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stored cryopreserved in private and public cord blood and tissue banks worldwide, 

since the umbilical cord blood was used for the first time in a child with Fanconi 
anemia with his HLA-identical sibling, following strict guidelines that imply high-

quality standards and total rastreability of these units. The hematopoietic stem 
cells (HSCs) are clinically used in hematopoietic treatments for blood disorders and 

hemato-oncological diseases. Also, the mesenchymal stem cells (MSCs) isolated 
from the UCT and UCB, nowadays, can be used as coadjuvants of hematopoietic 

transplants. In the near future, these stem cells will have a crucial role in regenerative 
medicine. For this reason, these cells have been tested in several clinical trials and 

compassive treatments in children and adults, concerning a wide range of pathologies 
and diseases, for instance, for the treatment of cerebral paralysis. Considering the 
worldwide availability of UCB and UCT units and the absence of ethical concerns 

will probably become the best sources for cell-based therapies for hematological and 
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Preface

The present book includes four sections entitled (1) Umbilical Cord Blood Banking and
Processing, (2) Umbilical Cord Blood: Clinical Analysis, (3) Clinical Applications of the Um‐
bilical Cord Blood, and (4) Tissue Engineering: Biomaterials and Cell-Based Therapies De‐
rived from the Umbilical Cord Blood.

Umbilical cord blood (UCB) and, more recently, umbilical cord tissue (UCT) have been stor‐
ed cryopreserved in private and public cord blood and tissue banks worldwide in order to
obtain hematopoietic stem cells (HSCs) and mesenchymal stem cells (MSCs), and although
guidelines exist that imply high-quality standards and total rastreability of the units (Net‐
Cord—Foundation for the Accreditation of Cellular Therapy), standardized procedures for
UCB and UCT transport from the hospital/clinic to the laboratory, storage, processing, cryo‐
preservation, and thawing are still awaited. These may be critical in order to obtain higher
viable stem cell number after thawing and to limit microbiological contamination. The isola‐
tion and culture of MSCs from UCB and Wharton’s jelly or UCT have been performed by us
and other research groups all over the world in order to obtain MSCs to be used in clinical
applications in regenerative medicine. Also the laboratory processing and cryopreservation
protocols of the UCB and UCT units following the recommended technical procedures by
NetCord and national health authorities like the ones adopted by Biosckin, Molecular and
Cell Therapies, SA, in Portugal, have been validated, and the recovery and viability rate of
the cryopreserved stem cells after thawing are already high, clearly demonstrating the posi‐
tive knowledge and technical improvement in this area of research.

The MSCs from the UCT and UCB and the HSCs from the UCB have been used in several
clinical trials in children and adults, concerning a wide range of pathologies and diseases,
for instance, for the treatment of cerebral paralysis, that can be daily consulted, for instance,
in www.clinicaltrials.com. The MSCs have also been intensively studied to promote engraft‐
ment in allogenic hematopoietic stem cell transplantation, as a matter of fact, the MSCs, in
particularly the ones isolated from the Wharton’s jelly, are nowadays used as a coadjuvant
in hematopoietic treatments using UCB and bone marrow transplantation. Nowadays, the
cryopreservation of UCB and UCT is performed worldwide in private and public cord blood
banks, since the umbilical cord blood was used for the first time in a child with Fanconi
anemia with his HLA-identical sibling, in hematopoietic treatments for blood disorders and
hemato-oncological diseases. Also the cotransplantation of MSCs and hematopoietic stem
cells has a positive clinical outcome in hematological malignancy patients.

UCB is an alternative source of HSCs, when compared with bone marrow and peripheral
blood after apheresis, especially for patients requiring allogenic HSC transplantation but
lacking a suitable human leukocyte antigen (HLA)-matched donor. Using allogenic cord



blood (CB) has many advantages, including lower HLA-matching requirements and in‐
creased donor availability. Also, HSCs from the UCB have higher proliferative capacity and
decreased immune reactivity, so lower rates of graft-versus-host disease are observed. On
the other hand, using autologous CB, the HLA matching is complete, and the CB unit is im‐
mediately available for clinical use. Furthermore, with over 650,000 cryopreserved CB units
currently stored in international CB banks worldwide, CB is rapidly available for those pa‐
tients requiring transplantation, avoiding the time-consuming search for a histocompatible
donor of bone marrow or CB unit from a public bank. However, concern remains over the
fact that in some CB units, there is a low HSC dose available, resulting in delayed engraft‐
ment and poor immune reconstitution. For instance, the best UCB units should contain more
than 2 x 107 nucleated cells/kg and more than 2x105CD34+ cells/kg, and the number of HLA
mismatches should not be superior to 2 if the option is a CB allogenic unit. Further research
is currently undertaken to improve the results of allogenic and autologous hematopoietic
stem cell transplants and includes the use of double or sequential cord blood transplants,
the improvement of the preparative regimen with nonmyeloablative drugs, the ex vivo ex‐
pansion of progenitor cells, and the use of MSCs as coadjuvants for the HSCs transplants.
The therapeutic dosage of MSCs commonly employed for infusion in treatment of graft-ver‐
sus-host disease is more than 2 x 106/kg body weight of the patient, the ex vivo expansion of
MSCs for therapeutic applications is necessary, and this concern also includes the cell-based
therapies in regenerative medicine.

