to share 
your experience with others. Professional societies have 
developed educational materials in order to help you start 
up a cord blood bank.
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Organization Description
Educational 
Resources

AABB www.
aabb.org

AABB, formerly known 
as the American  
Association of Blood 
Banks, is an international 
nonprofit association 
committed to advanc-
ing the practice and 
standards of transfusion 
medicine and cellular 
therapies to optimize 
patient and donor care 
and safety.

The AABB Web 
site presents a 
wide variety 
of resources: 
http://www.
aabb.org/
resources

http://www.aabb.org
http://www.aabb.org
http://www.aabb.org/resources
http://www.aabb.org/resources
http://www.aabb.org/resources
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These professional societies are part of the umbrella 
organization Worldwide Network for Blood and Marrow 
Transplantation (WBMT), a nonprofit scientific organiza-
tion that promotes excellence in stem cell transplantation, 
stem cell donation, and cellular therapy. One of the stand-
ing committees of the WBMT, the Alliance for Harmonisa-
tion Cellular Therapy Accreditation (AHCTA), developed 
a document that is used as a template for new or develop-
ing transplant programs.4 The document is a helpful guide 
describing how a transplant unit can comply with regulation 
and accreditation requirements. The document lists require-
ments, followed by examples of how a transplant unit can 
comply to this specific requirement. For example: a require-
ment is that a transplant unit must have procedures in place 
for the administration of cellular products. An example of 

how to meet this requirement is that a transplant unit must 
describe a procedure when a CBU is used that is not red 
blood cell reduced. In that case the transplant unit must 
require post-thaw dilution or wash techniques to dilute or 
remove red blood cell. The document does not contain the 
full requirements of standards, but seeks to provide clear 
examples of compliance and additional detail to support 
basic quality system elements.

WMBT organizes scientific and educational confer-
ences to educate regulators and physicians on how to set up 
transplant programs. The first conference was organized in 
Vietnam (2011), the second one in Brazil (2013), and a third 
one is planned for South Africa (2014). The presentations 
from these conferences are available on the WBMT Web 
site (www.wbmt.org).

One of the main activities of the WBMT is to analyze 
data on global transplant outcomes. Based on these data, 
in December 2012, the WBMT announced that the 1 mil-
lionth transplant was performed.5 In these transplants, 53% 
were autologous and 47% allogeneic. An estimated 250,000 
transplants originated from an unrelated adult volunteer 
donor or cord blood. The WMDA, BMDW, NetCord, and 
AABB are partners in the WBMT.

One of the reasons to start a cord blood bank is that for 
some patient populations a fully-matched adult donor can-
not be found. Fortunately, for the majority of Caucasian 
patients, matched unrelated donors can be found among 
the 25 million potential adult volunteers registered world-
wide, but this is not the case for most blacks, Hispanics, 
Asians, and Native Americans,6 due to greater HLA poly-
morphism and underrepresentation in the international data-
base of potential donors. Therefore, some cord blood banks 
aim to increase their pool with uncommon haplotypes by 
recruiting ethnic/minority donors, to maximize chances of 
finding a matched donor or CBU for every patient. These 
cord blood banks collaborate with birth clinics where many 
mothers from ethnic minorities give birth in order to col-
lect cord blood that may result in enrichment of the current 
donor database. Examples of countries with a relatively high 
percentage of unique HLA-A, -B, -DR split phenotypes of 
CBUs are: Thailand (21.14%), Mexico (13.13%), Greece 
(9.36%), France (8.76%), and the United States (8.56%).7

Funding typically is the biggest obstacle for the establish-
ment of a cord blood bank, as storage of cells requires a guar-
antee of continuous and indefinite monitoring. In order to get 
funding, you need to set out a mission, vision, and goals for 
your cord blood bank. For example, you need to determine 
if you will only provide CBUs nationally, internationally, or 
both. If you decide to ship CBUs internationally, it is impor-
tant to estimate the number of CBUs your cord blood bank 
might be able to ship for patients in need of a transplant.

In 2013, the WMDA indicated that 30% of all cord blood 
products were provided to a patient residing in a different 
country than the CBU. In 2013, more than 4334 CBUs were 

Organization Description
Educational 
Resources

BMDW www.
bmdw.org

BMDW is a voluntary 
collaborative effort 
of stem cell donor 
registries and cord 
blood banks whose goal 
is to provide central-
ized information on 
the human leukocyte 
antigen (HLA) pheno-
types and other relevant 
data of unrelated stem 
cell donors and cord 
blood units and to make 
this information easily 
accessible.

The BMDW 
users guide 
provides you 
information 
about how 
to work with 
the matching 
programs of 
BMDW, see 
link: http://
www.bmdw.
org/uploads/
media/
BMDW_User_
Guide_03.pdf

NetCord 
www.netcord.
org

The International 
NetCord Foundation is 
a nonprofit foundation 
of umbilical cord blood 
banks whose members 
supply the largest source 
of high-quality cord 
blood grafts for patients 
in need of HPC  
transplant.

The accredita-
tion program 
of NetCord is 
facilitated by 
the Foundation 
for the Accredi-
tation of Cel-
lular Therapy 
(FACT) office. 
The Web site of 
FACT provides 
information on 
aspects of this 
accreditation 
program, see 
link: www.fact-
website.org

WMDA www.
wmda.info

WMDA is a global 
association whose mis-
sion is to ensure that 
high-quality stem cell 
products are available 
for all patients in need, 
while maintaining the 
health and safety of the 
volunteer donors.

WMDA hand-
book3

Home page 
of the cord 
blood working 
group on www.
wmda.info

http://www.wbmt.org
http://www.bmdw.org
http://www.bmdw.org
http://www.bmdw.org/uploads/media/BMDW_User_Guide_03.pdf
http://www.bmdw.org/uploads/media/BMDW_User_Guide_03.pdf
http://www.bmdw.org/uploads/media/BMDW_User_Guide_03.pdf
http://www.bmdw.org/uploads/media/BMDW_User_Guide_03.pdf
http://www.bmdw.org/uploads/media/BMDW_User_Guide_03.pdf
http://www.bmdw.org/uploads/media/BMDW_User_Guide_03.pdf
http://www.netcord.org
http://www.netcord.org
http://www.factwebsite.org
http://www.factwebsite.org
http://www.wmda.info
http://www.wmda.info
http://www.wmda.info
http://www.wmda.info
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provided for unrelated transplantation globally. From these 
CBUs, 1402 were provided for patients in the United States, 
followed by 1159 CBUs for Japanese patients. Nearly 59% 
of all cord blood transplants took place in only these two 
countries.1 The Japanese population is an HLA-homogenous  
population, so almost 100% of the cord blood products for 
Japanese patients come from Japanese cord blood banks. 
The population of the United States is less homogenous 
and, in 2013, 20 countries outside the United States pro-
vided cord blood products for US patients.

If you decide to provide CBUs internationally, it is cru-
cial that your CBUs are accessible to transplant units who 
are searching for a CBU. One possibility is to collaborate 
with an HPC donor registry in your country. Usually, HPC 
donor registries are already listing adult volunteer donors 
and are responsible for the coordination of the search for 
HPC products from peripheral blood or bone marrow/CBUs 
unrelated to the potential recipient (Figure 2). As a starting 
cord blood bank, you should decide if you will be collabo-
rating with an HPC donor registry or if you will be handling 
all communication with transplant units directly. In gen-
eral, the development of one single entity that coordinates 
all activities of cord blood banks and donor centers is pre-
ferred, as it is generally easier for the transplantation com-
munity, funding agencies, potential donors, and the general 
public to work with one single partner only. If a new cord 
blood bank chooses to work independently from an exist-
ing HPC donor registry, it is important to distinguish itself 
and communicate to all parties involved what the underly-
ing reasons are. If an HPC donor registry has not yet been 

established in your country, the cord blood bank will be 
contacted directly by transplant units. Examples are the 
Chile Cord Blood Bank and the Vietnam Hochiminh City 
Cord Blood Bank. In these countries an HPC donor registry 
has not yet been set up.

Over 85% of the public cord blood banks have estab-
lished a relationship with a national HPC donor registry, 
which oversees the facilitation of CBUs. Usually, the cord 
blood bank and the HPC donor registry have a written 
agreement or contract describing the nature of their rela-
tionship, the allocation of responsibilities, and the division 
of tasks. As part of the agreement, the HPC donor registry 
may audit the cord blood bank to inspect their counseling 
of maternal donors, medical evaluation, testing, collection, 
labeling, documentation, or transport.

3.  LISTING OF CORD BLOOD UNITS—
MAKING THEM AVAILABLE TO 
TRANSPLANT UNITS

In Chapter 15, you have read about the cord blood banking 
process. When the CBU is processed, tested, and released 
for listing in international databases, an infrastructure needs 
to be developed to facilitate the search requests. In this sec-
tion you can read more about the procedures that start with 
the listing of a CBU in international database, and end with 
the infusion of the product into a patient.

CBUs are prepared for listing after performing a com-
prehensive review of details or characteristics for each unit, 
including maternal donor selection and maternal and infant 

FIGURE 2 Areas of responsibility related to hematopoietic stem cell transplantation with unrelated donors and cord blood units.
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donor evaluation for specific medical requirements, as well 
as testing to ensure the product meets international require-
ments, and at least has been tested for the following infor-
mation: gender and race of the infant donor, total nucleated 
cell (TNC) count, HLA typing, infectious disease marker 
testing done on the mother and on the CBU, collection date, 
processing method, sample inventory, and the type of bags 
used for cryopreservation of the unit. All information about 
the CBU is summarized on a form, a so-called CBU report 
(Figure 3), which can be provided to transplant units on 
request.

Beside this comprehensive report the CBUs needs to be 
listed in an international database, which is accessible for 
transplant units searching for a cord blood product. An exam-
ple of an international database is BMDW. BMDW is a cen-
tralized database in which adult volunteer donors and CBUs 
are listed from 74 HPC donor registries and 49 cord blood 
registries from 53 different countries.8 An organization list-
ing CBUs in BMDW has to comply to the following criteria:

 l  The cord blood bank must have at least 50 HLA-typed 
CBUs.

 l  The cord blood bank must be operational.
 l  All CBUs registered in the BMDW database must be 

available for donation under the legislation of the indi-
vidual donors’ country.

 l  The registry must be willing and able to provide hemato-
poietic stem cell products from unrelated CBUs to trans-
plant units abroad.

 l  The registry must provide BMDW a complete data file at 
least twice per year, but preferably more often.

 l  The registry must keep the BMDW office informed about 
the registry’s contact information.

A cord blood bank that fulfills these criteria can contact 
the BMDW office at bmdw@europdonor.nl. The next step 
will be to send the file with the HLA data of the CBUs to the 
BMDW office in order to list the CBUs in the database and 
make them available for transplant units worldwide.

BMDW currently lists 619,051 CBUs (October 2014).8 
It is known that there are cord blood banks together con-
taining at least 45,175 CBUs that are not listed in inter-
national databases. These cord blood banks only list their 
units locally.1 Transplant units can access these CBUs by 
contacting the cord blood banks directly. Examples of cord 
blood banks that have not yet listed their CBUs in interna-
tional databases are:

 l  Japanese Cord Blood Bank Network (JCBBN), Japan
 l  Sichuan Cord Blood Bank, China
 l  Guangzhou Cord Blood Bank, China
 l  Beijing Cord Blood Bank, China
 l  CNTS Cord Blood Bank, Mexico
 l  La Raza Cord Blood Bank, Mexico

4.  REGISTRY—GATEWAY TO THE WORLD

As soon as transplant units are aware that your cord blood 
bank has stored CBUs that are available for unrelated 
patients they can contact you and send a search request.

Some cord blood banks have developed their own 
infrastructure to facilitate the search requests coming from 
national and international transplant units. It requires invest-
ments in terms of staff and communication technology to 
set up an infrastructure to facilitate all search requests from 
transplant units. Beside staff with knowledge of collection 
and processing of cord blood products, these cord blood 
banks have appointed staff with expertise in human histo-
compatibility and hematopoietic stem cell transplantation. 
These individuals have a basic understanding of diseases 
that can be treated by hematopoietic stem cell transplan-
tation, comprehend alternative therapies and donor search 
problems associated with these diseases, understand HLA 
specificities (serologic and DNA-based) and haplotypes, 
and possess knowledge of (inter)national transplant unit 
and registry protocols.9 Next to the investment in staff, the 
cord blood banks also invested in adequate communication 
technology to facilitate searches for CBUs, like telephone, 
fax and international telematics links, and access to search 
databases.

One benefit of working with an HPC donor registry 
is their expertise in listing data in international databases 
and their communication technology to facilitate search 
requests from the transplant units. In addition, HPC donor 
registries have systems in place to coordinate data transac-
tions including demographic, clinical, and genetic informa-
tion and lab samples and results for CBUs. One of the most 
complicated components, which requires HLA expertise, 
is creating and maintaining a search algorithm to match 
potential donors/CBUs with patients.

HPC donor registries also offer knowledge of import and 
export requirements per country. As regulations differ from 
country to country, excellent communication and coopera-
tion is essential to ensure that all appropriate donor screening 
questions and infectious disease tests have been performed, 
according to the importing country’s requirements.

HPC donor registries have HLA expertise and know-
ledge about searching for and listing of adult volunteer 
donors. The establishment of cord blood banks brought a 
change to the global infrastructure providing HPC products. 
The unique properties of cord blood cells and differences 
in the search processes between cord blood and adult unre-
lated donors have made HPC donor registries review their 
current practice and develop new processes to provide cord 
blood products (Figure 4).

Until 1993, only freshly collected HPC products from 
adult volunteer donors had been provided internation-
ally through HPC donor registries. These donations were 

mailto:bmdw@europdonor.nl
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CB21 CORD BLOOD UNIT REPORT
Page 1 of 2

CORD BLOOD UNIT DATA

Cord Blood Bank/Registry: Unit collection date: 
(YYYY-MM-DD)

Registry CBU ID: Local CBU ID:
ID on CBU bag 1: Gender:
ID on CBU bag 2: Baby's race:
ID on CBU bag 3:
ID on CBU bag 4: OR: Mother's race:

Father's race:

CORD BLOOD UNIT HLA TYPING
Locus: A B C DRB1 DQB1

First antigen:
Second antigen:

Is this typing confirmed? Yes No If yes, was a contiguous 
sample (segment) used? Yes No

Was viability testing performed? Yes No Viability testing results: % viable

CBU POST-PROCESSING COUNT, CULTURES & IDMs
Processing date: 
 (YYYY-MM-DD)

TNC: x 107 CD34+: x 106 CFU: x 105 nRBC: x 106

Bacterial Cultures: Positive Negative Not Done
Fungal Cultures: Positive Negative Not Done

IDM RESULTS N = Non-reactive/Negative, R = Reactive/Positive, NA = Not tested

Maternal IDM Results Sample collection date:
(YYYY-MM-DD)

Test date:
(YYYY-MM-DD)

HBsAg N R NA Anti-HTLV I/II N R NA
Anti-HBc N R NA Syphilis N R NA
Anti-HCV N R NA EBV N R NA

Anti-HIV 1/2 N R NA Toxoplasmosis N R NA
HIV-1 NAT N R NA CMV N R NA
HCV NAT N R NA IgG Total
HBV NAT N R NA

Additional tests:
N R NA N R NA

CBU IDM Results (optional) Sample collection date:
(YYYY-MM-DD)

Test date:
(YYYY-MM-DD)

HBsAg N R NA Anti-HTLV I/II N R NA
Anti-HBc N R NA Syphilis N R NA
Anti-HCV N R NA EBV N R NA

Anti-HIV 1/2 N R NA Toxoplasmosis N R NA
HIV-1 NAT N R NA CMV N R NA
HCV NAT N R NA IgG Total
HBV NAT N R NA

Additional tests:
N R NA N R NA

20140724-CBWG-FORM-CB21Reset Form
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FIGURE 3 Cord blood unit report form.
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collected either in a marrow collection center or in an apher-
esis collection center and were immediately transported to 
the transplant unit. Usually, the courier was someone work-
ing for the transplant unit who transported the product per-
sonally, carried by hand, from one country to another. For 
cord blood the process is completely different. Cord blood 
is collected directly after the baby is born, processed in 
a specialized facility, and stored in a freezer. Cord blood 
products are shipped in dry shippers by specialized courier 
companies.

One of the disadvantages of CBUs is their low cell count, 
which means that they are mainly used for juvenile patients 
as they do not contain enough cells for adult patients. To 
overcome the low cell content of single CBUs, various 
alternatives have been tried. Infusing two CBUs instead of 
one is now frequently used.10 In 2013, at least 1300 CBUs 
provided for unrelated transplantation were used in double 
cord transplantations.1 These double cord blood transplants 
required adaptation of the matching programs and also 
logistical solutions, as sometimes the CBUs come from dif-
ferent cord blood banks.

In the next paragraphs you can read how HPC donor 
registries have organized the search process for a cord blood 
transplant and which challenges HPC donor registries have 
faced over time.

5.  SEARCH FOR CORD BLOOD

Cord blood as a hematopoietic cell source has practical, 
biological, and clinical advantages for donors and recipi-
ents: prompt availability upon request (a few weeks for cord 
blood versus a number of months for adult blood or bone 

marrow); provision for ethnic minorities, who are under-
represented in HPC donor registries; no risk of anesthesia 
for donors or stimulation with growth factors; lower risk 
of transmissible infectious diseases; partially compatible 
transplants may be performed; and lower immunogenicity 
and lower risk of severe posttransplant immune responses, 
such as Graft-versus-Host Disease, which is the main 
cause of high posttransplantation mortality. Search strate-
gies differ between countries and between transplant units. 
Some clinicians only transplant CBUs, others only trans-
plant HPCs from adult volunteer donors, and other clini-
cians decide case-by-case. When HPC donor registries also 
started to facilitate cord blood transplants, they were con-
fronted with an entirely different process from that which 
they were used to. A search process for cord blood differs 
from a search process for adult volunteer donors: there are 
fewer steps in the release of CBUs, because these are fully 
tested and the HLA typing is done at the time of storage and 
listing for searches. Therefore, the process is faster, because 
it does not involve the donor work-up activities required for 
marrow and apheresis collection. Figure 4 shows the cord 
blood search process with recommended time frames.11

Once the CBUs are HLA-typed and have been medically 
qualified, they can be listed and become accessible to trans-
plant physicians/units. As described earlier the majority of 
the CBUs are listed in the international database BMDW.

Transplant units and search coordination units have 
access to databases like BMDW, when searching for a CBU. 
Running a BMDW search report is particularly helpful to 
set an optimal but realistic target for an international donor 
search. However, when considering the overall search strat-
egy and the usefulness of an extended international search, 

FIGURE 4 Cord blood search process. A flow diagram of each step of the cord blood search process.
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one must also take into account the variation of allele and 
haplotype frequencies in different geographic, racial, or eth-
nic groups. HPC donor registries can help transplant units 
with requests to worldwide HPC donor registries and cord 
blood banks, but the selection of a unit is the final respon-
sibility of the transplant unit. An important parameter to 
indicate the quality of a CBU is the TNC count measured 
postprocessing, prior to cryopreservation and once again 
determined on a segment, prior to the release of the CBU.

Although the specific requirements of the transplant pro-
grams vary accordingly, published data from both Europe 
and the United States underline the importance of the TNC 
count per kilogram of patient weight in reduced intensity and 
myeloablative conditioning regimens for both single and dou-
ble cord blood transplantation. Secondly, with regard to the 
HLA-matching status, it has been found that a single (or no) 
mismatch is preferred to a double mismatch, and that three 
or four mismatches should be avoided for almost all patients. 
The third important factor is to identify whether the donor is 
selected for a patient with malignant or nonmalignant disease 
since the effect of the TNC and HLA may differ.12

An initial search report contains information about the 
CBUs that have the highest HLA-matching grade with the 
patient; usually, the class I phenotype of cord blood cells 
is determined by antibody-binding analysis and the class 
II phenotype by DNA analysis of the alleles encoding 
the HLA–DRB1 chain, after which the CBUs are sorted 
according to the reported TNC count before freezing. 
International recommendations from Eurocord and other 
data registries advise a minimum of 2 × 107 TNC/kg and 
2 × 105 CD34 + cells/kg of recipient body weight.13

By contacting the HPC donor registry/cord blood bank 
and asking for a “Cord Blood Unit Report” (Figure 3), a 
transplant unit can obtain detailed information about the 
CBU. This “Cord Blood Unit Report” contains information 
about the gender and race of the donor, TNC, HLA typ-
ing, testing done on the mother and on the CBU, collection 
date, processing method, sample inventory, and the type of 
bags used for cryopreserving the unit. This first interaction 
between the transplant unit and the HPC donor registry/cord 
blood bank is called a preliminary search.

Based on the information shown on the Cord Blood 
Unit Report, the transplant unit decides whether to move to 
the next step in the process, called the “formal search.” A 
formal search means that the transplant unit asks for more 
detailed HLA typing of the unit and sometimes also for 
testing for additional local infectious disease markers, such 
as human T-lymphotropic virus and West Nile virus, to be 
performed on maternal blood samples. The transplant unit 
contacts HPC donor registries by filling in a “Cord Blood 
Unit—information and typing request.” (Figure 5)

When a transplant unit orders a CBU by filling in a CBU 
shipment request (Figure 6), the shipment date is agreed 
upon between the transplant unit, the HPC donor registry, 

and the cord blood bank. Although CBUs can be shipped 
within 1 or 2 days for emergency orders, most cord blood 
banks prefer at least 3–5 days notice. Cord blood banks that 
perform additional prerelease viability or potency tests like a 
colony-forming unit assay may require up to 15 days notice. 
CBUs are transported in a dry shipper, which contains the 
CBU in vapor phase liquid nitrogen. The dry shipper is col-
lected from the cord blood bank by a courier company with 
expertise in international shipping and should not be irradi-
ated for inspection.

Professional societies, like NetCord-FACT and the 
WMDA, developed guidelines in their standards for the 
transport of cord blood products. An important aspect is 
that procedures must be in place to protect the integrity of 
the CBU, next to a plan for alternative transportation in case 
of an emergency. The transport of a CBU starts with the dry 
shipper: a vessel containing hydrophobic absorbent mate-
rial, fixed in the inner capacity. After complete saturation 
of the material with liquid nitrogen, the vessels are ready 
to transport samples at cryogenic temperatures, without the 
risk of liquid nitrogen spilling, should the container be over-
turned. The temperature needs to be validated to guarantee 
it will stay below −150 °C for a period of at least 48 h. To 
ensure and to check this, the dry shipper needs a device that 
continuously monitors the temperature, as the older mini-
mum temperature single use indicators do not meet the cur-
rent standards. Documentation with the correct address and 
emergency contact information needs to be shipped together 
with the CBU. The label also needs to show the date and 
time of distribution; the name and contact details of the 
cord blood bank providing the unit; the name of the receiv-
ing transplant unit; the identity of the person responsible 
for the receipt of the CBU; statements like: “do not X-ray,” 
“medical specimen,” “handle with care,” “cord blood for 
transplantation,” and shipper handling instructions. Finally, 
a cord blood bank needs to ensure that the dry shipper will 
not be opened during transport.

CBUs are ordered before the patient is given the condi-
tioning regimen used in the transplant procedure, to ensure 
that the shipment arrives safely and in time. When the CBU 
arrives, the transplant unit is responsible for checking the 
accompanying unit records, unloading the shipper, checking 
the integrity of the unit, and placing it in a liquid nitrogen 
freezer for temporary storage until the transplant date. The 
dry shipper is returned to the cord blood bank to inspect for 
any damage and to read the data from the continuous tem-
perature monitor in order to ensure the desired temperature 
was maintained during shipment. One of the advantages of 
using a cord blood donor is that the CBUs are sent frozen, 
which enables the transplant unit to obtain the unit before 
starting the conditioning regimen.

The last step is to issue an invoice for services requested 
and rendered (e.g., shipping of cord blood product) for 
the transplant unit. If a cord blood bank collaborates with 
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CB10 CORD BLOOD UNIT - INFORMATION AND TYPING REQUEST
Page 1 of 1

20140724-CBWG-FORM-CB10

Urgent request

PATIENT DATA
Patient name:
Patient registry:
Transplant center:

Patient ID: 
(assigned by patient registry)
Patient ID: 
(assigned by donor registry)

Date of Birth (YYYY-MM-DD): Gender: Weight in kg: Blood group/RhD:
Diagnosis: Estimated transplant date (YYYY-MM-DD):

PATIENT HLA
Locus: A B C DRB1 DQB1
First antigen:
Second antigen:

CORD BLOOD UNIT EXTENDED HLA TYPING REQUEST
CBU ID:

A B C DRB1 DQB1 Other: Other:

ADDITIONAL CORD BLOOD UNIT DATA
The requesting institution requests the following details: Cord Blood Bank representative answers:

Was red cell reduction performed prior to cryopreservation? Yes No
Please give the total erythrocytes of the unit: x 109

Was viability testing performed on post-cryopreserved material? NoYes Testing results: % viable
Was colony testing (e.g. CFU-GM) performed 
on post-cryopreserved material? NoYes

Was HLA verified on segment of the unit? NoYes If yes, test date: 
(YYYY-MM-DD)

Is maternal HLA typing available? NoYes
What type of bag is used?
Please provide a detailed unit report.

Additional questions:

Requesting institution: Invoice address:
Institution: Institution:
Address: Address:

Attention: Attention:
Phone: Phone:
Fax: Fax:
E-mail: E-mail:

Cord Blood Bank representative: Date (YYYY-MM-DD): Signature:

Reset Form

FIGURE 5 Cord blood unit—information and typing request form.
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CB30 CORD BLOOD UNIT SHIPMENT REQUEST
Page 1 of 1

PATIENT DATA
Patient name:
Patient registry:
Transplant center:

Patient ID: 
(assigned by patient registry)
Patient ID: 
(assigned by donor registry)

Date of Birth (YYYY-MM-DD): Gender: Weight in kg: Blood group/RhD:
Diagnosis: Estimated transplant date (YYYY-MM-DD):

PATIENT HLA
Locus: A B C DRB1 DQB1
First antigen:
Second antigen:

Initial typing Verification typing Typing date (YYYY-MM-DD):
Cord Blood Unit ID:

ADDITIONAL PRE-RELEASE CHECKS
The transplant center requests the following tests to be done on CBU at time of release and/or additional information:
Please test the following on post-cryopreservation attached segment of CBU at time of release:

Viability test Colony testing (e.g. CFU-GM)
CD34 pos test HLA verification test
Additional IDM tests, please specify:
Blood or other sample shipment, please specify:
Maternal health questionnaire or summary statement
Other tests:

PROPOSED TIME FRAME FOR CORD BLOOD UNIT SHIPMENT
Preferred date:

(YYYY-MM-DD)
Preferred delivery time: 
(HH:MM + local time zone)

Start of conditioning: 
(YYYY-MM-DD)

Conditioning regimen: Myeloablative Non-myeloablative

Transplant type: Single cord Double cord Multiple cord Single cord in combination with haplo-donor
Ex-vivo expansion transplant Other:

Transplant date: 
(YYYY-MM-DD)

Comments:

Transport to be organised by:
Dry shipper to be provided by:

Preferred courier:

20140724-CBWG-FORM-CB30

Cord blood unit to be shipped to: Invoice(s) to be sent to:
Institution: Institution:

Address: Address:

Attention: Attention:
Phone: Phone:
Fax: Fax:
E-mail: E-mail:

Person completing form: Date (YYYY-MM-DD): Signature:

Reset Form

FIGURE 6 Cord blood unit shipment request form.
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an HPC donor registry, the HPC donor registry is fully 
responsible for the settlement of charges. Some HPC donor  
registries/cord blood banks invoice when the CBU leaves 
the cord blood bank, while other HPC donor registries/cord  
blood banks invoice when the CBU has safely arrived at 
the transplant unit. It is important to establish an agreement 
with the courier company in which the responsibilities are 
described in situations where the CBU does not arrive as 
agreed upon.

As part of the quality management system, it is man-
datory to collect recipient follow-up medical data to 
safeguard the quality control of the collection, process-
ing, storage, and distribution of the CBU. In Europe, the 
Eurocord registry facilitates as a service provider to col-
lect clinical outcome data and produce an annual activ-
ity report for the participating cord blood banks with a 
statistical analysis of the cord blood transplant outcomes. 
Other organizations that collect outcome data are the 
European Group for Blood and Marrow Transplantation 
(EBMT), the Centre for International Blood and Marrow 
Research (CIBMTR), the Asia-Pacific Blood and Marrow 
Transplantation Group, and the Eastern Mediterranean 
Blood and Marrow Transplantation. The following infor-
mation should be obtained to evaluate the processes: the 
number of TNC and CD34+ cells, viability after thaw-
ing, method of thawing, and adverse events at the time 
of infusion. Overall results are published every year by 
Eurocord–EBMT and National Marrow Donor Program 
(NMDP–CIBMTR). Collecting outcome data helps for-
mulating important guidelines on cord blood selection, 
indications, role of HLA, prognostic factors, and com-
parison with other stem cell sources.

In addition to the patient outcome registries, the WMDA 
has developed a centralized database, in which adverse 
events are recorded related to the procurement, process-
ing, storage, and distribution. You will read more about this 
database later in this chapter (Challenges in the provision of 
cord blood—regulation).

To summarize, HPC donor registries adopted cord blood 
as another possibility to help a patient in need of a transplant 
in the past 20 years. An infrastructure was set up to perform 
searches and to provide CBUs internationally. Despite these 
developments, we still face some challenges concerning the 
provision of cord blood, which will be discussed in the next 
section.

6.  CHALLENGES RELATED TO THE 
PROVISION OF CORD BLOOD—
SELECTION

In 1995, when the New York Blood Center’s Placen-
tal Blood Project published that they had provided 24 
cord blood products to unrelated recipients, the way 
was opened to alternative sources of HPC beside bone 

marrow and peripheral blood donated by adult volun-
teer donors.14 By that time, only 50% of the searches 
resulted in identification and availability of an acceptably 
matched donor.15 Over time, the technology to collect, 
process, and store cord blood has changed. As transplant 
units are always looking out for CBUs of high quality for 
their patients, how do you make sure that a CBU is the 
best available for the patient?

One parameter for the quality of CBUs is determined 
by whether a CBU is derived from an accredited cord blood 
bank or not. Over time, standards have been developed based 
on events faced by transplant units, HPC donor registries, 
or cord blood banks. Three international organizations offer 
accreditation programs and actively collaborate to promote 
high-quality CBUs: the WMDA, NetCord Foundation in 
collaboration with the FACT, and the AABB. All these orga-
nizations are involved in the AHCTA and aim to harmonize 
standards internationally. Each accreditation program cov-
ers different aspects of unrelated cord blood transplantation. 
The main objective of the NetCord-FACT16 accreditation 
is to evaluate all aspects of cord blood banking including 
donor selection, methods of collection, processing, testing, 
and storage of the units and release and transportation of 
the CBUs to the transplant units. AABB17 developed high-
quality standards in the area of cord blood collection, stor-
age, and distribution, and the WMDA Standards focus on 
HPC donor registry operations but do not cover aspects of 
unrelated transplantation that are included in the standards 
of other organizations (Figure 7). For example, the activities 
of collection centers collecting either marrow or peripheral 
blood stem cells, cord blood banking and tissue typing are 
covered by accreditation standards from entities such as the 
Joint Accreditation Committee – International Society for 
Cellular Therapy, EBMT, NetCord, and the European Fed-
eration for Immunogenetics (EFI), respectively.

These accreditation schemes address different aspects of 
cord blood banking, listing, and transplantation, and they 
all refer to each other for complementary requirements.18 
For example, the WMDA Standards9 state “If a registry 
relies on an independent donor centre or cord blood bank 
to recruit and characterise donors, the registry must ensure 
that the donor centre/cord blood bank complies with rel-
evant WMDA standards.” In this case, requiring accredi-
tation of the cord blood bank by an organization such as 
 NetCord-FACT might be one possibility by which the registry 
ensures that this WMDA standard can be met. The NetCord-
FACT standards describe the requirement in another way: 
“If a cord blood bank utilises a registry to deliver services  
related to the listing, search and selection, reservation, and/
or release of a CBU, the registry should be accredited by the 
WMDA.” A list of accredited cord blood banks and cord 
blood registries can be found on the Web sites of the FACT 
Office (www.factwebsite.org), AABB (www.aabb.org), and 
WMDA (www.wmda.info).

http://www.factwebsite.org
http://www.aabb.org
http://www.wmda.info
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Despite the existence of these voluntary accreditation 
programs, a significant number of cord blood banks are not 
yet accredited, and for transplant units it is difficult to find 
out if a CBU originates from an accredited cord blood bank 
or not, as accredited CBUs are not clearly marked in the 
preliminary search reports.

7.  CHALLENGES RELATED TO THE 
PROVISION OF CORD BLOOD—SERVICE 
PROVIDER

A second important challenge is the registry/cord blood 
bank’s role as service provider, since transplant units need 
timely and accurate information about a CBU. The WMDA 
accreditation program states that a preliminary search 
request needs to be responded to within 24 h. The WMDA 
has also developed recommendations for cord blood banks 
about how fast verification typing requests need to be 
reported back to the requesting transplant units. Verification 
typing is HLA-typing performed on an independent sample 
with the purpose of verifying concordance of that typing 
assignment with the initial HLA-typing assignment. Con-
cordance does not require identical levels of resolution for 
the two sets of typing but requires the two assignments to be 
consistent with one another. The WMDA recommendations 
for verification typing are:

 l  For urgent cord blood verification typing requests: 
time from request received to results reported to the trans-
plant unit should be a maximum seven calendar days for 
80% of the requests received.

 l  For standard cord blood verification typing requests: 
time from request received to results reported to the trans-
plant unit should be a maximum 13 calendar days for 
80% of requests received.

A unique aspect of CBUs is the limited availability of addi-
tional samples to perform HLA-typing when requested by a 
transplant unit. The most valuable sample type is the small 

segment attached to the CBU, called a contiguous segment. 
This is the only sample type that can definitively confirm that 
the HLA typing reported for a CBU really belongs to the CBU 
actually listed. The number of contiguous segments is limited 
(one to three small volume segments for one CBU), so when 
all contiguous segments of a CBU are exhausted, the likeli-
hood that this unit will be ordered in the future is low.

In 2009, HPC donor registries19 were faced with a situ-
ation in which transplant units asked cord blood banks to 
fully work-up CBUs and then persistently “delayed” the 
date of transplant—eventually “canceling” the order alto-
gether. Although all parties recognized that this is some-
times unavoidable, some transplant units appeared to be 
working-up many CBUs simultaneously, while making 
“final” selection decisions relatively late in the process. 
Since the number of attached/contiguous segments is lim-
ited, the consequence, apart from the (sometimes unpaid) 
work-up costs, is the decrease in available CBUs with the 
required testing samples for subsequent searches.

When a request for additional sample testing arrives, 
three major concerns for transplant units and HPC donor 
registries/cord blood banks must be addressed:

 1.  Transplant units need to update and expand the initial 
HLA typing.

 2.  Transplant units and HPC donor registries need to be sure 
about the HLA “identity” of the CBU, i.e., that the CBU 
is the one with the HLA type listed on the search report. 
NetCord-FACT standards require that, before a CBU is 
released, a sample obtained from a contiguous segment 
of that CBU shall be tested to verify HLA type and, if 
possible, cell viability (Standard E 3.2, Fifth Edition).

 3.  If the first transplant unit that requests additional typing of 
the CBU decides not to order the unit, the cord blood bank 
or HPC donor registry should have a process in place to 
prevent loss of value of that unit for use by a future patient.

The professional societies worked out definitions 
to clarify the critical issue of the sample source used for 

FIGURE 7 WMDA accreditation of entities involved in hematopoietic stem cell transplantation with unrelated donors and cord blood units.
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HLA typing and to standardize international communica-
tion between cord blood banks, HLA labs, transplant units, 
and HPC donor registries. As historically the term “confir-
matory typing” was used, which is commonly used in the 
selection process of an adult donor, it was agreed to replace 
all references to “confirmatory” typing with “verification” 
typing and to implement a new term “extended” typing.

 1.  Verification (to replace the term “confirmatory”) typing 
must be performed on cells derived from an attached 
segment and must meet the requirements for the level 
of resolution and loci as established by the registry. The 
purpose of typing is to confirm HLA and identity of the 
CBU selected, i.e., that the unit was the one selected 
based on its HLA typing shown on the search report.

 2.  Extended typing is defined as any additional HLA typ-
ing to obtain higher or allele-level resolution at HLA-
A, -B, -DRB1, or to identify assignments at other loci 
such as -C or -DQB1. When typing is performed on cells 
from an attached segment, it can also serve as verifica-
tion (confirmatory) typing.

If there is no attached segment for the unit, the fifth edi-
tion of the NetCord-FACT16 International Standards for 
Cord Blood Collection, Banking, and Release for Admin-
istration guidance statement for standard E3.2.2 requires 
the cord blood bank to define and validate an alternative 
method to confirm CBU identity prior to release and to 
notify the transplant unit well before release of a CBU.

Issuing financial penalties to transplant units as a gen-
eral practice should be avoided. Cord blood banks must 
keep control of available additional cord blood samples 
and now generally charge transplant units for requested 
HLA testing. Segment typing only needs to be performed 
once, as the cord blood bank should keep a historical 
record of all HLA typing performed on a given unit’s 
samples, and this information should be made available 
upon request by a transplant unit or search coordination 
department of an HPC donor registry. HLA-typing data, 
forwarded to international databases (e.g., BMDW), 
should always be updated and thus contain the most use-
ful (highest level of HLA typing) information available. A 
cord blood bank should also have a contract with a quality-
controlled central laboratory to do verification or extended 
typing, rather than releasing samples to individual trans-
plant units. These rules have been accepted by transplant 
units, aware that they can only get samples for testing in 
their facility of units they decide to order. Find below a 
summary of the conclusions:

 l  It is important that the transplant unit knows what type 
of sample was used for typing and, in particular, at what 
point typing can be requested from a contiguous segment.

 l  Centralized laboratories need to be accredited by profes-
sional societies, such as EFI or American Society for 
Histocompatibility and Immunogenetics, and preferably 

these laboratories differ from the one that performed the 
initial typing.

 l  Results are reported to the transplant unit and the cord 
blood bank and are available to any other transplant unit 
that may request unit information in the future.

 l  If an HPC donor registry or cord blood bank has the 
policy that segment and viability testing (if required) will 
only be done after a transplant unit has ordered a unit, 
results should be available within 48 h.

 l  If the CBU has two segments, the last segment should 
stay attached to the unit for additional testing by the trans-
plant unit, if desired.

HPC donor registries and cord blood banks can establish 
a reservation policy that ensures units be put back into the 
general available inventory if a transplant unit reserves a 
unit for a longer period of time. Such a policy should be 
communicated clearly to a transplant unit at the time of 
CBU reservation.

The HPC donor registry serves as an intermediate 
between the cord blood bank and transplant unit. It is impor-
tant that adequate information technology support is avail-
able to ensure that the exchange of information is validated 
and that the information provided is accurate. For example, 
if a CBU is removed from the cord blood bank’s inventory, 
this change is directly reported to the HPC donor registry. 
Chapter 6 of the WMDA handbook3 describes the listing 
and search process from the HPC donor registry’s side.

8.  CHALLENGES RELATED TO THE 
PROVISION OF CORD BLOOD—
REGULATION

The third challenge has to do with the regulatory landscape. 
Apart from submission of clinical data to patient outcome 
registries and accreditation by professional societies like 
AABB and NetCord-FACT, national health authorities have 
also developed regulations.

The last decade, the European Committee and the US 
Food and Drug Administration (FDA) developed regu-
lations to control the import and export of cord blood 
products in their region. The EU Directive 2004/23/EC20 
(article 9) describes: Member States shall take all neces-
sary measures to ensure that all imports of tissues and cells 
from third countries are undertaken by tissue establish-
ments accredited, designated, authorised or licensed for 
the purpose of those activities, and that imported tissues 
and cells can be traced from the donor to the recipient and 
vice versa in accordance with the procedures referred to 
in Article 8. Member States and tissue establishments that 
receive such imports from third countries shall ensure that 
they meet standards of quality and safety equivalent to the 
ones laid down in this Directive. The implementation of 
this article changes among the EU member states. Theoreti-
cally, all EU member states will have to ensure that an HPC 
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product originating from a third country is coming from an 
authorized cord blood bank. If you realize that over 70 cord 
blood banks are established in third countries, it is easy to 
calculate that this will result in nearly 2000 inspections for 
authorization if all EU countries independently authorize 
these 70 cord blood banks. The professional societies have 
established tools to monitor the activities in third countries 
by sharing information about licensing by national health 
authorities and the accreditation status of cord blood banks 
in third countries.

A second development in Europe is the implementa-
tion of a European coding system. According to Directive 
2004/23/EC20 on tissues and cells, EU Member States 
shall establish a system for the identification of all human 
tissues and cells procured, processed, stored, or distrib-
uted in their territory, in order to ensure their traceability 
from donor to recipient and vice versa. This Directive 
also requires designing a single European coding sys-
tem to provide information on the main characteristics 
and properties of tissues and cells. A consortium, called 
Eurocet128, is working on the implementation of such a 
system. More information about this project can be found 
at www.eurocet128.org.

The American FDA announced that manufacturers 
of cord blood products are required to have an approved 
Biologics License Application (BLA) or Investigational 
New Drug Application (IND) in effect for unrelated CBUs 
shipped after October 20, 2011.21 There are a variety of rea-
sons why a cord blood product may not be BLA licensed. 
One reason may be that the CBU is collected and stored 
before the cord blood bank received a biologics license. 
Another reason may be that the CBU is coming from a cord 
blood bank outside the United States. All CBUs are now 
categorized as:

 l  Licensed—collected by a cord blood bank with an FDA-
approved BLA and meeting licensure requirements.

 l  Unlicensed—collected before regulations were in place, 
collected by a cord blood bank without a BLA, or do not 
meet licensure requirements of the FDA.

Prior to the licensure regulations, cord blood banks fol-
lowed industry-accepted quality standards to collect and 
store CBU for use in transplantation. It is important to 
understand that although a cord blood bank’s units may be 
categorized as “unlicensed” by the FDA, the bank may still 
meet stringent quality standards and may have been suc-
cessfully providing units for transplantation during the past 
20 years. More importantly, these units may be the best 
and/or only available match for a patient. The FDA recog-
nizes the importance of unlicensed CBUs and, therefore, is 
allowing access to unlicensed CBUs for use in transplant 
through IND clinical research protocols. The National Mar-
row Donor Program-Be The Match Registry has assisted 
the international cord blood banks in complying with these 
IND requirements.

One of the requirements to comply with the IND require-
ments is to register adverse events. Registration of adverse 
events has become part of the regulatory requirements (e.g., 
WHO, FDA, and EU) as well as part of the requirements 
for accreditation by professional societies, like the WMDA.

CBUs are increasingly requested as part of life-saving 
procedures for patients in need. Annually, over 4000 allo-
geneic cord blood products are shipped for patients with 
blood disorders worldwide. To safeguard the system of 
global HPCs exchange (including CBUs), donor health and 
safety is of critical importance. Since almost 30% of the 
CBUs cross international borders when shipped for trans-
plantation, optimal donor safety, and quality of the cord 
blood products require global strategies. The World Health 
Organization has published the Guiding Principles. The 
WHO Guiding Principle 1022 established the need for safe 
and efficacious procedures for living donors. It highlights 
the need for quality and vigilance systems for all cells,  
tissues, and organs used for transplantation, nationally and 
across international borders, as well as requiring adverse 
event and reaction reporting. World Health Assembly Res-
olution WHA63.22, adopted in May 2010, extended these 
principles, and introduced the concept that the collection 
and analysis of all serious adverse events/reactions should 
be collaborative and global. This enhances the likelihood of 
recognizing relatively rare adverse events, which may occur 
at such a low frequency, or not at all, in a single HPC donor 
registry or cord blood bank. It also enables the tracking of 
trends or hazards, which again may not be recognized within 
a single country. The analysis of adverse events can lead to 
new insights into underlying system failures and may be the 
basis for new recommendations and corrective/preventative  
actions. Another advantage is that global expertise and 
experience can be developed within formal structures, 
resulting in continuity of analysis of adverse events and a 
global “institutional memory,” allowing for adverse events 
and reactions to be collected for several years and be  
rapidly accessible, again advancing the recognition of rare 
events.

There are challenges associated with global data reporting 
such as inconsistency in definitions, duplication of, or contra-
diction with, national reporting systems, cost, infrastructure 
issues, availability of labor resources for data capture and pro-
cessing, and fear of reprisals or punishment. This is why there 
are several requirements for a reporting system to be success-
ful. Important aspects for reporting serious events are that the 
reporter remains anonymous and that the report is confidential. 
The system should be independent and nonpunitive and thus 
clearly separated from any regulatory or funding implications. 
In 2002, the WMDA started a system to report serious adverse 
events/reactions in bone marrow donors/peripheral blood stem 
cell donors and patients receiving an unrelated transplant. At 
that time, only donor reactions were reported. In 2006, the 
European Directive23 required the Member States to report 
adverse events in article 11:

http://www.eurocet128.org
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Member States shall ensure that there is a system in 
place to report, investigate, register and transmit infor-
mation about serious adverse events and reactions which 
may influence the quality and safety of tissues and cells 
and which may be attributed to the procurement, testing, 
processing, storage and distribution of tissues and cells, 
as well as any serious adverse reaction observed during or 
after clinical application which may be linked to the quality 
and safety of tissues and cells

An adverse event could be attributed to incidents during 
procurement, testing, processing, storage, and distribution. 
Therefore, the WMDA implemented a complementary sys-
tem to collect product events. In 2014, the system has grown 
and four types of serious incidents are reported to the WMDA:

 l  Serious adverse event/reactions related to donation
 l  Serious adverse event/reactions related to infusion
 l  Serious events related to the product
 l  Serious events related to transport of the product

WMDA-qualified and -accredited HPC donor registries 
are required to report their incidents by filling in an online 
questionnaire to report incidents in the central database: 
S(P)EAR. Each WMDA HPC donor registry has appointed 
one individual who serves as the designated individual for 
S(P)EAR reporting and for receiving S(P)EAR communica-
tions from the WMDA. Each report received by the WMDA 
is evaluated by an independent committee. The commit-
tee determines the imputability of the reported incident, 
but does not take on a legal reporting role for S(P)EAR, 
and the system is in no way a replacement for individual 
HPC donor registries to comply with their national/compe-
tent authorities’ regulations. In some cases, the committee 
can decide to send out a rapid alert to inform the WMDA 
HPC donor registries and transplant community about inci-
dents. This first occurred when the WMDA received several 
reports describing the development of Takotsubo syndrome 
(“shocked heart syndrome”) in recipients of double CBUs 
for transplantation. The reporting HPC donor registry deter-
mined in retrospect if similar events had occurred. Inter-
estingly, five or more of these events had been reported. 
Even though it is not within the jurisdiction of WMDA to 
investigate S(P)EAR, pertinent information resulting from 
the investigation conducted and shared by the involved HPC 
donor registry is disseminated to WMDA’s membership, 
representing the vast majority of cord blood banks ship-
ping CBUs nationally or internationally. Therefore, a letter 
was prepared for dissemination. The rapid alert led to the 
recognition and reporting of at least two more cases, from 
countries different from the first reporting one. Following a 
formal investigation by the first reporting HPC donor regis-
try, the WMDA was able to circulate their findings, which 
suggested that the problem had arisen due to procedural 
issues when preparing the cord blood for transplantation. 
Recommendations based on these assessments were then 

disseminated to all relevant parties. A second WMDA rapid 
alert related to cord blood was issued in 2013, when two 
large volume RBC-depleted CBUs, given by the thaw and 
infuse method to a patient with a previous history of cardiac 
disease, resulted in a fatal outcome. The WMDA recom-
mended transplant units to consider this adverse reaction in 
the context of patients’ cases when deciding on the optimal 
method for cord blood administration. More examples that 
underline the importance to move to a global reporting sys-
tem can be found in a recent publication of the WMDA.24

Other incidents reported to the WMDA involved differ-
ent aspects of shipment of cord blood products. In 0.5–1% 
of the CBU shipments, a serious event was reported.

Examples of incidents from January 2011 till August 

2012 are depicted in this table:

In total, 40 incidents related to cord blood shipment 
were reported to the WMDA S(P)EAR system. Other inci-
dents concerned documentation mistakes, dry shipper alarm 
flashing upon arrival, technical problems during thawing, 
dry shipper being X-rayed, minor physical damage, positive 
bacterial culture, and coagulated cord blood upon thawing.

A task force has been formed to analyze the shipments 
of cord blood products in dry shippers to find out if global 
recommendations can be developed to reduce the number of 
S(P)EAR incidents related to these shipments.

Beside the WMDA S(P)EAR system, other initiatives 
have been developed to work toward and to create aware-
ness for a global biovigilance reporting system. The first 
initiative is the Notify library (www.notifylibrary.org). The 
Notify library focuses on the rare occasions when unfore-
seen complications or errors result in negative outcomes. 
Although such incidents are unusual, they present opportu-
nities for people working in the field to learn and improve, 
so that these services can be made safer and more effec-
tive for future donors and patients. A second initiative is 
the European Union funded project SOHO (http://www.
sohovs.org/soho/), where competent authorities are trained 
in analyzing serious adverse events and reactions, and how 
to communicate rapid alerts between the European Member 

#

Negative 
Influence on 
Patient

Leak/loss of integrity  
of bag

8 6

CBU arrived thawed 11 9

Decreased viability 7 4

Low TNC 3 1

Unusual appearance  
of CBU

3 3

http://www.notifylibrary.org
http://www.sohovs.org/soho/
http://www.sohovs.org/soho/
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States. Biovigilance becomes increasingly important when 
trying to get the best quality products available for patients 
worldwide.

Beside the challenges described earlier (to ensure the 
quality of the CBU, the arising regulations and the registry 
as service provider), another challenge is locating the right 
unit if a transplant unit is searching for cord blood. At the 
moment CBUs are listed in different databases and not all 
information related to the CBU is available online.

Over time, the HPC donor registries and cord blood 
banks have been and still are working to improve the frame-
work for search and provision of cord blood products. The 
cord blood search process is complex and should be stream-
lined, so that the global inventory can easily be accessed 
with all relevant information needed by transplant units.25 
Initiatives have been launched to generate one global data-
base. Complementary to the BMDW database, the EMDIS 
(European Marrow Donor Information System) has been 
developed. BMDW is merely an information system easy 
to access and use by any transplant unit and HPC donor 
registry, whereas EMDIS provides the communication sys-
tem for the exchange between HPC donor registries of data 
from adult volunteer donors and CBUs on five continents. 
At the moment, 40% of the HPC donor registries are con-
nected via EMDIS, and over 80% of international transplant 
activities take place between these partners, using these 
systems. A milestone in the development of EMDIS was 
the development of EMDIScord, which is a collaboration 
between NetCord and EMDIScord, a first step to harmonize 
the data of the NetCord cord blood banks, National Marrow 
Donor Program-Be The Match Registry cord blood banks, 
and the cord blood banks connected to EMDIS. Currently, 
the following countries are connected through EMDIScord: 
Belgium, Cyprus, Czech Republic, France, Germany, Italy, 
Spain, Switzerland, and the United States (NMDP cord 
blood banks only). Chapter 7 of the WMDA handbook3 
provides detailed information on how to set up an EMDIS 
architecture in an HPC donor registry or cord blood bank. 
Also, the Web site of NetCord provides information on how 
cord blood banks can participate.

The next paragraph summarizes where public cord 
blood banks are located worldwide.

9.  CORD BLOOD BANKS WORLDWIDE

The New York Blood Center’s Placental Blood Project and 
the José Carreras Cord Blood Bank Düsseldorf were the first 
two cord blood banks established in the early 1990s. From 
1994 onward, initiatives were launched to establish cord blood 
banks in Asia, Europe, and the United States. In 2014, the 
number of cord blood banks worldwide has grown to 160 and 
their collective inventory provides CBUs for any patient in the 
world. Each country has different regulations regarding cord 
blood banking; below are some examples organized by region.

As described earlier, some cord blood banks collaborate 
with an HPC donor registry, while other cord blood banks 
work directly with transplant units.

9.1  North America

One of the largest networks of cord blood banks is the net-
work of the United States Registry, the Be The Match Reg-
istry. The NMDP, which operates Be The Match, establishes 
relationships with public cord blood banks both throughout 
the United States as well as internationally. To ensure the 
quality of each unit listed on the Be The Match Registry, 
every bank in the network meets and maintains strict cri-
teria and standards.26 One of the criteria is that the cord 
blood bank must maintain accreditation by either AABB or 
NetCord-FACT. The network consists of 24 different cord 
blood banks, from which 19 cord blood banks are US cord 
blood banks.27 The non-US cord blood banks are: StemCyte 
Taiwan, Singapore Cord Blood bank, Sheba Israel, Health-
banks Taiwan, and Duesseldorf Cord Blood Bank.

In Canada, Canadian Blood Services opened a national 
cord blood bank in Ottawa on September 30, 2013. Another 
Canadian Cord Blood Bank is the Hema Quebec Cord 
Blood Bank.

In Mexico, three cord blood banks can be found that are 
operating independently: La Raza Cord Blood Bank, CNTS 
Cord Blood Bank, and Bacecu Cord Blood Bank. The 
Bacecu Cord Blood Bank is the only one listing its CBUs in 
international databases.

9.2  South America

In South America, three countries have set up a cord blood 
bank: Argentina, Brazil, and Chile. In Chile, there is no 
HPC donor registry overseeing the recruitment of adult vol-
unteer donors. This cord blood bank lists its CBUs directly 
in the international databases. The Argentine cord blood 
bank is AABB-accredited and collaborates with the national 
registry. In Brazil, a network of cord blood banks will be 
established.

9.3  Asia

In Japan, a large network of eight cord blood banks has been 
established: the JCBBN. These cord blood banks are cur-
rently not listed in international databases. In China, at least 
four public cord blood banks have been established. These 
cord blood banks (Shanghai, Sichuan, Beijing, and Guangzhou  
cord blood bank) have an estimated inventory of over 
50,000 CBUs available for unrelated patients.

In Korea, cord blood banking projects have been devel-
oped since 1996. Seven cord blood banks, licensed by the 
national government, are listing their CBUs in international 
databases.
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In Taiwan, five cord blood banks are active: Healthbanks 
Taiwan (through the NMDP), StemCyte Taiwan (through 
the NMDP), BIONET cord blood bank, and the cord blood 
banks affiliated with the Tzu Chi Registry.

In Singapore, a cord blood bank was established in 
2007. The Singapore cord blood bank is listing its units in 
the database of the NMDP.

Other cord blood banks in Asia are the Thai cord blood 
bank, and the cord blood bank of the Hong Kong Marrow 
Program.

Vietnam is another country where a cord blood bank has 
been established, even though a registry has not been set 
up till now. This Hochiminh City cord blood bank is in the 
process of starting up.

9.3.1  Europe

The largest European network of cord blood banks can be 
found in Italy, comprising 18 cord blood banks.1 The Italian 
Bone Marrow Donor Registry has coordinated and facili-
tated the search requests of these cord blood banks since 
2007, based upon an agreement between the Health Depart-
ment and Regions (October 5, 2006-2.637). The Italian 
cord blood banks are ISO9001 certified and licensed by the 
National Competent Authority.

Other large networks of cord blood banks can be found 
in Spain, France, Belgium, and Germany.

The European countries: Cyprus, Austria, Czech Republic,  
Finland, the Netherlands, Sweden, Slovakia, Slovenia, and 
Turkey have a one single cord blood bank. Greece, Switzer-
land, and the United Kingdom have a network of two/three 
cord blood banks.

9.3.2  Australia

In Australia three cord blood banks are collaborating in 
 AusCord. The three cord blood banks: Melbourne cord blood 
bank, Sydney cord blood bank, and Queensland cord blood 
bank are all NetCord-FACT accredited. The search requests 
are facilitated by the Australian Bone Marrow Donor Registry.

9.3.3  Middle East

Israel and Iran both have three public cord blood banks in 
their country.

10.  ANALYZING THE FIELD—NUMBER  
OF CORD BLOOD SHIPMENTS

The annual reports of the WMDA have become an estab-
lished instrument to describe and observe the current status 
and trends for the number and types of HPC products pro-
vided worldwide and to monitor the exchange of products 
between countries and continents. The WMDA uses these 
data to recommend benchmarks for standardized practice 

and to identify barriers in donor exchange. This paragraph 
describes the trends during 14 years of collecting data and 
the results of the 2013 WMDA annual report, summarizing 
the status of activities per January 1, 2014.

Stem cell donor registries and cord blood banks world-
wide are requested to report the number of products pro-
vided for unrelated stem cell transplantation by filling in 
a questionnaire. Cord blood registries/banks receive a 
questionnaire asking for the number of CBUs available, 
the numbers provided for transplantation, the countries to 
which CBUs have been shipped, and the degree of matching 
(-A, -B serological split level, -DRB1 allele). The project 
started with 19 cord blood registries/banks (1 from the West 
Pacific, 14 from Europe, and 4 from the Americas) in 1999 
and has grown to 56 cord blood registries/banks (13 from 
the West Pacific, 26 from Europe, 12 from the Americas, 
2 from Southeast Asia, and 3 from the Eastern Mediterra-
nean) in 2013. In 2013, almost 63,000 CBUs were added to 
the inventory, increasing the total number of CBUs avail-
able to any patient in need to over 700,000, stored in 160 
cord blood banks worldwide. In 2013, a total of 4334 cord 
blood products were provided from 31 countries.

Nearly all CBUs (98.5%) are registered in only three 
WHO regions: 28.8% in the West Pacific Region, 35.5% in 
the Americas, and 34.2% in Europe. The size of cord blood 
registries varies. The largest cord blood registries are located 
in the United States. The NMDP lists over 191,071 CBUs 
followed by the New York Blood Center (United States) with 
over 58,000 CBUs. However, more than 75% of all cord 
blood registries have an inventory of less than 10,000 CBUs.

Cord blood banks must continue to collect CBUs to 
replace the units used for transplantation. In addition, as 
quality standards for CBUs have evolved, many stored 
CBUs are no longer acceptable for transplantation. Older 
units may not have attached segments of blood required for 
sample testing, may not have been volume depleted, or may 
have low cell counts, which make them less likely to be 
selected by a transplant unit for infusion.

In 1997, 11,115 searches for a stem cell donor were ini-
tiated and 2965 patients received a transplant. In 2013, over 
23,000 searches were initiated for a volunteer adult stem 
cell donor and over 3500 searches for a cord blood product. 
The stem cell donor registries reported that 3500 patients 
received a cord blood transplant in 2013.

In the same period, the use of cord blood products 
increased from 270 to 4334. A large increase occurred in 
2006 and 2007, when the first reports on double CBU trans-
plantation were published10 and more CBUs were infused 
into adult patients. Figure 8 shows that the number of units 
provided for adult patients increased from 447 to 3000 in 
2013. The United States NMDP Network provides 52% of 
the total number of CBUs shipped. The number of CBUs 
shipped from other countries is much smaller: Japan 28%, 
Spain 7%, France 5%, Australia 2%, and Italy 2%.
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The criteria used to select a CBU for transplantation 
have changed over time. Two important parameters used to 
select a CBU nowadays are the TNC count and the degree 
of HLA matching. In 2013, the median TNC of a CBU pro-
vided for children was 155 × 107, compared to 212 × 107 for 
units destined for adult patients. Many cord blood banks 
use a minimum TNC count as a prerequisite to store a 
CBU for transplantation. Thirty-five of the 160 cord blood 
banks only store units with TNC counts over 120 × 107. The 
second parameter used to select a CBU is the degree of 
matching. Matching criteria for cord blood products were 
also included in the WMDA questionnaire. For patients 
younger than 16 years old, 47% of the CBUs provided had 
one mismatch (defined at the antigen level for HLA-A, -B, 
and allele level for DRB1). For adult patients, 33% of the 
CBUs provided had two mismatches. Over the years, the 
distribution of the degrees of matching has not significantly 
changed: 12% 0-mismatches, 48% 1-mismatch, 40% 2-mis-
matches, and 0.6% with 3 or more mismatches.

For many patients there is no suitable stem cell donor 
available in their own country’s registry. The percentage of 
products crossing international borders is nearly 30% (Fig-
ure 1). The WMDA was founded to facilitate this exten-
sive international exchange of HPC products, and through 
their annual reports, the WMDA continues to monitor this 
exchange. The data collected are used by the organization 
to establish guidelines for a globally standardized practice.

11.  FUTURE PLANS FOR CORD  
BLOOD BANKS

The WMDA reports show that the growth of the number of 
CBUs provided is flattening. This has urged cord blood banks 
to reevaluate their strategies and to work toward an efficient 
system to store cord blood products for unrelated patients.

Some banks have implemented a hybrid model, with 
CBUs stored for both private and public use. A public cord 
blood bank with a private banking operation needs to take 
into account that the CBUs stored for public use have to 
meet all regulatory and accreditation standards, including 
informed consent at the time of collection. CBUs collected 
for private use should not be stored together with CBUs 
for public use. Also, the marketing communication must 
clearly explain the differences between public and private 
use, including a statement concerning potential future use 
of private units, which lack supporting scientific data.28

Other cord blood banks have invested in either better 
HLA typing of the CBU or in HLA typing of the maternal 
donor. Since in recent publications,29 matching for HLA-C 
was recommended beside HLA-A, -B, and -DRB1, HLA-C 
typing is now considered as an important piece of informa-
tion in order to maximize possibilities of an 8/8 matched 
transplant.

Another interesting development, published in 2009, 
is the fact that the HLA type of the donor’s mother may 
influence unit selection in the future.30 A recent analysis of 
1121 CBT recipients demonstrated lower transplant-related 
mortality and improved survival rates for the 79 recipients 
of units in which the donor–recipient mismatched locus was 
matched to the donor’s noninherited maternal HLA anti-
gens (NIMA). This suggests that exposure of the fetal donor 
to NIMA results in more permissive mismatches between 
donor and patient.

As mentioned earlier in this chapter, many cord blood 
banks do not store every collected cord blood product. 
Only the larger CBUs collected with a TNC count of over 
120 × 107 are stored. At the moment, 31% of the CBUs 
listed in the international database BMDW have a TNC 
count over 120 × 107. The number of CBUs provided for 
transplantation for adult patients in 2013, show that 92% 
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have a TNC count over 120 × 107 versus 62% for juvenile 
patients. The CBUs provided by the Japanese cord blood 
banks are excluded in this analysis, as the JCBBN did not 
supply this information.

The experience of the US and Swiss cord blood regis-
tries31 shows a similar pattern of CB banking and use when 
comparing TNC. The inventories of these HPC donor reg-
istries are disproportionately composed of smaller CBUs 
when compared to units actually selected. This has sig-
nificant economic consequences for the public cord blood 
banks, which have spent substantial resources on units 
unlikely to be selected.

Current cord blood banking practices using compara-
tively low minimum TNC numbers as a cutoff for storage, 
appear not to be sustainable. Increasing the cutoff rate will 
result in a sustainable CB banking model, as long as the 
commitment of current CB banks for collection and bank-
ing continues, ensuring that the units preferred for trans-
plant will continue to be banked at the same or higher rates.

For a successful implementation of this fundamen-
tal change in the CB banking strategy, it is necessary, in 
addition to purely technical adjustments of locally relevant 
banking regulations, to include all key stakeholders (espe-
cially harvesting/collection units, gynecology departments, 
but also expectant mothers) in integrated communication 
and information measures, to explain the rationale and the 
background of the changes to come.

Beside storing units with high TNC counts and perform-
ing HLA-C typing, a cord blood bank can also develop a 
strategy to recruit maternal donors from ethnic minorities 
in order to get a mixed inventory. This has been the strategy 
of the London Cord Blood Bank,32 where, following a stan-
dardized, validated procedure during a period of 7 years, 
CBUs have been stored from hospitals targeted for their eth-
nically diverse populations, resulting in a cord blood bank 
with nearly half of the units originating from ethnic minori-
ties within the United Kingdom. In 2005, the London Cord 
Blood Bank reported that 31% of the CB units issued for 
transplant were of non-European Caucasoid origin, thereby 
fulfilling one of the London Cord Blood Bank primary 
aims. Interestingly, this approach has resulted in a stable 
number of cord blood shipments over time for this particu-
lar cord blood bank, while the number of cord blood prod-
ucts provided by European cord blood banks has decreased.

Another service is the delivery of double cords to the 
transplant unit. The growth in provision of two CBUs for 
one patient and the publications showing very encourag-
ing long-term results after double umbilical cord blood 
transplantation, make this procedure a promising treatment 
strategy for patients in need of a transplant. The big disad-
vantage is that a double cord blood transplant is twice as 
expensive as a single one. Discussions are therefore emerg-
ing on how to keep cord blood products competitive in rela-
tion to HPC donations from adult donors.33

In summary, cord blood banking has developed exten-
sively since the pioneering work by Rubinstein et al. in 
New York, in 1993. Certainly, there has been an impressive 
increase in activity over the last few years; however, sig-
nificant quality issues remain. In this chapter, you have read 
about the importance to work according to international 
accreditation strategies, the existence of a global adverse 
event reporting system and how to set up a global, well-
balanced inventory of CBUs (with ethnic minorities repre-
sented as well as CBUs with high TNC counts) listed in a 
central database, which serves as an efficient service plat-
form for transplant units. Safety and identity issues remain 
the most critical responsibilities of the cord blood banks in 
functioning as a reliable provider of CBUs for transplant 
units. The main priority of cord blood banks should be 
to focus on building quality rather than quantity and thus 
improve the outcome of cord blood transplantation.34

The mission of the WMDA allows us all to talk to each 
other and solve problems together. We are continuously 
evaluating incoming results to better understand what is 
working well and what is not. We described one example 
about the way guidelines were developed regarding the con-
tiguous segments and the way rapid alerts are issued to the 
global community. Another role for the WMDA is educat-
ing and helping to start up new cord blood banks. To this 
end, a handbook has been published with tools and recom-
mendations, serving as an elaborate source of information 
for starting cord blood banks.3

The WMDA is grateful to all members of the Cord Blood 
Working Group and the participating cord blood banks/reg-
istries for helping to develop the guidelines and recommen-
dations referenced in this chapter and for providing data that 
enabled us to get a total overview of global shipments.

12.  LIST OF CORD BLOOD REGISTRIES/
BANKS

We would like to thank all the following registries and cord 
blood banks for their support and cooperation.

Country
HPC Donor Registry—Cord Blood 
Registry

Argentina Argentine CPH Donors Registry

Australia AusCord—Australian Bone Marrow 
Donor Registry

Austria Austrian Cord Blood Registry

Belgium Marrow Donor Program Belgium

Brazil BrasilCord/REDOME

Canada Héma-Québec Public Cord Blood Bank

Canada Victoria Angel Registry of Hope

Chile Chile Cord Blood Bank
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1.  A “PERFECT” MATCH?

The outcome of allogeneic cell, tissue, and organ transplan-
tation is positively associated to the degree of genetic match 
between donor and recipient. Although minor degrees of 
genetic mismatch do not necessarily translate into statisti-
cally significant and clinically relevant negative outcomes 
in all cases and conditions, sound scientific evidence sup-
ports the current standard medical practice to pursue the 
best possible match. A potential unfortunate consequence 
of this correct medical principle is a generalization that 
“autologous is better than allogeneic” under any circum-
stances, while evidence supports a positive outcome associ-
ated with minor degrees of mismatch between donor and 
recipient, which can generate antitumor effects in the trans-
plant recipient.

The appeal of the “perfect autologous match,” in asso-
ciation with bombastic media representations of stem cell 
discoveries, has contributed to support the development of 
the commercial autologous cord blood banking industry—
a profitable business totaling US$ 4.5 billion in 20101—as 
opposed to and in competition with solidaristic cord blood 
donation programs aimed at benefitting any patient in 
need of transplantation.2 The latter were implemented two 
decades ago with the main purpose of supporting alloge-
neic hemopoietic stem cell transplant therapy in conditions 
including leukemia, lymphoma, thalassemia, immunologi-
cal defects, and some metabolic disorders.3,4

The aim of this chapter is to report contrasting opinions 
on the current value of commercial autologous cord blood 
storage versus solidaristic donation to public banks,5–18 and 
to challenge the view that routine conservation of umbilical 

cord blood with the perspective of a future autologous trans-
plant is a choice made in the best interest of the newborn.

2.  STEM CELL TRANS-DIFFERENTIATION 
AND TISSUE REPAIR?

During the last two decades, a classical dogma in biology— 
the inability for stem cells to cross boundaries of the meso-
derm, ectoderm, and endoderm embryonic germ layers—
has been challenged with conflicting evidence by a large 
number of investigators. Early provocative data from these 
studies19 gained top visibility not only in specialistic scien-
tific journals, but also through editorials and commentaries 
published in highly respected journals of general medi-
cine,20,21 which were promptly reported in the grey and lay 
press.

An oversimplified view of complex and only partially 
understood biochemical and molecular pathways was 
that any cell, bearing the whole genomic information of 
the human organism, could be instructed by an appropri-
ate molecular environment to activate the necessary gene 
makeup to develop any cell and tissue, independently  
from its original embryonic germ layer. If confirmed, an 
immediate consequence of this possibility would be to 
develop laboratory procedures carried out according to 
good manufacturing practices for large-scale expansion 
and trans-differentiation of easily procured stem cells—
like hemopoietic stem cells from bone marrow, peripheral 
blood, or cord blood—with the ultimate aim of developing a 
large array of cellular therapies for autologous and allogeneic 
tissue and organ repair.
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Highly attractive interpretations of these early data sug-
gested, for example, that hematopoietic stem cells (which 
belong to the mesoderm) from a male bone marrow donor 
could home in the brain of a female bone marrow transplant 
recipient and trans-differentiate into neurons (which belong 
to the ectoderm).20 Another discussed example was the find-
ing of male cells in the parenchyma of a heart from a female 
cadaver donor transplanted into a male recipient, which was 
interpreted as supportive of the possibility that circulating 
cells from the recipient’s bone marrow (possibly hemopoietic 
or mesenchymal stem cells) could be attracted by mediators 
of inflammation, migrate to a site of lesion, and differentiate 
into the host tissue (belonging in this case to the same germ 
layer, the mesoderm), thus contributing to its repair.21

A detailed discussion of data supporting or contrasting 
the early views on adult stem cell differentiation and trans-
differentiation exceeds the scope of this chapter. Alterna-
tive interpretations of the observed phenomena have been 
proposed, including cell fusion.22,23 Suffice to say that, 
although possibly supported in principle by some evidence, 
trans-differentiation with currently available technology is 
at best a very inefficient phenomenon, and formidable hur-
dles need to be overcome before real therapeutic prospects 
of human applications can be foreseen.24–26

The full understanding of the above findings and the 
uncertainties surrounding their interpretation are particu-
larly critical not only for the scientific community, but 
also for families considering the alternative options of cord 
blood donation to a public bank versus autologous conser-
vation in a commercial program.

3.  SOURCE AND QUALITY OF 
INFORMATION

Information on public and private cord blood banking pro-
grams is readily accessible through current electronic com-
munication systems. National and international networks of 
public cord blood banks, international registries of trans-
planted patients, and scientific societies involved in hemo-
poietic cell transplants regularly report information on the 
number of active banks, size of cord blood inventory, and 
number of cord blood transplants performed in different 
countries and institutions. In the private sector, carefully 
designed and highly attractive Web sites display informa-
tion on commercial programs offering autologous cord 
blood conservation for a variable fee including the initial 
cost of cord blood collection, transportation and processing, 
and a regular annual fee for frozen storage.

An important difference between public and private 
programs is that public banks include in their frozen inven-
tory only a small proportion of collected units (in several 
banks less than 20%), as clinical experience has shown that 
storage of units with low cell numbers is not cost effective, 
because the latter have a very small chance of being used for 

transplantation. On the contrary, most private programs have 
much less stringent criteria for unit cellularity, as they offer 
a service primarily based on the hope that future in vitro 
(pretransplant) or in vivo (posttransplant) cell expansion 
procedures could overcome the limitation due to a small 
original cell number or even that very few cells could pro-
vide effective treatments for “miniature” transplant proce-
dures of tissue or organ repair.

Another difference regards the quality of information 
reported by the public and private sectors, as the former 
usually follows the pattern of peer-reviewed publication 
in scientific journals, whereas the latter generally presents 
information through Web sites which may operate indepen-
dently from stringent regulatory oversight and accreditation 
and through grey literature.

A careful evaluation of the quality of information on stem 
cell medicine displayed at 19 direct-to-consumer Web sites 
was reported in 2008 by Lau et al.27 These authors investi-
gated three critical parameters of information: determinacy, 
i.e., “the extent to which indications were well bounded and 
specific, as opposed to open ended or vague;” relevance, 
defined as “the extent to which the risk or benefit is likely 
in frequency or dramatic in magnitude;” and the readiness 
of therapies described at the Web site for public access. The 
study showed that “(s)eventy-nine percent of websites por-
trayed benefits as somewhat or very relevant. In contrast, 
websites’ risk portrayals scored as very irrelevant in the 
majority (14; 74%) of sites. This asymmetric portrayal of rel-
evance of risks and benefits contributed to an overall impres-
sion that therapies were safe and effective. (…) Ten (53%) 
sites scored at the ‘very’ positive end of the five point scale 
for readiness.” Based on data available at the time of their 
publication, Lau et al. concluded that “patients should be 
wary of claims made by stem cell clinics on the Internet.”27

The very low probability for a newborn to require the 
use of his/her own cord blood unit for autologous transplant 
before the first two decades of life was extensively discussed 
by Sullivan28 in 2008, who concluded that “in the absence of 
any published transplant evidence to support autologous and 
non-directed family banking, commercial cord banks cur-
rently offer a superfluous service.” This investigation stirred 
a number of scientific letters contrasting in some cases the 
above conclusions, mostly based on the expectation that 
future technical developments could overcome the current 
difficulties and new, successful clinical studies could pave 
the way to effective autologous cell therapy treatments.29–31

With regard to the latter, specific clinical studies have 
been recently started or completed in cerebral palsy, type 1 
diabetes, and severe aplastic anemia.

A large placebo-controlled trial of autologous cord 
blood infusion, which was designed after the collection 
of improved outcomes in animal models, has been started 
at Duke University in neonates with hypoxic-ischemic 
encephalopathy and in children with cerebral palsy.32 In a 
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similar condition of cerebral palsy occurring after cardiac 
arrest in a normally developed 2.5-year-old boy, the infusion 
of autologous cord blood 9 weeks after the cardiac arrest 
was followed by remarkable neurological improvement at 
40-month follow-up, which was interpreted by the authors 
as “difficult to explain by intense rehabilitation alone.”33

Great hopes were raised by preliminary investigations in 
diabetes, but a recently published open-label, randomized 
study of autologous cord blood infusion followed by daily 
supplementation with vitamin D and oral docosahexaenoic 
acid for 1 year in 10 children with type 1 diabetes, and five 
controls treated with intense diabetes management alone, 
failed to show preservation of C-peptide.34–36

Successful autologous cord blood transplantation fol-
lowing immunoablative chemotherapy with fludarabine and 
cyclophosphamide has been reported in a 9-year-old child with 
acquired severe aplastic anemia, a condition annually occur-
ring in over 400 pediatric cases in the United States.37 Another 
four cases of autologous cord blood transplant treated with 
different conditioning regimens showed variable results.38,39

Another issue relevant for the choice of pregnant women 
between solidaristic public donation and autologous com-
mercial conservation is the quality of the banking program. 
While public banks undergo regulatory oversight from  
governments, which provides a standard, or at least a har-
monized framework for quality, a standard approach to 
define the quality of commercial programs has not been 
developed. This is particularly important for any current 
and future plan to use cord blood units stored in commercial 
programs for clinical trials of autologous transplant.

A comparative evaluation of the quality of cord blood 
units stored in public versus private, commercial banks is 
found in the study published by Sun et al.,40 as a part of the 
experimental clinical study on autologous cord blood infusion 
in children with acquired neurologic disorders carried out at 
Duke University. This study found that precryopreservation 
volume, total nucleated cell count, and CD34+ cell count were 
significantly lower in units from commercial programs as 
compared to publicly stored cord blood units. Moreover, post-
thaw sterility cultures were positive in 7.6% of the infused 
autologous cord blood units obtained from private banks, as 
compared to 0.5% in a control sample of public units used for 
allogeneic transplantation.40 Another study assessing the char-
acteristics of thawed autologous cord blood units as part of the 
previously described experimental protocol for the treatment 
of early pediatric type 1 diabetes found high variability and 
low cell counts in autologous cord blood units, suggesting the 
need for further standardization of characterization, collec-
tion, and processing procedures performed in private banks.41

Within the domain of public banks, McCullough et al.42 
reported the outcomes of a careful quality assessment of 
268 cord blood units provided by cord blood banks in the 
United States and Europe to the Clinical Cell Therapy Lab-
oratory and the Blood and Marrow Transplant Program of 

the University of Minnesota. Quality issues were detected 
in 151 (56%) of the 268 units, with likely risks to patients 
in 10% of the cases. In another study,43 the same group 
reported that 2 of 871 (0.2%) cord blood units provided for 
allogeneic transplantation during 6 years had been originally 
mislabeled. Although small in frequency, this error related 
to the identity of cord blood units, if undetected, could have 
had potentially devastating clinical consequences.

The above data stress the importance of careful oversight 
of both private and public cord blood banking programs.

Moreover, families considering the options of solidaristic 
donation versus autologous commercial conservation should 
include independent documentation of high quality—such 
as a certificate of accreditation by internationally recognized 
organizations—among the criteria used to select a specific 
bank. General information on national cord blood banking 
programs has been reported in peer-reviewed journals from 
Italy44—where private banking is illegal—France,45 and 
Germany.46 Additional information on accredited banks can 
be found at the Web sites of NetCord, the Foundation for 
the Accreditation of Cellular Therapy, the National Marrow 
Donor Program, and Bone Marrow Donors Worldwide.

4.  MATERNAL AND PATERNAL 
KNOWLEDGE AND PREFERENCES

The psychological vulnerability of expectant families 
toward the appeal of commercial proposals of autologous 
cord blood storage “in the best interest of the newborn” 
prompted the development of studies aimed at assessing 
stem cell knowledge and storage preferences in parents in 
different countries.

Thirty-seven percent of 425 pregnant women complet-
ing a survey performed in 2006 by Perlow47 in Phoenix, 
Arizona, had no knowledge of cord blood banking. Of those 
indicating familiarity with cord blood banking, 74% felt 
“minimally informed.”

Fox et al.48 evaluated the understanding about cord blood 
banking in a cohort of 325 pregnant women attending the 
antepartum testing unit of a department of obstetrics and 
gynecology in the United States. The study, which was pub-
lished in 2007, disclosed a “strikingly poor understanding 
regarding the current uses for cord blood therapy.” More spe-
cifically, when asked if cord blood had been used success-
fully to treat Alzheimer’s disease, Parkinson’s disease, and 
spinal cord injuries, only 28%, 24%, and 24%, respectively, 
of the pregnant women correctly responded that it had not.48

A more recent survey carried out in 1001 highly edu-
cated pregnant Korean women receiving active prenatal 
care showed that a high proportion of them (n = 863; 86%) 
had heard of cord blood.49 However, 56% of them underes-
timated the probability of identifying a matched cord blood 
unit in the public bank, and correct answers on current use-
fulness were given by just 57.4% of respondents.
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An analysis of decision-making in cord blood donation 
was performed through a participatory approach in a large 
maternity unit in Milan, Italy.50 The attitudes of midwives 
practicing in hospital and outside hospital, obstetricians/
gynecologists, pregnant women informed about and unaware 
of cord blood, future parents, and blood donors were collected 
by seven focus groups led by two psychologists. The study 
outlined “large support to altruistic cord blood donation and 
need for better health professionals education in this field.”50

A larger study on pregnant women’s awareness of cord 
blood stem cells and attitude on banking options was per-
formed in France, Germany, Italy, Spain, and the United 
Kingdom by Katz et al.51 Among the 89% of women who 
would opt to store cord blood, 76%, 12%, and 12% would 
choose a public bank, a mixed (public-private) bank, and 
a private bank, respectively. The study showed “a strong 
preference for public banking in all five countries, based on 
converging values such as solidarity.”51

Emerging hopes of cure with autologous cord blood 
were outlined in a study performed in 2010–2011 by Parco 
and Vascotto52 in a Northern Italian region, where the law 
prohibits private banking but allows families to export cord 
blood for storage in a foreign private commercial bank. 
These authors reviewed 129 questionnaires filled as part 
of the authorization to exportation and found that 75% of 
the families had opted for public donation. In the remain-
ing 25% families opting for autologous or family-directed 
conservation in a foreign private bank, the main motivation 
by disease was treatment of diabetes (22.4%) and celiac dis-
ease (19.7%), both conditions in which therapy with autolo-
gous cord blood is still not routinely available.

Finally, particular attention to the attitude of actual and 
potential cord blood donors toward the different models of 
banking (public, private, and hybrid) was given in the stud-
ies performed in Switzerland by Manegold et al.53 and by 
Wagner et al.54 In the former study, a standardized, anony-
mous questionnaire was sent to the most recent 621 pub-
lic cord blood donors. The returned questionnaires (48%) 
showed the will to donate again to the public bank in 95% 
of the cases, whereas 27% of donors had never heard about 
private banking. Among those informed about private banks, 
concern was expressed for the high cost of commercial pro-
grams. This investigation also outlined difficulties in mail 
contact with the former donors shortly after donation, an 
issue that, in the opinion of the authors, “might be relevant 
in any sequential hybrid banking.”53 The more recent study 
performed by Wagner et al.54 specifically investigated the 
attitude of parents and pregnant women with or without 
children toward a hybrid allogeneic-autologous model of 
cord blood banking. The study documented a fundamental 
agreement with cord blood donation and overall acceptance 
of private banking from 47% of study participants. Further-
more, it showed that if a public–private, hybrid model would 
become available, 49% would opt for this option and the 
choice of private banking alone would decrease to 13% only.