Human MSCs can influence tissue regeneration and scar tissue formation processes mainly
by their paracrine effect through a range of biomolecules synthesized by these cells, more
than their direct differentiation into functional tissue. The niche created by the expression of
chemotactic factors attracts endogenous MSCs to the area of injury. Although transplanted
MSCs do not persist alive in the graft environment for a long period, they are able to initiate
the formation of this niche in the injured environment, promoting the mobilization of en‐
dogenous stem/progenitor cells to the site of injury. Some authors observed that the engraft‐
ed cells disappeared rapidly (being susceptible to death by pro-inflammatory cytokines and
reactive oxygen species) and at that moment there was a correspondent increase in the num‐
ber of host cells to the area of injury. They also described the modulation and recruitment of
host cells both locally and systemically in response to exogenous MSC engraftment. These
transplanted MSCs also have the value of acting as “protectors” to other cell types. Under‐
standing the role of the various mechanisms involved in the environment of these stem cell
“niches” is extremely important not only to understand the concept of stem cell biology but
also for the establishment of in vitro culture protocols meant for biomedical use. It is becom‐
ing particularly relevant to the detailed characterization of MSCs secretome, as the factors
secreted by these cells may be the main effectors of their therapeutic action. The low surviv‐
al rate of transplanted cells into the damaged tissue has been proved in several pathologies
and, consequently, the clinical benefits are only transient and attributed mostly to trans‐
planted cell-associated paracrine effects that, for example, in injured myocardium, stimulate
angiogenesis by stimulating endothelial cell adhesion through chemotactic factors. This re‐
cent paradigm has suggested that the biomolecules synthesized by stem cells may be as im‐
portant, if not more so, than differentiation of the cells in eliciting functional tissue repair.
This evidence suggests that the culture medium obtained from in vitro culture and expan‐
sion of MSCs and HSCs (CD34+ cells) or the umbilical cord blood serum/plasma are proba‐
bly better therapeutic options compared to the in vivo transplantation of these stem cells, as
it can benefit from the local tissue response to the secreted molecules without the difficulties
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and complications associated to the engraftment of the allotransplanted cells. In addition to
immunoregulatory, pro-angiogenic, and antiapoptotic factors, MSCs also secrete neurotro‐
phic factors, which could potentially be used in neurological disorders.

Considering the worldwide availability of UCB and UCT units and the absence of ethical
concerns, UCB and UCT will probably become important and best sources for cell-based
therapies for hematological and nonhematological pathologies. The UCB will also have a
crucial role in neonatology-predictive analysis in the near future.

Ana Colette Maurício, DVM, PhD
Associate Professor in Habilitation

Abel Salazar Biomedical Sciences Institute
from the University of Porto (ICBAS-UP)

Porto, Portugal
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Abstract

Unrelated donor cord blood (CB) is one of the three sources of hematopoietic stem cell
transplantation (HSCT) that are capable of curing ~80–160 standard hematologic and
certain  non-hematologic  indications.  Despite  its  many  advantages,  the  principal
drawback for CB in HSCT is its limited cell dose. Our group has focused on developing
minimally manipulated technologies and strategies to maximize stem, progenitor, and
nucleated cell doses to overcome this limitation. The term “MaxCell” is used in this
chapter to denote two proprietary CB volume reduction processing technologies that
yield virtually 100% recovery of all cell lineages in the manufactured CB products,
including what the authors designate as “second generation” (2nd Gen) or plasma
depletion/reduction (PDR) and “third generation” (3rd Gen) MaxCB or MaxCord CB
processing technologies. In our proposed nomenclature system, the traditional red cell
reduction (RCR) processing techniques are designated as “first generation” methods.
The properties of various popular 1st Gen techniques are compared to the MaxCell CB
processing technologies. Parallel processing with the traditional hetastarch (HES) RCR
technique and the patented MaxCell CB processing technology were used to compare
recovery of the various stem, progenitor, nucleated, and red cell lineages. MaxCell
processing technology achieved virtually 100% recovery of all stem, progenitor, and
nucleated cells tested after processing, with high cell viability upon thawing. The higher
cell recovery produced MaxCell inventory with higher average stem, progenitor and
nucleated cell doses, allowing patients to receive CB products with higher cell doses.
Clinical outcome of HSCT using MaxCell CB products was compared to the outcome
of  HSCT with  RCR CB products  published in  the  literature  from transplant  data
registries or CB banks. To allow for more rigorous comparisons, two matched-pair
analysis (MP) were performed using a logistic regression model to find pairs of pediatric
patients with hematologic malignancies and thalassemia transplanted with RCR CB or

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



MaxCell CB, and patients receiving MaxCell CB showed superior engraftment, survival,
and transplant-related mortality, confirming pre-match observations.

In addition, the three main post-thaw manipulation methods are reviewed. Compar-
ison data for some of the thaw methods are presented, and matched-pair analysis was
used to confirm the superiority of direct infusion thaw method over post-thaw wash
for MaxCell CB products.