5.  CONCLUSIONS: WHAT IS THE CURRENT 
“CHILD’S BEST INTEREST”?

Responsible parental protection and guidance is a funda-
mental element for survival during development into adult-
hood. Several studies discussed in this chapter demonstrate 
the commitment of expectant parents to make responsible 
decisions on cord blood donation versus autologous conser-
vation. They also identify areas of improvement for health-
care professionals in relation to their duties on unbiased 
communication with expectant families and discussion of 
scientific data on stem cell medicine. Hopes for future pos-
sible treatments supporting the choice of autologous cord 
blood storage should be balanced with demonstrated bene-
fits from current treatments of proved clinical effectiveness, 
which require a large availability of solidaristically donated 
cord blood.

Besides any other scientific consideration, the ultimate 
question that a mother-to-be should answer is: How could I 
ask another mother, in the unfortunate event that my child 
develops leukemia and he/she needs an allogeneic hemo-
poietic transplant, to give up a potentially precious source 
of future therapies for her child, if I am not available to 
donate my child’s cord blood to the community for the cur-
rent benefit of any of us who could need it?

Attempts to predict the future can be very disappointing 
in several fields and stem cell medicine is no exception. For 
the current times this author shares the opinion of those who 
do not consider autologous cord blood commercial storage 
cost effective.55 The possibility of short-term autologous 
directed storage for prompt treatment of neonatal cerebral 
ischemia, followed by crossover into the general solidaristic 
inventory for hemopoietic transplantation, could be consid-
ered based on the outcomes of the currently ongoing clini-
cal studies in this condition.4
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The Future of Cord Blood Banks
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1.  INTRODUCTION

In the modern era of genomics, systemic and molecular 
biology, great advances have enhanced knowledge and 
understanding of disease pathophysiology. New biologi-
cal markers help early diagnosis and play an important role 
in decision-making regarding the treatment. Additionally, 
new technologies allow to better understand the differences 
between individual cases, a fact that could ultimately lead 
into personalized medicine. This, however, has increased 
the scientific demand for access to high-quality material 
and information, in order to further advance research and 
therapeutic applications. Therefore, Biobanks have been 
created to assist medical research, clinical, and translational 
medicine. Depending on their purpose and specialty, they 
are classified into different types. Disease oriented, popula-
tion based, case control are but some examples of existing 
Biobanks.1

A special category of Biobanks is the “Tissue and Cell 
Banks” that focus on providing cells and tissues, including 
umbilical cord blood (CB), corneas, skin, bone fragments, 
and other, for clinical applications. The particularity of 
those banks resides in the fact that they are patient oriented 

(“banks for patients”). They can be anything from a small 
collection of vials of frozen cells to a large laboratory facil-
ity with dedicated storage, testing, and distribution systems, 
supplying high-quality and controlled cells for international 
users. Recent advances in stem cell biology have led to 
enormous interest in the use of stem cells in translational 
and clinical approaches. In the 1990s, it was demonstrated 
that embryonic and several other categories of adult stem 
cells have the capacity to give rise to any cell type. More 
recently, induced pluripotent stem cells (iPSCs) “created” 
from adult human somatic cells,2 have been considered for 
use in several medical research areas such as drug devel-
opment, drug screening, disease models, etc. More impor-
tantly, iPS opened a new field of stem cell-based therapeutic 
strategies for a large number of human pathologies such as 
neurological diseases, heart disorders, liver failures, diabe-
tes, etc.1 All these novel, developing activities, rely on the 
procurement of a starting biological material that “Tissue 
and Cell Banks” could easily supply.

In this context, cord blood banks (CBBs) could greatly 
enhance their activities, providing biological material 
for new applications. Their main advantages over other 
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Biobanks are the existing infrastructures, designed under 
stringent standards to deliver high-quality products, as well 
as the easy access to a rich source of different kinds of cells, 
namely the CB. Indeed, the quality of stored biomaterial is a 
key factor that could determine the success of its usage and 
working protocols, conceived, validated, and routinely used 
by CBBs for the collection, processing, and storage of clini-
cal grade biological material, could give them a significant 
edge. Regarding the various types of cells encountered in 
the CB, several research teams have reported studies per-
formed mainly in animal models, suggesting that some cat-
egories could repair tissues other than blood and be applied 
in diseases ranging from heart attacks to strokes. The cell 
populations implicated include nonhematopoietic stem 
and progenitor cells like mesenchymal stem/stromal cells 
(MSCs), endothelial progenitor cells (EPCs),3 or cells that 
could derive from them, namely the iPSCs.4,5 The regen-
erative ability, if verified, might be either due to a trophic 
effect, exerted by the cells, that helps the body to repair 
damaged tissues, or to direct differentiation of stem cells 
into the damaged tissue cell type. Either way, their contribu-
tion in tissue repair and regeneration would be significant. 
With the focus shifting on these “other” cell populations of 
CB, the stakes for CBB are also increasing.

2.  CB AND FETAL ANNEX TISSUES ARE AN 
ABUNDANT SOURCE OF “YOUNG” 
STEM CELLS

CB initially came into focus as a rich source of hematopoi-
etic stem cells (HSCs) with practical and ethical advantages 
making it an attractive graft choice for HSC transplantation. 
In the last 25 years, numerous studies have confirmed its 
feasibility and safety for the treatment of malignant as well 
as nonmalignant diseases. Although cell dose imposes a 
significant challenge for the treatment of adults, innovative 
strategies such as ex vivo expansion and nonmyeloablative 
conditioning regimens promise to improve outcomes and 
also increase the flexibility of treatment options available 
to the physicians. Of the above strategies, ex vivo expan-
sion strongly relies on the ability of the cells to proliferate. 
It has been demonstrated that CB HSCs, when compared to 
their adult bone marrow (BM) counterparts, have distinc-
tive proliferative advantages including increased cell cycle 
rate, production of autocrine growth factors, and increased 
telomere length.6 Taken together, these characteristics indi-
cate that HSCs in CB are more naïve and more potent than 
adult cells.

In addition to the well-studied and routinely used HSCs, 
other stem/progenitor categories have recently been iso-
lated from CB and studied. Similar to the HSCs, these stem/
progenitor cell populations present particularities that dis-
tinguish them from the respective adult populations. First, 
several CB originating stem populations, such as MSCs 

and unrestricted somatic stem cells (USSCs), are immuno-
logically immature, which allows for less stringent match-
ing requirements between donor and recipient. Another 
example of CB-derived stem cells immaturity refers to 
their telomeres, which, as mentioned before, correlate with 
proliferation capacity.7 Indeed, it has been determined that 
aging shortens telomeres and impairs self-renewal poten-
tial of cells.8 However, CB MSCs, USSCs, and also EPCs, 
originating from this relatively naïve and immature source, 
sustained the lowest level of changes in their stemness and 
self-renewal characteristics.8,9 This property suggests that, 
CB MSCs, USSCs, and EPCs might be more efficient than 
adults’ stem cells. Especially for EPCs, Naruse et al. pro-
vided evidence that CB-derived EPCs could promote neo-
vascularization in diabetic mice when BM-derived EPCs 
could not, reinforcing this hypothesis.10

Finally, MSC populations isolated from other perinatal 
tissues, such as amniotic fluid,11 amnion,12 placenta,13 or 
umbilical cord’s (UC) Wharton’s Jelly, exhibit the same 
characteristics of immaturity as CB MSCs. For this rea-
son, MSCs from perinatal tissues are already being consid-
ered for clinical applications, in particular Wharton’s Jelly 
MSCs,14 due to the ease of procurement of the cell source 
that involves no invasive procedures and the fact that Whar-
ton’s Jelly appears to be immune privileged.15

3.  CB-DERIVED EPCs

Tissue regeneration, wound healing, and tissue engineering 
repair of damaged tissues rely to a large extent on the ability 
of the human organism to create new blood vessels.16 This 
phenomenon, called neovascularization, is crucial, since 
failure of the organism to channel blood to the regenerat-
ing tissue will lead to cell death and necrosis of the area. 
In many cases neovascularization is very slow and results 
in the failure of regenerative medicine techniques. Various 
attempts to facilitate and accelerate the creation of vessels 
have been proposed that rely on the use of cells of endothe-
lial progeny. Mature endothelial cells (ECs) have been suc-
cessfully isolated from vessels but, even though they have 
been shown to spontaneously organize into tubes, they rap-
idly reached proliferative arrest and subsequently, could not 
be expanded in vitro. Thus, scientific focus shifted to the 
more immature EPCs. Indeed, EPCs have been detected in 
human peripheral blood as well as in human CB and could 
prove to be promising candidates for the development of 
future cellular therapy strategies.17

Recently, a combination of immunophenotypic and cell 
culture characteristics has helped to define three distinct 
EPC populations: the colony-forming unit endothelial cells 
(CFU-ECs), the circulating angiogenic cells (CACs), and 
the endothelial colony-forming cells (ECFCs). The first two 
types, previously indistinguishable and termed early out-
growth or pro-angiogenic cells appear to be heterogeneous 
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populations of hematopoietic progeny, while the ECFCs, 
also termed late outgrowth cells, are a nonhematopoietic 
population.18 Studies have shown that out of the three cell 
types, the pro-angiogenic cells, when implanted into animal 
models, did not form tubes and did not differentiate into 
ECs, but significantly promoted tubulogenesis of mature 
ECs by releasing paracrine factors such as interleukin 8 
and monocyte chemoattractant protein 1.19 On the con-
trary, human ECFCs demonstrated de novo tubulogenesis 
capacity and were capable of interacting with mature ECs 
through surface proteins to form capillary structures in vitro 
but most importantly to form human vessels in mice that 
integrated the murine circulatory system.20 Thus, ECFCs 
display all the properties of a real EPC.

3.1  Therapeutic Potential of CB EPCs

With their work, Prater et al. have shown that one unit of CB 
can easily give rise to between 108 and 109 ECFCs, which 
are still proliferating and functional.18 This yield can cer-
tainly be improved, thus increasing numbers of clonogenic 
endothelial progenitors within primary colonies. When CB 
EPCs’ expression of endothelial markers was compared to 
that of peripheral blood EPCs or even to differentiated ECs 
such as human umbilical vein endothelial cells (HUVECs) 
and human umbilical cord artery-derived endothelial cells 
(HUCACs) they have been found to express higher levels 
of KDR (kinase insert domain receptor), an early vascu-
logenesis and progenitor marker. Consequently, CB EPCs 
are more sensitive to angiogenic factors than HUVECs and 
HUCACs and give rise to a higher number of colonies than 
PB EPCs.17 This fact indicates that although CB EPCs are 
not multipotent and have undergone some degree of differ-
entiation, they have properties of immature cells and prob-
ably greater tissue repair capabilities.

Various experimental data demonstrate that there is a 
significant improvement in reperfusion in NOD/SCID mice 
with hind limb ischemia after injection of human CB EPCs-
derived ECs, compared to noninjected animals.21 It has also 
been shown that adult PB EPCs form blood vessels that 
are unstable and regress within 3 weeks, while CB EPCs 
form normal functional blood vessels that last for more than 
4 months. These vessels have similar functional abilities 
to normal vessels.22 Therefore, CB represents a valuable 
source for isolation of EPCs to be used in the treatment of a 
wide range of cardiovascular diseases.

3.2  Regenerative Medicine and Tissue 
Engineering Applications of EPCs

Regenerative medicine and tissue engineering are two 
rapidly evolving disciplines focused on the repair of dam-
aged tissues and organs. The first involves the use of cells, 
growth factors, or other biological substances in order to 

induce natural healing processes. Tissue engineering uses 
the same therapeutic factors adding an extra component, 
the scaffold. Scaffolds are biomaterials, or synthetic mate-
rials, designed to simulate human tissues. When they are 
loaded with a patient’s cells, a copy of the damaged tissue 
is created in the laboratory and is used to replace the defect. 
With the aid of this technique, simple organs such as blad-
der23 and trachea24 have been constructed and implanted to 
patients, while technological advances such as 3D printing 
could further increase tissue engineering’s potential.

Therapeutic angiogenesis is a new and exciting approach 
to the treatment of cardiovascular diseases. It is a regen-
erative medicine application that involves the promotion of 
generation of new vessels from existing ones in order to 
treat myocardial ischemia or peripheral ischemia diseases. 
Inser and his team were among the first to attempt revas-
cularization in a rabbit hind limb ischemia model with the 
injection of a single growth factor, the vascular endothelial 
growth factor (VEGF) isoform 165. They demonstrated that 
the angiogenic activity of VEGF was sufficiently potent 
to achieve therapeutic benefit.25 Subsequently, in the last 
20 years many research groups have utilized various angio-
genic factors, in an attempt to promote angiogenesis. In 
parallel, novel strategies have been proposed that include 
gene delivery, protein delivery, and cell delivery. Compared 
with single-factor therapies, cell therapy is believed to have 
a more comprehensive and extensive effect.26 Very good 
candidates for clinical applications are early outgrowth 
EPCs since they secrete pro-angiogenic factors. Applied in 
the infarcted heart, the infusion of cells either intravenously 
or directly into the infarct zone, aiming to restore organ 
vascularization and function is called cellular cardiomio-
plasty. This technique is effective in patients with transmu-
ral infarction where, however, the early injection of cells is 
critical since the therapeutic benefit declines with the time 
post-infarct.27 Moreover, clinical trials in myocardial infarc-
tion patients and in patients with chronic ischemic heart 
failure using either BM stem/progenitor cells or circulating 
EPCs have shown promising results.28 In general, therapeu-
tic angiogenesis has been studied in the treatment of various 
diseases, as well as in processes that rely on blood supply 
such as tissue regeneration and wound healing.

In the field of tissue engineering, the use of EPCs relies 
on their ability to differentiate into mature ECs, thus partici-
pating in the formation of vessels. The main goals of EPCs’ 
use in tissue engineering are the creation of vascular grafts 
and the in vitro vascularization of tissue-engineered organs. 
The cells to be used in these applications must have high 
proliferation and differentiation potentials. For this reason, 
ECFCs, endothelial cells deriving from embryonic stem 
cells (ESC-EC) or, as will be discussed later, iPS-derived 
endothelial cells (iPS-ECs) could be considered. Since the 
use of ESCs is limited due to legal and ethical issues and 
iPS technology still lacks efficiency, is time-consuming, 
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and costly, it appears that ECFCs are, at least in the short-
term, the most viable solution.

In summary, in the damaged vessels or in cardiovascular 
disease, there is a reduction in EC number and their func-
tion is impaired. Possible cell-based therapeutic approaches 
are the use of BM-derived progenitors, including EPCs, in 
order to mobilize cells and stimulate endogenous repair. 
Also ECFCs, human ESC-ECs, or human iPS-ECs could 
be expanded in vitro, and be used to engineer vessels for 
 grafting at the site of damage.

3.3  Immunogenicity of EPCs

Since EPCs are being considered for the in vitro creation of 
artificial grafts, avoidance or reduction of rejection due to a 
natural immune response of the human recipient is a highly 
critical parameter.29 Obviously, utilization of autologous 
cells remains the ideal scenario for cellular therapy applica-
tions, provided that such cells are available and retain their 
therapeutic potential whenever the need arises. Indeed, the 
rarity of EPCs in circulation and the concept of reduced, 
with age, potency of circulating EPCs30,31 have prompted the 
investigation of CB as an allogeneic source.32,33 However,  
allogeneic CB EPCs would be immunogenic to patients. 
It is therefore important to study allo-immunity of these 
cells as well as allo-immunity of cells from alternate fetal 
sources, namely the HUVECs. In a study by Suarez et al., 
CB EPCs were compared to same donor HUVECs. The 
results showed that both cell lines were comparable regard-
ing the expression of proteins relevant to allo-immunity, 
including major histocompatibility complex (MHC) mol-
ecules, costimulators, adhesion molecules, cytokines, che-
mokines, and in their ability to initiate allogeneic CD4 and 
CD8 memory T cell response both in vitro and in vivo.34 
These data indicate that arterial grafts, created by EPCs 
and used in a human leukocyte antigen (HLA)-mismatched 
allogeneic setting would be rejected and destroyed by the 
host organism. Thus, the use of engineered arterial grafts 
should follow the rules and HLA-matching requirements of 
solid organ transplantation.

In addition to the HLA-mediated immune response, 
there is a growing interest in the role of non-HLA antibod-
ies in transplantation immunology. These non-HLA anti-
gens are classified either as allo-antigens, such as the MHC 
class I chain-related genes A (MICA) and B (MICB), or tis-
sue-specific auto-antigens such as vimentin, cardiac myosin 
(CM), collagen V (Col V) agrin, and angiotensin II recep-
tor type I (AT1).35 While many of the non-HLA antigens 
still remain poorly defined, it is known that the principal 
antigenic targets are expressed, among others, on cells of 
the allograft’s endothelium, and that the immune responses 
to these non-HLA antigens are critical in the pathogenesis 
of the allografts. The existence of polymorphisms or the 
presence of antibodies with different specificities that could 

target endothelial antigenic systems indicate that, in addition 
to the HLA-matching requirements, detection and specific-
ity of non-HLA antibodies should also be considered for the 
use of tissue-engineered arterial grafts. Undoubtedly, this is 
going to be one of the important areas of future interest for 
both organ and cell transplantation but also in therapeutic 
approaches to promote vasculogenesis in patients failing 
conventional revascularization therapies.36

3.4  EPCs Banking

In modern, Western societies, ischemic diseases such as 
coronary artery disease (CAD), cerebrovascular disease 
(stroke), and peripheral vascular thrombosis have high 
socioeconomic implications. CAD alone caused approxi-
mately 1 of every 6 deaths in the United States in 2009, 
i.e., 386,324 persons died of CAD. Each year, an estimated 
635,000 Americans have a new coronary attack (defined as 
first hospitalized myocardial infarction or coronary heart 
disease death) and approximately 280,000 have a recur-
rent attack. It is estimated that an additional 150,000 silent 
first myocardial infarctions occur each year. Approximately 
every 34 s, one American has a coronary event, and approxi-
mately every 1 min, an American will die of one. From 1999 
to 2009, the relative rate of stroke death fell by 36.9% and 
the actual number of stroke deaths declined by 23.0%. Yet 
each year, approximately 795,000 people continue to expe-
rience a new or recurrent stroke (ischemic or hemorrhagic). 
Approximately 610,000 of these are first attacks and 
185,000 are recurrent attacks. In 2009, stroke caused 1 of 
every 19 deaths in the United States. On average, every 40 s, 
someone in the United States has a stroke and one dies of it 
approximately every 4 min. The total direct and indirect cost 
of cardiovascular disease and stroke in the United States 
for 2009 was estimated to be $312.6 billion. This figure 
included health expenditures (direct costs, which include 
the cost of physicians and other professionals, hospital ser-
vices, prescribed medications, home health-care, and other 
medical durables) and lost productivity that results from 
morbidity and premature mortality (indirect costs).37 Simi-
lar epidemiological characteristics have also been reported 
in Europe, confirming CAD as the leading cause of death in 
the developed countries.

As seen in the aforementioned examples, novel appro-
aches based on EPCs can provide effective treatment in a 
variety of pathologies, either through stimulation of endog-
enous repair (therapeutic angiogenesis) or with the in vitro 
creation of ready-to-use arterial grafts (tissue engineering). 
In all of these cases timing is a critical factor since applica-
tion of EPCs early in the disease onset, is correlated with 
best results.27 Although autologous cells should be, ideally, 
used in most patients, the time required for their isolation, 
expansion, and overall preparation could prove detrimental 
to the therapeutic potential. On the other hand, allogeneic 
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use of EPCs is limited by donor–recipient histocompatibil-
ity restrictions, based on HLA, and possibly also on non-
HLA antigen, matching criteria. For these two reasons, 
the creation of EPCs banks could provide the necessary,  
ready-to-use biological material for the propagation of cell-
based therapeutic approaches.

In this setting, CB appears to be the source of choice 
for the isolation of EPCs, as it presents several advantages. 
First, the immaturity of CB progenitor cells increases, as 
discussed before, their proliferative and therapeutic poten-
tial. Additionally, there is a great availability of CB units 
(CBUs) which are unsuitable for CB banking, but could 
be used for the isolation of other cell populations such as 
EPCs. These CBUs have a great diversity in their HLA–
antigen expression and could help in the creation of EPCs 
banks where both common and rare HLA haplotypes would 
be represented, thus covering the needs of the major-
ity of patients. However, several issues need addressing 
before the creation of such CB-derived EPCs banks is pos-
sible. Presently, proper characterization of EPCs relies, 
as stated before, on a combination of immunophenotypic 
and cell culture characteristics. The absence of clear and 
well-defined cell markers complicates not only the study, 
but also the large-scale isolation of the cells. Thus, simple 
techniques must be developed to measure EPC numbers and 
function accurately and quickly as a first step toward EPCs 
banking. The other important step is the development of 
effective cryopreservation techniques for EPCs. While the 
impact of freezing on HSCs has been extensively studied 
over the years, there is no clear evidence whether or not 
this process maintains viability and functionality of other 
stem and progenitor cells within the CBU. A recent study 
by Broxmeyer3 showed efficient recovery of functional 
HSCs up to 21–23.5 years after freezing, as well as recov-
ery of responsive T cells and detection of ECFCs. However, 
ECFCs colony numbers recovered from thawed CB mono-
nuclear cells were only 1/5 to 1/10 of the corresponding 
numbers in fresh CB. Therefore, it would be safe to assume 
that the freezing procedure that works well for the efficient 
recovery of HSCs may not be optimal for storage of ECFCs. 
Nevertheless, the study has shown that ECFCs can be  
cryopreserved and recovered, and with the optimization of  
storage techniques EPCs banking is feasible.

4.  UC WHARTON’S JELLY MSCs

MSCs (see Figure 1) have been initially known for form-
ing the hematopoietic supportive stroma of the BM38,39 
but can also be isolated from different sources such as 
adipose tissue,40 amniotic fluid,41,42 CB,43–45 the umbili-
cal vein,46 and from the connective tissue composing the 
UC, commonly known as Wharton’s Jelly47,48 (see Figure 
2). Initially, MSCs were in focus due to their differentia-
tion potential and their capacity to migrate and engraft into 

injured tissues, characteristics that made them a potential 
regenerative medicine tool. However, the discovery of the 
alternative sources in the last years revolutionized the study  
of the MSC population. With the increase of cell availabi-
lity, this field evolved rapidly and many potential clinical 
 applications for MSCs have arisen.

4.1  MSCs to Enhance CBB Banking

Currently, one of the major factors limiting CB transplanta-
tion is the late engraftment of the HSCs that can ultimately 
lead to graft failure and patient loss. The main reason for 

FIGURE 1 Wharton’s Jelly-derived mesenchymal stem/stromal cells 
in culture (objective 10×).

FIGURE 2 Transverse section of the umbilical cord: Wharton’s Jelly 
is the connective tissue surrounding the two umbilical arteries and the 
umbilical vein and is delimited externally by the amnion.



296 SECTION | VI Cord Blood Banking: Current and Future Outlooks

late engraftment being the low number of HSCs present in 
CB, and in order to overcome this hurdle, strict criteria have 
been established regarding cell dosage. It is now commonly 
accepted that the minimal required cell dose to make CB 
transplantation possible is 2.5 × 107 total nucleated cells49 
or 2 × 105 HSCs/kg of patient’s body weight.50 These crite-
ria translate to a loss of 65–75% of all collected CBUs for 
any CBB aiming at the storage of high-quality CBUs (units 
that could be administered to patients with an average body 
weight of 50–65 kg). In an example set by Querol et al., 
it is shown that if a CBB accepted only CBUs containing 
12.5 × 108 total nucleated cells or more, it would lead to a 
rejection rate of 62%.51 The drawbacks of such practices are 
the elevated financial cost, due to the discarded CBUs, as 
well as the great loss of biological material. In this context, 
it is easy to understand why the expansion of CB HSCs has 
ever been the holy grail of CB banking. The initial attempts 
dated to 199352 and led to the first clinical trial using 
expanded HSCs in 2002.53 Since then, various efforts have 
been made to improve HSC expansion’s outcome utilizing 
diverse techniques.54–59 The overall experience resulted in 
the consensus that better HSC expansion is achieved when 
the cells are cultured on a feeder layer of MSCs.60 Thus, 
availability of MSCs could allow CBBs to develop HSC 
expansion protocols taking advantage of CBUs with low 
cell content, which would otherwise be discarded.

Another factor limiting hematopoietic stem cell trans-
plantation (HSCT) is post-transplant complications that 
lead to increased morbidity and mortality of transplanted 
patients. Graft-versus-Host Disease (GvHD) is a common 
complication after HSCT and consists of immune cells, pro-
duced by the graft, attacking the patient’s (host) tissues and 
organs. It usually causes lesions on the skin, the gastroin-
testinal tract, and the liver. GvHD can be classified either 
as acute Graft-versus-Host Disease (aGvHD), characterized 
by an early onset (less than 100 days after transplantation) 
and very rapid development, or chronic. Chronic GvHD 
(cGvHD) can occur after a successfully treated aGvHD, 
can be an extension of aGvHD, or occurs de novo in trans-
planted patients. The frequency of aGvHD incidence is 30% 
in HLA-matched sibling transplantations and can reach up 
to 70–90% in high-risk patient groups61 (BM transplanta-
tion between mismatched siblings or unrelated transplanta-
tions), while cGvHD incidence ranges from 33% to 80%.62 
There are various factors affecting both the frequency and 
the severity of the disease, the source of the transplant (BM, 
CB, or peripheral blood stem cells), the age of the recipient, 
the degree of HLA match and the relation between donor 
and recipient, being the most important of them. With the 
exception of aGvHD in autologous transplantations (can 
occur in 5–20% of the cases) that can be relatively easily 
treated,63 acute and chronic GvHD require strong immu-
nosuppressive or immunomodulating medication which in 
turn can lead to severe infections. Post transplant mortality 

rates due to the disease can be as low as 25% for patients 
with aGvHD that respond to treatment, 40% in cGvHD 
patients, and 75% in nonresponding aGvHD patients.61,64 
All of the above numbers demonstrate the need for the 
development of novel, alternative treatments in order to pro-
vide more effective care to the transplanted patients. As was 
the case with HSC expansion, it appears that MSCs can also 
provide a solution to GvHD. First, Le Blanc and her team 
reported the durable remission of steroid-resistant aGvHD 
after MSCs infusion in a pediatric patient in 2004.65 Since 
then, multiple phase II clinical trials66–69 have provided  
a strong rationale for what now tends to become a rou-
tine medical practice in many European countries70 and,  
most importantly, have provided a strong rationale to MSC 
banking for potential use in GvHD treatment.

4.2  MSCs for Regenerative Medicine/Tissue 
Engineering Applications

Similarly to the previously described EPCs, MSCs appear 
to be one of the most valuable cellular agents for both regen-
erative medicine and tissue engineering applications. They 
have been shown to exert a trophic effect,71,72 when located 
at the site of injury, and to accelerate wound healing.73,74 
Additionally to their regenerative medicine applications, 
differentiated24 or undifferentiated MSCs75–77 can be loaded 
in scaffolds for the creation of artificial tissues. Since 2010, 
our team in the Hellenic Cord Blood Bank, in cooperation 
with the 2nd Orthopedics department of “Papageorgiou” 
Gen. Hospital of Thessaloniki, is participating in a phase II 
clinical trial providing MSCs for tissue engineering of knee 
cartilage defects (see Figure 3). More than 30 patients have 
already been successfully treated with this method, showing 
substantial recovery of their joint functionality and pain-
free movement. All these advances in regenerative medicine 
and tissue engineering rely on the availability of controlled, 
ready-to-use MSCs; a demand which could easily be met 
by MSC banks.

4.3  MSCs for Advanced Cellular Therapies

As stated in the previous examples, MSCs attract scientific 
interest due to two main properties they possess. They have 
an immunomodulatory activity, which is used in GvHD 
treatment, and they exert a trophic effect, which is important 
for regenerative medicine applications. However, there are 
various other pathological situations where a combination 
of both anti-inflammatory and reparative effects is required. 
All these pathologies are, for the time being, incurable 
and often lethal. Through the years, drug-based therapies 
have been developed aiming, primarily, at providing relief 
from symptoms, improving quality of life, and elongating 
patients’ life expectancy. Cells’ infusion represents a novel, 
alternate strategy, called “advanced cellular therapies,” in 
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the arsenal of physicians for the care of patients suffering 
from diseases with no effective therapy. Autoimmunities 
that cause extensive tissue damage are one category of such 
diseases. Rheumatoid arthritis, an inflammatory disease 
that causes articular deterioration; multiple sclerosis, an 
immune-mediated disease causing neuron degeneration; 
systemic lupus erythematosus, a chronic inflammatory dis-
ease affecting various organs; and type 1 autoimmune dia-
betes are some illustrative examples of autoimmunity where 
MSC treatment is being considered.78–82 Degenerative dis-
eases constitute another major group of pathologies that 
could benefit from MSCs’ applications. For example, Par-
kinson’s disease is one of the most common neurodegen-
erative disorders, affecting approximately 1% of individuals 
older than 60 years. However, preliminary studies of differ-
entiated (to neuronal cells) MSCs infusion in Parkinson’s 
animal models held promising results.83 MSCs can help 
alleviate another major neurodegenerative disease, amyo-
trophic lateral sclerosis (ALS). Patients with ALS have a 
median life expectancy of 3 years from the onset of weak-
ness84 but already phase I85 and II (FDA-approved clinical 
trial NCT01051882) clinical trials aim to achieve regression 
of symptoms and survival prolongation with the infusion of 
MSCs. Other degenerative diseases, where preclinical and/
or clinical trials suggest that MSCs use could be warranted, 
include osteoarthritis,86 osteoporosis, and type 2 diabetes 
mellitus.87,88

It still remains unclear what the future contribution of 
MSCs in advanced cellular therapies will be and if they will 
find their way to bedside, complementing or even replacing 
traditional, drug-based treatments. However, current data 
are promising and MSC banking activities could increase 

availability of cells for future studies and possibly provide 
cells for novel applications. Following this paradigm, the 
Hellenic Cord Blood Bank, participating in a phase II clini-
cal trial, stores autologous BM-derived MSCs which are 
then infused to patients suffering from multiple sclerosis 
and ALS.

4.4  Actual Status of MSC Banking

All of the above developing applications, even though they 
demonstrate the utility of MSC banking, also lead to new, 
unanswered questions. The choice of the cell source to be 
used for clinical grade (and large-scale) MSC isolation is 
one of them. To answer this question, the accessibility and 
the availability of the biological material, as well as the 
quality and characteristics of isolated cells should be taken 
into account. Many of the original studies denoted that the 
MSCs obtained from different tissues have the same charac-
teristics as their BM-isolated counterparts.40,41,89 However, 
more recent ones indicate that there might be differences on 
the proliferative capacity90 or even the therapeutic poten-
tial of the cells90,91 depending on their origin. The clear 
advantages of Wharton’s Jelly, compared to other sources 
of MSCs, are the ease of procurement of the cell source, 
that involves no invasive procedures, the fact that Whar-
ton’s Jelly appears to be immune privileged15 and could, 
therefore, be used in an allogeneic setting, and finally their 
greater expansion potential.92 Additionally, UC is routinely 
collected and cryopreserved, by many CBBs, as a source 
of backup biological material for testing. In the Hellenic 
Cord Blood Bank, our team validated an isolation and cryo-
preservation protocol for Wharton’s Jelly MSCs93 which 

FIGURE 3 Cartilage defect repair with tissue engi-
neering: To repair a delimited cartilage defect (A), 
MSCs are injected on a hyaluronic acid-based syn-
thetic scaffold (B). Thus, an artificial “graft” is cre-
ated (C) and placed surgically in the area of defect 
(D). MSCs, mesenchymal stem/stromal cells.
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can be used for the safe banking of clinical grade MSCs 
starting from those UCs.

The next important question that needs answering is 
whether MSCs should be banked for allogeneic or autolo-
gous use. In a study for the Joint Survey Committee of the 
Tissue Engineering and Regenerative Medicine International 
Society (TERMIS)-Europe, the International Cartilage 
Repair Society (ICRS), the European League against Rheu-
matism (EULAR), the International Society for Cellular 
Therapy (ISCT)-Europe, and the European Group for Blood 
and Marrow Transplantation (EBMT), use of MSCs through-
out Europe was analyzed.94 According to this survey, in 2011 
alone, MSCs were used either for regenerative medicine or 
for the treatment of autoimmune diseases in 679 patients. In 
97% of these cases (658 patients) the cells were autologous. 
The same study also showed that MSCs were used as an 
adjuvant in HSC transplantation, to either improve engraft-
ment, or treat GvHD. Virtually all of the MSCs used in 
transplantation (299 out of 300) were allogeneic. Under this 
scope, the development of both autologous and allogeneic 
banks seems justified. However, the creation of such banks 
should be highly regulated by standards ensuring quality and 
safety of the MSCs. In the European Union, MSCs are con-
sidered (in most cases) advanced therapy medicinal products 
(ATMPs). Since the ATMPs are at the forefront of scientific 
innovation in medicine, a specific regulatory framework 
has been developed implemented in 2009. The Committee 
for Advanced Therapies (CAT) has been established at the 
European Medicines Agency (EMA) for centralized classi-
fication, certification, and evaluation procedures, and other 
ATMP-related tasks. Guidance documents, initiatives, and 
interaction platforms are available to make the new frame-
work more accessible for small- and medium-sized enter-
prises, academia, hospitals, and foundations.95

In parallel, emerged the idea of “off-the-shelf” industrial 
MSC products. However, attempts for industrial-scale pro-
duction of MSCs in the United States were hindered when 
an industry sponsored, FDA-licensed phase III clinical trial 
of an “off-the-shelf” MSC product for the treatment of 
GvHD failed to meet endpoints. These results contradicted 
the European experience of academia and hospital-based 
trials registering significant progress in the field. The rea-
sons for this contradiction will not be investigated here but 
it is important to bear in mind, that in the field of MSCs, 
scientific knowledge is not on par with clinical applications. 
In truth, scientists do not understand to their full extent the 
biological mechanisms and biochemical pathways through 
which MSCs exert their therapeutic action. Although life-
threatening situations and patients suffering can legitimize 
the exceptional use of a not fully understood therapeutic 
agent, only well-characterized and thoroughly compre-
hended products can be in the basis of industrial ATMPs. 
Obviously, this was not the case for the failed clinical trial. 
Academic and health institutions, on the other hand, have 

a more patient-focused approach. Each case is considered 
individually not only for the selection of the optimal ther-
apeutic strategy, but also for the preparation of the cells, 
the selection of the cell source, and the cells donor. In this 
context, MSCs appear to be a personalized medicine tool, 
rather than an “off-the-shelf” product, a fact that gives aca-
demia and hospitals a clear short- and midterm advantage 
over industry in leading the field.

In conclusion, all the necessary ingredients required for 
MSC banking are already present; the scientific basis, the 
know-how, and the regulatory framework. Even though we 
are still, in scientific reckoning, at the first steps of MSCs’ 
clinical applications, the creation of MSC banks could ben-
efit greatly both the scientific community and patients in 
need for novel treatments. The CBBs, having access to rich 
sources of MSCs and a long-standing expertise in cell bank-
ing, are ideally suited for establishing the first of such banks 
in order to enhance, as well as diversify their services.

5.  THE IPSCs

The iPSC technology is an emerging field that has created 
new pathways in basic research, in vitro models of disease, 
drug discovery, pathological studies, and toxicology studies.2 
In addition to their use in modeling diseases and drug screen-
ing, the most promising purpose of iPSCs will be their poten-
tial application in regenerative medicine. The ultimate goal 
of this technology would be the transplantation of progenitor 
cells that do not trigger any immune response or promote 
tumor formation, since they are derived from patient-specific 
iPSCs, and may assist in the recovery of damaged tissue. The 
great promise offered by iPSCs is that studying human cells, 
which may reflect a disease phenotype more accurately than 
previous cellular models or animal models, will make thera-
peutic drug discovery faster, more efficient, and eventually, 
customizable to individual patients. However, several practi-
cal issues must be addressed to increase the impact of these 
stem cells on disease-based research.

5.1  Ideal Sources for the Generation of iPSCs

Selection of a starting material is important because each 
type of somatic cell possesses a unique epigenetic profile 
that could make the cells differentially liable to clinical 
application subsequent to reprogramming.96 Most of the 
studies to date have used fibroblasts as the target popula-
tion for reprogramming, but results with alternative tar-
gets including peripheral blood and CB have also been 
reported.97 However, the cost and time required to produce 
and validate individual iPSC lines make use of autologous 
iPSCs unlikely in the near future. Instead, the establishment 
of a set of standardized iPSC lines that can be used to derive 
cells and tissues for allogeneic transplantation to the major-
ity of the population seems a more viable approach.98
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5.2  CB for the Generation of iPSCs

CB may be the ideal source for the generation of iPSCs, 
since all samples are collected with the appropriate con-
sent and the cells are well characterized and HLA-typed. 
In addition, if medical history of the mother-donor along 
with the consent is available, it would be easier to gather 
data for a further follow-up. The efficiency of generating 
iPSCs from CB cells is higher and faster, since the final 
number of cells that can be obtained from a fraction of the 
CB aliquot exceeds what is required for the generation of 
a cell line.99,100 Use of CB cells as a cell source for iPSCs 
could pave the way to the establishment of “healthy” alloge-
neic iPSC banks through association with existing CB bank 
networks.98

CB is considered to be superior to cells isolated from 
adult individuals because nuclear and mitochondrial 
mutations tend to accumulate in adult stem cells and dif-
ferentiated somatic lineages over an organism’s lifetime, 
and have been suggested to contribute to aging and cancer   
formation.101,102

5.3  iPSCs Therapy from HLA-homozygous CB 
Donors

Differentiated derivatives of such iPSCs should be trans-
plantable to the majority of the population with three-locus 
HLA (i.e., HLA-A, HLA-B, HLA-DR) matches if iPSCs 
are generated from donors that are homozygous at each of 
the three HLA-loci.103 The size of many existing CB banks 
should allow identification of all required homozygous 
HLA combinations.

It has been stated that human pluripotent stem cells may 
show clonal variations in lineage bias; therefore, cells best 
suited for the purpose of each application may be chosen.104 
Judging by previous experience with the transplantation of 
BM, matching the three major types of HLA-loci between the 
recipient and donor is anticipated to cause less immune rejec-
tion after transplantation. Therefore, it could be stated that 
creation of iPSC stocks shall derive from HLA-homozygous  
donors for an iPSC therapy.105

Banking of CB iPSC lines and large-scale production 
of these lines, representing a wide panel of HLA haplo-
types organized from a public network could represent an 
alternative approach for future clinical applications.4 All 
public CB banks can provide qualified sources of cells 
and advice to help researchers and clinicians meet these 
demands and avoid wasted time due to receipt of unsuitable 
cells.106 Moreover, by using banked CBUs, the selection of 
donors homozygous for common HLA haplotypes could be 
accomplished; therefore, that could reduce significantly the 
number of CB iPSC lines needed to provide a perfect HLA 
match for a greater percentage of the population.4 In addi-
tion, based on the medical history of donors, it is inevitable 

to define whether single nucleotide and copy number varia-
tions found in iPSC clones already exist in the donor or 
whether these are newly acquired during iPSC formation.106 
A further advantage would be the availability of multiple 
clones from the same donor.107

Furthermore, CB presents the advantage of being par-
ticularly rich in immature progenitors, which demonstrate 
a great expansion capacity. In the foreseeable future, it 
should be possible to efficiently stimulate the proliferation 
of human pluripotent stem cells, that is, human embryonic 
stem cells (hESCs) and human-induced pluripotent stem 
cells (hiPSCs), so as to provide an inexhaustible source of 
human HSCs to generate high volumes of in vitro-produced 
red blood cells for transfusion purposes.107

5.4  Strategies to Generate iPSCs

Subsequently several groups have used alternative strategies 
to generate iPSCs108,109 by using a single vector to express 
all factors,110 or using only two factors,111 or using transfec-
tion of two expression plasmids, one containing the comple-
mentary DNAs (cDNAs) of Oct3/4, Sox2, and Klf4 while 
the other contains the c-Myc cDNA.112 Although the ret-
roviral introduction of reprogramming factors remains the 
most commonly used method, it has the obvious drawback 
of genetically modifying the host cells, which can have del-
eterious effects after re-differentiation.113 Recently, several 
attempts to overcome the problems associated with modify-
ing the host genome have been made using nonintegrating 
adenoviruses,114 transient transfection of plasmid expression 
vectors,112 the piggyBac transposition system,115,116 cre-
excisable viruses,117 and the oriP/Epstein–Barr virus nuclear 
antigen 1 episomal expression system,118 xeno-free culture 
to generate iPSCs that either were produced without modi-
fications to the host genome or where those modifications 
have been excised. To date, all of these approaches are lim-
ited by low efficiency of reprogramming115,116,118 and logis-
tical considerations related to the need to generate sufficient 
quantities of recombinant proteins used in protein-based 
reprogramming protocols.119 A recent protocol by Warren 
et al. using a simple nonintegrating method with synthesized 
RNA to generate in vitro transcription templates (IVT) for 
each of the pluripotency genes, achieves reprogramming to 
levels that are much higher than previously reported.120

While the issues listed above may obstruct applications 
on a large industrial-scale production, there may be benefit 
for patients individually, particularly those in need of cus-
tomized blood cells, for instance, patients requiring lifelong 
erythrocyte substitution therapies that over time develop 
allo-antibodies that highly restrict the pool of matching 
blood cell donors. Generating patient-specific blood cells 
from CB iPSCs will possibly benefit and increase treatment 
therapies in these patients.121 The ability to generate trans-
plantable hematopoietic cells from human pluripotent stem 
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cells has the potential to have a huge impact on the fields of 
transfusion medicine and HSCT.

5.5  Banking of iPSCs

CB as source for the generation of an iPSC line could be 
the best option by the public CB banks, since CB banks 
are well organized and validated. CB is considered as one 
of the youngest sources of stem cells one may obtain, and 
it has been stated by Kaufmann et al.122 “The challenge, is 
to integrate pluripotency induction in the highly regulated 
existing workflow of a Cord Blood Bank” (see Figure 4). 
Synoptically, a segment from an existing stored buffy coat 
may be removed and then processed to generate an iPSC 
line for potential therapeutic use, or when a CBU is shipped 
for use, a small sample is retained and iPSC lines are made 
to provide replenishment for the used unit.

Therefore, careful documentation of iPSC lines must be 
maintained in order to track biological characteristics such 
as cell and patient phenotypes, technical issues such as the 
method used to generate a line or the number of times the 
line has been passaged in culture, and legal aspects such as 
the degree of patient consent for the use of each line.

Since iPSC technology is still at the beginning, in order 
to be considered as a therapeutic tool all different aspects 
of the processes will have to be optimized. All protocols 
have to be compared systematically such as culturing, 
expansion, and storage, as well as the cellular character-
ization just to mention a few. That may be accomplished 

through the creation and establishment of iPSC banking, 
where collaboration between research centers, clinicians, 
and biotechnology industry may maximize the use of iPSC 
lines. Therefore, existence of iPSC banks would facilitate 
the commercial banking of iPSC lines that are already being 
generated in research laboratories. Banks would also gen-
erate high-quality, comparable cell lines available for the 
study of particular diseases that are not being adequately 
served through existing research efforts.

So far, two models of iPSC bank have been suggested by 
the scientific community such as an iPSC bank as a reposi-
tory and distribution mechanism for cell lines generated by 
investigators in the field, and an iPSC facility that would 
recruit patients and generate cell lines for certain targeted 
disorders.

5.6  Benefits of the Creation of iPSC Banks

 l  Collection of specific-disease cell lines generated in 
research laboratories, then characterization of these lines 
as well as optimization of their growth conditions.

 l  Standardized specific-disease iPSC lines will be available 
to the clinicians, academic research centers, and biotech-
nology industry.

 l  All the information regarding the extensive characteriza-
tion of iPSC lines could be collected in an economical 
way by a centralized facility, additionally, all that back-
ground information collected for the iPSC lines could be 
available on database engines.

FIGURE 4 Integration of CBB banking into a classic CBB model. CBB, cord blood bank. Adapted from Rao M et al.121
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 l  A centralized cell bank could dedicate resources toward 
developing more consistent cell lines and dedicate 
resources to creating new iPSC lines from an appropri-
ate sample size of patients that could more usefully rep-
resent the heterogeneity of the human disease than any 
other approach. Furthermore, it could focus on specific 
diseases as a priority for iPSC research and assist in the 
generation of new iPSC lines and control lines to study 
these diseases.

 l  Another function of an iPSC bank would be the stor-
age and distribution of iPSC lines derived from healthy 
donors that could be used for therapeutic reasons.

To sum up, the use of iPS-derived cells has been pro-
posed in the field of regenerative medicine,123 HSCT,124 
blood transfusion,125 and neurology.126 Various tissue types 
have been proposed for the generation of iPSCs for thera-
peutic purposes, including CB. The HLA haplotypes of the 
banked iPSC lines are crucial for these applications. Several 
studies address the issue of histocompatibility in regenera-
tive medicine and propose different strategies to addressing 
the issue of the haplotypic content required for maximum 
coverage of a population by the banked cell lines.127

In conclusion, the existence of iPSC banks would facili-
tate the commercial banking of iPSC lines that are already 
being generated in research laboratories and would also 
generate high-quality cell lines available for the study of 
particular disorders that cannot be investigated through 
 current research protocols.

6.  CB AND UC COMPONENTS

While scientific research and translational medicine focus 
on cell populations that can be isolated from CB and UC, 
there are also other, noncellular components that could be of 
great clinical relevance. Human plasma, growth factors, and 
scaffold constituents gained, in the last decade, an increas-
ing scientific interest. These components, which could be 
used for the production of culture media, cell culture sup-
plements, or scaffolds, are routinely collected by the CBBs 
and might prove to be their link with industry.

6.1  CB Plasma

A large portion of the CBU is considered to be waste, 
namely the CB plasma. Plasma is consistently being 
removed during volume reduction, i.e., the preparation of 
CB for storage. More importantly CBBs reject and discard 
a large number of CBUs that do not meet acceptance criteria 
for transplantation. All these CBUs also contain plasma that 
could be recovered for purposes other than HSCT. Indeed 
the plasma contains platelets, growth factors, and nutrients 
that could be of use.

A major issue of cells cultured for clinical applications 
is that they have been dependent, for many years, in animal 

sera. Fetal calf serum (FCS) and fetal bovine serum (FBS) 
were used (and still are to a great extent) as media supple-
ments, in order to provide cultured cells with growth factors 
and nutrients necessary for their survival and proliferation. 
The problem that arises with animal sera is that they are 
unsuitable for the culture of clinical grade cells destined to 
be used in human recipients. The main reasons are: (1) the 
inability to effectively screen them for pathological agents, 
and particularly prions that cause the human variant of bovine 
spongiform encephalopathy (BSE), the variant Creutzfeldt–
Jakob disease (vCJD); and (2) they contain uncharacterized 
substances that could be immunogenic in human recipients. 
There have been many attempts at the creation of xeno-free 
media that would not rely on sera supplements to promote 
cell growth. However, their success has been limited or at 
the very best, they seem to be effective in the culture of only 
a few cell populations. To overcome the lack of consistent 
results, different attempts have been made to produce a 
human equivalent of animal sera. For this purpose, several 
cell culture techniques have been developed where culture 
media were supplemented with human platelet-rich plasma 
(PRP), platelet lysates (PL), platelet-poor plasma (PPP), and 
human autologous serum. The first attempts at the use of 
human plasma (in the form of PRP, PL, or PPP) dated to the 
early 1980s.128,129 However, it is in the last decade that great 
progress has been made in the field. A recent comparative 
study by Pawitan which demonstrated the beneficial effects 
of activated PRP and PL, produced various protocols in stem 
cell cultures.130 Similarly, the potential use of human serum 
or PPP has been demonstrated.131 In view of these data, many 
scientists consider CB as a source of the necessary human 
plasma and/or serum for the execution of these novel tech-
niques.132

Fibrin is another protein component present in activated 
plasma with potential applications in tissue engineering and 
in regenerative medicine. This protein is normally formed 
when fibrinogen is cleaved by a protease called thrombin 
and is the main clotting factor of human blood. The inter-
est in fibrin arose when it was used for the creation of 
biodegradable scaffolds133 and it has been amplified with 
the advances in tissue engineering. Similar scaffolds have 
been considered for bone,134 blood vessels,135 and carti-
lage136 repair, but also for non-tissue engineering applica-
tions.137 Moreover, Anitua and colleagues suggested that 
fibrin matrices can improve wound healing, and tested their 
theory in the reconstitution of tendons in animal models.138

CBBs are in a unique position to satisfy the demand for 
high-quality, screened, and controlled human plasma and 
plasma components. Indeed, CBBs not only collect CBUs, 
but additionally a complete donor’s family medical history 
and samples for serological and if necessary genetic disease 
testing. Thus, the material processed and provided by CBBs 
meets very high quality standards for efficacy and safety. 
Consequently, the plasma derived from CBU processing 



302 SECTION | VI Cord Blood Banking: Current and Future Outlooks

and the plasma of CBUs that do not meet banking require-
ments but meet safety criteria could be routinely processed 
and made available to industry.

6.2  UC Arteries

Similarly to CB, the UC is also routinely collected by 
CBBs. However, besides the Wharton’s Jelly that can be 
used for MSCs isolation, other parts could be of use, espe-
cially the blood vessels. Arterial bypass is the primary ther-
apeutic strategy in patients with cardiovascular diseases. 
With more than 570,000 arterial bypasses being performed 
each year there is, understandably, a great need for arterial 
transplants.139 Several synthetic materials such as Dacron 
and ePTFE have been tested as arterial grafts and failed, due 
to very serious adverse reactions, such as clot development, 
rejection, and chronic inflammation.140 However, vessel 
development with tissue engineering techniques is a rap-
idly evolving field. As mentioned before, EPCs can be used, 
along with scaffolds, to create artificial blood vessels. Since 
the early 2000s decellularized tissues have been proposed 
as substitutes for synthetic scaffolds.141–143 The technique 
consists of removal of all cellular components from a tis-
sue; the remaining extracellular matrix, i.e., the skeleton of 
the tissue, can then be repopulated by patient-derived cells. 
The human UC reaches a length of over 50 cm, from which 
two artery segments of 20–30 cm each can be easily iso-
lated. There are no branches along this artery, which is also 
characterized by a uniform diameter throughout the whole 
length.144 Native tissues, including human saphenous veins, 
have been decellularized and have shown potential use as 
small-diameter vascular grafts.145 The human umbilical 
artery might represent a more attractive source because it 
is widely available and easily isolated. In the Hellenic Cord 
Blood Bank, our team has successfully established proto-
cols for the decellularization of umbilical arteries (see Fig-
ure 5) for tissue engineering applications (in press).

7.  CONCLUSION

The terms, regenerative medicine, tissue engineering, and 
advanced cellular therapies have been added to the medical 
glossary toward the end of the twentieth century. What all 
these disciplines have in common is their dependence on 
human stem cells, the use of which could provide clinicians 
with a valuable arsenal for the improvement of health-care 
quality. As the potency and therapeutic potential of stem 
cells decline with aging, sources of fetal origin could sup-
ply a sufficient number of high quality cells.

CB is considered an abundant source of such cells. CB 
stem cells have a unique biologic potential and they may 
provide a powerful research and clinical tool for pharma-
cology, genomics, cell therapy, and tissue engineering. 
The future of CB stem cell therapy extends beyond con-
ventional transplantation into regenerative medicine, as CB 
stem cells may become an important resource for regenera-
tion of tissue and organs. Research is currently under way 
in a variety of new areas of stem cell applications. Recently 
there have been many new discoveries in the field of stem 
cells and heart disease. In fact, EPCs have recently been 
isolated from CB to augment collateral vessel growth to 
ischemic tissue and even help regenerate damaged heart 
muscle.

In addition to the EPCs, CB can be a good source for the 
generation of iPSC lines, since CB sourcing is well orga-
nized and validated. All stored CBUs are HLA-typed and 
donors’ medical history is available. Therefore, all existing 
samples can be used without compromising their ultimate 
use. Finally, it should be mentioned that CB is considered 
as one of the youngest and most naïve sources of stem cells 
one may obtain, ensuring the highest quality of iPSCs.

Another source of fetal stem cells is the UC. Wharton’s 
Jelly is rich in MSCs, which can be isolated and stored for 
future use. Their unique properties make MSCs a valu-
able agent for advanced cellular therapies, regenerative 
medicine, and tissue engineering applications, and they are 
already being used in a variety of applications, ranging from 
the treatment of neurological disorders to bone and carti-
lage regeneration.

A CB bank possessing a strategic plan that integrates the 
bank’s approach to these issues by developing reliable pro-
cedures to make useful cell lines available to the research 
community, would eventually become self-sustaining. 
However, this attempt should be promoted and funded since 
it will have a great impact on public health.

If the focus is on increasing the availability and thera-
peutic utility of high-quality stem cell lines for research on 
human diseases, particular thought should be given to issues 
of patient consent, ethics, and intellectual property that 
could impact the use of these cells for commercial develop-
ment. Also, the bank must fit into the international space 
by establishing connections with other banks, research 

FIGURE 5 Umbilical artery decellularization: An artery recovered from 
the umbilical cord before (A) and after undergoing decellularization (B).
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organizations, patient organizations, and commercial entities.  
In conclusion, it will be necessary for clinical grade stem 
cells to be isolated and maintained in conditions that are 
established under good manufacturing practices in order to 
improve, not only survival, but also the therapeutic potency 
of the cells.146 In conclusion, in an era where stem cells 
and the growing field of regenerative medicine elicit excite-
ment and anticipation across the scientific world, it seems 
appropriate to reconsider the potential future of CB biology, 
transplantation, and banking.

LIST OF ABBREVIATIONS
aGvHD Acute Graft-versus-Host Disease
ALS Amyotrophic lateral sclerosis
AT I Angiotensin II receptor type I
ATMPs Advanced therapy medicinal products
BM Bone marrow
BSE Bovine spongiform encephalopathy
CACs Circulating angiogenic cells
CAD Coronary artery disease
CAT Committee for Advanced Therapies
CB Cord blood
CBB Cord blood bank
CBU Cord blood unit
CD Cluster of differentiation
cDNA Complementary deoxyribonucleic acid
CFU-ECs Colony-forming unit endothelial cells
CM Cardiac myosin
Col V Collagen V
EBMT European Bone Marrow Transplantation
ECFCs Endothelial colony-forming cells
ECs Endothelial cells
EMA European Medicines Agency
EPCs Endothelial progenitor cells
ePTFE Expanded polytetrafluoroethylene
ESC-EC Endothelial cells deriving from embryonic stem cells
EULAR European League against Rheumatism
FBS Fetal bovine serum
FCS Fetal calf serum
FDA Food and Drug Administration
GvHD Graft-versus-Host Disease
hESCs Human embryonic Stem Cells
hiPSCs Human-induced pluripotent stem cells
HLA Human leukocyte antigen
HSCs Hematopoietic stem cells
HSCT Hematopoietic Stem Cell Transplantation
HUCACs Human umbilical cord artery-derived endothelial cells
HUVECs Human umbilical vein endothelial cells
ICRS International Cartilage Repair Society
iPSCs Induced pluripotent stem cells
IVT In vitro transcription templates
KDR Kinase insert domain receptor
MHC Major histocompatibility complex
MICA Major histocompatibility complex class I chain-related genes A
MICB Major histocompatibility complex class I chain-related genes B
MS Multiple sclerosis

MSCs Mesenchymal stem/stromal cells
NOD Non-obese diabetic
PL Platelet lysates
PPP Platelet-Poor Plasma
PRP Platelet-rich plasma
SCID Severe combined immune deficient
TERMIS Tissue Engineering and Regenerative Medicine International 

Society
USSCs Unrestricted somatic stem cells
vCJD Variant Creutzfeldt–Jakob Disease
VEGF Vascular endothelial growth factor
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The European Union (EU) constitutes one of the greatest 
political achievements in European history. The people of 
Europe achieved peace and pursued a mutually beneficiary 
collaboration by establishing institutions, procedures, and 
instruments that rely on state parity, democratic governance, 
and citizen freedom.

The results for peace, democracy, and prosperity, a few 
decades after the end of two World Wars are of historic sig-
nificance. These developments are confirmed by the partici-
pation of states that now had freedom of choice, after the 
fall of the socialist states which barely respected the free-
dom of citizens. It is not an accident that the EU constitutes 
today an international light for world peace and prosper-
ity. Its institutions and targets are embraced and supported 
by 28 governments and peoples, and several countries are 
under a preaccession process.

We certainly do not witness the end of history, as new 
challenges question the achievements and create the neces-
sity to draw new action plans. There is no doubt that the 
Euro zone crisis constitutes a serious challenge for Euro-
pean unification, while for some people, the Greeks in par-
ticular, it is a painful process.

We must learn from our mistakes, acquire knowledge 
and turn our weaknesses to advantages. It would be wrong 
if the economic crises carried away the fundamentals and 
led to a retreat. Some interests seem to pursue the return to 
the era of ethnocentrism, intolerance, and the entrenchment 
of the people. We need to create a strong alliance in order to 
support everything we consider as acquired and for every-
thing that would not exist without a united Europe.

The multiple positive dimensions of the EU for the life 
of the citizens must be fully understood. Such is the case 
in public health, which constitutes a primary index of the 
citizen’s welfare. In this field the EU timely acquired an 
active role in the formulation of common rules and objects, 
ensuring high quality protection for the citizens’ health. 

Health policies still fall within the competence of the 
national authorities, but the role of the EU is often neces-
sary to effectively face problems of international character, 
like pandemics and bioterrorism.

An EU role is obviously needed to ensure that other 
European policies, like the movement of goods and ser-
vices, will promote the objectives of public health. We must 
point out that the EU does not seek a common policy in the 
field of health and the abolishment of national competence. 
On the contrary it should be understood that national poli-
cies and common European targets are closely related.

Consequently, the EU has an important auxiliary role 
regarding national policies, that is irreplaceable in cases like 
illness prevention, food and nutritional safety, the safety of 
pharmaceutical products, the curbing of smoking, legisla-
tion for blood, tissues, cells, and human organs, quality of 
the water and the air, and the formation of relevant commit-
tees to oversee the respect of common rules. Most of the 
problems faced by European societies, such as demographic 
evolution and the aging population, are common.

Article 68 of the EU treaty provides the EU with a com-
plete health strategy, the most recent example being the 
2007 initiative titled “Together for Health.”

Some of the most important principles concerning pub-
lic health guiding the actions of the EU are common values 
for health, health as social wealth, health in all policies, the 
strengthening of the voice of the EU in international health 
institutions, the promotion of good health for the European 
people, the support of dynamic health systems, and the use 
of new technologies.

One typical example of the role of the EU regarding 
health matters is the 2004/23 EC Directive of the European 
Parliament (EP) and the European Council (EC), setting 
quality and safety standards for the donation, provision, 
controlling, processing, storage, and distribution of human 
tissues and cells.
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The Directive sets quality and safety standards for 
human tissues and cells that are intended to be for human 
application, so as to ensure a high level of safety for human 
health. The provisions of the Directive deal with donation, 
provision, controlling, processing, maintenance, and distri-
bution of human tissues and cells that are intended to be 
applied to humans, as well as on processed products coming 
from humans and intended to be used on humans.

Thus a supervision system has been established, with 
common rules and practices, for the provision of human 
tissues and cells. The member states responsibility is to 
ensure that the provision and control of the tissues and 
cells is conducted by properly trained and experienced 
personnel, and takes place under conditions that have been 
certified, defined, approved, or licensed for this reason by 
a competent authority.

The first cord blood transplantation was successfully 
performed by E. Gluckman in Paris in 1998 on a child suf-
fering from Fanconi anemia. Since then more than 20,000 
allergenic transplantations of cord blood have been per-
formed to patients that needed primeval hematopoietic 
cells. More than 2000 allergenic transplantations using cord 
blood cells are performed globally each year and more than 
600,000 units are available for clinical usage.

The wide use of cord blood cells became possible with 
the creation of the first cord blood bank (CBB) in New York 
in 1993. The role of the CBB is to collect, process, freeze, 
and dispose of the units to the global banks.

The advantage of developing a big public bank is collec-
tive because a large part of the population will benefit from 
it. Furthermore, experts maintain that only a public bank 
can ensure a good transplant, since one of the drawbacks of 
private storage is the fact that a graft may involve a mutation 
that could cause leukemia in a child. So in cases where the 
disease we want to be healed has a genetic base (the disease 
precedes the birth so the stem cells also have the disease) it 
is better for a sick child to seek cure through a compatible 
donor.

Moreover, private banking concerns autologous and 
allergenic transplantation, but within the family. The 

storage cost of stem cells in a private bank is not negligible. 
Depending on the company the cost varies between 1500 
and 3000€ for a 20-year storage period; finally, private 
banks do not take histocompatibility into consideration and 
therefore they do not participate in the international trans-
plant search network NetCord.

Within public banks, the provision of cord blood 
from the parents is a donation at no cost, aiming to serve 
any patient who needs it. So cord blood donated to the 
bank by One can be used by an Other (Nonrelative). 
The banks are called nonrelated cord blood banks where 
one donates for all and all donate for the one (alloge-
neic transplantation). By donating his child’s stem cells 
one does not acquire automatically priority to a future 
transplantation, since one will not get his transplant and 
furthermore histocompatibility is the first high priority. 
The time needed in order to locate a matching transplant 
cannot be estimated.

According to the above, banks with “public” character 
have a very strict selection procedure regarding the units 
that will be frozen in the final stage. Therefore, 80% of 
the cord blood cells that are collected on a daily basis are 
rejected. The main rejection reason concerns the total num-
ber of primeval hematopoietic cells that are contained in 
the unit. The cells that correspond to the standards set by 
the international organization NetCord-FACT are processed 
and, if they are found suitable, then and only then these cells 
will be stored at −196 °C in liquid nitrogen. The transplanta-
tion cost is covered by the insurance fund of the recipient.

All the above described in brief are some important 
developments in the area of medicine that concern every 
family. At the same time it constitutes a presumption 
about the important role of the EU in the everyday life of 
its citizens. Regarding public health, the EU plays a sub-
sidiary role offering a framework of common rules and 
objects that are irreplaceable in the confrontation of some 
common challenges and dangers of the European citizen. 
Finally, the EU with its multidimensional actions, poli-
cies, and means promotes in practice the prosperity of 
the people, for the sake of whom it was formed initially.
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1.  INTRODUCTION

Over the last decade, great developments in biology have 
given a new boost to research on stem cells, their manip-
ulation and banking, while the applications of biology in 
the field of biomedical technology have created challenges 
regarding the treatments of human illnesses and disabilities. 
More specifically, contemporary regenerative medicine 
constitutes a privileged field which, through cell treatments, 
gene technology, and tissue engineering, offers a perspec-
tive in the use of stem cells as therapies for a wide range of 
health problems which are considered difficult or impos-
sible to treat, to the benefit of the human species. It seems 
that human beings today, at a symbolic and imaginary level, 
are less dependent on nature and probably more enslaved by 
their ethical positions.

The above-mentioned scientific advances have gener-
ated many bioethical and legal issues, which cause intense 
debate and controversy among scientists from different 
fields or even scientists from the same field. Specifically, 
“Regenerative medicine goes to the very core of the moral 
and the metaphysical understandings that ask what it is to 
be human. If one is to remake what it is to be human, one 
should know what goals are appropriate and what con-
straints should apply.”1

Some of these issues focus on a well-known ethical 
and metaphysical question; that of the definition of human 
beings and the restrictions on the interventions which can 
be performed to them.2 This dilemma causes a greater inter-
est in embryonic stem cells than in somatic ones, to which 
hematopoietic stem cells (HSCs) and other cells that derive 
from the placenta, the umbilical cord, and cord blood can be 
included.2–5 Other issues refer to doubts regarding the ther-
apeutic results from the use of cell treatments, while some 
issues pose questions about the manipulation and modifi-
cation of cells by researchers and doctors, the extent and 
limits of informed consent, and so forth.6 Specifically in the 
case of biobanking, informed consent includes not only the 
removal of biological material, its collection, and storage in 
the bank, but also the collection and accumulation of infor-
mation and personal data regarding the donor’s personal 
and family medical history, as well as information about 
their lifestyle. The latter pieces of information are collected 
along with the biological material, while it is important that 
they be coded or encoded and identified with the donor for 
medical or scientific reasons, abiding by the principle of 
confidentiality. Respect of confidentiality ensures the pro-
tection of the donors whether that is in an electronic envi-
ronment or not.
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However, the above-mentioned indicative bioethical 
and legal issues do not only differentiate when examined 
in the light of theory or practice, but also show different 
intensity depending on whether they refer to stem cells 
that come from umbilical cord blood (HSCs), a part of the 
umbilical cord and the placenta (mesenchymal stem cells), 
adult tissues, or embryos and fetuses. Various ethical argu-
ments underline the diversity of views which surround the 
question: is it ethically acceptable to collect and manipu-
late stem cells from embryos? Different ethical opinions are 
inevitable in a pluralist word, but, in general, from a bio-
ethical standpoint, approaches converge today at a level of 
principles regarding respect for the person and the primacy 
of the human being in relation to research benefits. More-
over, the necessity to find balance among scientific prog-
ress, economy, society, protection of fundamental rights and 
freedoms of the individual, and respect for the integrity of 
the human body is important. These principles are valuable 
to the extent that biobanking and biobanks are relatively 
new social phenomena and there is great institutional and 
legal diversity, worldwide, in the internal law of the coun-
tries. However, there is a lack of a strong accord or regula-
tory uniformity as far as international and European law are 
concerned. Exceptions to this context are some specialized 
provisions in documents of hard or soft laws at the inter-
national and European levels. These are the Convention of 
Human Rights and Biomedicine7 of the European Council, 
also known as the Convention of Oviedo (1997) with the 
Additional Protocols,8 the Charter of Fundamental Rights9 
of the European Union of 2000/2009, the Directives of the 
European Union (2004/23/EC, 2006/86/EC etc.),10 and the 
Regulation (EC) no 1394/200711 of the European Parlia-
ment, as well as nonbinding texts, such as the Recommen-
dation Rec(2006)412 of the European Council on research 
which uses biological material of human origin.

2.  SCIENTIFIC BACKGROUND: STEM CELLS 
FROM CORD BLOOD, THE UMBILICAL 
CORD, AND THE PLACENTA

Umbilical cord blood is an important source of HSCs, 
which once collected, processed, cryopreserved, and stored 
can be used for the treatment of many illnesses and disabili-
ties. This therapeutic wealth provides three basic potentials, 
some of which are already being applied.

The first one involves the treatment of blood diseases 
and blood malignancies. Already in the 1980s, Professor 
Eliane Gluckman and her team from Saint-Louis Hospital  
in Paris, France, replaced bone marrow transplantation 
with transplantation of cord blood HSCs and hematopoietic 
progenitor cells (HPCs) for the treatment of Fanconi ane-
mia.13,14 Since then many blood diseases and malignancies, 
which are successfully treated with cells collected from 
umbilical cord blood, have been recorded.15

The second potential involves skin restoration in the case 
of burns with the use of mesenchymal cells, which have the 
ability to be directly used, in contrast to cells that derive 
from bone marrow, as well as the promotion of testing of 
new drugs on human tissues, without the need to resort to 
living organisms.15–17

The third type focuses on the development of cell treat-
ments that restore or regenerate different organs, such as 
neurons, cardiac muscle, liver, etc.15

It is scientifically known that cord blood consists of 
HPCs and it also contains HSCs, both of which are multi-
potent stem cells able to give rise to a limited number of 
specialized cell types.18 HPCs and HSCs exist throughout 
a person’s life.19,20 It is important to highlight that, at an 
experimental level, the generation of induced pluripotent 
stem cells (iPSCs) has many cell sources, including cord 
blood, the umbilical cord, and the placenta.19–22 They are 
pluripotent cells and as such probably have a potential like 
embryonic stem cells and are able to give rise to most cell 
types.21–23 Moreover, it contains specialized stem cells that 
have the potential to produce a tissue in the transplanted 
organ, which is different from the original tissue. The “plas-
ticity” of these cells opens new paths to research, with 
therapeutic results which are likely to surpass the original 
predictions, cultivating new expectations to the society 
regarding the expansion of the number of diseases and dis-
abilities that can be treated.15,23,24 The umbilical cord and 
the placenta contain non-hematopoietic somatic stem cells 
with the ability to generate cells, etc.6,15,17

Even though umbilical cord blood poses the fewest 
obstacles regarding not only ethics,2,21 but also accessibil-
ity, quantity, or quality, it is sometimes unsafe or unsuit-
able for transplantation and cell treatment.15 For this reason, 
the above-mentioned collections, which cannot be used for 
therapeutic purposes, should be available for research after 
the donor has consented. However, apart from blood collec-
tion, stem cell research can be expanded to the umbilical cord 
and the placenta, thus providing greater potential for thera-
peutic use.15 The above-mentioned scientific advances with 
their therapeutic potentials are not known to people in all their 
dimensions. It is necessary that individuals—citizens and 
 foreigners—be informed about the best possible therapeu-
tic and research use of cord blood, the umbilical cord, and 
the placenta. It is well known that not all diseases and dis-
abilities can be treated, in contrast to what some so-called 
scientific articles in the media claim, cultivating within the 
people a fantasy of omnipotence of biomedical technology, 
which is often a pretext for profiteering.6 However, it is very 
important that they know that the therapeutic results do not 
cease to be significant for a capable number of sick and vul-
nerable people, as well as that their removal is not particu-
larly dangerous and does not pose, at least in the majority 
of cases, major ethical dilemmas to the mother or the par-
ents of the newborn, as well as to health professionals and  
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researchers. Balancing the advantages and disadvantages 
of the removal of stem cells and other cells from umbilical 
cord blood, the umbilical cord and the placenta, according 
to the principle of proportionality, the advantages seem to 
outweigh the disadvantages.

3.  FUNDAMENTAL ETHICAL  
AND LEGAL ISSUES

The presentation of the research and therapeutic potentials 
of the stem cells contained in umbilical cord blood, as well 
as in parts of the umbilical cord and the placenta, does not 
raise serious ethical issues.

To begin with, expressing an opinion on issues regarding 
the beginning of life, the definition of the person (as “quali-
fied life”)25 and the human being before birth, “excluded 
from the community of people”25 and with the potentiality to 
develop as a person, as well as on the manipulation of stem 
cells is of no interest, as this basically concerns somatic stem 
cells, which do not have the ability to wholly create a new 
complete and functioning organism. The concept of “poten-
tial person” which preoccupied the Committees of Bioethics 
in the 1990s at an international, European, and national level, 
has recently been replaced by the expression “human person 
becoming” connected with new projects of research (iPS) 
and Regenerative Medicine. It is a fact that there was mini-
mum consensus on official documents (hard and soft laws 
or Opinions of Bioethics Committees) regarding the defini-
tion of an embryo. Philosophers’ points of view diverge26–29 
and the ethical positions of institutions are different, because 
States, Administrations, or Bodies adopt opinions which are 
unacceptable to others. In general, many important interna-
tional and European texts proclaim the right to life, but only 
a few texts state more specifically the right to life of the con-
ceived child. The American Convention on Human Rights30 
of 1969 proclaims that “every person has the right to have 
his life respected. This right shall be protected by law, and 
in general, from the moment of conception” (art. 4). More-
over, the Council of Europe states in certain documents the 
primacy and the protection of the human being.

However, there is a latent consensus, which is based on 
values, principles, and rights. Apart from the right to life, 
the principle of human dignity is a basic reference point. 
Moreover, the following are of great importance: (1) the 
principles of autonomy and personal freedom which, 
respectively, lay the foundations of consent in every medi-
cal or research action and the principle of respect of private 
life; (2) the principles of justice and beneficence or char-
ity which refer to the protection of health, safety, security, 
quality of products and services; (3) the quality of solidar-
ity, which stands for the protection of collective interest and 
particularly of vulnerable people; (4) the principle of equal-
ity which on the one hand prohibits discriminations in the 
field of health, and on the other hand allows access to health 

services and provisions; and (5) the principle of freedom of 
thought which lays the foundation of respect of freedom of 
research by public authorities.31

In Western societies, cord blood, the umbilical cord, and 
the placenta were for many years considered to be merely 
useless remains just like surgical medical waste, while there 
was no need for consent on behalf of the person they came 
from for their use in immunoglobulin products and cosmetic 
medicine.17 This practice acquired its meaning on the one 
hand in the context of a paternalistic practice and organiza-
tion of medicine and on the other hand in the context of the 
Hippocratic Oath and morality based on the principles of 
utilitarianism, distant from bioethical ideas of virtue, deon-
tology, and human rights approaches. The usual destination 
of this waste for many years was their destruction or burial. 
Even though in Western societies no one was interested in 
the umbilical cord and the placenta and they were consid-
ered useless, infected, and unwanted material, anthropolog-
ical studies demonstrate cultural habits involving rituals for 
the burial of the umbilical cord and the placenta.32

However, over the last 20 years, from the moment that the 
placenta, the umbilical cord, and the cord blood, acquired 
great significance for medical treatment and research, they 
have changed status and have become human biological 
material and products for transplantation and cell therapy. 
Their collection takes place under specific rules and proce-
dures by specialized trained staff in maternity hospitals. The 
above-mentioned collection changes from an unlawful act 
to a lawful one due to informed consent. Informed consent 
becomes the cornerstone of ethical and legal legalization 
of such an “intervention,” according to the terminology of 
the Convention on Human Rights and Biomedicine7 of the 
Council of Europe, which was signed in Oviedo, Spain, in 
1997. Moreover, the collection of cord blood, the umbilical 
cord, and the placenta is morally justified because it is based 
on the autonomy of the individual and legally because it is 
based on the voluntary act of the donor. Even though it is 
provided to the benefit of specific groups of the population, 
patients and disabled people, whether it involves allogeneic 
nondirected use or autologous directed use, it does not cease 
to serve public health and the good of humanity, in the light 
of the international community which was formed on the 
principle of the universal value of respect and protection of 
human life, as well as international solidarity. This happens 
in many countries of the European Union and in the United 
States with regard to allogeneic use and this is confirmed 
by the fact that regulations and standards have mainly an 
international impact.

4.  THE STATUS OF THE UMBILICAL CORD 
AND THE PLACENTA

Even though the umbilical cord and the placenta come from 
the fertilized ovum and include living cells, they do not have 
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the potential capacity to grow as a human embryo, as they do 
not include any totipotent cells. In this way, the arguments 
regarding the “potential person” or “human person becom-
ing” are easily refuted. Stem cells from the umbilical cord 
and the placenta cannot develop into a human being who 
acts in a moral or social manner and is responsible for his 
or her own actions. According to Western ethical and legal 
thought, the umbilical cord and the placenta are “things,” 
just like every other organ or tissue, in the same category 
as the biological material from abortions and miscarriages 
or even corpses.15,33 They are connected to the fetus till 
they are detached from the mother’s body. However, they 
are considered “res derelictae” and “res extra commer-
cium.”17,34 The latter category was invented to show their 
existing relation with the human body, their symbolic rela-
tion to the human person, and in some respect regarding 
their use.

As far as the law is concerned, the legal nature of the 
umbilical cord and the placenta does not seem to be specifi-
cally defined in legislation. However, as they bear the char-
acteristics of a thing, they are consistent with the concept of 
a res extra commercium (noncontractual/noncommercial), 
while the legislations regarding the removal and transplan-
tation of organs, tissues, and cells refer to the concepts of 
donation, the person’s own will, informed consent, etc. The 
question that arises is “Who has ownership rights?” It is 
known that today there is no ownership over human beings, 
but only over things and immaterial goods. As mentioned 
above, the umbilical cord, the placenta, and the fetus’s cord 
blood were of no interest. Hospitals were responsible for 
them, just like they were for other surgical remains, biop-
sies, biological material from abortions, following rules of 
invariable hospital practice and more specifically best clini-
cal practice.17,33

Nonetheless, three individuals could have ownership 
rights of cord blood, the umbilical cord, and the placenta, 
even though their rights could not be equated with a classic 
form of ownership rights: the newborn, the mother, and the 
father, each one for different reasons. The newborn is the 
only person who can genetically identify with it, as thanks 
to the embryo there is umbilical blood. The child, however, 
does not have will because it is under age. The child’s par-
ents or mother can legally replace its will.33 The mother is 
the one who contributed genetically to the creation of the 
embryo, was responsible for its nutrition and development 
through the placenta and the umbilical cord for 9 months, 
and moreover has to undergo tests regarding the object of 
donation. Finally, the father is the person who contributed 
genetically and socially to the whole parental process, as far 
as the typical form of family is concerned.33,35

At an ethical and legal level there is a conflict of views. 
The legislations regarding organ, tissue, and cell transplan-
tation do not have the same regulations regarding the issue 
of the person who makes a donation valid and gives their 

consent. Some predict that both parents should give their 
consent, while others define that only the mother should 
give her consent.18,36

One could argue that both parents have the right of co-
ownership on biological materials, and even if it is accepted 
that the right belongs to the newborn, it is required that the 
child be represented by both parents. In this case, in order 
for the donation, which is a type of contract, to be valid, 
both parents’ accord is required and the informed consent 
given by the parents legalizes the donation. The criterion is 
whether the removal of the biological material takes place 
before or after the detachment of the placenta.18 Once the 
donation has been completed, the parents, the mother, and 
the newborn donor no longer have ownership rights over the 
cells of the umbilical cord blood and the other human bio-
logical materials. Especially in the case of allogeneic nondi-
rected donation, the identities of the donor and the recipient 
are consistent with the principle of anonymity of the dona-
tion. The only link is research carried out by the Bank of 
Umbilical Cord Blood and the provision of information to 
the parties regarding health issues.33,35

Others would argue that the mother has the right of 
ownership, because the placenta and the umbilical cord are 
parts of her body until they are detached from it. This is the 
opinion of NetCord–FACT (Foundation for the Accredita-
tion of Cellular Therapy).37 In order for the donation to be 
valid, the mother’s accord is required and informed con-
sent given by the mother legalizes the collection and the 
donation. Even if it is accepted that the right belongs to the 
newborn, it is required that the mother represent him. In 
this way, greater significance is given to the rights of the 
pregnant woman and her importance in the couple’s pro-
creation plans. Today, most banks adopt this position and 
obtain informed consent from the mother.18,36,38

5.  LEGISLATIVE CHARACTERIZATIONS OF 
STEM CELLS FROM CORD BLOOD, THE 
UMBILICAL CORD, AND THE PLACENTA

Today, depending on national legislation, umbilical cord 
blood cells have acquired a particular status and are some-
times regarded as a medicine, sometimes as a tissue, and 
other times as a human biological product.15,16

 1.  Medicine. In Germany, umbilical cord blood is consid-
ered a special category of medicine and is subsumed 
under the Act of 1976 on medicine, as it stands today.39 
The Act characterizes blood products as medicine 
(Arzneimittel). Moreover, it classifies umbilical cord 
blood that has been processed in advance, is destined 
for allogeneic use, and pertains to stricter licensing rules 
by the Institute Paul-Ehrlisch, at a Federal level, in a 
different category of medicine (Fertigarzneimittel). In 
addition, it differentiates cord blood for allogeneic use 
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from cord blood for autologous use.39 Moreover, in the 
Medicinal Products Act40 of 2005 it is predicted that: 
“Advanced therapy medicinal products are gene ther-
apy medicinal products, somatic cell therapy medici-
nal products or tissue engineered products pursuant to 
Article 2, paragraph 1, letter a of Regulation (EC) No. 
1394/2007 of the European Parliament and the Council 
of November 13, 2007 on advanced therapy medici-
nal products and amending Directive 2001/83/EC and 
Regulation (EC) No. 726/2004.”40,41

 2.  Tissue or product of the human body. In the United 
Kingdom, according to the Human Tissue Act42 2004 
regarding tissues of human origin, umbilical cord blood 
is regarded as the donor of tissue and it is specified that 
the law should be implemented on every product of the 
human body which consists of human cells, with the 
gametes being the only exception. In Spain, according 
to the Royal Decree43 of November 10, 2006, umbili-
cal cord blood is also regarded as tissue. The same 
approach of equation with tissues stands for the Belgian 
legislation,44 as a tissue is regarded as “every part of the 
human body consisted of cells.” As far as the removal of 
stem cells is concerned, bone marrow, peripheral blood, 
umbilical cord blood, embryonic stem cells, etc., belong 
to the same categorization. Organs to be transplanted are 
the only exception.

Beyond the Atlantic, according to the anticipated gov-
ernment regulations of the Food and Drug Administra-
tion45 in the United States, umbilical cord blood is referred 
to as “human cells, tissues, and cellular and tissue-based 
products”(HCT/Ps) whose purpose is to be transplanted 
to candidate patients and to be given for cellular therapy 
and research: “(d)Human cells, tissues, or cellular or tis-
sue-based products (HCT/Ps) means articles containing 
or consisting of human cells or tissues that are intended 
for implantation, transplantation, infusion, or transfer into 
a human recipient.”45 Consequently, they are considered 
products of the human body to be transplanted, while those 
being stored for allogeneic transplantation belong to the 
category of biological products.46 While for autologous use, 
cord blood is under section 361[264] of the Public Health 
Service Act. Moreover, in Canada they are characterized 
products of the human body with the aim of being trans-
planted, according to Regulation 7/6/2007 regarding the 
safety of cells, tissues, and organs to be transplanted (article 
2).47 This regulation is under the Regulation regarding food 
and drugs in which provisions about drugs are included.

6.  INFORMED CONSENT

Respect of the autonomy of the individual constitutes one 
of the fundamental principles of bioethics and influences 
today, to a great extent, the rules of the game among scien-
tists and individuals during the removal of cells, tissues, and 

pieces or products of the human body, as well as the admin-
istration of medical, biological, and other data. Lawful 
Western orders have converging views, regarding consent 
as a result of the respect of the will of the individual, which 
protects the freedom of their decision on matters related to 
their health and life.48,49

The Oviedo Convention,7 a text of international prestige, 
outlines about consent that “An intervention in the health field 
may only be carried out after the person concerned has given 
free and informed consent to it. This person shall beforehand 
be given appropriate information as to the purpose and nature 
of the intervention as well as on its consequences and risks. 
The person concerned may freely withdraw consent at any 
time.” At the same time, the Charter of Fundamental Rights9 
of the European Union predicts that “In the fields of medi-
cine and biology, the following must be respected in partic-
ular: the free and informed consent of the person concerned, 
according to the procedures laid down by the law,” (article 3  
Section 2). Moreover, in the United States, the Patient 
Self Determination Act50 of 1991 defines the principle of 
former consent in every medical act, using as a source the 
principles of common law, which the historic decisions of 
the Supreme Court invoke. Also, the organized in nations 
societies should not forget the Nuremberg Code (1947) and 
the mandate of consent in every research procedure.