Keywords: cord blood banking, cord blood processing, MaxCell cord blood process-
ing, MaxCB cord blood processing, stem cell processing, cord blood thawing, cord
blood cryopreservation, cord blood transplantation, 2nd and 3rd generation cord
blood technologies

1. Introduction

Today, hematopoietic stem cell transplantation (HSCT) can be performed using stem cells
derived from three sources: bone marrow (BM), peripheral blood (PB), and umbilical cord
blood (CB) from autologous, related allogeneic, or unrelated allogeneic donors. Autologous
HSCT is not indicated for most indications, and only about one-third of patients in need of
HSCT have a suitable related donor. Although there are currently tens of millions of adult
volunteer donors registered worldwide, about 60% of patients will not find a suitably HLA-
matched unrelated adult donor, and thus cannot access HSCT [1]. For minority patients, the
probability of finding an HLA-matched unrelated adult donor is further reduced. Since the
search process for an adult donor often takes several months, a significant proportion of
patients will become higher risk or ineligible for HSCT or even die while waiting for the donor
search [2]. In contrast, without the possibility of last minute donor refusal, CB products are
available upon request and can be shipped to any transplant center in the world immediately.
Importantly,  cord  blood transplantation  (CBT)  is  associated  with  a  lower  incidence  and
severity of graft-versus-host disease (GvHD), and a partial HLA match between the donor
and recipient is tolerable [3], making it an ideal donor source for minority patients without
large adult donor registries.

Compared with historical controls of BM or PB HSCT, CBT has shown favorable clinical
outcome despite significantly worse HLA match [3]. In the pediatric setting, CBT can be now
considered established practice. For adults, CBT adoption has been slower because of cell dose
limitation. Many strategies focused on overcoming this limitation are being developed,
including double CBT, the utilization of two CB unit grafts [4–6], the combination of an
unrelated CB graft with haplo-identical donor stem cells [7], and foregoing the post-thaw wash
with direct infusion or reconstitution/dilution, which have shown promising results [8, 9].
Engraftment and survival appear to be at least equivalent to or may even be superior to
historical data using post-thaw wash for CB products versus when CB was not washed. One
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area which our group has focused on has been the optimization of the entire CB banking
process, and in particular, the CB processing and thaw manipulations.

Almost all the published literature on CB processing has shown significant cell losses with
various volume-reduction red cell reduction (RCR) processing techniques (referred to in this
chapter as first generation or 1st Gen), such as the hydroxyethyl starch (hetastarch or HES)
sedimentation technique, Optipress II, AXP-Express, PrepaCyte, Sepax etc.,…, with the range
of loss generally around 25% for total nucleated cells (TNC) and with commensurate or higher
CD34+ progenitor and colony-forming unit (CFU) loss [10–17]. As this is one of the areas that
CB banks (CBBs) can have an impact, Chow has developed two novel MaxCell CB processing
technologies to improve cell doses of CB products—plasma depletion/reduction processing
without the reduction of red blood cells (RBC) or second generation (2nd Gen) [18] and the
MaxCord or MaxCB third generation (3rd Gen) technology which combines the advantages of
1st Gen and 2nd Gen, without any of the associated disadvantages. While the processing
methods and cryopreserved products are distinctly different, the cellular composition of the
final infused product is identical between the two MaxCell technologies in the preferred
embodiment of 3rd Gen.

Another area which has significant impact on CB potency and clinical outcome is the thaw and
post-thaw manipulations of CB products. Transplant centers which do not follow CBB’s
prescribed and validated procedure for thawing risk decreased viability of the CB product for
their patients, delayed engraftment, graft failure, transplant-related mortality, and the
potential for severe adverse events (SAE) in rare cases due to thaw and Dimethyl sulfoxide
(DMSO) toxicity mediated release of free hemoglobin, red cell and white cell lysates, chemo-
kines and cytokines that may cause hemodynamic destabilization. Some of the recent devel-
opment and data are reviewed.

While every step from collection to infusion of CB impacts engraftment and ultimately patient
survival, in this chapter, we will focus on the roles of processing and post-thaw manipulations.

2. Processing

The world’s first CB banks were established at the New York Blood Center, Düsseldorf and
Milan in 1992 [13]. Initially, CB was processed and cryopreserved as whole cord blood, which
we refer to in this chapter as zero generation process [19]; however, in 1995, Rubinstein et al.
pointed out that “the first problem is that stockpiling (“banking”) a sufficiently large number
of cryoprotected Whole PCB (placental cord blood) units requires vast amounts of costly
storage space in liquid nitrogen (LN). To establish an adequate panel, therefore, the hemato-
poietic cells of PCB units need to be concentrated into units of much smaller volume.”[13] It
was for this reason that volume reduction processing of CB units was developed, with
associated reduction of the ‘bulk of the erythrocytes and plasma’. It was reported that the red
blood cell (RBC) reduction processing method increased the number of units that could be
stored in the same freezer space by as much as 10-fold, and thus provided significant economic
advantage [13].
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Rubinstein et al. reported in 1998 the first comparison of engraftment rates using RBC-replete
units (whole CB) and RBC-reduced (RCR) units [19]. In their Table 2, they indicated that the
majority of patients in their series (337 of 546 patients) were transplanted with whole CB that
were RBC-replete, and of the 365 patients (out of 546 patients) who had myeloid engraftment,
the Kaplan-Meier engraftment rate was 80% [95% confidence interval (CI) 75–85%] among the
RBC-replete CB transplant recipients, and 82% with RCR units (95% CI 76–88%). Whether the
unit used for the transplants was RBC-replete or RCR was not considered among the variables
associated with the engraftment- and transplantation-related events.