More specifically, the removal, collection, processing, 
administration of information, cryopreservation, storage, 
and disposal, according to the mandate of consent, for ther-
apeutic or research purposes, of the placenta, the umbilical 
cord, and the cord blood it contains are or should be a chain 
of responsibilities on the part of maternity hospitals and 
banks, whether they are public or private bodies. A preg-
nant woman is in a very sensitive period of her life dur-
ing her pregnancy. This is why valid and timely provision 
of information constitutes an important step in the whole 
procedure. The rights of the pregnant woman and the fetus 
must be respected and under no circumstances is it justified 
from a bioethical standpoint to treat the pregnant woman 
and the fetus as instruments, even if a higher purpose is to 
be served.

The whole procedure of the donation takes place in a 
context of mutual trust and according to the standing rules 
of science and art (lege artis), in order for it to be given 
to the recipients as the best possible treatment, provided it 
has been tested for suitability and no danger to their health 
can be foreseen in the future. Moreover, provided that the 
biological material is not used for therapeutic purposes and 
there is consent, it can be used for research.

The above-mentioned are general principles which are 
accepted worldwide. In practice, however, there is a wide 
range of types of consent in relation to the legislation of the 
national states and each bank.

Opt-in consent is explicitly given after provision of 
information and opt-out consent is presumed to have been 
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given as the individual does not object or refuse to consent 
and shows a passive attitude.51 The first one usually applies 
to the removal and collection of biological material, while 
the second one applies to the collection and administration 
of the data related to the biological material, mainly with 
regard to processing, filing, etc., always with respect to the 
existing legislation about personal data. However, there is 
great dispute about opt-out consent from a bioethical stand-
point, as this type of consent applies more to anonymous 
research procedures, nonpersonally identifiable, such as 
epidemiologic research.51

Moreover, wide consent is given to the bank only 
once for all procedures that will follow the collection and 
banking, while special consent is given for each separate 
act or research. However, in any case, the donor should 
be acknowledged with the right to retreat from consent, 
which will specifically define the content of the retreat 
from the consent as following: (1) “no further contact” 
with the donor; (2) “no further access” to the biological 
material and the data of the donor; (3) “no further use” by 
the bank and destruction of the biological material and its 
data.52

Two more types of consent related to the individuals 
who consent seem to appear: the consent of the mother 
and the consent of the parents. In both cases consent is 
given in a very specific written form, in which the likely 
dangers, the consequences, the benefits, and the nega-
tive points of the collection and banking are described in 
detail. Even the guarantee of the confidentiality of the pri-
vacy that the bank provides, the security for the protection 
of personal and sensitive data (health, lifestyle, etc.), the 
legitimate, legal, and authorized use and, why not, likely 
benefits from the research for the individual are defined. If 
for the collection of cord blood and parts of the umbilical 
cord or the placenta informed consent is required, just like 
in any other medical act, then storage in banks requires 
enhancement of the terms regarding their removal and the 
whole content of consent. For example, the consent docu-
ments of New York Blood Center-National Cord Blood 
Program of New York (NYBC) or the Hellenic Cord 
Blood Bank of BRFAA of the Academy of Athens include 
in detail on the one hand the content of the full informa-
tion in order for the validation of the consent regarding 
collection, manipulation, banking, disposal to be estab-
lished, and on the other hand separate consent for research 
purposes. In this way, the person who consents is enabled 
to choose whether they desire their biological material to 
be given to the bank for therapeutic or even research pur-
poses. This position creates conditions of transparency, 
trust, and respect for the individual and their privacy.51–53 
The information must be clear, comprehensive, and free 
from any form of pressure or coercion, and must show the 
mother or the parents the complexity of this deposit on 
behalf of the newborn.51,53,54

However, major ethical dilemmas and legal issues arise 
in relation to the control the individual who has consented 
can have, particularly regarding research results. Who could 
establish rights in an economy of the market over the results 
of medical and biological research: the donor, the scientist 
and the bank, the researcher and the research institute, or the 
pharmaceutical industry? The answer to this question is dif-
ficult, as the donor in fact provides cellular material, or to be 
more precise part of their biological material unprocessed 
along with other donors. This material, however, without 
scientific process or research procedure would be useless.

Apart from this, conflicted rights appear between on 
the one hand the recognition of possible ownership of the 
individual who has consented over his biological mate-
rial, which, in this instance, is classified and could easily 
be accessible by the individual himself, with the aim of 
observing the completion of the research procedure for any 
positive research results and on the other hand the demand 
for the safety of personal and sensitive data which creates 
conditions of nonidentification of the individual and their 
genetic data. The safety and anonymity of the individuals 
who have consented outweigh the right of ownership, a fact 
that is consistent with sound procedures and good practices 
in the development of the bank and creates a climate of trust 
to the citizens. Moreover, this bind tends to be demarcated 
today through regulations concerning the protection of the 
patent of the invention for a specific amount of time. Apart 
from that, the specific individual biological material is 
removed from the specific person and is used for the good 
of society, supporting the public character of banks and 
underlining a turn an orientation toward the social purpose 
of private banks.53,54

7.  COMMUNICATION OF INFORMATION 
TO THE DONOR OF CORD BLOOD, 
UMBILICAL CORD, AND PLACENTA 
REGARDING LIKELY DISEASES

It is a fact that in the consent documents given in biobanks, 
the ability to give information to the donor of cord blood, 
umbilical cord, or placenta and specifically to the mother 
through the family doctor or the attending physician regard-
ing any health problems of the child and its mother or likely 
health issues that become known and come to the surface 
from the processing of the biological material and involve 
them is provided. This provision of information presup-
poses the consent or refusal of consent on behalf of the 
mother and is morally established on the right to knowl-
edge or ignorance regarding sensitive health issues or issues 
of a different nature which involve their life history. To the 
extent that the diagnostic capability of medicine evolves 
through cell tests, the above-mentioned individuals could 
find therapeutic solutions to pathological problems they 
suffer from, or are likely to be afflicted by in the near future 
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and are not known to them. Sometimes, however, they are 
exposed to knowledge that can influence the rest of their 
lives, especially when there is a therapeutic impasse. For this 
reason, symmetrically to the right to knowledge the right 
to ignorance is developed, which is defined in the Oviedo 
Convention (article 10 Section 2)7 as following: “Everyone 
is entitled to know any information collected about his or 
her health. However, the wishes of individuals not to be so 
informed shall be observed.” Consequently, it is both lawful 
and legal that the provision of information should belong to 
the sphere of decision-making of the donor.

8.  THE DONATION OF CORD BLOOD, 
UMBILICAL CORD, AND PLACENTA AND 
NONCOMMERCIALIZATION

At the international level, the Oviedo Convention7 recog-
nizing the precedence of human beings over society and 
science as the ultimate moral principle defines that “The 
human body and its parts shall not, as such, give rise to 
financial gain or comparable advantage.” According to the 
Additional Protocol8,55 of the Oviedo Convention regarding 
the transplantation of organs and tissues of human origin, 
which are removed in order for them to be used for thera-
peutic reasons, its predictions involve human cells, among 
which HSCs are included. However, this Protocol does not 
apply to the reproduction of organs, tissues, organs and tis-
sues of embryos and fetuses, as well as blood and blood 
products. Moreover, the Charter of the Fundamental Rights9 
of the European Union is introduced with the prohibition of 
profit from the human body or parts of it: “The prohibition 
on making the human body and its parts as such a source of 
financial gain.”

Even in national legislations, commercialization, mar-
keting and making profit, or financial benefit is prohibited 
and the concept of donation and, in particular, free dona-
tion is introduced. Donation is legally an accord or a type 
of contract. For example, in the Swiss federal legislation, 
whose policy is clearly oriented toward public banks for 
allogeneic use, the prohibition of the sale of organs, tis-
sues, and cells, as such, is explicitly stated. The donors, the 
mother or the parents, who consent to the free donation, 
do so on the one hand for altruistic or solidarity reasons, 
and on the other hand for reasons of nondiscrimination and 
exploitation of vulnerable groups of the population.56 Only 
a small compensation to the mother or the parents for any 
likely expenses could be accepted. The above-mentioned 
concern the donation for allogeneic and not for autologous 
aims, because in the case of autologous use there is a special 
agreement regarding banking, which is in fact contracted 
with the bank separately from the mother’s consent. Autolo-
gous directed use for specific, proven reasons regarding the 
treatment of a member of the family is part of the context 
of the donation.

Human beings are virtually selfish, who become social 
persons through speech and learning, passing part of their 
instinctive life to civilization and its products, to which 
the fight against diseases and research on new treatments 
belong.

As with every gift there is an antigift,57 in this case the 
antigift is the satisfaction that derives from the applications 
of medicine and biology for the treatment of serious dis-
eases and disabilities to the benefit of everyone; the indi-
vidual and his generation. This can happen when there is 
sufficient umbilical cord blood, as well as other products of 
biological material and all banks, private or public, follow 
international rules and standards regarding their collection, 
processing, quality, and volume. As for the removal and 
banking of umbilical cord blood, the umbilical cord, or the 
placenta, which take place in private banks in order for them 
to be used for a future disease of the child or any members 
of its family, this choice is based on the principle of egoism. 
According to some thinkers, ethical egoism adopts that it 
is necessary and sufficient for an action to be ethical right 
when it maximizes one’s self-interest;58,59 this is so in rela-
tion to autologous banking in commercial banks.

It is important, due to the development of regenerative 
medicine, that the status of private banks evolve and they 
turn to cooperation with public institutions for the benefit 
of the common good.

Even though it is morally and legally right for trans-
plantation to continue to be based on free donation as res 
extra commercium, the characterization of cord blood, tis-
sues, and other biological products of human beings will 
be equated with the statute of medicine and consequently 
their commercialization will become acceptable.33,54 This 
is one of the greatest dilemmas that the applications of 
regenerative medicine, which, as mentioned above, does 
not identify with transplantation but follows its own rules, 
will have to face.

9.  ANONYMITY—ANONYMIZATION OF 
DONATION AND PROTECTION OF DATA

In banks of umbilical cord blood, which have been estab-
lished to have mainly a therapeutic purpose, the principle 
of the anonymity of the donor and the recipient, as well as 
the principle of communication of information to them by 
a doctor involved in the therapeutic process only in case of 
medical reason take effect, as it is with every transplanta-
tion of organs, tissues or cells. Consequently, there is no 
bond between the donor and the recipient, which from a 
moral standpoint would cultivate relations of dependence or 
relations of informal purchase and sale, while from a legal 
standpoint it would possibly lead to courts with lawsuits for 
compensation.

Nonetheless, some employees in banks classify in files, 
adopt a procedure of anonymization or often “coded” and/or 
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“encoded” information and data, which concern the donor, 
and they can have access to them at any time.53,54 These 
people, however, are bound to protect the anonymity of the 
donor and the people in their family for a long period of 
time. There is confidentiality and protection of personal and 
sensitive data according to the legislation of each country, 
as well as respect for the inviolability of private and family 
life. “Everyone has the right to respect for private life in 
relation to information about his or her health” (article 10 
Section 1).7

One can find examples of deviation from the principle 
of anonymity in the case of “targeted banking” or directed 
donation of stem cells from the umbilical cord, cells des-
tined to treat a sick child, when in the same family a brother 
or a sister is born with identical human leukocyte anti-
gen (HLA). Even though the practice of giving birth to a 
“child-medicine” is common, especially in assisted in vitro 
reproduction, it does not cease to pose major ethical dilem-
mas regarding the fact that the second child is treated as an 
instrument, not only from a psychological standpoint but 
also in relation to the destruction of the embryos which do 
not have identical HLA, violating the principle of protec-
tion of every human being.33,60

In the field of transplantation, where banks have been 
established to serve a therapeutic purpose, the following 
rules shall also apply to HSCs and other cells, including 
mesenchymal stem cells from umbilical cord and the pla-
centa: “All personal data relating to the person from whom 
organs or tissues have been removed and those relating to 
the recipient shall be considered to be confidential. Such 
data may only be collected, processed and communicated 
according to the rules relating to professional confidential-
ity and personal data protection” (article 23 Section 1).8

As far as the research field is concerned, the principle 
of anonymization of personal data is also in effect as a nec-
essary condition for their collection, processing, circula-
tion among researchers-doctors, filing, preservation, and 
disposal or destruction, as arguments regarding either the 
control of citizens’ personal data by the state authority or 
the commercial use of individuals’ biological material and 
data at a global level by private companies are being devel-
oped.54 Principles and regulations are foreseen at the inter-
national and European level9,61–63 regarding their protection 
“Everyone has the right to respect for private life in relation 
to information about his or her health” (article 10 Section 
1).7 In the light of the Additional Protocol9 for biomedical 
research of the Oviedo Convention (article 25) it is stated 
that “Any information of a personal nature collected during 
biomedical research shall be considered as confidential and 
treated according to the rules relating to the protection of 
private life.” In the following article there is provision for 
the recognition of the right of the individuals who partici-
pate in the research to be informed, prior to authorization 
(article 26): “(1) Research participants shall be entitled to 

know any information collected on their health in confor-
mity with the provisions of Article 10 of the Convention.  
(2) Other personal information collected for a research  
project will be accessible to them in conformity with the 
law on the protection of individuals with regard to process-
ing of personal data.”

In general, the legal protection of personal data provides 
for prior authorization, security measures of confidentiality, 
use of methodologies of research and informatics, as well as 
anonymization or codification and/or encoding, particularly 
during their transfer to research or pharmaceutical units and 
prohibition of their exploitation whether that is commercial 
or any other form.53,54

10.  “BIOLOGICAL SAFETY” OF THE 
DONOR AND BIOBANKING

The removal and banking of cells from the umbilical cord 
blood of the donor in order for them to be used by the donor 
him/herself for therapeutic reasons if needed (autologous 
transplantation) or by a third party who belongs to the close 
family of the donor has led to the foundation of private com-
mercial banks of umbilical cord blood. This choice is based 
on the ethical theories of egoism or individualism. Egoism 
is the opposite position of altruism and individualism the 
opposite position of solidarity.

Many arguments against the collection and banking of 
individuals’ cells for autologous transplantation for mainly 
medical but also financial reasons have been expressed by 
institutional bodies and scientists from the European Union. 
There are many countries, such as France and Switzerland, 
which implement voluntary, anonymous, and free donation 
of umbilical cord blood for allogeneic use as a public policy, 
giving emphasis to the principles of altruism, solidarity, and 
social interest, proportionally to organ transplantation and 
blood donation.33 The collection and banking of umbilical 
cord blood in public banks or nonprofitable private banks 
is integrated in this context.15,53,54 While, at the same time, 
there is the ability for purely medical reasons and under 
strict conditions, to deviate from the principle of anonym-
ity and to allow the removal and preservation of umbilical 
cord blood cells for transplantation to a close member of 
the donor’s family who has been inflicted by serious, yet 
curable, disease or disability.53,63–66

It seems that in an environment of universalization and 
competition of the economy (financial competition), bio-
medical research and treatment could not stay uninfluenced 
and as a result the activities of all types of biobanks in gen-
eral are incorporated in some rules of the market and turn 
their attention to the scientific and research policies of the 
future.

As far as umbilical cord blood banks specifically are 
concerned, whose main purpose since their establishment 
has been treatment, the great challenge today, along with 
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serving public health, is their turn toward regenerative med-
icine, which will once again serve therapeutic purposes.

If umbilical cord blood banks are classified according 
to their statute, one can see that there is no uniform regula-
tion. There are countries, such as Germany, Denmark, the  
Netherlands, Greece, Poland, the United Kingdom, Canada, 
and the United States, whose legal documents do not foresee 
a specific statute. For this reason and to the extent that there 
were no legal restrictions, public, private, and mixed banks 
were founded. In other countries, such as Belgium, Spain, 
and Italy, the legislation originally forbade the foundation of 
private banks while, today, it is being modified in stages and 
allows it under specific conditions. France and Switzerland 
should be classified under the latter category, even though 
their public character is more intense.53,54,66

As far as the first group of countries is concerned, umbil-
ical cord blood banks can operate after they have acquired 
administrative license, which is not mentioned in their stat-
ute. In Germany, for example, there are four public banks, 
among them the Bank of Dusseldorf, while in Denmark 
umbilical cord blood banking takes place in private banks 
in cooperation with the big hospitals of the country, as well 
as the Public Bank of Finland, which covers all the needs of 
the Scandinavian countries.66

The emergence of mixed banks is of great interest. The 
first mixed bank with both a public and private character, 
which enables banking of two samples of umbilical cord 
blood, one for autologous use and one for allogeneic use, 
in any case available to any third applicant, was founded in 
the United Kingdom, in 2007. At the same time, a private 
bank in Canada is developing a donation program for allo-
geneic use.66 Symmetrically, the Hellenic Cord Blood Bank 
of BRFAA of the Academy of Athens, a legal nonprofitable 
entity governed by private law, is by legislation a public 
bank and operates as such, while it develops collaborations 
with private maternity hospitals.

Regarding the second group of countries, which are 
modifying their legislation in stages and are allowing the 
establishment of private banks of umbilical cord blood, the 
example of Spain is important. In the Royal Decree43 of 
November 10, 2006 about quality and safety rules regard-
ing actions in cells and tissues of human origin emphasis is 
put on common good, nonprofitable purpose, and cases of 
emergency. When, for instance, private banks cease to oper-
ate they are obliged to give their stock to the public network.

It is obvious today that at a national level there is a ten-
dency to converge public and private banks, not only to 
prevent medical tourism,67 but also because from an ethical 
standpoint and mainly in private commercial banks, bank-
ing for autologous use creates stocks of biological material, 
which are not being used. Moreover, there is no consensus 
within the scientific community regarding their suitabil-
ity. Finally, they are expensive to store and for this reason 
lead to discrimination in the population.68 Consequently,  

there are questions regarding the usefulness of these stocks: 
should they be given as a donation for allogeneic use? 
Should they be given for research purposes for free or in 
exchange for money? Should they be given to pharmaceu-
tical companies and if so, who should benefit (the donor, 
the bank, the doctor or the researcher, the pharmaceutical 
industry, etc.)? Should they be destroyed or stored and if 
they are stored, how long should that be for? Should pub-
lic health, common good or the best interest of the indi-
vidual come first? What is of great importance regarding 
the above-mentioned dilemmas is the mother’s or parents’ 
consent, as well as the convention between the individuals 
and the banks. Nonetheless, these issues do not fall only 
within the regulatory sphere of the autonomy of the indi-
vidual, but constitute major problems of politics at inter-
national and national level, to the extent that the value of 
the “biological safety” of the individual is more symbolic 
than real. So, the dilemma of public or private banks is ethi-
cally rightful, while the contemporary tendency from a legal 
standpoint for the cooperation of public and private banks 
seems to take it into consideration, solving a lot of issues, 
while questioning the myth of “biological safety.”

11.  REGENERATIVE MEDICINE AND 
MESENCHYMAL CELLS OF THE 
UMBILICAL CORD AND THE PLACENTA

Regenerative medicine, whose name is attributed to L.  
Kaiser in an article about hospital administration, appeared 
in 1992.69 It promises to answer the problem of organ, tissue, 
and cell shortage with their replacement or the regeneration 
of ailing parts and their return to normal function.1,70,71, It 
involves cell treatments and focuses its research interests on 
stem cells that come not only from cord blood, but also from 
the walls of the umbilical cord (Wharton’s Jelly) and the pla-
centa.17,72 The placenta and that part of the umbilical cord 
contain non-hematopoietic cells, mesenchymal stem cells, 
and endothelial cells, which are today collected by biobanks 
for research or preclinical purposes, with clinical trial, their 
use in pharmacology, and regenerative medicine being the 
ultimate purpose.2,72 At this stage of the research, the collec-
tions concern autologous banking without, however, exclud-
ing allogeneic banking, they are important for treatments 
with comparable phenotype HLA, and perhaps in the near 
future, they will be of clinical use. Even though they raise 
issues regarding the nature of banks, their storage or their 
use in research, they constitute a challenge to public banks 
or nonprofitable banks with a collective purpose to develop 
banking sections with mesenchymal or endothelial stem 
cells. Moreover, autologous private profiteering banks need 
to acquire a mixed character or to form partnerships, on con-
dition that they abide by national regulations and standards 
regarding qualitative and quantitative criteria, the collection 
procedure, the mother’s consent, testing, information, etc.
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Scientific debates about publications at an experimental 
stage are wide, in relation to the advantages of mesenchymal 
and endothelial stem cells. These cells not only have mul-
tipotent potential, but may even have pluripotent potential. 
It is underlined that according to scientists their potential is 
comparable to that of iPSCs, while they have the advantage 
of being young, self-renewing, and able to differentiate.17,72

The collection of the placenta and the umbilical cord 
is easy. It can be done with the removal of umbilical cord 
blood or it can even be collected separately with the expul-
sion of the placenta. This has the advantage that the pro-
cedure of the removal can take place in a room other than 
the delivery room and then the biological material can be 
cultivated. This ability emphasizes the respect toward the 
mother and the newborn.

The above references are important in relation to likely 
additional or differentiated ethical or legal issues that may 
occur.2 The placenta and the connected part of the umbili-
cal cord are part of the mother’s body, as already mentioned, 
until their expulsion. As such, the consent of the mother is 
necessary. In our opinion, consent obtained from the mother 
in the specific case of donation of the placenta and the umbili-
cal cord must be informed, explicitly expressed, written, and 
signed by the mother, with all the characteristics that are 
required in the mother’s informed consent for the donation of 
her child’s umbilical cord blood. Obtained informed consent 
is an ethical duty and a legal obligation. As already mentioned 
in Section 4, this kind of consent originates from the principle 
of autonomy, one of the four basic principles of bioethics. 
According to Beauchamp and Childress,73 autonomy, benefi-
cence, nonmaleficence, and equality are the most important 
principles. Touching the mother, selecting and banking hers 
or her fetus’s biological material without permission could be 
assault or battery under criminal and civil law. For this reason 
and in order for the consent to be valid an individual who 
has the capacity and has been fully informed prior to the act 
must give their voluntary accord without coercion. Consent 
is stronger when it is given in writing and written consent is 
evidence that consent has been given. Many consent forms 
which are being used by banks include sections in which it is 
recorded that the mother has been informed.

According to another point of view it is sufficient that 
the consent be nonrefusal for specific uses. This type of con-
sent involves not only the removal of biological material, but 
also, and mainly, the processing of data and specific uses (for 
example commercial use). Such an opt-out type of consent is 
used by legislations regarding postmortem organ donation.54 
However, medical professionals must evaluate the mother’s 
capacity to consent. Then her wishes will be respected. If 
nonrefusal consent is to be adopted, it should at least follow 
some principles: the principle of nonharm, the principle of 
suitability, the principle of charity, and the principle of justice. 
Moreover, it can be given along with the mother’s consent for 
the selection and banking of her child’s umbilical cord blood.

The reasoning behind nonrefusal consent is that the 
placenta and the umbilical cord were until recently con-
sidered biological material meant to be destroyed due to 
the risk of contamination. Despite this provision, some-
times instead of being destroyed they were given irregu-
larly, apparently for a financial exchange, by maternity 
hospitals and companies to be used for immunoglobulin 
products as well as in cosmetic medicine, posing major 
ethical and legal dilemmas regarding the issue of who has 
the authority for such actions over the biological mate-
rial of the individual or who has ownership rights. From 
a moral standpoint, the rights of human beings have put 
up barriers to the utilitarian perception of medical and 
research power, as we must not forget the delicate balance 
between respect for the dignity and autonomy of human 
beings and freedom of research. The latter should place 
the ethics of research in an advantageous position for the 
welfare of patients in relation to its financial or utilitarian 
aspects.

12.  CONCLUSION

At an ethical and legal level, the collection, testing, process-
ing, storage, and disposal for therapeutic or research use of 
stem cells that come from cord blood, the umbilical cord, 
and the placenta open a new chapter of dilemmas in relation 
to the development of regenerative medicine. This chapter 
of ethical dilemmas is, at the same time, accompanied by 
important financial issues.

People want to benefit from the achievements and future 
plans of regenerative medicine and biotechnology. Serious 
diseases and disabilities need to be treated and desperate 
individuals await for “a scientific revolution” through gene 
and cell treatments.

Nonetheless, one cannot bypass fundamental moral val-
ues, principles, and rules of contemporary civilization, the 
most important of which are respect for the dignity, free-
dom, and life of man.

Stem cells that come from cord blood, the umbilical 
cord, and the placenta and their collection, processing, and 
use do not seem to pose major ethical questions in relation 
to the definition of the person and the human being.

However, many moral values, principles, and rules, as 
well as delicate legal issues are involved worldwide and in 
every society separately, are often in conflict and need to be 
answered.

Striking a balance between the principles of freedom 
of man and freedom of science creates the necessary and 
sufficient context for the resolution of the conflict between 
the principles of altruism and ethical egoism, the values of 
charity and individualism, in other words, between alloge-
neic and autologous therapeutic use.

The choice of banking stem cells from cord blood, the 
umbilical cord, and the placenta in a public or commercial 
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bank is also an important issue which can lead to future 
cooperations or to a change in their legal character.

Finally, the legal nature and character of stem cells from 
cord blood, the umbilical cord, and the placenta also pose 
major questions that need to be answered internationally. Do 
these specific stem cells belong to the field of transplanta-
tion, in the same category as tissues? Must they be regarded 
as cells and be classified with other stem cells or are they 
medicine? In any case, will cellular treatment or processed 
cellular body products become available by banks or will 
they be the object of pharmaceutical companies?
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Chapter 24

Industrial Economics of Cord Blood Banks
Gregory Katz
ESSEC Business School, Chair of Therapeutic Innovation; Fondation Générale de Santé, Paris, France

To analyze the economic issues raised by cord blood 
banks, it is important to clearly define their activities and 
their objectives. There are two basic types of banks: (1) 
public banks are not-for-profit organizations; and (2) pri-
vate banks are for-profit companies. In between these two 
models, hybrid banks have emerged at the interface of 
public and private banking: they also operate as for-profit 
corporations. From a terminology standpoint, the “pub-
lic” and “private” labels can be misleading since several 
public banks depend on private not-for-profit organiza-
tions (Anthony Nolan Trust, Jose Carreras Foundation, 
etc.). “Public” or “private” refers less to the bank’s 
legal status than to the final usage of the stored units, 
which can be either available to everyone (public bank) 
or reserved for a single family (private bank). Beyond 
the various qualifiers commonly used (such as “autolo-
gous,” “allogeneic,” “community,” “family,” “directed,” 
or “altruistic”) the “for-profit” or “not-for-profit” crite-
rion is what truly differentiates all these models from an 
economic standpoint. Whether free or for a fee, the main 
difference between all these banks lies in their objectives, 

organization, and the economic model that will determine 
their future development.

1.  TYPES OF CORD BLOOD BANKS

Public banks store cord blood units (CBUs) for the general 
population. The units are collected anonymously, and if they 
are required to meet specific biological criteria they are mainly 
used for allogeneic transplants where the donor and the recipi-
ent are two different people. For certain specific indications 
concerning high-risk families, storage for family members is 
free. These banks are supported by charity organizations and 
financed by public health, but their limited funds hinder their 
growth. They are inspected periodically by accreditation bod-
ies and generally meet strict quality assurance criteria that lead 
them to approve and keep just 25% of their collected units. 
Allogeneic banks collaborate through a global network (Net-
Cord) and share their inventory online via an interface that 
provides the human leukocyte antigen (HLA) typing of avail-
able grafts for all transplant centers worldwide (Bone Marrow 
Donor Worldwide, BMDW).1
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Commercial banks are for-profit enterprises: they bill 
the parents-to-be an upfront payment of roughly 2.000 
USD and store the newborn’s cord blood—and sometimes 
placental tissue—for 20 years on average, with an annual 
storage fee of 125 USD. The units are stored for autolo-
gous use or for a recipient in the family. Virtually all units 
collected at birth are kept, regardless of their biological 
quality and stem cell concentration. Stored units cannot be 
used for patients outside the family. Aside from a minor-
ity of banks accredited, the quality assurance systems of 
commercial banks are rather opaque.2 Their operating pro-
cedures and the clinical results of transplants performed 
using the CBUs they store are not reported or analyzed in 
the scientific literature.

Hybrid banks store CBUs for either allogeneic or fam-
ily member usage. They run a for-profit business, but they 
also develop a special storage channel that makes the units 

available to any patient in the general population (not-
for-profit activity). These banks are generally required to 
meet the same accreditation criteria as public banks. Sev-
eral types of hybrid banks have developed. Some split the 
CBU volume in two, allocating 20% of the CBU for fam-
ily usage while making the other 80% available to public 
health services. Others bill the parents for CBU storage for 
family usage but perform HLA typing on the units so that 
the entire graft is available to the health authorities at all 
times, in order to allow allogeneic transplants in the general 
population. If a graft is requisitioned, the parents’ outlays 
are reimbursed. In some cases, parents cannot contest the  
requisition (the case in Spain), while in others they can reject 
it and retain exclusive usage of the CBU. “Binary” banks 
offer yet another model; they provide two separate channels 
under the same brand: one that is allogeneic and free, and the 
other that is for family members, for a fee (Figure 1).

FIGURE 1 Types of commercial banks.
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2.  EMERGENCE OF HYBRID MODELS

In theory, the public/private channel used in the hybrid 
model seeks to reconcile private funding and public health, 
i.e., exclusive paid storage combined with altruistic free 
usage. This channel differs from the commercial family 
channel in that, since allogeneic usage is a possibility, the 
operating procedures must follow those of public banks. 
In most mixed banks, collections must be performed 
through a network of accredited maternity hospitals, by 
specially trained medical staff. Standard operational pro-
cedures are audited periodically by the health authorities 
and accreditation agencies. CBU approval leads to mixed 
cryopreservation on the one hand, and billing of the par-
ents on the other. If the CBU is not approved for alloge-
neic usage, the parents are not debited and can choose to 
either have the CBU destroyed, or donate it to science. 
Even if the CBU does not meet the eligibility criteria for 
therapeutic use applied by public banks, some parents still 
opt for paid storage strictly for family usage in the hope 
that the biological quality of the graft will be improved in 
the future through techniques that are currently still at the 
experimental stage.

2.1  Split Storage and Community Banking

In 2006, Richard Branson, the founder of Virgin, in part-
nership with the Excalibur-Merlin investment fund and in 
collaboration with the British health authorities, launched 
a hybrid bank with a pioneering model: community bank-
ing. The Virgin Health Bank (VHB) model allows future 
parents to keep 80% of the cord blood volume for alloge-
neic usage and 20% for family usage. The CBU is stored 
in a single bag with the two aliquot fractions split in sealed 
compartments. The ethical justification for this model is 
based on graft usage probabilities. The focus is clearly on 
allogeneic usage whose probability is much higher than 
family usage, for which clinical indications are excep-
tional. The 20% fraction is reserved for the family, in the 
hope of regenerating 100% of the initial volume through 
cell expansion, a technology that is still in its experimen-
tal stage. Without cell expansion, the family unit will be 
useless because its volume and cell dosage are insufficient 
for therapeutic applications. Some critics have also pointed 
out that, much like the 20% fraction, the 80% fraction of 
the CBU also contains a concentration of stem cells that is 
insufficient to perform a transplant in a patient older than 
10 years.3

When VHB opened, its goal was to store 4000 units 
per year, i.e., 0.5% of the 690,000 annual births in Great 
Britain in 2007. With the authorization of the UK Human 
Tissue Authority, and in collaboration with the pub-
lic banks of the National Health Service, VHB vowed 
from the outset to avoid any dichotomy or commercial 
relations with physicians and midwives. Branson also 
pledged to reinvest his share of the profits in other ini-
tiatives dedicated to developing stem cell research. With 
its ethical commitment, the hybrid model developed by 
Virgin sought to support the development of public banks 
through private funding. From a marketing standpoint, 
the idea of community banking implies that when a fam-
ily decides to keep cord blood for their child, it benefits 
the community. Hailed by the British authorities, patient 
associations, and the Royal College of Obstetrics and 
Gynaecology,4 VHB quickly ran into major financial 
difficulties. By 2009, the business targets had not been 
reached and the bank showed a large deficit, bringing it 
to the brink of bankruptcy. The market was not respond-
ing to the community banking offer because future par-
ents could not understand why they should pay a price of 
1195 GBP for just 20% of the volume, while 80% of the 
stem cells were allocated to the community. For almost 
the same price, competing commercial banks guarantee 
exclusivity for 100% of the volume.

With the British market saturated by a number of 
commercial banks that have been in business for several 
years, VHB was forced to radically rethink its strategy in 
order to become competitive. In 2011, the firm opened a 
subsidiary in Qatar, offering a family model for 12,950 
QR (2670 EUR) in a country with no allogeneic banks, 
while taking advantage of the world’s highest GDP 
per capita. VHB continues to operate in Great Britain, 
offering future parents a choice between two options 
with a small price difference: classical family storage 
(2626 USD), or community banking (1852 USD), in  
partnership with the hospitals of the Cambridge  
University NHS Trust Foundation. VHB has not publicly 
disclosed the breakdown of their inventory between the 
two options, but given that the price difference is not 
huge, it is likely that a large majority of customers would 
prefer family storage, which guarantees they get 100% 
of the volume. The community banking option prob-
ably only accounts for a very small fraction of VHB’s  
inventory, obviously providing a strong marketing impact 
for the firm, but with a very small benefit for public 
health (Figure 2).
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2.2  Requisition or Export

In Spain, the hybrid bank VidaCord has developed another 
mixed banking model based on two different options: requi-
sition or export. The two paid options are offered at the same 
price (2366 EUR). The requisition option works as follows: 
at birth, the parents pay the bank to keep the CBU on Spanish 
territory. If required, national law allows the health authori-
ties to requisition the CBU for a transplant in a nonfamily 
member. The parents cannot oppose this requisition: they 
lose 100% of the CBU. In this case, their outlays are reim-
bursed. The other option consists in paying the bank to export 
the unit at birth to a location outside Spain, in order to keep 
it strictly for family members. The two options of this hybrid 
model have developed asymmetrically: on the one hand, the 
export and family option has been extremely successful, and 
on the other, the requisition option has failed, with a negli-
gible number of grafts available to the general population. 
VidaCord shares the HLA typing of all stored CBUs with the 
Spanish bone marrow registry (REDMO) so the CBUs can 
be requisitioned at any time for an allogeneic transplant.5 Yet 
according to Enric Carreras, director of REDMO, 3 years 
after the launch of this Spanish hybrid bank, “no grafts have 
been made available for public health.”6

There are two main reasons for this disparity: the pricing 
policy established by the commercial bank, which charges 
the same price for both options, and a poorly designed reg-
ulatory system that seeks to strengthen national cohesion 
around a common public health project, but paradoxically 
pushes parents-to-be to export their bioresources abroad. 
Until 2005, Spanish law prohibited commercial banks 
from storing cord blood exclusively for family usage. At 
the birth of the Infante Eleonor, Prince Philip, heir to the 
Spanish throne, decided to export the unit of royal blood 
for storage in Arizona,7 in the American bank, Cord Blood 
Registry. Since this export was illegal with regard to Span-
ish law, the press immediately interpreted the prince’s deci-
sion as a refusal on moral grounds to mix royal blood with 
the blood of the Spanish people. As a result of the popular 
uproar, and given the political stakes, a royal decree was 
finally issued to change the way cord blood banks are reg-
ulated.8 Since 2006, anyone can either export cord blood 
abroad exclusively for family usage, or store it in Spain in 
a hybrid bank, with the chance that the health authorities 
will requisition it in case of need. As soon as this reform 
was adopted, Vida-Cord set itself up in Spain and proposed 
this mixed model, and was followed by other competing 
banks such as Ivida.

Bank (country) Initial processing
(USD)

Annual storage
(USD)

Total 
for 20 years (USD)

Total 
for 25 years (USD)

FIGURE 2 Pricing for storage in commercial banks.
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2.3  Imbalance of Mixed Channels

After several years under this system, the Spanish health 
authorities have observed that virtually all customers pre-
fer the export solution in order to avoid requisitions and 
ensure exclusive use of their graft. On December 31, 2012, 
after operating for 7 years, VidaCord stated on its Web site 
that it held more than 15,000 CBUs—while REDMO only 
totaled 68 units available for the general population.9 In 
other words, when parents are presented with two options, 
the fact is that 99.6% of CBUs are stored abroad for family 
usage. The mixed bank only contributes 0.4% of its inven-
tory to public health needs.

While it is true that parents are theoretically free to 
choose between the two options, in practice, why should 
they hesitate between total or partial exclusivity, given that 
the price is virtually the same for both options? The causes 
and effects are the same for VHB, VidaCord, Vita34, and 
Ivida: whenever a hybrid bank charges approximately the 
same price for both options, it creates a tremendous imbal-
ance between the two options, with the altruistic model con-
sistently on the losing end. For Ivida, only four units were 
registered in the national registry as of December 31, 2012.9 
The pricing policy automatically causes rational economic 
actors to turn away from the altruistic model and therefore 
opt for a family bank. Price distribution is the key issue. 
Unless the community option is significantly less expensive, 
parents will choose the family option. Price setting is a sensi-
tive issue and commercial banks do not want their hands tied 
in this area, but for hybrid models to work in a balanced way, 
the public authorities need to require that commercial banks 
establish a price difference that is sufficient to incite parents 
to carefully consider the two options available to them.

From a marketing strategy standpoint, the hybrid model 
offers several advantages. It allows banks to enhance their 
reputation, facilitate accreditation, stand out from the com-
petition, and accelerate business development, all at a rela-
tively low cost. This hybrid model is being adopted by a 
growing number of private banks who use it as a market-
ing showcase. For instance, when Prince Philip’s second 
daughter was born in 2007, it would have been logical for 
the Prince to decide to store the cord blood in Madrid, in a 
public or hybrid bank, in order to set an example and check 
the flow of bioresources crossing the Spanish border. Yet 
despite the new regulations allowing hybrid storage, he 
again preferred to export the cord blood to Vita43 to ensure 
the exclusive usage of his daughter’s blood.

In Germany, commercial banks such as Vita34 and Eticur 
offer a hybrid model where a privately stored CBU can be 
requisitioned for nonfamily members, but unlike the Spanish 
decree, the family can refuse to comply with the requisition 
and keep the unit for strictly private use.10 In 2012, Vita34 
opened an online portal allowing real-time searches for allelic 
typing in its allogeneic CBU registry.11 On the other hand,  

in Turkey, commercial banks are authorized to store CBUs on 
condition that 25% of stored units are made available to public 
health authorities to meet the population’s needs.12 Basically, 
without government intervention designed to balance the pric-
ing policies of hybrid banks, mixed models may remain an 
ethical illusion with no real impact on public health.

2.4  Single Marketing and Binary Channels

In addition to the “split” and “requisition” mixed models, 
some commercial banks such as StemCyte or Cord:Use 
have developed two separate channels under the same 
brand. The parents choose between two different types 
of banks: paid storage for exclusive family usage (“Stem-
Cyte family” or “Cord:Use family”), or free storage of 
an anonymous donation in a public bank (“StemCyte” or 
“Cord:Use public bank”). This model has the advantage 
of clarifying the offer by clearly differentiating the two 
channels, how they work, and the conditions for access-
ing the grafts. The pricing policy of the binary model does 
not create confusion in the minds of parents and it pro-
motes a more balanced situation in terms of the choices 
actually made. Developed more generally in the United 
States, the binary model contributes to the harmoniza-
tion of quality standards through a stringent accreditation 
process (Foundation for the Accreditation of Cellu-
lar Therapy, FACT), collaboration with the best hospi-
tal maternity staff, and cooperation with the National  
Marrow Donor Program (NMDP) in the United States.

3.  ECONOMIC MODEL OF PUBLIC BANKS

Public and commercial banks differ not only in their objectives; 
their economic models are based on opposing approaches to 
each phase of the production chain: (1) at entry into the bank 
immediately following collection; (2) during storage in the 
bank; and (3) at release to a transplant center. Each unit added 
to the inventory of a commercial bank generates approxi-
mately 2000 USD in revenue, which are paid by the parents 
(family model). For public banks, each unit added gener-
ates an expense of approximately 2000 USD (anonymous, 
free model).13 A stored unit also generates an annual cost of 
roughly 125 USD (consumables, maintenance, etc.). In a pub-
lic bank, the full cost is borne by the bank, whereas in a com-
mercial bank it is funded entirely by the parents. However, an 
outgoing unit does not generate any revenue for a commercial 
bank, whereas for a public bank an international release can 
generate close to 30,000 USD.13 Some banks that are affiliated 
with the NMDP in the United States charge close to 50,000 
USD per CBU, including shipping costs. International prices 
of allogeneic CBUs for 2012 are listed in Figure 3.

The release prices are generally set by each public bank, 
but in some countries they are determined by the health 
authorities. They are billed to the transplant centers where 
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the unit is transplanted. Prices vary depending on the bio-
logical quality and the genetic characteristics of the graft, 
and on whether the transplant requires one graft or two. The 
average release rate for established public banks is between 
1% and 2%. For a public bank to finance close to 98% of 
its inventory with a 2% release rate, the price of each CBU 
needs to cover the collection and storage costs of approxi-
mately 20 new units. This break-even formula reflects 
the pricing practiced by allogeneic banks. Though these 
banks are not-for-profit, they follow the logic of a com-
petitive market where transplant physicians compare the  
biological quality of grafts before selecting them. Pub-
lic banks are repositioning their development strategy by 
raising their selectivity standards (cell concentration, rare 
haplotypes), increasing their release rate, growing their rev-
enue, then offsetting the resulting additional costs through 
higher prices.13

Several public banks with release rates of less than 
2%, such as the US Memorial Medical Center (Worcester, 
USA), filed for bankruptcy. Created in 1997, the bank’s 

annual operating costs (750,000 USD) were deemed too 
high by the university hospital, which decided to shut 
it down. The bank was rescued from bankruptcy by the 
American Red Cross in 2003 and acquired by Cryo-
banks International in 2006. Since then, Cryobanks 
International has been managing it like an accredited 
allogeneic bank, in parallel with its commercial fam-
ily bank. Another case is the public bank of the Saint-
Louis Hospital in Paris, located on the campus where 
the first umbilical cord blood transplant worldwide was 
performed in 1988. A pioneer in cord blood storage as 
far back as 1989, the bank was forced to completely halt 
its activities in 2002 due to lack of funding from Assis-
tance Publique-Hôpitaux de Paris (AP-HP). Hundreds 
of grafts were transferred to the Etablissement Français 
du Sang. In 2008, the Saint-Louis bank was reopened by 
AP-HP and is now one of the leading banks in the French 
National Cord Blood Bank Network (RFSP). To avoid the 
risk of bankruptcy, some public banks such as Alberta 
Cord Blood Bank (Canada), created in 1996, have been 

FIGURE 3 Prices of allogeneic CBUs applicable to french transplant centers in 2013.
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offering commercial banking since 2005 to help finance 
the growth of their not-for-profit public banking.14

To summarize, in economic terms, public and commer-
cial banks follow diametrically opposed approaches, lead-
ing to vastly different financial results. For public banks, 1 
or 2% of stored units generate more than 70% of their rev-
enue, whereas for commercial banks, 100% of stored units 
generate 100% of their revenue. This explains the financial 
difficulties that allogeneic banks face and their dependency 
on the limited public funding available, which results in 
hindered growth. It also explains the strong financial appeal 
of commercial banks, whose economic model is at once 
stable and highly profitable.

4.  ECONOMIC MODEL OF COMMERCIAL 
BANKS

The economic analysis of commercial banks remains 
unexplored in the literature because of a lack of avail-
able data on their management practices and their finan-
cial performance. In 2013, out of 310 commercial banks 
identified in 86 countries,15 six banks were listed on 
European, Asian, and American stock exchanges: Cryo-
Save (Euronext); China Cord Blood Corp. (NYSE); 
Vita34 (FWB); Cordlife (SGX); CryoCell; and Cord 
Blood America (Nasdaq). We analyzed the annual report 
and financial statements of each of these six banks for 
the years 2009–2012. These reports were subject to an 
external audit: they comply with international accounting 
standards (IFRS) and underwent stock market authority 
oversight before being disclosed to the markets. There-
fore, they represent a relatively reliable source of infor-
mation, in a context where the other private banks do 
not publish their business and financial records. This 
analysis only covers six commercial banks and does not 
reflect the entire private banking market. However, in the 

absence of alternative transparent sources, it highlights 
several economic trends (Figure 4).

4.1  Analysis from Six Listed Cord Blood 
Banks

The listed banks are small companies (between 15 and 890 
employees) that were created between 1989 and 2007. They 
total 973,982 stored CBUs. Only three of the banks publish the 
number of CBUs used since their creation, without specifying 
therapeutic or scientific usage, type of transplant, therapeutic 
indications, or clinical outcomes. For those three banks, when 
comparing the total number of units used (44) with the total 
number of units stored (360,000), we find an overall turnover 
rate of 0.012%. Turnover is a key indicator that reflects the 
usefulness of a commercial bank to its customers and patients. 
It is surprising to note that half the listed banks prefer to not 
publish this indicator in their annual reports.

Over the 2009–2012 period, the compound annual 
revenue growth rate for the six banks was 9.18% despite 
a global economic crisis. Exceptionally, in 2012, Cyro-
Save posted negative growth of −12%. Its share price fell 
sharply that year when, after a three-year dispute with 
the French health authorities, the Conseil Constitutionnel 
finally rejected Cryo-Save’s request to operate in France, 
requiring it to transfer its technical platforms outside the 
French borders.16 We are unaware whether shipping the 
units illegally stored in France since 2010, resulted in the 
deterioration or loss of CBUs and the reimbursement of 
the parents (Figure 5).

For these six banks, the average gross profit margin 
was 67.3%: this is much higher than the average observed 
for biotech firms of similar size, which—unlike cord 
blood banks—are required to invest massively in R&D, 
with no guarantee of a result. Yet in 2012, these listed 
banks had invested on average 1.1% of their revenue in 

FIGURE 4 Economic performance of six listed banks based on their annual report.
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R&D. This is especially surprising given that these firms 
operate in the fields of cell therapy and regenerative 
medicine, two areas of scientific research recognized as 
exceptionally innovative. On the one hand, they refuse to 
invest in R&D, but on the other hand, these commercial 
banks boast to their customers of the therapeutic promise 
held by this scientific research. To make a comparison, 
the R&D investment levels of these banks are the same 
as those found in businesses where high-tech innova-
tion is not a major issue, such as the paper, tobacco, and 
beverage industries, where levels range from 0% to 2%. 
This is also true of the shipping/storage industry, which 
is in fact the economic sector that has the most similari-
ties with the everyday operation of commercial banks.17 
Compared to the erratic fluctuations in biotech firm share 
prices, private banks operate in a financial environment 

with low volatility, without R&D investment risks, and 
with a gross profit margin that is much higher than those 
observed in the health industries.18

4.2  Industrial Investors

Beyond the purely financial investments, the high return of 
commercial banks has attracted a number of manufacturers 
in the health sector who seek to diversify their lines of busi-
ness. Drug companies and medical device firms are invest-
ing in the capital of private banks such as LifebankUSA, 
owned by Celgene Cellular Therapeutics. In 2003, Amgen 
acquired shares in the firm ViaCell,19 whose ViaCord fam-
ily bank is now a subsidiary of PerkinElmer.

For biopharmaceutical companies, such investments 
are crucial because they provide direct access to large 

FIGURE 5 Evolution of revenues of six listed cord blood banks (2009–2012).
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collections of human biological samples. These collections 
play a key role in epidemiological and population genom-
ics studies in order to identify biomarkers correlated with 
pathologies and targeted treatments. They also allow the use 
of biospecimens obtained from the banks to perform high-
throughput molecular screening of candidate drugs. These 
biobanks also allow predictive toxicology tests to be per-
formed on human cells before beginning tests on animals 
or humans, which help to humanize the preclinical phases 
before investing large budgets on clinical trials. They also 
provide raw material for experimental protocols in the field 
of cell expansion and differentiation, before patenting new 
devices or culture media that are essential for tissue regen-
eration. Lastly, biobanks allow large-scale testing of proce-
dures and new medical devices designed for the collection, 
miniaturization, and preservation of stem cell grafts.

4.3  Scientific Banking

However, the creation and development of scientific bio-
banks is sometimes slowed by the wariness of potential 
donors, who focus on the confidentiality issues tied to 
genetic data and intellectual property. The famous cases 
of the atypical cells of Henrietta Lachs and John Moore 
raise other critical ethical questions which, due to a lack 
of appropriate legal frameworks, generate mistrust and 
hinder the research and financing on which they depend.20 
For CBUs that are not approved for therapeutic use, 92% 
of pregnant women are ready to offer them to research for 
the advancement of cell therapies, though they remain con-
cerned regarding the protection of genomic data and pos-
sible commercial applications.21

The issue of access to bioresources for scientific use is 
directly related to the issue of donor consent, but in the case 
of commercial banking, clients pay a fee precisely to guaran-
tee exclusive rights over the cells and prevent researchers from 
gaining access to them. Private banks do not have a title of 
ownership for the units they store, unlike public banks which, 
through the consent mechanism, legally transform the dona-
tions into property.22 However, other channels may emerge 
for CBU collection with donor consent for strictly scientific 
usage, while ensuring both data anonymity and trade secrecy 
relative to the industrial applications resulting from research.23 
The units are collected by the commercial banks, which pre-
pare them on their technical platforms and store them in tanks 
that are separate from those reserved for therapeutic use. Allo-
geneic banks are also developing scientific channels based on 
disqualified CBUs that cannot be used for therapeutic pur-
poses. Some banks use these scientific units to conduct their 
own research, or sell them to other research teams. In 2012, 
the price for a bag of CD133+ stem cells extracted from cord 
blood was 2304 EUR.24

Very few public banks in the world actually have systems 
for managing the distribution of scientific CBUs to make them 

available for research. In France, the 114 research teams work-
ing in 2011 on human stem cells had a hard time obtaining 
biospecimens for their research protocols under proper ethical 
framework (donor consent) and biological conditions (bacte-
riological and virological analysis of samples). Public–private 
partnerships have been created since 2009 to help academic 
researchers obtain quality bioresources free of charge, in par-
ticular the partnership between the Fondation Générale de 
Santé and the public cord blood bank of the Assistance Pub-
lique—Hôpitaux de Paris.25 Some 2000 selected CBUs are 
offered each year to 25 research teams working on cell expan-
sion, amplification, differentiation and isolation, biomarker 
identification, and improvements in transplant protocols.

The development of scientific banks is essential for the 
emergence of regenerative medicine, but it raises major eco-
nomic, organizational, and ethical challenges. In Germany, 
43% of pregnant women are concerned about the confi-
dentiality of the genetic data in the samples entrusted to 
researchers.21 Confidentiality should be managed through 
the adoption of international standards to ensure that con-
sent forms are harmonized. This would reassure candidates 
for scientific donations, which would in turn help accelerate 
the development of biological sample collections.26

5.  ATTITUDES AND KNOWLEDGE  
OF PREGNANT WOMEN

To understand the tissue economy of cord blood, it is neces-
sary to analyze the supply and demand mechanisms affect-
ing the attitude of pregnant women, particularly their vision 
of the issues at stake in cord blood banking. In 2011, a 
large-scale study was conducted in five European countries: 
a questionnaire was distributed to 1620 women in maternity 
units in the United Kingdom, Germany, France, Spain, and 
Italy.21 The results were globally homogeneous in the five 
countries. On average, 79% of pregnant women had very 
low awareness of the possibility of storing cord blood. In 
terms of banking choices, 76% preferred to give their baby’s 
cord blood to a public bank and 24% preferred to preserve it 
in a commercial bank, of which 12% in a hybrid bank (see 
Figure 6). Among the reasons given, 59% stated that their 
choice was mainly driven by a sense of solidarity (only 26% 
mentioned the fact that the donation was free). Moreover, 
24% of pregnant women would be ready to switch materni-
ties to make a cord blood donation if their own maternity 
facility was not accredited to collect the unit. The study also 
showed that the choices of pregnant women are not corre-
lated with household income or socioeconomic category. In 
addition, 91% of pregnant women feel that the father should 
be involved in choosing the bank type (Figure 6).

In the five countries, 30% of pregnant women on 
average feel that human body parts are not a marketable 
commodity like any other consumer good—with a sig-
nificant difference between France (42%) and the United 
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Kingdom (17%, p <0.001). This result echoes the French 
tenets regarding the noncommercialization and non-
ownership of human body parts, a humanistic principle 
inscribed at the core of the French Civil Code and the 
Oviedo Convention adopted by the Council of Europe in 
1997.27 In contrast, the UK results reflect more utilitar-
ian values and liberal economic principles illustrated by 
the thriving cord blood banking business over the past 
decade.28

In the five countries, on average, only 21% of pregnant 
women received information from their obstetrician or mid-
wife on the reasons for donating cord blood. The fact that 
information is not provided to future parents is at the root 
of the success of commercial banks, which use advertis-
ing campaigns to target ill-informed parents-to-be. In the 
five countries, the average rate for inadequate information 
provided is so high (79%) that it is legitimate to look for 
its causes among the medical profession. Could it be lack 
of interest or lack of time? Perhaps they do not share the 
information which they themselves did not receive during 
their university training. More in-depth research is needed 
to determine the number of course hours dedicated to cord 
blood collection in medical and midwifery schools. Child-
birth professionals would probably be more committed to 
informing future parents if they had better training. Obste-
tricians and midwives could reassure parents that public 
banks can offer a compatible graft for each patient in need. 
They could also present the clinical results of hematopoietic 
stem cell transplants, the very low utilization probability of 

autologous units, the free banking system, and the essential 
value of solidarity in public health.

6.  COST ANALYSIS FOR PUBLIC BANKS

Public banks are faced with the challenge of building a 
registry of high-quality transplantable CBUs with few 
resources. Their economic vulnerability requires that selec-
tive criteria be established when deciding which units are 
eligible for therapeutic usage. A composite scoring system 
is being developed to measure the biological quality of the 
collected units before storage or after thawing in order to 
help transplant physicians obtain the best possible graft for 
their patients.29 The parameters making up this score have a 
direct influence on costs and prices according to the banks’ 
level of selectivity.30 Basically, the more stringent the CBU 
approval criteria, the fewer units qualified for therapeutic 
use, the higher the final cost of an approved graft.

6.1  Correlation Between Costs and Release 
Rates

“Final cost” refers to the total expenditure required to 
produce a graft, i.e., to list it in the international registry 
(BMDW) so it is available for a transplant. To assess the 
production cost of an allogeneic graft, each step is taken into 
account, starting with informing the parturient woman in the 
maternity unit, obtaining consent, identifying contraindica-
tions, collecting the unit, shipping it from maternity hospital 

FIGURE 6 Correlation between bank choice and household income.
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to bank, performing bacteriological and serologic tests, typ-
ing CBUs’ HLA, miniaturizing the sample, and cryopreserv-
ing each unit in tanks. Depending on the calculation method, 
this cost may also include collected CBUs that were rejected 
and therefore not stored, but for which resources were con-
sumed.31 The rejection rate depends on the stringency of the 
criteria used by the bank. In 2012, established allogeneic 
banks reported a CBU approval rate of between 20% and 
30%, for release rates ranging from 1% to 2% of their total 
inventory.

Financed by public funds, allogeneic banks have been 
comparing costs for listing a CBU in the international reg-
istries since 1999.32 In 2012, Prat Arrojo et al. published a 
total cost of 720.41 EUR per CBU approved for therapeutic 
use.33 The calculation method used in the study is debat-
able since it does not take disqualified units into account, 
i.e., those collected at a cost but finally not banked. In the 
United States, the NMDP analyzed the costs of four allo-
geneic banks. The findings show a total cost of 1524 USD 
per unit registered, which includes 206 USD for collection 
and 886 USD for preparation.13 The cost for preserving a 
CBU in a tank over a period of 1 year is 27 USD. Sala-
ries account for 23.08% of the final cost. With an average 
release rate of 1.16% and an average release price per graft 
of 30,358 USD, the four NMDP public banks generated 
total annual revenue of 51,062,396 USD for a total expen-
diture of 64,130,176 USD. Therefore, without public fund-
ing, these banks would post an annual deficit of 13,067,780 
USD, which makes them highly vulnerable. To break even, 
they need to review their growth strategies by raising the 
quality standards for CBU storage in order to optimize their 
utilization rate.

On the one hand, this strategy increases costs, but, on 
the other hand, there is a direct correlation between graft 
quality and the clinical outcome of a child or adult trans-
plant.34 CBU quality depends mainly on the number of 
total nucleated cells (TNC) and CD34+ cells.35 The more 
a bank applies selective criteria in order to only store 
units with a high cell count, the lower the collected CBU 
approval rates, the higher the final production cost of the 
graft, and, as a consequence, the higher the probability of 
a release.13 The facts support this cause and effect relation-
ship. According to NMDP data, the cost for collecting and 
preparing a unit with a minimum TNC count of 90 × 107 
is estimated at 206 USD. The cost rises to 2768 USD for 
a minimum TNC count of 150 × 107.13 In 2012, Querol 
concluded that banks should focus on selective storage of 
CBUs with a high TNC count rather than expanding their 
registries without targeting them.36 The cellular richness of 
the new stored CBUs represents a strategic criterion the 
guarantees the bank’s financial stability and economic sus-
tainability.

In 2010, the Mannheim Cord Blood Bank found a 
median TNC count of 119 × 107 for released grafts, whereas 
the median TNC count of the total inventory was only 

65 × 107.31 This result is consistent with the observations of 
other allogeneic banks worldwide, which conclude that cell 
count improves not only therapeutic effectiveness for the 
patient, but the bank’s release rate and financial robustness 
as well. In 2013, in countries such as France and Spain, allo-
geneic banks increased their minimum counts for storing a 
unit (a TNC count of 100 × 107 and a CD34+ cell count 
of 1.8 × 106).37 Based on these criteria, the Agence de la 
Biomédecine estimated that the total cost of a CBU listed in 
the French bone marrow registry is 2674 EUR. This amount 
is paid to the bank for each new registered CBU in order to 
offset its operating costs, in particular expenses generated 
by collected CBUs that were rejected before storage.

6.2  Economic Vulnerability of Public Banks

New CBU registrations and CBU releases represent the two 
main sources of income through which public banks seek 
to achieve financial equilibrium. However, given the eco-
nomic crisis and the very low level of public funding avail-
able, public banks are struggling to ensure their growth. It 
is likely that some of them will close down in the coming 
years. In practice, most public banks—including competi-
tive ones—are unable to reach the break-even point without 
public funding or philanthropic donations. There is positive 
emulation among allogeneic banks who seek to optimize 
their international releases to save patients, help transplant 
physicians find the best graft, and increase their financial 
independence and growth. This medico-economic and orga-
nizational pressure raises three challenges: (1) the quantity 
challenge, i.e., the need to reach optimal inventory size; (2) 
the quality challenge, because the overall survival of trans-
planted patients is directly correlated with graft quality; (3) 
the diversity challenge, i.e., to increase the representation 
of ethnic minorities in banks and registries. Over the past 
few years, the issue of quantity has gradually been replaced 
by those of quality and diversity. This dynamic captures 
the challenging mission of public banks: to offer the most 
patients the best graft at the lowest cost.

6.3  Ethnicity and Selection of Collecting 
Maternity Units

The fact that ethnic minorities are underrepresented in inter-
national registries raises strategic questions for allogeneic 
banks.38 Some propose loosening the restrictions on TNC 
counts, especially for banks located in geographic areas 
with high antigenic variability due to the population mix. 
A minimum TNC count of more than 4 × 108 would allow 
a greater number of underrepresented patients to receive 
transplants.33 In addition to the cellular richness criteria 
(TNC, CD34+) that is generally used to make banking 
decisions, new CBU selection strategies are being applied 
before the collection stage. They consist in selecting collect-
ing maternity units located in geographic areas in which the 
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local population features greater ethnic diversity. Indeed, 
ethnic monitories are underrepresented in the registries and 
therefore overexposed to the risk of not finding a compat-
ible match. To assess the contribution of each newly banked 
CBU toward increasing registries’ HLA diversity, the Mar-
seille bank used an algorithm to deduce information on the 
putative ethnic origin of the newborn’s parents. Whereas 
93% of CBUs identified with one or two non-Caucasian 
haplotypes enrich the international registries, the proportion 
drops to 42% for CBUs from families with two Caucasian 
haplotypes.39 Other studies are needed to demonstrate that 
a collection strategy specifically targeting maternity units 
receiving these non-Caucasian ethnic profiles improves the 
release rate and provides a dual benefit: therapeutic—for 
patients—and financial—for the bank.

When it comes to non-Caucasian ethnic minorities with 
immigrant backgrounds, the language barrier plays a role 
in reducing their chances of making a cord blood donation. 
The lack of translated consent forms results in misunder-
standings and refusals to donate, which further increases the 
underrepresentivity of these ethnic profiles in banks, over-
exposing them to the risk of not finding a compatible graft. 
A leading French player in human stem cells collection, the 
Fondation Générale de Santé, has translated the standard 
consent forms into seven languages (including Mandarin, 
Arabic, Tamil, and Turkish) in order to remove the lan-
guage barrier for non-French speakers, thereby increasing 
their genetic representation in public banks. In collecting 
maternity units, midwives specifically target non-Caucasian 
women for cord blood donations, providing them with a 
form translated in a language they understand. These trans-
lated forms are available online and can be downloaded in 
any maternity unit. This cost-effective, easy-to-implement 
solution allows allogeneic banks to overcome the language 
issue, take in more ethnic profiles in their registry, increase 
their release rate, and strengthen their financial situation. 
The reorganization of collection channels is the new chal-
lenge facing allogeneic banks. It implies stringent selection 
of collecting maternity units according to population pools 
and the haplotypes of their potential donors. Maternity units 
are the pillars on which banks rest. Selection of collecting 
maternity units is a pivotal step toward optimizing allogeneic 
inventories, improving their utilization rate, which results in 
greater economic independence and financial sustainability.

7.  COST ANALYSIS FOR PRIVATE BANKS

Private banks that publish precise data on their produc-
tion channels are rare, and virtually none of them disclose 
detailed information on their procedure costs.40 Though 
unpublished, the costs of CBU storage for a commercial 
bank should logically be much lower than the costs for an 
allogeneic bank, because they require fewer biological anal-
yses before freezing, and generally no HLA typing when 

they are banked.41 Furthermore, unlike public banks, the 
number of disqualified CBUs in private banks is virtually 
nil, since close to 100% of collected units are stored, even if 
the CBU is not suitable for therapeutic usage.2

While no precise data is available, one can safely make 
the assumption that, like any corporation, most commercial 
banks seek to optimize their net profit margin and minimize 
their operating costs. At minimum, these low costs include 
the collection kit, shipping from the maternity unit to the 
bank, the basic cord blood tests (count, TNC), the miniatur-
ization procedure, the nitrogen, tank depreciation, salaries, 
and administrative costs. Serological and bacteriological 
analyses may also be performed in some cases, whereas 
HLA typing is only performed in those very rare cases 
where the CBU is for therapeutic usage,2 i.e., a probability 
of roughly 0.00044% (see section 8.1).

By applying the costs of NMDP public banks13 to each 
of these stages, and by adding the salaries, administrative 
and marketing expenses, total cost ranges from 1050 USD 
to 1190 USD per stored CBU in a private bank. The aver-
age price billed to the parents is 2000 USD. Annual stor-
age prices average 125 USD in a private bank, whereas the 
actual cost in a public bank is 27 USD (NMDP).13 These 
assumptions on commercial bank operating expenses need 
to be verified using real and transparent data. However, 
these estimates are consistent with the net profit margins 
published in the financial statements of banks listed on the 
stock exchange (between 64.7% and 72.8%).

7.1  Quality Assurance in Private Banks

The quality assurance of a bank is essential to guarantee 
operational procedures that allow production of a graft that 
is usable for a transplant. These procedures concern every 
stage of the production chain. A quality management plan 
must include the staff organization chart, the tasks and 
duties of each member, a map of the location, the safety 
rules, and a periodic audit plan. The plan must describe 
the procedures for sample labeling, test validation, paper 
and electronic file archiving, personnel training, and the 
methods for stock inventory and the periodic analysis of 
results. An operational backup plan must be applied in case 
of unexpected incidents or interruption of tank operation in 
order to guarantee the integrity of each cryopreserved graft. 
The bank’s quality assurance manager must ensure strict 
application of these rules and improvement of the standard 
operating procedures. These procedures receive accredita-
tions delivered following auditing by agencies such as the 
American Association of Blood Banks42 and FACT.43

Of the 310 private banks operating in 2012, only 10 had 
received FACT accreditation.44 While public banks work 
with a small network of accredited collecting maternity units 
with trained staff, most commercial banks operate through 
an unstructured network of collecting maternity units that are 
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not accredited, and whose standard operating procedures for 
cord blood collection are not inspected. In the vast majority 
of these maternity units, midwives are not specially trained 
to collect cord blood, to optimize volume and asepsis, or to 
screen potential donors based on medical contraindications. 
The quality of stored units in commercial banks is generally 
below the level found in public banks.2 With nearly 2 mil-
lion stored units in commercial banks, one would expect the 
latter to publish scientific results on the number of autolo-
gous transplants performed, their indications and clinical 
results, and the quality assurance procedures implemented. 
In the absence of published data, and given the opac-
ity surrounding their operating procedures, the media has  
conducted several investigations into their practices.

7.2  Investigative Reports on Private Banks

In 2008, a journalist from the television channel SkyNews 
reported on the quality of service offered by one of the lead-
ing commercial banks in the United Kingdom. Pretending 
to be a customer, he received a collection kit from the bank, 
which he then filled with his own whole blood instead of 
cord blood. The commercial bank did not detect any issues 
and cryopreserved the blood bag. A few days later, the 
reporter received a storage certificate with an invoice for 
1500 GBP. Asked to explain himself live on the SkyNews 
show, the bank’s Chairman and CEO stated that this kind of 
incident was exceptional. In 2011, the firm demanded that 
the report be taken off-line.

On June 5, 2010, ABC News devoted two special reports 
to the marketing techniques used by commercial banks to 
find new customers.45 Obstetricians have admitted to being 
paid by private banks to speak at conference dinners with 
future parents in order to sell them family storage, in con-
tradiction with the ethics of the medical profession. In its 
opinion on private cord blood banks, the American Medi-
cal Association stated “Physicians shall not accept financial 
or other inducements for providing samples to cord blood 
banks.”46 As a result of this report, the American Congress 
established a committee to investigate the practices of com-
mercial cord blood banks.

Another investigative report conducted in 2012 by the 
CBS News channel described the case of a commercial bank 
based in Monterrey, California, which declared bankruptcy 
in 2010 and, without informing its customers, continued to 
collect their annual fees the following year.47 The stored 
units were transferred to another Californian commercial 
bank which, after analyzing the units in the transferred tank, 
found that the registered CBUs had disappeared, despite the 
fact that the parents paid their bills regularly. After inter-
viewing the Food and Drug Administration (FDA), the CBS 
News report indicated that the FDA had closed down four 
private banks, and that seven others had filed for bankruptcy 
in 2011.45

With private banks promising their customers a “bioin-
surance” against a large number of diseases, a few voices 
are pointing out that there is probably more “assurance” in 
storing the cord blood of your child in an accredited public 
bank, free of charge, that is available to all, including the 
donor and their relatives, than in paying a high price for 
some highly improbable future use, with technical condi-
tions that often remain opaque.48

8.  THE EMERGENCE OF BIOINSURANCE

Private banks target future parents by seeking to sell “bio-
logical insurance” for their newborn. Their advertise-
ments, which address consumers directly, present cord 
blood and cord tissue as an “all-purpose” emergency kit 
without which it would be risky to start out in life.49 Since 
birth is a unique opportunity to collect these cells, future 
parents may regret failing to invest in preserving them. As 
for classical insurance products, whose sale is based on 
the perception of low risks, the advertising messages of 
private banks make a subtle reference to the probability of 
requiring a stem cell transplant at some point in life. With-
out specifying what types of stem cells these probabilities 
refer to, the advertisements praise the upcoming advances 
in regenerative medicine in order to incite parents-to-be 
to invest immediately in a sort of “universal remedy” or 
“guarantee of health.”

The industrial economy of private banks does not 
exactly create the kind of relationship that exists between 
an owner and a disposable good that is negotiable on the 
market. The relationship is closer to that found between 
an investor and their investment. The private bank offers a 
new kind of bank account where the biological investment 
is intended to protect the health of the investor. The account 
owners—i.e., the parents—invest in the biological capital of 
their child and are swayed by the feeling of living in a dual 
biological moment. Indeed, the child’s body will grow and 
gradually lose its regenerative capabilities, with the even-
tual appearance of a disease. However, the cryopreserved 
cord blood fragment will retain its “autopoietic capaci-
ties,” and thanks to its “negentropic properties,” will allow 
the blood, immune system, and other vital organs to be  
regenerated.22

This biological bank account is presented by commer-
cial banks as a farsighted investment that follows the same 
prudential logic as the products offered by private insurance 
companies. In their marketing message, private banks cast 
doubt on the capacity of public banks to cover the future 
needs of the population, predicting shortages in public reg-
istries due to the hypothetical growth of transplant indica-
tions. Their Web sites “play up the uncertainties of the public 
system, the possibility that no donation is exactly right for 
you, and liken private banking to a form of insurance.”50 
They emphasize the theoretically unlimited possibilities of 
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stem cell research and remind future parents that failing to 
preserve the cord blood means losing a unique opportunity.

While often presented as life insurance, cord blood stem 
cell preservation differs from conventional insurance in sev-
eral ways. Its principle consists in covering a low risk—
appearance of a disease that is treatable by an autologous 
transplantation—in exchange for a fee that both generates a 
profit for the firm and compensates the policy-holder if the 
risk materializes. This biological insurance is based on the 
idea that storing cord blood offers a guaranteed therapeutic 
solution for numerous diseases. In fact, the banks are unable 
to guarantee the therapeutic effectiveness of the CBU. They 
only claim to guarantee storage quality, despite the fact that 
97% of them do not have FACT accreditation and continue 
to operate without conforming to stringent international 
standards.44

8.1  Probability of Use

Whether it is the risk of fire, burglary, a traffic accident, dis-
ability or death, the purchase of an insurance policy is deter-
mined by the assessment of this risk. However, in the case 
of cord blood banks, the method used to calculate the prob-
ability of utilizing a CBU for a transplantation is contro-
versial for methodological reasons. Some epidemiological 
studies combine the prevalence and incidence of diseases 
for which autologous or family CBUs are indicated.51 Other 
models evaluate the release rate of CBUs stored for at-risk 
families in public banks, free of charge, for a limited num-
ber of indications.52 For instance, of the 4030 family units 
stored in several public banks, 192 were used in directed 
transplants, i.e., a probability of utilization of 4.76%.53 
However, this probability only applies specifically to pub-
lic banks which, unlike commercial banks, screen at-risk 
families before collection and destroy units whose biologi-
cal quality is inadequate for therapeutic use before cryo-
preservation. In no way can this probability be extended to 
private banks.

Other studies assess the probability of receiving a hema-
topoietic stem cell transplant in the course of a lifetime by 
adding up the data collected by accredited public institutions 
for bone marrow, peripheral blood, and cord blood trans-
plants. This probability ranges between 0.23% and 0.98%, 
depending on age and the simulations used.54 However, these 
probabilities are published on general consumer Web sites 
such as Parent’s Guide to Cord Blood, though nowhere is 
it stated that these figures are not specific to cord blood.55 
This site, which is sponsored by commercial banks, claims to 
provide future parents with “accurate and balanced”56 infor-
mation on their cord blood storage options—in particular on 
the risk that their child will require a “stem cell” transplant. In 
the section dedicated to probability of use, the site publishes 
a probability of “1 in 5000 (i.e., 0.02%) for blood diseases 
and hereditary disorders” and a probability of “1 in 10,000 

(i.e., 0.01%) for solid tumors,” without telling the future 
parents the types of stem cells used, the types of transplants 
performed, or the types of banks in which the grafts were 
stored.55 Without critical analysis, these figures may cause 
concern for future parents who—a few weeks before the 
birth of their child—were swayed into opting for commercial 
banking through one of the companies listed on this same 
portal.

The validity of these probabilities is limited, given 
that they are based on the assumption that the number of 
clinical indications for cord blood transplants will remain 
stable. In fact, it is impossible to predict whether new 
therapeutic indications for cord blood transplants will be 
validated in the future. The prevalence and incidence of 
these new indications will necessarily impact the prob-
abilities of CBU use in public and private banks. Several 
clinical tests are currently being conducted on the autolo-
gous usage of CBUs to treat disorders such as type 1 dia-
betes or cerebral palsy.57 Encouraging studies offer hope 
that one day we will be able to use the mesenchymal stem 
cells contained in cord blood to isolate cell lines and treat 
heart and neurodegenerative diseases. The clinical results 
of these trials will demonstrate whether autologous trans-
plantation holds promise for the future, for both commer-
cial and public banks.

Aside from these predictions, there is empirical data 
available from the public registries. Between 1998 and 
2007, a Eurocord study found that, among 3372 cord blood 
transplants performed in the public banks of 43 countries, 
only three were autologous.58 Over a 9-year period, the 
probability of autologous usage of a graft stored in a public 
bank was 0.089%. In 2008, a survey conducted with pri-
vate banks by the American Society for Blood and Marrow 
Transplantation showed that out of roughly 460,000 stored 
CBUs, only 99 were used for a transplant.59

In its 2012 annual report, Cryo-Save declared 12 trans-
plants out of the 225,000 CBUs stored since its creation in 
2000.60 For this 12-year period, the probability of use of a 
stored CBU was 0.0053%, which means an average annual 
probability of 0.00044%. This very low figure is roughly of 
the same magnitude as those published in 2008 by two of 
the largest commercial banks in the United States. In their 
annual reports, they announced an inventory of 210,000 
units and 145,000 units, respectively.52 Of these 355,000 
total units, only 84 units were transplanted, of which 77 were 
for allogeneic usage and only 7 were for autologous usage—
the latter being the main stated purpose of their business. 
For these two large commercial banks, the probability that 
a customer will use a stored unit is 0.002% over 16 years of 
storage, i.e., an average annual probability of 0.000125%.61 
Along the same lines, Smith emphasizes that the probabil-
ity of CBU use for an autologous transplant lies somewhere 
between 1 in 10,000 and 1 in 250,000. These probabilities 
are equivalent to those of drowning (1 in 9000), a plane crash 
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(1 in 20,000), or death due to an asteroid hitting the earth (1 
in 200,000).62

8.2  “Bioinsurance” Usefulness

More seriously, the real issue raised by private banks is not 
so much that they are selling an insurance policy to cover 
a risk whose probability of occurrence is extremely low, 
but rather that they are selling a second insurance policy 
to cover a risk that is already covered by public banks 
free of charge. In 2010 and 2011, investigative reports on 
television channels such as ABC News and CBS News 
described cases of parents who, a few months after having 
paid 2000 USD for the storage of cord blood in a private 
bank, learn that their child has osteopetrosis, a hereditary 
disease for which a cord blood transplant is indicated.63 
Expecting to be covered by the CBU bioinsurance in 
which they invested, they find out that in fact their child 
cannot receive a transplant from his or her own cord blood 
because the cells it contains carry the very genetic muta-
tions that caused the disease. To avoid infusing the patient 
with the same disease, the transplant physicians preferred 
to use allogeneic CBU stringently selected through public 
registries, with a higher post-transplant overall survival 
rate. On seeing their children receive transplants from 
compatible grafts obtained from free, anonymous dona-
tions, customers of private banks understand the absurdity 
of the so-called “bioinsurance policy” they paid for. They 
realize that this “bioinsurance” works neither as supple-
mental insurance nor reinsurance for residual risks: it is 
useless because all the risks tied to the search for compati-
ble grafts are already covered by the international network 
of public banks.

Though useless, this investment has a significant cost 
for both the parents and society. By comparing the prices 
charged by 27 commercial banks in the United States, we 
found that in 2010, the average fee for the first year of stor-
age was 1450 USD, with an additional 120 USD in annual 
expenses.21 Commercial banks point out that the total stor-
age cost is 4000 USD for 20 years, 6400 USD for 40 years, 
and 10,000 USD for 70 years. These figures may seem rea-
sonable, assuming that the collected sample remains viable 
for an entire life. However, from a strictly economic stand-
point, the value of “life insurance” is measured in terms of 
opportunity cost, in other words by evaluating the profit-
ability of the same amount placed in other types of invest-
ments, according to their level of risk. An investment of 
1450 USD with an annual payment of 120 USD generates 
118,000 USD after 70 years at a rate of 5%, and 2,180,000 
USD at a rate of 10%. Given the virtually nil probability of 
using a CBU stored in a commercial bank, and the free and 
full availability of hemotopoïetic matches of superior qual-
ity in public banks, the “bioinsurance” concept can only 
mislead the ill-informed.

8.3  Partnerships With Insurance Companies

With the commercial success of the “biological insurance” 
concept among future parents, a number of partnerships 
have been concluded between insurance companies and 
private cord blood banks. In the United States, insurance 
companies such as Blue Cross Blue Shield, AmeriHealth, 
LifeWise Health Plan, and some 20 other health insurance 
companies have entered into partnerships with private banks 
such as Cord Blood America and its subsidiary CorCell, 
bearing a share of the costs for collecting and storing cord 
blood. In Europe, the Spanish commercial bank VidaCord 
has created partnerships with five insurance companies 
including AXA, which agrees to reimburse 50% of the stor-
age costs—providing that the parents and the newborn take 
out a health insurance policy with them. From an actuarial 
standpoint, this kind of partnership is based on adverse 
selection: it allows the insurer to target a preselected popu-
lation according to its preventive behavior with regard to 
very low morbid risks.

The private sector is not the only one to be interested in 
bioinsurance. The Singaporean government subsidizes half 
the cord blood storage cost of commercial banks listed on 
the stock exchange, such as Cordlife. This measure is part 
of the government program coined Baby Bonus Scheme, 
which encourages Singaporeans to have more children by 
providing financial assistance.64 The Child Development 
Account is a bank account opened by a family at the birth of 
their child. Each dollar deposited by the family is matched 
by one government dollar. Financial caps have been set: 
6000 SGD for the first child, 12,000 SGD for the second, 
and 18,000 SGD for subsequent children. Through this bank 
account, the CBU storage costs of a family bank are cofi-
nanced using public money.65 This model materializes the 
emergence of a true tissue economy where financial banks 
and insurers diversify their products by building alliances 
with stem cell banks, with a business model that targets a 
young and fairly affluent clientele potentially interested in 
purchasing a wide range of insurance products.

9.  COST-UTILITY FOR PUBLIC HEALTH

Private banks rarely publish their utilization rates of CBUs. 
In their 2012 annual reports and on their Web sites, four 
leading commercial banks—Cord Blood Registry,66 Cryo-
Save,67 Vita34,68 and ViaCord69—report inventories of 
more than 400,000, 225,000, 95,000, and 300,000 CBUs, 
respectively, i.e., a total of more than 1.02 million units 
stored. Between 1992 and 2012, the total number of their 
CBUs used was 486. This translates into a turnover for the 
four inventories combined of 0.048% over 20 years, i.e., an 
average probability of use of 0.0024% per year. In 2012, the 
combined CBU inventories of all public banks worldwide 
totaled 646,772 grafts: in 2012, 4150 transplants were per-
formed,70 i.e., a 0.64% turnover for that year alone. In short, 
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in 2012, the total inventory of these four leading commer-
cial banks was 1.58 times larger than that of the combined 
inventories of all 137 public banks worldwide, yet their 
turnover—i.e., their therapeutic usefulness for patients—
was 269 times lower.

In terms of cost-utility, in other words the medical ser-
vice provided for the price paid, the customers of these 
four banks paid a total of 2.04 billion USD to use only 486 
units over 20 years, i.e., an average of 24 units used per 
year (for an average market price of 2000 USD per unit for 
20 years of storage). If those 2.04 billion USD had been 
invested in public banks, they could have stored 1,338,583 
new allogeneic grafts (with a real production cost observed 
in NMDP public banks of 1524 USD per CBU). For a single 
year, this stock would have allowed the use of 15,528 grafts 
for patient transplants worldwide, including in the donor 
families (actual turnover of 1.16% observed by NMDP).13 
Given the financial instability of public banks, and keeping 
in mind that each CBU is used to treat a life-threatening 
disease, the imbalance in the number of CBUs used each 
year (24 from private banks vs. 15,528 from public banks) 
sheds a glaring light on the economic and moral impasse 
that commercial banks represent for public health.

9.1  Cost–benefit Analysis of Private Banks

In 2009, Kaimal et al. used a decision model to compare the 
cost-effectiveness ratio of cord blood storage in a private 
bank, with the absence of storage. The assumptions made 
were a cost of 3620 USD for 20 years of storage, a 0.04% 
probability the stored unit would be used for an autologous 
transplant, and a 0.07% probability it would be used for an 
allogeneic transplant for siblings. The results show that cord 
blood storage in a private bank is not cost-effective because 
it generates an additional cost of 1,374,246 USD per year 
of life gained.71 To be cost-effective the storage cost in a 
private bank should be less than 262 USD and the probabil-
ity that a child would require a stem cell transplant should 
be greater than 1 in 110. However, both of these num-
bers are very different from the real-life figures. A Monte 
Carlo simulation was performed to test the robustness of 
the model, modifying several parameters and probabilities 
simultaneously. In 99.2% of the cases, private banks were 
not cost-effective because they imply a cost that is far above 
the 100,000 USD limit per year of life gained.72,73

9.2  Overestimating Very Low Risks

Storing cord blood in a commercial bank is not cost-effective 
because the expenditures made greatly outweigh the ben-
efits. Yet despite this, and even though the American Col-
lege of Obstetricians and Gynecologists and the American 
Association of Pediatrics have come out against storage in 
private banks, future parents continue to turn to commercial 

banks. What is the logic behind this phenomenon? One 
explanation of this behavior could be the fact that parents 
vastly overestimate the probability of use of CBUs stored 
in private banks. This behavior is undoubtedly influenced 
by the Direct-to-Consumer (DTC) advertising used by these 
banks. This kind of marketing has developed swiftly in the 
United States since 1997, when the FDA loosened regu-
lations on the advertising of pharmaceutical drugs. Some 
believe that DTC marketing plays a preventive role because 
it helps educate the general public on certain medical risks. 
Others observe that aside from increased drug sales, no con-
crete results have demonstrated any advantages for patients 
or public health.74

In the case of cord blood banks, several studies have 
demonstrated that pregnant woman have very little knowl-
edge of the therapeutic indications requiring a hematopoi-
etic stem cell transplant.21 They are also unaware what the 
odds are that their child will require an autologous cord 
blood transplant at some point in the future.75 It is difficult 
to assess whether the 2000 USD expenditure by future par-
ents to store cord blood is actually a way to control their 
anxieties, buy themselves peace of mind, and alleviate their 
guilt.62 Another possibility is that parents are willing to 
spend that amount of money due to insufficient information 
provided through the pregnancy by obstetrician–gynecolo-
gists and midwives. A few weeks before birth, providing 
factual information on the advantages of preserving cord 
blood, the diseases concerned, and the probability of using 
a privately banked unit would probably help future parents 
hone their critical thinking, alleviate their concerns, and 
prevent pointless expenditures. The dearth of information 
from the medical profession tilts the balance in favor of 
commercial banks.