Many volume reduction methods of processing umbilical CB which reduce RBCs prior to the
cryopreservation have been considered since then (Table 1); however, the most common
method for processing CB units today is the hetastarch or HES RBC reduction (RCR), whether
manual or automated. For the sake of convenience, we will call these first generation (1st Gen)
cord blood processing techniques. It should be noted that these methods are often erroneously
referred to as red cell depletion when all of these techniques retain considerable RBCs and do
not deplete, but only reduce the number of RBCs.

Unfortunately, all 1st Gen RCR processing methods lose significant numbers of nucleated
cells, stem cells, and progenitor cells as measured by CD34+ cells or colony forming units
(CFU) enumeration, with an approximately 25% nucleated cell loss on average among vari-
ous reports in the literature [10–17] and a range of 14–42% for the various methods reported
by Takahashi et al. [10]. This is of concern because it is well-known that the success of CBT
is critically dependent on cell dose, and insufficient cell dose is widely regarded as the most
important limitation for umbilical CB transplantation, especially for adults and large chil-
dren [1, 3]. Table 1 lists some of the most common 1st Gen CB processing techniques.

Technique Manual/automated
processing

RBC
reduction 

Plasma
depletion/
reduction

Zero generation Whole cord blood Manual None None

First generation hetastarch Red cell reduced Manual SEPAX* or
AXP-Express*

Yes Yes

First generation PrepaCyte Red cell reduced Manual Yes Yes

First generation Top & bottom Optipress II Red cell reduced Manual Yes Yes

First generation Ficoll Red cell reduced Manual Yes Yes

MaxCell (MC) Technologies

Second generation Plasma depleted/
reduced

Manual
SEPAX

No Yes

Third generation MaxCord
RBC Reduced + RBC
Replete

Manual
SEPAX
AXP-Express

Yes/No Yes

* Proprietary Technologies: SEPAX from BioSafe; AXP-Express from Thermogenesis; MaxCell 2nd Gen from StemCyte;
MaxCell 3rd Gen from CyteTherapeutics, Inc.

Table 1. Technical comparison of some of the most popular 1st Gen CB processing techniques and the proprietary 2nd
and 3rd MaxCell CB processing technologies.
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To maximize CB cell dose, R. Chow has developed two proprietary alternative CB volume
reduction technologies (2nd Gen and 3rd Gen) which he calls MaxCell CB processing tech-
nologies, because both share the common characteristics of (1) depleting or reducing plasma,
(2) maximizing stem cell, progenitor, nucleated and mononuclear cell recovery after processing
and most importantly, and (3) having identical cellular composition upon infusion for one
version of the third generation technology (Tables 1–3).

Post-processing

recovery cell #

recovery %

Volume

(ml)

Frozen volume

(ml)

RBC

(ml)

DMSO (g) 5% Dextran-40

(ml)

6% HES

(ml)

CPD—Plasma

(ml)

RCR

Gen 1-HES

20–28 25–35 Varies

1–15

1.25–1.75 2.3–3.5 <10, if present Varies

4–15

MaxCell

Gen 2

40–84 50–100 28–70 5.0–10.0 10–20 0.0 10–12

MaxCell

Gen 3

20–28

40–84

25–35

50–100

1–15

28–70

1.25–1.75

5.0–10.0

2.3–3.5

10–20

<10, if present 4–15

10–12

1st generation RBC-reduced CB Products—Manual: Hetastarch most commonly used; however, also include
PrepaCyte, Optipress, Ficoll Hypaque; Automated: Sepax & AXP-AutoXpress.
MaxCell: 2nd generation plasma depleted/reduced CB products and 3rd generation MaxCord CB products.

Table 2. A comparison of the volumes and amount of some of the various components of first (hetastarch), second and
third generation CB technologies.

The MaxCell second generation (2nd Gen) technology or plasma depletion/reduction reduces
or depletes plasma without reducing RBCs. Plasma is removed or reduced from the product
prior to the cryopreservation [18]. Although the resulting volume of CB products processed
by such a method is two to three times larger, 2nd Gen results in greater than 99.9% processing
recovery of nucleated cells and all critical cell types prior to the testing and archival sampling.
True nucleated cell loss was less than 0.01% from 2nd Gen CB processing, as evidenced by
complete blood count (CBC) enumeration of the discarded plasma fraction. In practice, because
of the testing and archival sampling, the actual loss will be raised to around 5–10% of the
collected CB cell dose. Such minimal loss was reproducible from validation to an actual
MaxCell inventory of more than 12,000 CB products that had pre- and post- processing CBC
available. Even after thawing, in 188 post-thaw segment samples, a median of 90.33% post-
sampling/post-thaw TNC recovery and a median of 91.84% post-sampling/post-thaw CD34 cell
recovery of preprocessing values were achieved for 2nd Gen CB products. The resultant
volume, DMSO load, RBC, WBC and RBC lysate content of 2nd Gen CB products are similar
to cryopreserved peripheral blood products (Tables 1–3).

The newest MaxCell technology, MaxCord processing technology, referred to as third gener-
ation (3rd Gen) CB processing technology in this chapter, combines the advantages of ease and
convenience of thawing for the 1st Gen products and maximum stem (VSEL), progenitor (CFU
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and CD34+), nucleated, and mononuclear cell recovery of the 2nd Gen, without any of the
associated disadvantages. While the processing methods and cryopreserved products are
distinctly different, with the preferred embodiment of 3rd Gen technology, the cellular
compositions of the final infused products are virtually identical between the two MaxCell
technologies. Table 2 outlines some of the component differences in volume, RBC content, and
amount of additional components, such as DMSO, dextran-40, HES, and anticoagulant CPD.

Post-processing 

Recovery

Cell #

Recovery %

RBC (×1010) Total

nRBC

(×107)

Total

MNC

(×107)

TNC

(×107)

CD34+

cells

(×106)

Viability

(%)

CFU-

GM

(×105)

CFU-E

(×105)

CFU-

GEMM

(×105)

Total

CFU

(×105)

Total

VSEL

(×103)

RCR

Gen 1- HES

8

32.9%

2.1

78.1%

26

80.7%

65.77

78.7%

1.16

84.0%

96%

98.3%

3.5

42.1%

3.6

48.5%

4.6

50.4%

11.7

47.1%

4.434

54.6%

MaxCell

Gen 2/3

Gen 2–24

100.2%

Gen 3–8

33%

2.5

91.5%

31

92.4%

81.56

96.4%

1.42

99.9%

98%

99.3%

7.8

78.1%

4.7

111.2%

9.3

88.4%

21.8

88.1%

8.134

100.1%

Gen 2 and/or 3

MaxCellGen/

RCR

Recovery Ratio

Gen 2

312%

Gen 3

100–312%

118% 117% 124% 121% 102% 225% 128% 202% 186% 181%

P value Gen 2

<0.0001

Gen 3

Variable

0.18 0.27 0.002 0.003 0.24 0.05 0.50 0.001 0.01 0.007

Comparisons between HES 1st Gen and MaxCell 2nd and 3rd Gen are performed using parallel processing
comparison using one half of the same cord blood unit for first generation hetastarch and the other half for MaxCell CB
Products [18]. Cell types which exhibit significant differences are highlighted by boldfaced fonts.
Second and third generation cord blood products have similar yield for all cell lineages, and only differ in the final
RBC yield depending on the embodiment of 3rd Gen used. Third generation is similar to first generation in RBC
reduction in RBC reduction. Sample size n = 10 for all the cell types, except for VSEL, which had a sample size n = 3. P
values are calculated using the paired-sample t-test.

Table 3. Stem cell (VSEL), progenitor cell (CFU and CD34+), nucleated cell, mononuclear cell, nucleated RBC, RBC, and
viability recovery of 1st (hetastarch method) MaxCell 2nd and MaxCell 3rd generation CB processing.

Third generation CB processing technology is perhaps the most flexible CB processing
technology developed to date, with the additional option to reduce RBCs without losing
as much stem, progenitor, nucleated, and mononuclear cells as 1st Gen RCR techniques
(Table 3). Table 1 highlights some of the processing technical differences among various
popular 1st Gen techniques versus 2nd Gen and 3rd Gen CB processing technologies. Un-
like Chow’s 2nd Gen CB technology which is only amenable to SEPAX-automated process-
ing and not accessible to AXP-Express, Chow’s latest MaxCell technology can be
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Table 3. Stem cell (VSEL), progenitor cell (CFU and CD34+), nucleated cell, mononuclear cell, nucleated RBC, RBC, and
viability recovery of 1st (hetastarch method) MaxCell 2nd and MaxCell 3rd generation CB processing.

Third generation CB processing technology is perhaps the most flexible CB processing
technology developed to date, with the additional option to reduce RBCs without losing
as much stem, progenitor, nucleated, and mononuclear cells as 1st Gen RCR techniques
(Table 3). Table 1 highlights some of the processing technical differences among various
popular 1st Gen techniques versus 2nd Gen and 3rd Gen CB processing technologies. Un-
like Chow’s 2nd Gen CB technology which is only amenable to SEPAX-automated process-
ing and not accessible to AXP-Express, Chow’s latest MaxCell technology can be
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automated using both SEPAX or AXP-Express. Table 3 shows the differences in CB stem
cell (VSEL), hematopoietic progenitor cell (CD34+ and CFUs), total nucleated cells (TNC),
mononuclear cells, nucleated RBCs (nRBC), RBCs, and viability between the 1st Gen HES
technique and the proprietary MaxCell 2nd/3rd Gen technologies. While the processing
methods and cryopreserved products are distinctly different, the cellular composition of
the final infused product is identical between the two MaxCell technologies using the pre-
ferred embodiment of 3rd Gen (Table 3) technology, while other embodiments can be
adapted to reduce RBC, free hemoglobin, DMSO, and WBC lysate load for certain situa-
tions to better suit the needs of the individual patients (Table 2).