Some believe that the decision to preserve a child’s cord 
blood is a personal choice that should not be based on sta-
tistical or medico-economic analyses.76 This argument does 
not take account of the difficulties inherent in each indi-
vidual properly assessing the risks they face. Behavioral 
studies on decision-making show that in the presence of 
extremely rare events, individuals tend to significantly over-
estimate their probability.77 Furthermore, we know that the 
most recent information has a strong influence when assess-
ing probable events and may cause more likely events to be 
minimized or neglected.78 The DTC marketing of commer-
cial banks precisely leads parents to overestimate the prob-
ability of needing a cord blood transplant for their child, in 
particular by amplifying the results in the still experimental 
field of regenerative medicine.

Without providing explanations on the probability of uti-
lization, and given the difficulty individuals experience in 
conceptualizing very low risks, it is difficult for future par-
ents to rationally assess the advantages of this expenditure 
compared with the other immediate needs of their newborn 
child.71 In addition the financial burden for families, the 
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commercial development of private banks generates costs 
for public health by funneling away bioresources from free 
high-quality storage that would have been available for the 
entire population, including the donor’s family. Commercial 
banks will continue to grow as long as they are profitable. 
However, the imbalance between the profitability of pri-
vate banks and the financial vulnerability of public banks is 
prompting the emergence of new tissue economies that are 
based, not on values such as solidarity and public good, but 
on opposing values such as exclusivity and private property.

10.  TISSUE ECONOMIES

Cord blood banks represent a major step in the advent of 
tissue economies in the twenty-first century.79 In their prin-
ciple, these economies follow the dialectic of supply and 
demand. CBUs are becoming biological assets imported 
and exported worldwide, and valued according to a pricing 
logic based on their level of quality and compatibility. The 
controversies between public and private banks are rooted in 
the history of economic theory and the polarization between 
altruism and self-interest—the “solidary ethos” and the 
“atomization of the self.”80 Esposito analyzes this dichot-
omy through the word munus (Lat. duty, donation, service, 
obligation), which is at the root of the words immunitas and 
communitas.81 In its principle, immunitas—from which 
the word immunity is derived—exemplifies a sophisticated 
interaction between the “self” and the “nonself.” Immunitas 
guarantees the protection, integrity, and exclusivity of the 
“self” by deploying defense mechanisms designed to pre-
vent intrusion of the “nonself.” Inversely, communitas—the 
Latin root of community—connects the “selves” and “non-
selves” through solidary mechanisms, moral obligations, 
and altruistic reciprocities.

Transposed onto the cord blood bank debate, we could 
say that commercial banks defend immunitas: they pro-
pose a model where each family is centered on its identity 
of “self” and seeks to remove its immunological identity 
from the community of “nonselves” to avoid losing it, or 
to become alienated through community obligations. In the 
medical and legal discourse, immunity expresses a form of 
“exemption and untouchability.”80 Inversely, public banks 
defend the communitas: they offer a model where “non-
selves” come together in a network. They share their dona-
tions and mutualize the available immunities in order to 
promote the compatibility—and therefore survival—of the 
greatest number of individuals.

10.1  Public Good and Privatization of “Self”

Organ donation laws are generally based on the idea of 
presumed consent: each individual must expressly state 
their refusal to donate their tissue or organs in order to be 
excluded from the registries of the communitas. However, 

there are two ways to apply this logic. In a country such 
as Singapore, only those who accept donation of their 
organs are eligible to receive organs in their lifetime. In 
other words, those who refuse to give exclude themselves 
from the communitas and are disqualified from receiving 
its bioresources. Reciprocity is applied in a mechanical 
logic: renouncing the “self” is the necessary condition for 
benefiting from the “nonself.” Inversely, in countries such 
as France, you can receive donations from the communi-
tas even if you have expressly chosen to remove yourself 
from it. In 2012, the 33.7% of the French population that 
expressly refuse to donate organs postmortem82 would still 
receive organs from the community, if in need. This gener-
ous freedom has a high societal cost for France, which must 
meet the needs of the entire population, including nondo-
nors. In Singapore, however, less than 3% of the population 
refuses postmortem organ donation. More than 97% join 
the communitas and share their bioresources.83

Much like blood transfusion centers, public cord blood 
banks uphold the idea that grafts are a common good, a life-
saving resource that should be shielded from the market and 
entrusted to the communitas. On the contrary, commercial 
banks advocate the appropriation and privatization of the 
“self.” In this sense, immunitas represents an obstacle to 
exchange circulation with any type of obligation toward the 
communitas. Whether public, private, or hybrid, cord blood 
bank inventories are like “stockpiles of immunity.”80

10.2  Community versus Commodity

From a medical standpoint, the reasoning promoted by 
private banks isolates families in an immunologically 
closed model: they believe that by paying for the pres-
ervation of “self,” they guarantee the compatibility and 
therefore the survival of their members, but they are 
unaware that they remain insidiously dependent on com-
munity grafts in case of incompatibility. It is important to 
emphasize the asymmetry of this relationship, because all 
units stored in the communitas are available at all times 
to the proponents of immunitas, while the opposite is 
not true. According to Esposito, communitas expresses 
mutuality of ties and reciprocity; immunitas represents 
a “negative resistance to reciprocity,” a defense against 
obligations.80

The hybrid bank model seeks to reconcile immunitas and 
communitas by reconnecting with the polysemy of munus: 
a donation, a duty that obligates. Beyond their good inten-
tions, the results of the first hybrid banks highlight a very 
strong imbalance, where the “self” escapes from the com-
munitas: by charging virtually identical prices, these firms 
encourage their customers to shirk their altruistic obliga-
tions toward the community. Other hybrid models are being 
developed that could eventually balance the focus on the 
“self” with its obligations toward the “nonself.”
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10.3  Self-sufficiency and Dependency

A new trade of immunitary profiles is developing through 
a global economy where 29% of CBUs transplanted in 
2012 crossed the borders of dozens of countries across five 
continents.70 Nations belonging to the communitas net-
work cannot reasonably claim to be self-sufficient: their 
level of immunitary dependence can be assessed by their 
CBU import rates. Japan is an exception to this rule on two 
counts: firstly, due to its insular geography and the haplo-
typical homogeneity of its population; secondly, through 
the nuclear catastrophes the country has had to overcome 
throughout its history, causing it to support cord blood 
banks to ensure that its population has permanent access to 
nonirradiated hematopoietic cells.

Without allogeneic banks or transplanted cord blood 
grafts in 2012, the countries of sub-Saharan Africa remain 
outside of the immunitas/communitas equation, being both 
isolated and completely dependent on foreign bioresources. 
Yet equal access to treatment and equal protection against 
disease are recognized in Article 25 of the Universal Decla-
ration of Human Rights.84 Inspired by this moral obligation 
(Lat. munus), allogeneic banks have become diasporic cen-
ters for “immunity capitalization;”80 they collect and store 
the immunotypes of a variety of ethnic profiles and transfer 
them to diasporas, or offer them to groups that are under-
represented in the registries, and therefore overexposed to 
the risk of not finding immunological matches.38

10.4  Biological Capitalization

As a direct effect of globalization, immigration, and inter-
ethnic marriages, the panmixia of genomes establishes 
immunological compatibility as the cornerstone of tissue 
economies. In the global cord blood marketplace, each 
unit represents a full-fledged immune system that carries 
power to save a life. Like a biological currency, CBUs have 
become life units that are capitalized in “biobanks” and sold 
as “bioinsurance.” The tissue economies are leading to an 
economy of blood, which until the twentieth century was 
considered a gift, shared property categorized as a public 
good.85 In the twenty-first century, this concept is being 
reversed. A growing number of private banks are diversify-
ing beyond cord blood services, marketing the storage of 
menstrual blood,86 fat cells,87 and dental tissue.88 Prices 
range from 1000 to 2500 USD, depending on the firm. 
Other banks such as Scéil are already marketing the banking 
of adult skin cells in order to reprogram them as immature 
cells (IPS) from which it may be possible to generate many 
organs and tissue types in the future. Though this research 
is still experimental, Scéil is already charging 60,000 USD 
to bank a skin sample plus 500 USD per year in storage 
costs.89 These examples illustrate the gradual replacement 
of the donation economy by a market economy. Though the 
scientific validity of these experimental approaches has yet 

to be demonstrated, these new forms of biological capital-
ization create both a demand and a business based on mar-
keting claims that are insidiously eroding the legitimacy of 
scientific research in regenerative medicine.90

10.5  Guaranteeing the Storage, Not the Graft

The controversy over public and private banking is based 
on a confusion between access to storage and access to a 
graft. These are two clearly distinct notions. Public banks 
guarantee free access to a compatible hematopoietic graft 
for anyone in need, however, they cannot offer CBU stor-
age for every pregnancy due to limited funding and a small 
local network of collecting maternity units. On the other 
hand, commercial banks provide access to storage, for a 
fee, performing collections through a decentralized network 
that can include virtually any maternity unit. However, most 
of these banks fail to inform their customers that they are 
unable to guarantee access to the graft—of all the CBUs 
they collect, only a minority will be transplantable, and just 
a tiny fraction will actually be transplanted. At some point, 
parents-to-be should probably ponder what they really 
want: paid storage or a free life-saving treatment?

“Graft” and “storage” cannot be placed on the same 
level. Private banks’ marketing practices illustrate a caveat 
emptor approach: it is up to the consumer to obtain informa-
tion on the product or service that is being sold. The Web 
site home pages of several leading commercial banks adver-
tise testimonials from celebrities, sport legends, and Olym-
pic athletes—but are evasive when it comes to the actual 
therapeutic usefulness of the services they offer. These mar-
keting practices should be subject to stricter controls by the 
regulatory authorities and accreditation agencies.

10.6  Impasses and Dilemmas

It has now been established that, in addition to hematopoi-
etic progenitors, cord blood cells also contain stem cells 
with embryonic properties. A large number of cell lines 
have already been generated from cord blood, including 
mesenchymal, endothelial, neuronal, liver, muscle, cardiac, 
pancreatic, bone, and skin cells.91 These results are very 
promising but require more in-depth research before they 
can be used clinically as standard treatments. Given the 
availability of human cord blood stem cells and the fact that 
they do not raise ethical controversies, umbilical cord blood 
could become the preferred source of cells for regenerative 
medicine in the future.

Are hopes for the future sufficient to justify that today, 
each individual should pay to preserve their cord blood at 
birth? There are two possibilities: (1) either the therapeutic 
promise of cord blood is confirmed, requiring public banks 
to meet the needs of populations in order to ensure equal 
access to care; (2) or the promise is not confirmed, in which 
case continuing to sell useless storage would be unethical. 
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Either way, commercial banks serve little purpose with 
regard to health systems. For this reason, academic insti-
tutions, ethics committees, and professional associations 
widely denounce the fact that these banks are accelerating 
the merchandising of human body parts, that their prices 
exclude the disadvantaged, and that their marketing claims 
discredit the legitimacy of scientific research in regenera-
tive medicine. More generally, the groups criticize the fact 
that these banks are undermining the altruistic spirit of the 
social body. Given this impasse, commercial banks have 
no choice but to rethink their business model. They should 
move away from therapeutic storage and develop into  
scientific banks.

11.  RETHINKING THE BUSINESS MODEL 
OF PRIVATE BANKS

Induced reprogramming of somatic cells (IPS) was first 
discovered in 2006 using murine models,92 then confirmed 
by many other teams93 before being applied to humans in 
2008. Induced reprogramming allows the cell aging process 
to be reversed by bringing mature differentiated cells back 
to the embryonic stage and then redirecting them toward all 
types of cell lines. Rewarded by the Nobel Prize in Medi-
cine in 2012, this technique represents a true revolution for 
cell therapy and regenerative medicine. Applied until now 
to human fibroblasts, induced reprogramming can also be 
applied to stem cells from umbilical cord blood, with bet-
ter results in terms of effectiveness and safety.94 The results 
are still preliminary and must be confirmed by further 
research.95 However, cord blood could represent an excel-
lent cell source for induced reprogramming because the 
cells it contains are still naïve and their immunological his-
tory is still immature. These characteristics greatly facilitate 
their reprogramming into a quasi-embryonic state.

11.1  Cord Blood Stem Cells and IPS

Cord blood cells, which are 8 months older than embry-
onic cells, have the advantages of the latter but not their 
drawbacks: they offer high plasticity without inducing 
tumors when they are transplanted in adults or children. 
With close to 30,000 transplants performed since 1988, 
significant clinical experience and large existing storage 
infrastructures, cord blood stem cells are easily available at 
birth. Without risk to the donor, their therapeutic use does 
not raise the ethical dilemmas that human embryonic cells 
do. Given all these advantages, cord blood could serve as a 
universal biological material to which induced reprogram-
ming could be applied, like a virtually blank computer disk 
on which one might reprogram almost any type of tissue 
lines used to regenerate diseased organs. This approach 
has already enabled the production of many organs and 
cell lines including red blood cells, and cardiac, intestinal,  
urinary, and lung tissue.96

11.2  IPS Scientific Banking

Since 2012, IPS cell banks have been developing world-
wide. At Oxford, an IPS cell bank—StemBancc—was cre-
ated in partnership with academic institutions and large 
drug manufacturers such as Pfizer, Lilly, Merck, Sanofi, 
Roche, Novo Nordisk, Abbott, Orion, and Boehringer. This 
bank should enable access to large collections of character-
ized cell lines with a wide genetic diversity. These lines can 
be used to create cell phenotypes that will serve as models 
for the study of new treatments for diabetes, Alzheimer’s 
disease, Parkinson’s disease, and disorders such as autism 
and schizophrenia. This IPS cell collection could also allow 
the development of predictive toxicology tests and serve as 
a molecular screening platform for future drugs. Given its 
size, StemBancc could also help to optimize the protocols 
for cell culture, differentiation, and expansion that will be 
used for tissue regeneration. Lastly, the statistical depth 
of the data collected could help strengthen the organiza-
tion of biobanks, in particular their maintenance and their 
archiving procedures.97

Cord blood banks could play a decisive role in accel-
erating the development of IPS banks. One possible solu-
tion would consist in encouraging private banks to share the 
CBUs stored in their tanks so that they can be used for sci-
entific purposes. The fact is, of the 2 million CBUs stored in 
2012, in 310 commercial banks worldwide, more than 99% 
will serve no therapeutic purpose. These biological samples 
would probably be more useful if they were used to advance 
scientific projects which the parents have in fact chosen to 
support by investing in CBU storage. These underutilized 
bioresources have substantial scientific value. Following 
the model developed by StemBancc, drug companies and 
research institutions could cofinance the purchase of these 
collections of biological samples. Parents would be reas-
sured that they could still obtain a compatible graft through 
the international network of public banks. The commercial 
banks would refund those parents who gave their consent for 
the CBUs to be used for scientific purposes. This strategy 
would make it possible to draw the full benefits of CBUs 
collected and stored according to standardized procedures. 
It would make it possible to produce large quantities of IPS 
stem cells on demand and in record time.98

Great industrial revolutions are not driven by scientific 
discovery alone. They require the mobilization of well-
known existing tools and infrastructures, thereby enabling 
technological leaps. Commercial cord blood banks could 
play this key role of technology accelerator. Despite their 
very small investments in R&D, they could unexpectedly 
become true enablers of regenerative medicine research. 
This strategic development would allow them to invent 
a new business model, at the frontier of science and the 
biopharmaceutical industry. This business model would 
also offer them a way out of their ethical impasse—by  
reconciling immunitas and communitas.
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348 SECTION | VII The Viewpoint of Society

1.  INTRODUCTION

The human condition has been the focus of philosophi-
cal thought and quest throughout the history of societies. 
Nowadays, the significance that is attributed not only in 
maintaining the health of the individual, but primarily in 
promoting it as well as improving the quality of life of the 
modern European citizen, can and should be a fundamen-
tal feature of the new European social and cultural reality. 
With this goal in mind, we can sustain within the fabric of 
the European Union (EU) the eternal individual and social 
rights of continuous improvement of the quality of life and 
the state of health of the population while, at the same time, 
being aware of the risks as they escalate due to the global-
ization of economies and societies.

Since 1958, there has been a 56-year-old continuous 
effort to establish economic cooperation within Europe 
and transform the European Economic Community from 
an economic to a political union. The current geopolitical 
formation of the EU is a powerful factor on a global scale:

 l  28 countries, 509 million people representing 7% of the 
planet

 l  The third largest population and the world’s top economic 
power

 l  25% of global GDP (US$ 16 trillion), 20% of world trade
 l  16.5% of world imports (the United States 15.5%, China 

12.0%) and 15.5% of world exports (the United States 
13.5%, China 10.5%)

 l  Life expectancy of over 80 years, 24 years more than 
countries with low human development index (80 vs 
56 years)

 l  Of the first 25 positions of the human development index, 
14 belong to the EU in 2010.

However, the big dilemma inherent in individual and 
collective European thought is the one between economic 
optimization and real human development where the latter 
embodies in a single framework and model both in eco-
nomic growth and social welfare. The battle between fiscal 
discipline and public social-health interest in recent years 
is uneven under the pressure of competition and the preva-
lence of markets.1

This dominant view does not take into account the nega-
tive fiscal conditions that may be brought about by an epi-
demic or pandemic shock, such as the reappearance of the 
Ebola virus. The loss of life and disruption of economic 
relations can create a larger fiscal gap than the short-term 
savings in public spending that may result, for exam-
ple, from denying coverage to the uninsured and illegal  
immigrants.

By extension, the theoretical field of health policies 
should therefore be enriched with the economic theory of 
externalities, so as to clarify how to resolve the major dilem-
mas we face when trying to secure minimum social rights.

The fears and serious concerns arising from modern pub-
lic health risks as well as the strong external impact from 
transmitted diseases that cause endemics and pandemics 
make the need to secure and protect health on an interna-
tional level a top priority. These risks relate to:

 l  transmitted diseases
 l  the spread of addictive substances
 l  environmental pollution and ionizing radiation
 l  the disturbance of ecological balance and the depletion of 

natural resources
 l  industrial risks, nuclear waste, and bioterrorism
 l  food safety and the cultivation of genetically modified 

produce
 l  an unhealthy diet
 l  hygiene and safety at work,
 l  migration, poverty, and socioeconomic disparities
 l  lawlessness, modern way of life, and stressful life events.2

The type, the extent, and the complexity of diseases 
involving the entire population require the creation of a 
system that will meet health needs and promote health in 
general. This system must be based on scientific criteria and 
principles, must take into account developments in the sci-
ences of medicine, biogenetics, biotechnology, economic 
developments and the requirements of the citizens for pro-
tection and promotion of their health.

This whole field of knowledge requires systematic 
research and study in order to produce innovative responses 
and best practices, to investigate and verify the assumptions 
of a structural analysis of the health system and at the same 
time to highlight the attitudes, perceptions, and behaviors 
that contribute to disease prevention combined with the pro-
tection of the environment and the support of sustainable 
development.

This combined approach is made possible by processing 
data showing on one hand the current situation, and on the 
other the projections of health needs that determine public 
health policies in the EU. These policies are supported by 
and are documented in the form of data which, after simi-
lar processing, allow both the comparative mapping and the 
differences of health needs, which help formulate distinct 
health policies among EU Member States.

In the introductory part of this chapter, we attempt a 
high-level approach to: (1) the fundamental principles of 
health policies; (2) the methodological assessment of health 
needs in conjunction with the investigation of trends in 
nosology and epidemiology; and (3) the classification of 
priorities when formulating health policies.

In the first part of the chapter, we attempt to investigate 
the state of health of the population in the EU with: (1) the 
theoretical approach to quantitative and qualitative indica-
tors of health and well-being; (2) the analysis of the rate 
of change in life expectancy; (3) the quantification of the 
reduction in mortality and the differences in the causes of 



Public Health Policies in European Union Chapter | 25 349

mortality; and (4) the estimation of possible years of life 
lost as well as the expected years of life in good health.

In the second part of the chapter, the redesign of 
health policies in the EU during the current period is 
defined through: (1) the approach of the nosology spec-
trum as a multidimensional and multivariate social phe-
nomenon; (2) the assessment of the new trends in health 
indicators for defining health policies; (3) the formula-
tion of the new strategy regarding health policies; and  
(4) the general and specific objectives and proposed 
actions for 2014–2020.

Finally, in the third part of the chapter, we present the 
specific actions of the health policies in the field of Cord 
Blood Stem Cells Banking through: (1) the development of 
an integrated policy for the sufficiency and the represented 
collection of cord blood units; (2) the management of the 
serious adverse reactions (SAR) in tissues and cells quality 
assurance; (3) the development of vigilance and surveillance 
across border networks for disease prevention and control; 
and (4) the promotion of public campaign programs for 
informing and raising awareness among the general popula-
tion and among specific/target social groups.

2.  THE CONFIGURATION FRAMEWORK 
OF GUIDING PRINCIPLES OF HEALTH 
POLICIES

2.1  The Fundamental Principles  
of Health Policies

Health is a fundamental human right, the exercise of which 
ensures and protects the lives of people and therefore each 
country through its constitution protects the health of its 
citizens.3

Health:

 1.  has the highest multifactor, multidimensional usefulness 
and the maximum contribution to Human Development 
because the fulfillment of needs, the psychosocial bal-
ance, and work are dependent on the state of health of 
individuals,

 2.  is affected externally and therefore is subject to the most 
serious cross-border threats, and

 3.  establishes and develops Human Capital.1

The lack of basic coverage and provision of health ser-
vices, even for only one citizen, can cause on one hand loss 
of the right to life and on the other various problems to the 
rest of the citizens either at a national or international level. 
It is therefore an obvious necessity to provide health-care 
services, a necessity that creates the principle of univer-
sal coverage of the population in an inclusive society that 
makes sure it is covered.

Because health is presented in modern economic rela-
tionships of markets both as a public and as a private 

consumer good, access to it sometimes depends on: (1) 
the level of income of citizens; (2) the magnitude of the 
risk and the nature and the severity of the disease, i.e., the 
size of the resulting expense; (3) the availability of health 
services in some areas; (4) the nature of human mobil-
ity due to age or disability in conjunction with formal or 
informal social or family structures; and (5) the type of 
insurance coverage.

It is therefore obvious that many times, if even one of 
the above factors comes into play or more than one in com-
bination, there is lack of access to health goods and services 
causing inequalities because it results in inability to earn 
income from work and hence the inability to meet basic 
needs and sociocultural goods, losing the right to equal 
opportunities. Therefore, equitable access to health services 
and goods is the second basic principle of health policy.

The type and severity of diseases have a serious external 
impact in a world of continuous mobility due to: (1) national 
and international trade relations; (2) tourism exchanges; 
and (3) migration, and as a result they cause epidemics and 
pandemics and affect the health of citizens through trans-
mitted diseases.

The maximization of the social cost from transmitted 
diseases as opposed to the private cost, the loss of human 
capital in the basic economic activity which is work, the 
disruption of family and social life, but also the loss of 
national power, make the protection of public health at 
national and international level the third basic principle of 
health policy.

2.2  Methodological Assessment of Health 
Needs and Investigation of the Nosology 
and Epidemiology Spectrum

Health planning and policy seek to create a group of mutu-
ally interacting bodies to produce goods and services to 
meet the health needs of a population. The investigation of 
the state of health of citizens often coincides with the field 
of health planning and policy because it tries to determine 
the qualitative and quantitative characteristics of the out-
put of these goods and services. This is achieved through 
the theory of opportunity cost which aims at not wasting 
resources in order to allocate these resources to meet other 
socioeconomic needs. The investigation, therefore, of the 
nosology and epidemiology spectrum and population and 
demographic data highlights and continuously reflects on 
the type and quantity of goods and health services that must 
be produced.

Many times, however, despite the scientific approach of 
this investigation, the market of health-care, but also the fail-
ures of planning and health system development, produce 
either services, such as medical services, far in excess of 
what is necessary, or pharmaceutical products or diagnostic 
centers or private clinics, creating strong induced demand 
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and imbalance in demand and supply of the health-care 
market. In any case, if we do not investigate systematically 
the size and age structure of the population, its regional dis-
tribution, and especially the types of diseases and causes 
of death, the prevalence and incidence of disease, it is not 
possible to specify the necessary actions of health policies 
on a preventive and therapeutic level.

Social planning and health policy explore, on the one 
hand, the type and quantity of health services and goods 
needed by the population and on the other, the human, 
material, and financial resources, i.e., the necessary 
inputs for the system to operate as well as the outputs 
and outcomes. This is indispensable to the availability of 
resources and to the use of innovative methods to ensure: 
(1) the rationalization of health services; and (2) the plan-
ning of appropriate and specialized output for the opera-
tion of the health system and the equilibrium in the market 
of health-care.

The establishment of the criteria of the mode of distri-
bution of produced goods and services takes into account:  
(1) the strong external influence that health causes; (2) 
income inequality; (3) the form of the system of social secu-
rity and thus the way of insurance coverage for citizens; (4) 
regional inequalities; and (5) the market types prevailing in 
an economy and the restrictions brought about by the devel-
opment of private initiatives.

In all countries, even those in which the free market 
insurance model prevails, a minimum of state intervention 
exists to protect public health through the delivery of health 
services and goods to categories of the population who are 
in a state of absolute poverty and deprivation. The more 
health is considered a public good, the stronger is the cri-
terion of redistributive justice when it comes to health-care 
distribution and care is provided irrespective of the financial 
contributions of the citizens either through taxes or through 
insurance premiums.

2.3  The Classification of Priorities When 
Formulating Health Policies

The common condition of coverage of health needs under 
the restriction of the scarcity of financial resources brings 
forth the theoretical interest regarding the classification 
of priorities and choices, both for the design of a system 
for the prevention, preservation, and promotion of health 
and for other fiscal intervention policies in various areas of 
socioeconomic activity of individuals. It is also known that 
these policies affect and shape the state of health of the pop-
ulation to a much greater extent than the health-care system 
itself. The actual numbers regarding health-care needs, the 
severity of diseases, the degree of external adverse effects, 
and the financial resources available determine the hierar-
chy of options in combination with the analysis of the fac-
tors as mentioned above.

Recent developments in the state of health of the popula-
tion and in the health-care systems are characterized by:4–6

 l  continuous improvement in life expectancy
 l  chronic diseases which absorb 90% of total health-care 

expenditure
 l  the reappearance of transmitted diseases
 l  more than 70% mortality from cancer, heart and brain, 

and external causes
 l  increase in the number of elderly people
 l  increase in demand for health-care services
 l  falling rate of patient satisfaction with the quality of 

health services.

The health-care system enhances the health of a popula-
tion, but to a much lesser extent than other socioeconomic 
factors—determinants of health status. Avoidable mortality 
is significantly influenced by lifestyle and the environment 
which are the key determinants of population health. Even 
if the entire budget was allocated to health-care, the health-
care system could only determine the state of health of the 
population by a small proportion. Changing the consump-
tion patterns and behaviors regarding health is the main 
focus of the new policy for the prevention of disease and 
promotion of health.

The health-care system must be sustainable in order to 
be able to offer services on the one hand, and on the other 
hand to be sufficient to meet the health-care needs of the 
population. The health system must be efficient and its 
operations must: (1) abide by the fundamental economic 
principle of scarcity of resources; and (2) take into account 
the documented finding that the health system affects the 
state of health of the population much less than expected. 
Consequently, resources can be allocated to other public 
policies that indirectly benefit health and quality of life for 
the population under an unwavering long-term perspective.

This means an increase in public spending to improve 
other social sectors that have a positive effect to address 
the underlying causative factors and key determinants of 
health. The transition from the perception of further spend-
ing increases that simply result in an increase in numbers of 
the health system to a way of thinking aiming at continuous 
rationalization and restructuring of the system in order to 
improve the quality of service, should be the modern scien-
tific guarantee for the development of the health-care system.

Therefore, the key priorities when formulating health 
policies are:

 1.  The prevention of disease and the improvement of life in 
good health: The health-care system must prevent dis-
ease, promote health, and prolong a healthy and active 
life.

 2.  Accessibility: The health system should be accessible to 
all citizens, should offer and distribute in an equitable 
way health-care services and goods to ensure the basic 
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human rights such as the fundamental right to life, and 
at the same time prevent the external adverse effects 
such as the spread of diseases.

 3.  The safety and quality of services: The system must pro-
vide safety and quality of service; it must protect the 
dignity of the patient.

 4.  Readiness to manage crises and health risks: The sys-
tem must be prepared to manage crises and major risks 
from cross-border threats through mechanisms of infor-
mation and data processing and be in-sync on a cross-
European and international level to protect people from 
the spread of transmitted diseases. The serious cross-
border threats that can cause epidemics and pandemics 
have mobilized the international community to prevent 
the spread of disease and reduce social cost.

Europe and the global community have created the 
institutional framework for implementing health policies 
to combat major health risks at both preventive and inter-
ventional level. To address the prevalence and incidence of 
diseases, international organizations coordinate, monitor 
disease classification developments, and set the priorities 
according to the assessment of risk.

3.  THE HEALTH STATUS OF THE 
POPULATION IN THE EU

3.1  Current Approach Using Qualitative 
Indices of Health and Well-being

Demographic changes such as population aging and migra-
tion affect the health sector both in terms of the need for 
increased spending, i.e., the financial viability of the system 
and in terms of the responsiveness of the system to meet 
health-care needs. The state of health of the population of 
the EU follows some general, common trends among the 
countries of the EU-28 (all the countries in the EU); how-
ever, some variations can be observed due to the particular 
socioeconomic and cultural characteristics but also the rela-
tive slowing progression of certain health indicators. This is 
evident when considering the comparative data of the old EU 
of 15 (“EU-15”) members and the 13 new member countries 
(“EU-13”).

Positive indicators approach in an integrated fashion the 
state of health of the population and are particularly related 
to the demographic indicators and can be regarded as indi-
cators of well-being. Some of the positive indicators are the 
birth rate, fertility, and life expectancy. The life expectancy 
index can represent life expectancy without restriction,  
disease-free life expectancy, or life expectancy in good 
health (self-perceived).

The most common negative indicators are the indicators of 
morbidity, mortality, and disability, expressing the frequency 
of diseases and serving as the means of comparison and evalu-
ation of the state of health between different countries.

The Crude Mortality Rate approximates the percentage 
of the population of a territory that dies during a specified 
period or within a year. It is affected by the age distribution 
of the population and does not allow for reliable compari-
sons of international data. For this reason, the standardized 
mortality rate is used.

To investigate the impact of the large number of 
deaths at older ages compared to the much lower number 
in younger age-groups, we use the standardized mortal-
ity rate, the weighted average rate per age-group. The 
weighting factor depends on the age distribution of the 
fixed reference population. A commonly used indica-
tor is age-specific early mortality at various ages before 
65 years. The standard European reference population 
does not include the age-groups under 5 years of age and 
over 95 years.

The index of potential years of life lost (PYLLs) to early 
mortality takes into account the age at death, for example, 
65 or 75 years, and records the years that the deceased could 
have lived until the age X. The index is calculated per age-
group among 100,000 inhabitants. The importance of the 
indicator rests in the way by which the health-care system 
affects the health of the population or in the determinants 
that could affect mortality to a lesser extent. For example, 
according to Halley des Fontaines (2007),7 prevention 
policy can reduce the consumption of tobacco and alcohol 
and reduce accidents, suicides, and AIDS at an early age, 
while early diagnosis within a reliable health-care system 
can significantly reduce mortality from circulatory diseases 
and cancer.

The concept of years of life lost could be extended 
to those years where a person cannot engage in creative 
activities, is going through periods of severe symptoms of 
chronic disease and disability and generally perceives his 
or her health to be less than good or less than very good. 
PYLLs are the years that a person could have lived up to 
a certain age if he or she had not died, including the years 
lived with disability or chronic illness, i.e., the concept of 
PYLLs enables the mathematical calculation of the prob-
ability for a person to live longer and in good health.

PYLLs and disability-adjusted life years (DALYs) 
reflect the mortality and morbidity that could have been 
avoided.8 To this end, we study the total avoidable mor-
tality. Total avoidable mortality is defined as that part of 
mortality that could have been curable and could have been 
avoided had science, technology, and innovation been effec-
tively applied, which means making effective use of all the 
available human, economic, and material resources to pre-
vent the incident. Total avoidable mortality consists of pre-
ventable and treatable avoidable mortality.

We use PYLLs to explain early mortality due to the 
increase at younger ages of mortality from malignant neo-
plasms and circulatory diseases, while we use the DALYs 
to explain mortality due to causes such as malignant 
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neoplasms, circulatory diseases, external causes, and men-
tal or behavioral disorders.

The PYLLs are directly linked to early mortality, 
while the DALYs are linked with morbidity. For example, 
years of life lost per 100,000 inhabitants from malignant 
neoplasms amount to 918, while the years of life adjusted 
for disability resulting from malignant neoplasms per 
100,000 inhabitants amount to 210.9,10 In any case, these 
two indicators reflect the years of active life lost either 
due to death or disability.

The health-care system and health policies (prevention, 
preservation, and health promotion) should aim at reducing 
early mortality, reducing the PYLLs, reducing the avoidable 
preventable and treatable mortality, and reducing life years 
with disability, with chronic diseases, and without normal 
creative activity.

Modern quantitative approaches and qualitative goals 
such as the increase in life without disability, without prob-
lems in daily activities, without chronic diseases, with good 
social and family life examine the need to identify, besides 
the classical documentation of the frequency of diseases—
the prevalence and incidence of disease—and the number of 
deaths, new indicators such as:

 l  life expectancy without disability,
 l  without chronic diseases,
 l  early mortality before a certain age,
 l  life expectancy at age over 65 years,
 l  and so on.

3.2  Rate of Development in Life Expectancy

The population of the EU, as calculated in accordance with 
the projections for 2060, will not show significant quantita-
tive changes in the EU-28 (from 507,162,571 in 2013 to 
525,845,522 in 2060) except for the very significant struc-
tural evolution by age-group and cultural composition.

The slight increase in physical mobility of the popu-
lation, in births, and the fertility index shape the overall 
developments and highlight the phenomenon of aging of 
the population. It is estimated that according to recent pro-
jections, the number of Europeans aged 65 years and over 
will almost double over the next 50 years, from 86.7 million 
(17%) in 2010 to 149 million (29%) in 2060. Also in 2010 
in the EU-27, people aged over 80 years amounted to 4.3%. 
In 2020, this figure is predicted to rise to 5.7% and in 2060 
to 12.1%.11

It is easily understood that the fifth age-group, those 
over 80 years of age, will be the main concern of the 
health system in terms of coverage of multiple health 
needs. The coverage of the health needs of people aged 
65 years and older and especially those over 80 years 
old will lead to subsequent changes in the health system 

which should be designed so as to address more special-
ized health needs. This is the main reason why we expect 
health spending to increase by 3% by 2060 due to the 
aging population.4

Eurostat data focus on the increase of pension-
ers by 39.8% in 2060 in the countries of EU-27, from 
119,265,000 in 2010 to 166,683,000 in 2060. This is a 
historic challenge for health economists because the 
combination of: (1) multiple needs; (2) available free 
time; and (3) demands for elongation of healthy and ful-
filling life for older people will send health expenditures 
skyrocketing.

Europe shows continuous improvement in life expec-
tancy, which is confirmed by the growth rate of the index 
in the EU-15 for both sexes in the last four decades (1970–
2010) with an average per decade of 2.39 years. Especially 
in the decade 2000–2010, the growth rate was the highest 
with 2.62 years in the EU-15 and 2.71 years in the EU-28. 
However, it should be noted that the rate of increase in life 
expectancy shows a tendency to slow down if we look at all 
countries (EU-28) because from 2.71 years in 2000 it has 
decreased to 2.18 in 2010.

APPENDIX 1: EVOLUTION RATE (%)  
OF LIFE EXPECTANCY FOR BOTH SEXES  
PER DECADE (1970–2010)

This relative slowdown is explained by the variations pre-
sented in the rate of progression in life expectancy between 
countries in the EU. In the EU-28, life expectancy at birth 
for men in 2010 is 77.2 years and for women 83.1 years. 
Men live more in Cyprus with 78.48 years, while the high-
est life expectancy for women is noted in France and Spain 
with 85.4 years. Fewer years of life expectancy are recorded 
in Lithuania with 73.57 years for men, and Bulgaria with 
77.42 years for women. The EU-13 shows the fewest years 
of life expectancy at 79.6 for women and 71.8 for men in 
2010. On the contrary, in the EU-15, life expectancy at birth 
is comparatively high in 2010 with 84.0 years for women 
and 81.8 years for men.10,1

APPENDIX 2: LIFE EXPECTANCY AT BIRTH, 
MALES–FEMALES (1970–2010)

Similar differences between the sexes are also observed in 
life expectancy at the age of 65 years where in the EU-28 in 
2010 for women it was 21.2 years and for men 17.6 years. 
Also significant differences between the sexes can be 
observed in the EU-13 and EU-15. In the EU-13, life expec-
tancy at the age of 65 years appears significantly reduced to 
18.7 years for women and 14.7 years for men, whereas in 
the EU-15 it is has increased to 21.9 years for women and 
18.4 for men.
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APPENDIX 3: LIFE EXPECTANCY AT THE 
AGE OF 65 YEARS, MALES–FEMALES  
(1980–2010)

3.3  Reduction in Mortality and Difference  
in the Causes of Mortality

The socioeconomic and cultural changes that have occurred 
with the entry of new Member States to the EU since 2004 
and the overall economic growth observed over the past 
decades, significantly affected the reduction of mortality 
rates and causes of variation in mortality of the European 
population.

The trend of mortality in Europe from 1970 onward 
shows continued reduction (Appendix 4) when of course 
mortality is weighted by age. The crude mortality rate can 
be increased, but this is due to the accumulation of most of 
the morbid cases aged over 65 years.

APPENDIX 4: AGE-STANDARDIZED 
MORTALITY RATE (SDR-ICD-10-DISEASES 
OF ALL CAUSES, ALL AGES), PER 100,000 
INHABITANTS

The weighted mortality rate in 2010 for both sexes in the 
EU-28 decreased to 595 deaths from 965 deaths in 1980 
per 100,000 people. However, there is a marked difference 
between countries in the EU-15 and the EU-13 with 530 
and 835 deaths per 100,000 persons, respectively. The low-
est index is noted in Spain (478 deaths/100,000 people).10

In the comparative mortality between the sexes, men 
have a higher mortality rate from all causes. Also analysis 
by cause of mortality reflects the same variations. Mortal-
ity by age between the age-groups of 0–64 years and 65 
and older has clear negative characteristics for people over 
65 years even in the case of suicide, self-inflicted injuries, 
and traffic accidents.

In the EU-28 in 2010, the mortality rate for men was 
762 whereas for women it was just 462 per 100,000. Italy 
has the lowest index in men with 598 deaths, and Cyprus 
in women with 361 per 100,000. The index value of 1118 
deaths per 100,000 men in the countries of the EU-13 is 
considered very high.10

Cause-specific mortality follows the same trend since 
the middle of the interwar period. The causes have now 
shifted from diseases which are transmitted, infectious-
parasitic such as malaria, typhoid fever, tuberculosis, pneu-
monia, etc., to diseases of the modern way of life, social 
isolation, disruption of social relations, and the environ-
ment, such as circulatory diseases, cancer, and mental disor-
ders. The nosological profile of Europeans with 8% deaths 
from transmitted diseases compared to 80% of deaths in 
less-developed countries portrays the relationship between 

the state of health of a population and the socioeconomic 
and cultural context within which the people live and work.

In the EU-28 in 2010, 74% of Europeans died from cir-
culatory diseases and neoplasms, while in the EU-13 this 
rises to 86%. If to these percentages we add deaths from 
external causes (injuries, poisoning) and deaths from mental 
and neurological disorders then the percentage of the funda-
mental causes of mortality in the EU-28 in 2010 increases 
to 85% and to 94% in the EU-13, respectively.1,10,12–15

APPENDIX 5: BASIC CAUSES OF MORTALITY 
IN THE EU-28, EU-15, EU-13 (2010)

Diseases of the circulatory system are regarded as the lead-
ing cause of mortality with 201 cases per 100,000 in the 
EU-15 and 417 per 100,000 in the EU-13 in 2010. This per-
centage is equivalent to the one the EU-15 had back in the 
1980s. This means that we need to intensify the policy of 
prevention for cardiovascular diseases in the new countries 
of the EU.

Malignancies showed a slight decrease since 1980 in 
the EU-28 (200–160/100,000) while in the EU-13, a small 
increase was seen (189–193/100,000), with men having a 
very high rate with 269 deaths in 100,000 people.