Barker et al. [20] have questioned whether the MaxCell data [8] indicating significantly higher
TNC doses with red cell-replete MaxCell CB products are meaningful. Indeed, it was specu-
lated that a ‘correction factor’ of 0.75 should be applied to the reported TNC content of RBC-
replete products, arguing that such products contain the noncritical nucleated RBC (nRBC)
and neutrophils, and implying that critical stem and progenitor cells are somehow not retained
to a similar extent as TNC. Unfortunately, no hard data accompanied this implication or their
recommendation and the authors ignored the data on tens of thousands of CB units presented
by Chow et al. [18] in Table I–IV of their paper, which showed significantly higher recovery
of stem (VSEL), progenitor (CD34+ and CFU), nucleated and mononuclear cells with parallel
processing of the two halves of the same CB units using MaxCell 2nd Gen technologies versus
RCR techniques. More importantly, the superior outcome data for the MaxCell CB products
[8] were similarly disregarded. Petz and Chow [21] pointed out that implementation of Barker’s
recommendation, if incorrect, would underestimate the progenitor cell content of RBC-replete
CB products, resulting in the inappropriate rejection of certain optimal units by transplant
physicians in favor of RCR products with an apparently higher TNC dose after application of
the ‘correction factor’ for RBC-replete products.

1st generation RCR 2nd/3rd generation MaxCell

Neutrophil ANC500 engraftment ~75–80% ~85–90%

Overall survival ~40–45% ~57–75%

This outcome assumes that large cord blood banks have normal and similar distribution of patients, disease
indications, and disease stage.

Table 4. Published overall clinical outcome of CBT patients receiving RCR CB products from NYBC, COBLT, NMDP,
and CIBMTR [19, 23–34] versus MaxCell CB products from CIBMTR audited outcome data [8].

To study this issue, Chow et al. divided 10 CB units in half and processed one half by RCR
using the most commonly used hetastarch method, and the other half by MaxCell in parallel
[18]. As indicated in Table 3, the average TNC of MaxCell CB products after processing was
124% of that in RCR units (p = 0.002). Moreover, MaxCell caused virtually no loss of CD34
cells compared to RCR produced CB, with the mean post-processing CD34 cell count in
MaxCell products being 121% of that in RCR units (p = 0.003). Page et al. [22] have reported
on their experience with 435 CB transplants and concluded that total CFU is the best predictor
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of engraftment. Of major importance is that the mean recoveries of CFUs were also higher
for MaxCell products [11], as shown in Table 3, 225% for CFU-GM (p = 0.05), 202% for CFU-
GEMM (p = 0.001) and 186% for total CFU (p = 0.01). Taken together, this means that CFU,
the most important cellular predictors of engraftment success, showed an even bigger
difference than TNC between RCR and MaxCell products, in contrast to the speculation by
Barker and NYBC [20].

In fact, in clinical studies of MaxCell CB products, outstanding clinical outcome in terms
of engraftment and patient survival have been achieved. Table 4 showed published
engraftment and survival outcome for transplantation using 1st Gen RCR CB products from
diverse CB banks (NYBC, EuroCord, COBLT CBB, London CBB, French CBB) or large
outcome data registries, such as CIBMTR or NMDP [19, 23–34] versus 2nd/3rd Gen Max
Cell CB products [8].

Ballen et al. [34] studied the outcome of manually processed RCR CB products, automated
processed RCR CB products, and manually processed MaxCell 2nd Gen CB products. While
acknowledging some of the significant design flaws in their study, the authors concluded that
automated processing systems resulted in higher day-28 neutrophil recovery than manually
processed plasma-reduced products; however, overall survival by day-100 was not different
among the three groups. Many study decisions and design issues were not clearly explained
or delineated in this study, such as patient selection or study end point selection. For patients
receiving Max Cell 2nd Gen CB products and manually processed RCR CB products, there
were only 133 and 279 patients, respectively, when hundreds to thousands more were
available fitting the study criteria during the study period for both of these groups. For
example, even in a 2008 study with just pediatric hematological malignancy patients from
one transplant center (U. Arizona) and one CBB (StemCyte), Graham et al. presented data for
105 matched pairs of patients from 128 patients transplanted with PDR 2nd Gen CB and 112
patients transplanted with RCR 1st Gen CB [35]. In fact, it is obvious that of the 16 public CB
banks in the study, at least four of the banks each alone had more patients fitting the exact
criteria for patients transplanted with manually processed CB in the study, so the reasons
why these other patients were not selected and the reasons for inclusion of the particular
patients in the study were not clear. The decision to use only 100-day survival, and not 1-
year, 3-year, or 5-year overall survival, was also quite unconventional. All three patient groups
had approximately 80% 100-day overall survival, which should not give an erroneous
impression that long-term survival is that high or that long-term survival may be the same
for all three groups. Previous studies with far larger patient populations not restricted to
acute leukemia/MDS from NYBC, COBLT, CIBMTR, and NMDP have confirmed that
transplants with RCR CB yielded around 40–45% 1-year survival and much higher 100-day
transplant-related mortality [19, 23–33]. Indeed, long-term survival data on many more
patients fitting the study criteria were available from CIBMTR, NMDP, and the various banks
when the study was analyzed, so it was odd that 100-day overall survival (OS) was chosen
as one of the study’s primary end points, when it would have been far more meaningful and
just as easy to calculate and show longer term survival and transplant-related mortality data,
as is typical for such CIBMTR studies. In fact, our experience of a large MaxCell CB bank
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with thousands of patients transplanted with its products have shown that survival or
transplant-related mortality during the first 100 days is often not predictive for long-term
survival or patient mortality [8, 35–43].