Deaths from external causes (injuries, poisoning) have 
shown a clear decline in the last three decades with the 
countries of the EU-13 recording almost twice the rate of 
the corresponding rate for EU-15 (55–30), and men record-
ing four times the rate for women (90–23) in the EU-13 
and more than double in the EU-15 (44–18). These large 
disparities between men and women are due to work condi-
tions and the participation of men in manual and techno-
logical activities.

For suicides and self-inflicted injuries, despite the reduc-
tion achieved mainly for women, the rate for the EU-13 
remains quite high at 15 deaths/100,000, which corresponds 
to the rate for the EU-15 in the 1980s. It should also be noted 
that the rate for men in the EU-13 is five times that of women 
(26–5).

Diabetes registers a slight decrease for the EU-15  
(16–12) from 1980 to 2010 and stabilization in the countries 
of EU-13 (12–12).

APPENDIX 6: CAUSES OF DEATH—
STANDARDIZED DEATH RATE PER 100,000 
INHABITANTS IN THE EU-28, EU-15, EU-13 
(1980–2010)

The cultural progress, the continuous effort for economic 
advancement, consumerism, the prevalence of poorly imi-
tated social standards, the architectural remodeling of cities, 
and the increase in individualistic relations and solitary- 
living individuals, are reflected in the increase in mental 
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illness with the EU-15 exhibiting double the rate of that for 
the EU-13 (35–15) and double the rate since 1980 (18–35).10,1

Infant and maternal mortality in 2010 with four infant 
deaths in 1000 live births and six cases of maternal deaths 
in 100,000 live births are considered of lesser importance in 
the modern European nosological spectrum due to advance-
ments in pediatrics, in the respective health services, and 
due to income growth and education of European citizens. 
A serious effort is still required, however, to reduce these 
indicators in countries like Romania with the highest infant 
mortality rate (9.79/1000 births) or Latvia with the highest 
maternal mortality (26.02/100,000 live births).10,1

The general evaluative assessment of the state of health 
of the population is considered satisfactory, showing a trend 
toward a significantly halting pace of diseases such as isch-
emic heart disease or mortality from external causes such 
as traffic accidents or accidents at the workplace. Cancers 
and vascular diseases of the brain remain at high levels with 
very low rates of decline.

3.4  PYLLs and Life Expectancy in  
Good Health

In the EU-28 over the last 30 years, 2.9 years have been 
gained for men before the age of 65 and 1.9 years for women 
hoping to avoid a deadly event, i.e., how many lost years of 
life a person could gain if he or she had not died (early mor-
tality). Nevertheless, men still have a greater risk with 5.4 
as opposed to 3.1 years for women.10,1

APPENDIX 7: LOSS IN LIFE EXPECTANCY 
YEARS FOR MEN AND WOMEN FROM 
DEATH BEFORE THE AGE OF 65 YEARS 
(1980–2010)

PYLLs per 100,000 in the last 50 years (1961–2010) for 
men and women have fallen significantly, contributing to the 
increase in life expectancy. PYLLs from all causes for ages 
0–69 years per 100,000 people show significant decreasing 
trends for both women and men during the period 1961–
2010. In women, the greatest reductions are noted in Spain 
at 78% (from 8238 in 1961 to 1787 in 2010) and Greece at 
73% (from 7576 in 1961 to 2036 in 2010). For men, the per-
centages of reduction are 68% in Spain and 57% in Greece. 
Therefore, both the falling rate of the indicator and the sharp 
differences between the sexes can be clearly seen.

In the United States, the corresponding rate of decline 
of PYLLs during the same period was 53% for women 
and men equally. In Japan, for women it was 79.9% and 
for men 76.5%. In 1961, the years of life lost for women 
was at 8004 years for the OECD countries, and in 2010 only 
2457 years, respectively. The years of life lost for men was 
12,210 in 1961 for the OECD countries, while in 2010 the 
corresponding figures stood at 4798.12,13

APPENDIX 8: PYLLS FROM ALL CAUSES 
WITH COMPARATIVE REFERENCE TO LIFE 
EXPECTANCY (100,000 MEN–WOMEN 
AGED 0–69), (1961, 2010)

Health-adjusted life expectancy (HALE) is a measurement 
developed by the World Health Organization that attempts 
to capture a more complete estimate of health than stan-
dard life expectancy rates (note that HALE was previously 
referred to as disability-adjusted life expectancy or DALE). 
HALE estimates the number of healthy years an individual 
is expected to live at birth by subtracting the years of ill 
health—weighted according to severity—from overall life 
expectancy. HALE is also calculated at age 65 to provide 
a measurement of the quality of life of seniors. By moving 
beyond mortality data, HALE is meant to measure not just 
how long people live, but the quality of their health through 
their lives.

The interest regarding changes in life expectancy cen-
ters on the number of years in good health the European 
citizen hopes to live. The average number of years of life 
for the European citizen is 80 and by the 65th year, a basic 
period of life and work comes to an end and he or she usu-
ally retires. It is argued that the age of 65 years is a mile-
stone and a comparative point of reference, a benchmark so 
to speak, as to how many years in good health the European  
citizen could live beyond this age limit or what he or she 
would not want to experience in terms of morbidity or  
disability.

In the EU-28 at age 0, men expect to live in good health 
61.3 years and women 61.9 years, a difference of only 
0.6 years. At age 65, the difference is even smaller (0.1) 
with life expectancy for men at 8.4 and women at 8.5 years.

The highest at age 0 is observed in Malta (72.4 for 
women and 71.8 for men) and the lowest in Slovakia and 
Estonia (53.1 equally for women and men). Similarly, at age 
65 life expectance is the highest in Sweden (15.4 for women 
and 14 for men) and the lowest in Slovakia (3.1 for women 
and 3.5 for men).16

APPENDIX 9: HEALTH-ADJUSTED  
LIFE EXPECTANCY

4.  REDESIGNING HEALTH POLICIES  
IN EUROPE

4.1  New Trends in Health Indicators in the 
Multidimensional Context of Changing 
Health Needs

The new trends observed in health indicators, namely the 
decline in the rate of growth of life expectancy and the dif-
ferences in the causes of mortality, the new population data 
with the rapid growth of people aged over 65 years, and the 



Public Health Policies in European Union Chapter | 25 355

strong migration flows force us to further investigate phe-
nomena such as the reappearance of tuberculosis, syphilis,  
and hepatitis which also represents a significant cross- 
border threat because of the heavy external impact.

These new trends in health indicators define the cur-
rent health policies and lead to the necessity of adapting 
the health system so as to meet the changing health needs 
of the population. These trends are identified by the per-
sistent findings observed in the study of four categories of 
indicators, namely the state of health, the determinants of 
health, the efficiency–effectiveness of the health system, 
demographic trends and changes in the composition of the 
population, and socioeconomic development.

4.1.1  State of Health of the Population

The increase in people aged over 65 years and the new 
way of life contribute to the increase in chronic diseases 
and consequently to an increase in health-care spending. 
Thus, the systematic recording of morbidity and mortality 
of chronic diseases (asthma, arthritis, migraine, chronic 
bronchitis, musculoskeletal spine problems, diabetes, 
stomach ulcer, cerebrovascular problems after injury, 
Alzheimer’s disease, etc.) is a priority for health indicators.  
Also the increase in mental disorders makes the need 
for the documentation of relevant indicators the highest  
priority.

4.1.2  Sociocultural Determinants of Health

The growth in cancers, cardiovascular and cerebral diseases, 
and chronic diseases has given rise to a systematic investi-
gative field for the explanation of a population’s state of 
health, placing a greater emphasis on noniatrogenic health 
determinants such as:

 1.  the correlation between free time and systematic  
exercise,

 2.  the enrichment of the diet with fruit and vegetable con-
sumption, and

 3.  the degree of autonomy of individuals in their teens or 
older within the local community, which has proved to 
be a strong factor in physical and mental health.

We can also investigate determinants such as the cor-
relation between the absence of sleep disorders and good 
health, the degree to which people feel healthy in general, 
or the correlation between the degree of introversion and 
social and professional advancement on the one hand, and 
physical or mental disorders on the other.

4.1.3  Effectiveness of Health Services

It has been found that the way by which we cover health 
needs, the speed of the offered services, the specialized sci-
entific skills, and organizational-administrative innovation 

in the health system receives considerable contribution from 
health education, from primary care all the way to tertiary 
therapeutic intervention aiming at preventing the disease or 
at achieving full therapeutic rehabilitation. It is therefore 
reasonable to investigate whether the health system could 
contribute: (1) to a decline in mortality and reduction of 
years of life lost at a late age (65 or 75 years), i.e., to reduce 
early mortality; (2) to rehabilitation without complications; 
and (3) to safety and patient satisfaction. Thus, potentially 
avoidable mortality has been introduced in the statistics of 
health indicators, waiting time for specialized surgery, as 
for example in the case of hip fracture, and the rate of read-
missions within 30 days of discharge for a particular diag-
nostic category.

Mortality before the age, say, of 65 or 75 years could 
have been avoided if, thanks to primary prevention and care, 
the disease had never occurred or if through secondary and 
tertiary treatment the disease had been dealt with effectively 
(potentially avoidable mortality). The indicator of PYLLs 
is now considered a key indicator used to assess the degree 
of influence of the health system on the population’s state 
of health.

4.1.4  Efficiency of the Health-care System

So far the study of the classic health indicators such 
as the aging index, addiction, unemployment rate, per 
capita income, square meters per person, public health 
expenditure per capita, ratio of human, or technologi-
cal resources has enabled assessment of the adequacy 
of resources to meet the health needs of the population. 
Now, however, within the context of curtailing expendi-
ture, the need emerges for investigating the impact of a 
rational use of health services and especially the flexible 
forms such as one-day surgeries and to this end, corre-
sponding indicators are being developed. The purpose of 
these indicators is to highlight the degree of utilization 
of resources and services, examining the admissions in 
general or for specific cases comparatively and propor-
tionately to the cases meeting the demand for services in 
other areas.

4.1.5  Demand and Supply of Health Services

The new trend in the investigation of how supply meets 
demand in health services is in two directions. The first has 
to do with inequalities depending on the place of residence 
in combination with income inequality in an area of refer-
ence where a strong correlation between the two variables 
has been observed. The second relates to the disparities in 
the use of services or in the results of a therapeutic pro-
cess. In other words, an attempt is made to investigate if the 
health system treats all citizens the same way, whether they 
have a very low or very high income, and to measure the 
relative variations.
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The first case of inequalities can be attributed to behav-
ioral and quality of life factors that depend on the socioeco-
nomic level (unemployment, housing conditions, level of 
education, crime, alcohol, tobacco, food or work conditions 
affected by the social and professional status of the inhabit-
ants). In the second case, the disparities should be attrib-
uted to the allocation of health-care resources that affect 
health service use (high costs, inability to participate in the 
costs, waiting time for a medical operation, availability of 
expert medical opinion doctors with specific experience and 
expertise, new technologies in micro-robotics or biotech-
nology, specialized staff for home health-care, complete 
and fast diagnostic procedures with subsequent effective 
treatment, etc.).

APPENDIX 10: THE MULTIDIMENSIONAL 
FIELD OF POPULATION-APPRECIATED 
HEALTH NEEDS

4.2  The Need for Redesigning Health 
Policies in the Context of Changes in the 
Multifactor Nosological Spectrum

In order for a proposal that pinpoints the necessity for 
redesigning the guidelines of EU health policies to be con-
sidered sufficient, it must demonstrate a high degree of sci-
entific credibility and be based on thorough and informed 
analysis. The initial proposal must move within the limits 
and the general guidelines of the European policy for health 
and social care and take into account the changes that have 
occurred in the macroeconomic, legal, and organizational-
administrative level of the health systems. Then it must inte-
grate within the framework of analysis all developments in 
technology and medical science, to investigate and deter-
mine the resulting health needs of the population taking into 
account socioeconomic, cultural, and environmental factors 
and health determinants.

More specifically, the proposal must provide an investi-
gative methodological framework for defining the individ-
ual objectives taking into account the accelerated aging of 
the population, economic recession, unemployment, popu-
lation at risk of poverty, the slowdown in the rate of growth 
in life expectancy for some countries of the EU, health costs 
and their significant containment, control of pharmaceutical 
expenditure, the high private costs, satisfaction of consumer 
health in relation to the offered services, the level of service 
quality, and the difficulties in implementing the restructur-
ing of health services.

The proposal should also analyze the correlation 
between environmental and climatic factors in shaping the 
state of health of the population and consider in a systematic 
way the causative factor “working conditions” as a basic 
cause for shaping the state of the population’s health and as 
a variable affecting direct and indirect costs of workplace 

accidents on GDP, on the system of social security, and on 
the insured themselves.

This approach, although it highlights goal setting in 
health-care policies, can be further enhanced by systematic 
analysis of:

 l  the epidemiological and nosological spectrum of supply 
of health goods and services,

 l  health spending relative to the amount and distribution, 
and

 l  policies for promoting biomedical hightech or sociocul-
tural determinants of health,

so as to better specify the objectives relating to policy on 
cancer, cardiocerebral accidents, transmitted diseases, 
tobacco policy, and alcohol or dietary beliefs.

The analysis at the micro-level may further specify the 
proposed measures and prescribe actions for:

 l  the digital modernization of the system and the introduc-
tion of e-health,

 l  the improvement of skills and competencies of human 
resources,

 l  the development of modern procurement systems, ana-
lytical cost accounting, compensation methods, methods 
for preparing and monitoring the budget of hospitals, and

 l  the introduction of internal control systems, quality man-
agement systems, one-day surgery, home health-care, dis-
tant care.

The analysis can also focus on interventions regarding a 
particularly critical field, that of the management of hospi-
tal waste and nuclear contaminants.

The redesign of the guiding health policies defines in a 
rational and documented manner and takes into account the 
wider European social protection policies. Specifically, the 
EU has pledged to modernize the social protection systems 
and improve its social model in the light of shared values 
of social justice and the active participation of citizens in 
economic and social life. For this purpose and in order to 
develop integrated policies and coordinated monitoring 
methods, the open method of coordination (OMC) was 
adopted.

In 2005 three areas of coordination were defined: (1) 
social integration; (2) adequate and sustainable pensions; 
and (3) high-quality sustainable health-care and long-term 
care, which merged into a single social OMC.17 In 2008, 
the EU further enhanced the OMC as a fundamental tool of 
social development and revised the term to “Social OMC.”

Member States have defined common objectives ema-
nating from the Lisbon Strategy as well as monitoring indi-
cators and analytical tools through the Progress Program to 
improve the capabilities of comparative analysis, knowledge 
transfer, mutual learning, better coordination, and strategic 
planning. The directions of the OMC for social protec-
tion and the basic indicators of an ongoing pan-European 



Public Health Policies in European Union Chapter | 25 357

research should be expanded and revised regularly as for 
example, the indicators of material deprivation (digital 
exclusion), of affluent households, life expectancy, and the 
transition from work to retirement.18

The directions of the OMC as an intergovernmental 
cooperation method on accessible, quality and sustainable 
health-care, and long-term care, focus on the following:

 l  Access for all to adequate health-care and long-term care, 
ensuring that the need for care does not lead to poverty 
and financial dependency while at the same time address-
ing inequalities related to access to care and the results of 
health services.

 l  Quality in health-care and long-term health care and 
adjustment, including preventive care, to the changing 
needs and preferences of society and individuals, pri-
marily through the development of quality standards that 
meet international best practices and through the devel-
opment of a higher sense of responsibility among health 
professionals and patients and recipients of care.

 l  Sustainability of adequate and quality health-care and 
long-term care through the rational use of resources 
and mainly through appropriate incentives for users and 
providers, good governance and coordination between 
care systems and public and private entities. Long-term 
sustainability and quality also require the promotion of 
a healthy and active lifestyle as well as the existence of 
good human resources for the health-care sector.

4.3  The Strategic Context of Health Policies 
for the Period 2014–2020

4.3.1  From the Innovation of the Health 
System to the Promotion of Health  
and Improvement of the Quality of  
Life in Good Health

The fundamental principle of health policies lies in the 
documented argument that the principal objective of health 
policies is not solely to improve a health system but primar-
ily to improve the state of health of the population.1 The 
success of the guidelines of health policies is an essential 
prerequisite for the control of health-care spending, for the 
improvement of satisfaction of health services consumers, 
and for greater work output due to an increase in productiv-
ity from the application of innovation and planning at all 
operating levels of the health system.

The strategic objectives must specify the design of a 
strategic framework that centers on ensuring the transition 
from health system innovation to the promotion of health. 
The focus on applying best practices in innovation as far 
as the organization and management of the health system 
is concerned ensures sustainability, access, safety, and 
quality in the provision of health-care services, essential 

components for the prevention, maintenance, and promo-
tion of the population’s health.

The best practices in innovation refer to the methods and 
techniques of human, financial, and material resources of 
the health system, the use of technology, the organizational 
and structural models of health-care services as well as their 
funding. Innovative e-health applications have a high added 
value because they have a wide range of applications from 
complete and personalized care to independent living and 
distant care.

The transition from innovation in the health system to 
the promotion of health is a prerequisite for ensuring the 
long-term supply of health services on an equal basis and 
with equal distribution of all produced results. However, 
the dilemma of attaining maximalist objectives—the effec-
tive development of the health system—at the expense of 
the minimalist implementation of coverage for the socially 
disadvantaged, particularly in times of crisis, is of particu-
lar interest and guides the analysis of health policies with 
regards to the allocation of available resources.

Within the context of the fundamental principles of civil 
and social rights and health policies the key objectives of 
the EU regarding health for the period 2014–2020 emerge:4

 1.  Prolonging healthy life by two (2) years,
 2.  Healthy and active aging (preventing early retirement),
 3.  Reducing absenteeism from work for health reasons,
 4.  Reduction of the number of people who are at risk of 

poverty and those who are socially excluded by 4%.

Especially in the context of the changes in the nosologi-
cal spectrum and the variability in the indices of morbid-
ity and mortality, the focus is not only to further prolong 
life expectancy but also to improve life expectancy without 
chronic diseases and without disabilities and to reduce the 
avoidable mortality, the PYLLs before the age of 65 years 
(active aging).

APPENDIX 11: MAIN OBJECTIVES OF 
HEALTH POLICIES: PROLONGING LIFE 
IN GOOD HEALTH AND WITH QUALITY 
YEARS

According to this approach to the redesign of health policies in 
conjunction with the quantitative and qualitative results of the 
positive and negative health indicators and the changing health 
needs of the population, the following are the strategic priori-
ties of health policy in the EU for the period 2014–2020.19,20

4.3.2  Strategic Objective 1. Viability of the 
Health System

The lack of resources and the need for innovation in the 
health system are dealt with through a series of policy mea-
sures for comprehensive EU-based long-term health-care, 
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for active and healthy aging, for information, awareness, 
prevention, early diagnosis, cost containment through orga-
nizational reforms, product innovation, and the use of infor-
mation and communication technologies (ICT).

4.3.3  Strategic Objective 2. Patient Access  
and Safety

Access for all patients to medical expertise and quality of 
care is addressed by a number of policy measures for their 
safety, support for low-income patients and the socially 
excluded, citizens’ access to health services across Europe, 
implementation of best practices, fighting antimicrobial 
resistance, high safety standards in the blood, organs, tis-
sues, and cells for transplantation and generally reducing 
and eliminating disparities in health.

4.3.4  Strategic Objective 3. Prevention  
and Health Promotion

Addressing premature mortality and low growth of healthy 
years of life requires the development of measures for the 
prevention and health education that relate, for example, to 
smoking, alcoholism, poor diet and obesity, lack of exer-
cise, sexually transmitted diseases, cancer screening, and 
generally changing health behavior that is affected by mod-
ern lifestyle, socioeconomic, and cultural factors.

4.3.5  Strategic Objective 4. Protection  
from Cross-border Threats

Improving preparedness for emergencies and cross-border 
threats such as pandemic influenza (H1N1) virus, bovine 
spongiform encephalopathy, sexually transmitted diseases, 
the Severe Acute Respiratory Syndrome (SARS) pandemic, 
and Vibrio cholera can be managed through a series of 
policy measures and actions concerning effective coordina-
tion, the development of crisis management systems, docu-
mented health risk assessments, early warning, monitoring 
and collection of reliable data and information, and finally, 
the development of general and specific vigilance and sur-
veillance systems.

The focus, therefore, of the European health policies is 
to ensure:

 1.  The adequacy and viability of the health system in order 
to meet health needs despite of potential shortages of 
resources (human, material, financial) and the absence 
of innovative organizational, management, and opera-
tion methods.

 2.  The promotion of accessibility to quality and safe 
health services and the equitable distribution of health 
resources (regardless of income, social status, place of 
residence, ethnicity).

 3.  Address the critical risk factors for prevention and health 
promotion.

 4.  The protection of public health from external impact 
caused by the spread of diseases such as epidemics or 
pandemics.

 5.  The adequacy of efforts to inform and update the popu-
lation, to create a mechanism to protect public health 
which is in constant readiness through a permanent 
cross-European body.

Consequently the up-to-date objectives of health poli-
cies are briefly:

 1.  Coverage of health needs, adequacy, and viability of the 
health system

 2.  Mitigation of inequalities and access to health services
 3.  Prevention, promotion, and elongation of a healthy life
 4.  Information, preparedness, coordination, and protection 

from cross-border threats

4.4  Proposed Actions for the Achievement of 
the Strategic Objectives of the European 
Health Policy

The guidelines and policy measures aggregate and enrich 
the proposed objectives of health policy. Also, the special-
ized reconfiguration of health policies leads to specific pol-
icy measures and actions in the following areas:

 l  Meet the needs of a rapidly evolving epidemiological 
spectrum due to the modern lifestyle and environmental 
changes

 l  Prevent diseases, maintain and promote health in the new 
conditions of the nosological spectrum

 l  Address the strong external impact from cross-border 
threats

 l  Develop bio-vigilance and surveillance systems and con-
trol blood derivatives

 l  Ensure the supply of health services for the population of 
the third, fourth, and fifth age

 l  Develop combined measures for mental health to address 
contemporary psychosocial–pathological phenomena as 
well as the mentally ill with comprehensive, friendly, and 
efficient mental health services

 l  Patient safety
 l  Examine accessibility and equality in health services
 l  Improve and expand the primary care and the intercon-

nection between primary and secondary care
 l  Continuous improvement of quality of health services
 l  Sustainability, accessibility, effectiveness, efficiency, and 

preparedness of the health system
 l  Improve working conditions
 l  Protect the environment

Following the above analysis and documentation of 
the redesign of the broad health policies and strategic  
objectives, we present the proposed interventions describing 
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the specific objectives, the problems to be addressed, and 
suggested actions to achieve the objectives.

4.4.1  Viability

Specific objectives: To address the lack of resources by 
adopting innovation at the organizational and administra-
tive level.

Problems to be addressed: Excessive increase in costs, 
low level of organization of health-care, low level of EU 
care, lack of individualized and comprehensive health-care, 
lack of use of tools to assess health-care technology and 
health-care with fewer resources, shortage of health pro-
fessionals (generally, specifically), low cross-European 
cooperation, insufficient use of ICT, lack of interconnection 
functionality for the electronic patient records.

Actions and measures to achieve the objectives: 
Implement innovation (in prevention, in early diagnosis, 
in treatment, in integrated care, active aging, and inde-
pendent living), and ensure the adequacy and quality of 
human resources, of frugal and efficient use of medical 
technologies. Implement integrated management and 
administration systems for: (1) the economic efficiency 
of medical technologies; (2) decision-making processes;  
(3) organizational–economic management; (4) the per-
formance of health-care units based on measurable quan-
titative and qualitative targets; (5) the utilization of ICT;  
(6) the restructuring of resources in the smaller scale 
within health-care units; and (7) the coordinated and 
interconnected operations of health services and general 
or specialized medical departments/clinics within each 
health district. Respond to increased demand due to an 
aging population (home health-care, distant care for the 
elderly and implementation of long-term health-care sys-
tems at the local and regional level).

4.4.2  Accessibility

Specific objectives: Address the inequalities of access to 
medical expertise and the problem of low quality and safety 
of health-care.

Problems to be addressed: Increase in poverty and the 
number of people with low incomes, increase in inequalities 
and in the number of those who are socially excluded, life 
in deprived areas or in regions with lack of resources, elimi-
nation of regional disparities—inadequate interconnection 
between service networks at the European level. Increase 
in antimicrobial resistance, lack of actual rights of patients 
to cross-border health-care, absence of uniform rules and 
regulations for the safety of blood, organs, tissues, cells, 
pharmaceuticals.

Actions and measures to achieve the objectives: Access 
to diagnosis using reliable people with sufficient medical 
expertise, improve the quality and safety of health-care, 
support for European reference networks (access regardless 

of where one resides), support for low-income and socially 
excluded people, improvement of the specifications for 
safety and quality in the substances of human origin such as 
blood and its derivatives.

4.4.3  Prevention and Health Promotion

Specific objectives: Combat diseases associated with the 
modern way of life, the so-called diseases of civilization, by 
implementing policies of health education and promotion.

Problems to be addressed: Insufficient planning and 
provision of preventive services, maintenance and promo-
tion of health, absence of a mechanism for systematic inter-
vention for prevention and screening of diseases affecting 
public health and the modern way of life (behavioral health 
model).

Actions and measures to achieve the objectives: Develop 
specific and targeted health education programs based on 
methods and techniques of experiential awareness and psy-
choemotional empowerment to deal with the impact of the 
main determinants of health (smoking, alcohol, diet, physi-
cal exercise). Also develop awareness programs to improve 
health and safety conditions at work, traffic education, envi-
ronmental education, and environmental control regarding 
air pollution, subsoil and sea, recycling, low energy con-
sumption, promoting alternative energy, sex education and 
the use of condoms to reduce sexually transmitted diseases, 
the phytosanitary control, and the protection of public 
health. Additionally, create a permanent observatory for the 
promotion of health and quality of life, develop models for 
long-term care and home health-care, enable the creative 
involvement of people of the third, fourth, and fifth age, 
active participation in the local community—these inter-
ventions have a positive impact for the design of preven-
tion (not creating new health needs) and for treatment (less  
treatment in closed-type services).

4.4.4  Protection from Cross-border Threats

Specific objectives: To address the external impact from 
cross-border relations, combating epidemics, pandemics, 
and contamination from chemical incidents.

Problems to be addressed: Pandemic influenza, bird flu, 
SARS, bovine spongiform encephalopathy, transmitted dis-
eases, sexually transmitted diseases.

Actions and measures to achieve the objectives of 
health policy: Readiness—early warning, coordination of  
services—public health centers of response to emergen-
cies, development of a specialized information system for 
collecting and analyzing data. Improve capacity for risk 
assessment and crisis management, services for the con-
trol of immigration, development of common methods 
for combating cross-border threats, and dissemination and 
awareness regarding condom use for sexually transmitted 
diseases.
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5.  HEALTH POLICIES ON CORD BLOOD 
STEM CELLS BANKING

5.1  Development of an Integrated Policy 
for the Sufficiency and the Represented 
Collection of Cord Blood Units

Transplantation of hematopoietic cells is the standard thera-
peutic method and often the only treatment for a range of 
diseases characterized by malfunction of the bone mar-
row and the cells it produces. Nowadays, blood derived 
from an infant’s umbilical cord is the appropriate source 
of hematopoietic progenitor stem cells for bone marrow  
transplantation.

The increase in the offered therapeutic applications 
using tissues and cells during the last years, the legal dif-
ferences among the Member States, and the related risks 
of the imprudent use of these substances have led the EU 
lawmakers and the Member States to establish Community 
standards which ensure the quality and safety of human tis-
sues and cells, and also the quality of the procedures related 
to donation, procurement, processing, and use of them.21

The use of tissues and cells for application on the human 
body involves the risk of transmission of infectious dis-
eases and other possible side effects on the recipients. The 
EU takes under serious consideration the transmission of 
genetic diseases mostly originated from reproductive cells 
and for this reason has made adjustments to the European 
Directives for tissues and cells which vary from the general 
principles referred to in Directive 2004/23/EC for the setting 
of quality and safety standards for donation, procurement, 
control, processing, preservation, storage, and distribution 
of human tissues and cells to the Directives 2006/17/EC and 
2006/86/EC which contain detailed technical requirements 
on processes of standardization and traceability, which 
means the list of procedures performed in order to prevent 
serious adverse events (SAE) and SAR.22–24

We should also refer to the 2011/2307 (INI) European 
Parliament report (A7-0223/29-6-2012) related to the vol-
untary and unpaid donation of tissues and cells, where for 
the first time it is established that Member States should 
implement policies for the promotion of the sufficiency of 
cord blood units. It also urges the States to develop pro-
grams which will encourage the general population and 
especially some specific groups (minorities) to donate cord 
blood, since it is proved that the cells can be used for the 
treatment of diseases like childhood diseases, in order to 
deal with the problem of lack of compatible donors.

In order to optimize the sufficiency of cord blood units 
in each Member State, the competent authorities (CA) 
should develop public campaigns in order to raise aware-
ness mostly targeted to expectant mothers and their fami-
lies more than other groups from the general and special 
groups of population. In this framework, the development 

of an integrated policy in the EU Member States is firstly 
necessary in order to ensure the sufficiency of genetically 
varied cord blood units concerning HLA histocompatibility 
antigens, and secondly to optimize the prediction and pro-
vision of predisposing factors for the health restoration of 
hematological patients who need hematopoietic cell trans-
plantation.

This integrated policy is developed in accordance with 
the following strategies:

 1.  Enforcement and support of health services and of the 
organizations involved in promotion of cord blood units, 
in order to develop public awareness campaigns targeted 
to the general and special groups of population.

 2.  Coordinated health services, through the person-oriented 
(expectant mother) cord blood donation system and 
through the management of the most important health risk 
factors of cord blood donors in order to ensure the suitabil-
ity of the donor and the good health state of the recipient.

In the context of the above strategies, the main goals are 
formed into two main courses of management actions:

 l  Networking and involvement of the organizations, health 
services, and units for the represented cord blood collec-
tion concerning the HLA histocompatibility antigens.

 l  Creation of HLA-oriented registries so as to map the pop-
ulation’s genes.

Furthermore, “Member States take all the necessary 
measures to ensure that every promotion and advertis-
ing activity for the support of the human cells and tissues 
donation is in accordance with the guidelines or the leg-
islative provisions in force. These guidelines or legislative 
provisions include appropriate constraints or prohibitions of 
advertising the need or the availability of human tissues and 
cells which aim to the offering or the seeking of financial 
gain or anything similar. Member States try to assure that 
the procurement of tissues and cells is performed on a non-
profit basis.”

5.2  Management of SAE and SAR: Quality 
Assurance and Safety of Tissues and Cells

Health policies established by the EU do not deal with the 
legislative framework for the promotion and the implemen-
tation of strict quality regulations. The Directorate General 
for Health and Consumer Affairs (SANCO),25 whose aim 
is to promote a healthier and safer place for European citi-
zens, has financed a number of surveys which were initially 
expected to help Member States to understand and to con-
form with the existent legislation and later help them with 
the detection and dealing with potential problems.

With tools like monitoring, consultation, supporting, 
and implementation, the EU initially funded the 3-year 
program Eustite in order to promote the standardization of 
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procedures for tissues and cells among the Member States 
through common control guidelines. The Eustite program 
involved a consortium of organizations from 10 Member 
States in cooperation with the WHO26 and coordinated by 
the National Transplant Center in Italy. Other partners of the 
project were Austria, Bulgaria, Denmark, France, Ireland, 
Italy, Poland, Spain, Slovakia, and the United Kingdom.

The aims of the Eustite program were:

 1.  the promotion of good practice standards for the inspec-
tion of tissue establishments, and

 2.  the development of optimized systems for the reporting 
and management of adverse events and reactions related 
to quality and safety of tissues and cells implanted on 
patients within the EU, regardless if the tissues and 
cells come from inside the EU or from other countries  
outside the EU.

Later, the knowledge acquired by the Eustite program 
was transferred to the 3-year program “Soho Vigilance & 
Surveillance” which continued one step forward involv-
ing issues like the possible relation between the adverse 
events with tissues and cell donation or if the application 
on humans has caused events which could be evaluated and 
investigated. One of the most important Work Packages was 
responsible for a survey carried out by the Spanish Trans-
plant Organization concerning the development of bio- 
vigilance systems for tissues and cells and also for assisted 
reproduction in Member States in the year 2010.

In September 2010, “Soho V&S” cooperated with WHO 
and with the Italian Transplant Organization (Centro Nazio-
nale Trapianti) to take a global initiative which aimed in the 
enforcement of promoting substances of human origin. This 
initiative was called “The Notify Project.”27 Ten interna-
tional groups of experts worked together through a Google 
Web site, where more than 100 participants (clinical doc-
tors, health professionals, representatives of civil societies, 
experts) collaborated to gather documented cases of adverse 
reactions and events using published articles and vigilance 
system reports as their sources. More than 1700 published 
references were introduced to the database.

The cases were used as the basis for developing draft 
guidance on detection and confirmation of reactions and 
events, with an emphasis on the key role of the treating 
physician, and on July 03, 2013, the European Council 
approved the proposal of the Commission for issuing the 
decision concerning serious cross-border health threats. 
The issue of this decision is a big step forward for the safe-
guard of health safety in EU and the protection of citizens 
from a wide range of health risks.

A recently funded program has the acronym 
“ARTHIQS” (ART and Hsc Improvements for Quality and 
Safety throughout Europe) and aims to develop guidelines 
for key aspects of service provision and regulation in ART 
and HSCT.

The specific goals of the program are:

 1.  Institutional and organizational guidelines for the 
enhancement of an ART-specific expertise at official 
level in each Member State, leading to a more appropri-
ate and consistent level of national organizations.

 2.  Set up of shared specifications regarding the main 
characteristics for HSC donor (related and nonrelated) 
follow-up registries to be implemented locally and/or 
nationally.

 3.  Minimum requirements for authorizing/reauthorizing 
cord blood banks (CBB) and the minimum quality and 
safety standards for CBB of all sorts (public/private, 
allogeneic/autologous), in accordance with European 
Union Tissue and Cell Directives (EUTCD) and exist-
ing standards.

ARTHIQS should bring solutions to some current issues 
related to EUTCD implementation: lack of consistent 
institutional competencies at CA and EU; lack of defined 
requirements for safety and quality both for HSC donors 
and CBB. Vademecum and curriculum for CBB and ART 
inspectors will also be prepared.

For the first time, in this project the policy followed by 
the CBB is separated. Since 2002, when EU started leg-
islating for tissues and cells had never separated before 
the health policy of CBB from the policy followed by the 
Hematopoietic Stem Cell Volunteer Donor Registries. This 
happens because tissues and cell applications have the same 
target group, which is the patients suffering from hemato-
logical malignancies, despite the fact that the processing of 
the cord blood unit until it reaches the recipient has nothing 
to do with the processing performed until the graft of the 
volunteer donor reaches its destination.

5.3  Development of Bio-vigilance Systems: 
An Across-border Network for Disease 
Prevention and Control

More than 500,000 patients in Europe receive annually tis-
sues and cells of human origin. These substances represent, 
on the one hand “traditional grafts” whose therapeutic inter-
est has been recognized a long time ago (corneas, bones, 
skin, blood vessels, heart valves) and on the other hand, 
state-of-the-art biotechnologies (hematopoietic stem cells 
of cord blood after special processing for their application 
on humans). Like all activities which involve products of 
human origin, these techniques include the risk of adverse 
events or reactions which are related to the transmission of 
communicable diseases. The risk of infection is bigger than 
it is in blood transfusions, since tissues and cells can travel 
across borders.28,29

According to article 7 of European Legislation 2006/86/
EC “Member States shall submit to the European Commis-
sion, through their Competent Authorities, annual reports 
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on the notification of serious adverse reactions and events 
concerning the transplantations of tissues and cells includ-
ing the centers of assisted reproduction.” The above guide-
lines promote the application of strict quality requirements 
in order to reassure the safety of tissues and cells. Traceabil-
ity and bio-vigilance are the basic tools of quality and safety 
of tissues and cells intended for transplantation.

Traceability refers to all relevant data relating to prod-
ucts and materials coming into contact with tissues and 
cells. In this framework, tissues and cell establishments 
have to implement a system which will be able to locate 
and identify the donor and the donated tissues and cells and 
to generate one unique number for every donation and for 
every product related to this donation in order to safeguard 
the quality control and the recipient’s safety.30 In this way, 
there is the possibility to withdraw from the availability and 
distribution procedure any product that may cause an SAE 
or SAR.

Bio-vigilance concerns the timely and valid reporting of 
all SAE and SAR and it works at three levels:27,31

 1.  At the European level, the European Commission sup-
ports preventive action through the early warning sys-
tem for tissues and cells and also the European Center 
for Disease Prevention and Control has the mission to 
identify, assess, and communicate current and emerging 
threats to human health posed by infectious diseases.

 2.  At the national level, CA ensures that countries adhere to 
the requirements coming from the European Directives.

 3.  At the local level, tissues and cell establishments meet 
all the quality and safety requirements.

The field of bio-vigilance application is extended from 
the procurement of tissues and cells to the monitoring of 
patients after transplantation. The general scope of bio- 
vigilance involves activities like controlling, processing, 
transportation, preservation, import, export, and distribution 
of grafts. For example, the French network of bio-vigilance 
is running at a national level under the Agence Française 
de Sécurité Sanitaire des Produits de Santé (AFSSaPS) 
which is responsible for classification of information from 
local professionals. At a local level, the network consists of 
health centers, tissues and cell establishments, and private 
health units and services which are related to this field.

5.4  Promotion of Awareness Campaign 
Programs in Target Groups

Taking into consideration the current percentage of cord 
blood stem cells stored nowadays, it represents only 1% of 
the total number of births in the EU. Because it is necessary 
to create an integrated policy to raise public awareness, the 
EU stresses the importance of donating cord blood to cord 
banks which meet the strict requirements and also empha-
sizes the fact that public awareness and public opinion 

play a very important role on the increase of hematopoi-
etic cell donation figures. In this framework, it is neces-
sary to develop a specialized action plan concerning cord 
blood donation and specifically how to inform the public 
and future parents in cooperation with CA at a local com-
munity level (public health organizations, primary health-
care units, etc.).32

Moreover, the EU estimates that donations of allogeneic 
character should be promoted apart from the members of 
the family, regardless of whether the CBB is public or pri-
vate, in a way that stored units are available to Bone Marrow 
Donors Worldwide and thus to every hematological patient 
who needs transplantation. For this reason it is expected that 
Member States will establish at least one public CBB. For 
the achievement of the main goal, which is the safeguard 
and the availability of cord blood units, each EU Member 
State is invited to establish a regional network of maternity 
hospitals which will have the authorization to receive sam-
ples in order to supply all population centers.

Civil Societies Organizations in collaboration with CA 
can also play a special role. Institutions like associations of 
volunteer blood donors or/and organ donors, organizations 
which promote the information, the procurement, and the 
distribution of cord blood and do not run only as organized 
and legal structures but also have the ability to intervene 
in local communities. After conducting a comprehensive 
strategic social marketing plan, these organizations can be 
the core through which cord blood units can be collected, 
and therefore a representative sample of the most frequent 
or rare HLA haplotypes of the population can be formed. 
Finally, it is understandable that in this procedure there 
are evaluation stages of the actions taken and also strategy 
redefinition when required, in order to form an applicable, 
gradually developing, flexible, and efficient plan of investi-
gating the Member States’ registries.

5.4.1  Epilogue

The successful implementation of a program for the formu-
lation of health policies depends, to a great extent, on the 
adoption of a system of ongoing evaluation and feedback. 
This system can ensure the successful implementation and 
operation of the proposed program by monitoring the effects 
resulting from these actions, with continuous modification 
in the light of the experiences gained from the evaluation 
itself and from continuous system adjustments. Finally, it 
should be noted that we need to list the proposed measures 
in a hierarchy and clarify the priorities mainly with regards 
to the feasibility of their implementation under the financial 
constraints of each time period.

Therefore, the knowledge that supports designers of 
health policies in order for them to ensure the collective 
public interest and competitiveness of Europe is particularly 
complex and maximizes their scientific responsibility.
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We hope that politics and science will take a common 
course so that political analysis will incorporate the innova-
tive scientific knowledge and added value that is produced, 
if we really want to link Europe’s mission in history with the 
vision of its citizens and the future of the global community.
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APPENDIX 6: Causes of death-standardized death rate per 100,000 inhabitants in the EU-28, EU-15, EU-13 (1980–2010). Source: WHO, European 
Health for all data base,10 Soulis 20141

APPENDIX 7: Loss in life expectancy years for men and women from death before the age of 65 years (1980–2010). Source: WHO, European Health for 
all data base,10 Soulis 20141
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APPENDIX 8: Potential years of life lost-PYLLs from all causes with comparative reference to life expectancy-LE (100,000 men-women aged 0–69), 
(1961, 2010). Source: OECD, Health Data, 201212 European Community Health Indicators (ECHI)13

APPENDIX 9: Health-adjusted life expectancy (HALE). Source: Eurostat (2013), HEIDI data tool, Data on HLY in the EU16
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APPENDIX 10: The multidimensional field of population appreciated health needs. Source: Soulis 20141

APPENDIX 11: Main objectives of health policies: prolonging life in good health and with quality years. Source: Soulis 20141
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