The most rigorous method to address clinical outcome differences between different types of CB
processing methods would be to conduct prospective double-blind placebo-controlled clinical
trials; however, in HSCT, this is largely not feasible. Instead, matched-pair analyses allow for
comparisons that are reasonably free from extraneous factors. To investigate rigorously whether
clinical outcome differences exist between RCR and MaxCell CB products, Chow and collabo-
rators performed matched-pair analysis using retrospective outcome data. Moreover, they
secured an independent third party’s assistance from CIBMTR to audit the outcome data with
patient chart review on site at transplant centers using an audit design proposed by CIBMTR and
finding the MaxCell CB outcome data to be 97.3% accurate, with no errors in survival, mortality,
or engraftment. For both studies, all thalassemia and pediatric hematological malignancy
patients were included and outcome were similar before and after matched-pair comparisons.
A logistic regression model was used to find patients with similar characteristics to form pairs.
For both studies, cumulative incidence was used for ANC500 neutrophil and platelet 20K and
50K engraftment. Kaplan–Meier was used for overall survival, disease-free survival, transplant-
ed-related mortality, and relapse or autologous recovery. Cox regression analysis, log-rank test,
univariate comparisons and the paired Prentice-Wilcoxon method were performed to compare
the two matched-pair groups. Using the above methodologies, two rigorous retrospective
matched-pair analysis of patients using RCR versus MaxCell CB products were conducted for
thalassemia as well as for pediatric hematological malignancy patients [35–38].

RCR 1st Generation CB MaxCell 2nd/3rd generation CB

1-Yr Overall Survival
Thalassemia Matched Pair

Matched Pair 53 ± 18 %
Univ. RR = 0.09; p = 0.03
PPW Test p = 0.001

Matched Pair 96 ± 4 %
Univ. RR = 0.09; p = 0.03
PPW Test p = 0.001

1-Yr Disease-Free Survival
Thalassemia Matched Pair
30 Pairs

Matched Pair 40 ± 15 %
Univ. RR = 0.17; p = 0.01
PPW Test p = 0.0001

Matched Pair 89 ± 6 %
Univ. RR = 0.17; p = 0.01
PPW Test p = 0.0001

1-Yr Transplant-Related Mortality
Thalassemia Matched Pair
30 pairs

Matched Pair 47 ± 18 %
Univ. RR = 0.09; p = 0.03
PPW Test p = 0.001

Matched Pair 4 ± 4 %
Univ. RR = 0.09; p = 0.03
PPW Test p = 0.001

Relative Risk calculated by Cox Regression for Univariate Analysis, with Red Cell Reduced CB products as reference.
PPW = Paired Prentice-Wilcoxon test used in comparing matched-pair patients [35–38]. Absolute Neutrophil Count
(ANC 500) is the first day of 3 consecutive days of an absolute neutrophil count equal to or greater than 0.5 × 109/L
prior to day 60 after transplantation (ANC 500)) engraftment. Platelet 20K engraftment is the first day of 7 consecutive
days of a platelet count equal to or greater than 20 × 109/L prior to the day 180 after transplantation.

Table 5a. Matched-Pair Comparison of Clinical Outcome of Patients transplanted with First Generation Red Cell
Reduced CB Products versus MaxCell 2nd/3rd Generation CB products—30 pairs of thalassemia patients [36, 38] (Jaing
et al. 2008) and 105 pairs of pediatric malignancy patients [35, 37, 38] (Jaing et al. 2008).
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RCR 1st Generation CB MaxCell 2nd/3rd Generation CB

ANC500 Neutrophil Engraftment

Pediatric Leukemia Matched Pair

92 pairs

85 ± 6 %

Univ. RR = 0.81; p = 0.06

Log-Rank Test p = 0.12

Matched Pair 87 ± 6 %

PPW p=NS

89 ± 6%

Univ. RR = 0.81, P = 0.06

Log-Rank Test p = 0.12

Matched Pair 91 ± 7%

PPW p=NS

Platelet 20K Engraftment

Pediatric Leukemia Matched Pair

55 ± 6 %

Univ. RR = 1.60; p = 0.007

Log-Rank Test p = 0.006

Matched Pair 56 ± 6 %

Matched Pair PPW p = 0.001

69 ± 6 %

Univ. RR = 1.60; p = 0.007

Log-Rank test p = 0.006

Matched Pair 71 ± 7 %

Matched-Pair PPW p = 0.001

Platelet 50K Engraftment

Pediatric Leukemia Matched Pair

51 ± 6 %

Univ. RR = 1.41; p = 0.06

Log-Rank Test p = 0.05

Matched Pair 52 ± 6%

Matched-Pair PPW p = 0.007

65 ± 5 %

Univ. RR = 1.41; p = 0.06

Log-Rank Test p = 0.05

Matched Pair 68 ± 7 %

Matched-Pair PPW p = 0.007

1-Yr Overall Survival

Pediatric Leukemia Matched Pair

48 ± 5 %

Univ. RR (death) = 0.74; p = 0.01

Log-Rank Test p = 0.11

Matched Pair 50 ± 5%

Matched-Pair PPW p = 0.005

61 ± 4 %

Univ. RR (death) = 0.74; p = 0.01

Log-Rank Test p = 0.11

Matched Pair 68 ± 5%

Matched-Pair PPW p = 0.005

1-Yr Disease-Free Survival

Pediatric Leukemia Matched Pair

46 ± 5 %

Univ. RR (death) = 0.86; p = 0.11

Log-Rank Test p = 0.41

Matched Pair 47 ± 5%

Matched Pair PPW p = 0.07

54 ± 4 %

Univ. RR (death) = 0.86; p = 0.11

Log-Rank Test p = 0.41

Matched Pair 61 ± 6%

Matched Pair PPW p = 0.07

1-yr Transplant-Related Mortality

Pediatric Leukemia Matched Pair

45 ± 5 %

Univ. RR = 0.49; p < 0.001

Log-Rank Test p = 0.002

Matched Pair 44 ± 5%

Matched-Pair PPW p = 0.0001

23 ± 4 %

Univ. RR = 0.49; p < 0.001

Log-Rank Test p = 0.002

Matched Pair 17 ± 4%

Matched-Pair PPW p = 0.0001

Relative Risk calculated by Cox Regression for Univariate Analysis, with Red Cell Reduced CB products as reference.
PPW = Paired Prentice-Wilcoxon Test used in comparing matched-pair patients [35–38]. Absolute Neutrophil Count
(ANC 500) is the first day of 3 consecutive days of an absolute neutrophil count equal to or greater than 0.5 × 109/L
prior to day 60 after transplantation (ANC 500)) engraftment. Platelet 20K engraftment is the first day of 7 consecutive
days of a platelet count equal to or greater than 20 × 109/L prior to the day 180 after transplantation.

Table 5b. Matched-Pair Comparison of Clinical Outcome of Patients transplanted with First Generation Red Cell
Reduced CB Products versus MaxCell 2nd/3rd Generation CB products—105 pairs of pediatric malignancy patients [35,
37, 38].
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Table 5b. Matched-Pair Comparison of Clinical Outcome of Patients transplanted with First Generation Red Cell
Reduced CB Products versus MaxCell 2nd/3rd Generation CB products—105 pairs of pediatric malignancy patients [35,
37, 38].
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For the thalassemia matched-pair study, 48 patients and 10 patients transplanted with MaxCell
CB and RCR CB, respectively, and 3 MaxCell CBT patients were matched to each RCR CBT
patients to form 30 pairs [36, 38]. Outcome comparisons of the two patient groups pre-match
showed superiority in overall survival, disease-free survival, and transplant-related mortality
for patients transplanted with MaxCell CB. Factors matched between the two groups were age,
weight, #HLA matches, TNC dose, and transplant center experience. As the patients are mostly
pediatric, there were no differences in median TNC between the two patient groups before
(MaxCell 9.1 versus RCR 8.9 × 107/kg) or after the match (MaxCell 9.1 versus RCR 8.9 × 107/kg).
Table 5 showed significant improvement in 1- to 3-year overall survival and disease-free
survival and 1-year and 3-year transplant-related mortality with the use of MaxCell CB for
thalassemia patients [36, 38]. Interestingly, neutrophil engraftment, and short-term (100-day)
survival or transplant-related mortality were not significantly different between MaxCell and
RCR CB products.

For the pediatric hematological malignancy matched-pair study, factors matched between the
two groups were age, weight, #HLA matches, TNC dose, disease, and disease status [35].
Combining audited outcome data from one CBB (StemCyte) and data from one transplant
center (U. Arizona), Graham et al. presented data for 105 matched pair of patients (paired from
128 patients transplanted with MaxCell 2nd Gen CB and 112 patients transplanted with RCR
1st Gen CB). Table 5 shows that for the 105 pairs of pediatric hematological malignancy
patients, 1- and 3-year overall survival, 100-day, 1-year and 3-year transplant-related mortality,
and platelet (20K and 50K) engraftment were significantly improved with the use of MaxCell
CB, while disease-free survival trended towards improvement [35, 37, 38]. Superior outcome
of the MaxCell CB patient group in pre-match comparisons were confirmed by the results seen
in the matched-pair analysis. Again, neutrophil engraftment and short-term (100-day) survival
or transplant-related mortality were not significantly different between MaxCell and RCR CB
products despite significant advantages in platelet engraftment, overall survival and trans-
plant-related mortality.

Using data supplied by the NMDP for its large CB inventory of its CBB network (as of June
30, 2006) derived from almost 50,000 units (10,912 MaxCell and 38,819 RCR), Chow et al. [8]
showed that a 24% superior nucleated cell recovery amplified into a 200% increase for
MaxCell over RCR for the proportion of the inventories with products that had TNC counts
higher than 150 × 107 (20% versus 10% of the inventory; test for difference in proportions, p
< 0.0001) and a threefold difference for the proportion of products that had TNC counts
higher than 200 × 107 (6% versus 2% of the inventory; test for difference in proportions, p <
0.0001). Therefore, the effectiveness of MaxCell CB processing is supported by data derived
from the NMDP CB inventories of almost 50,000 units, which proves that the MaxCell CB
inventories have significantly higher proportions of products with high TNC doses than the
RCR CB inventories. Indeed, the MaxCell CB inventories had two to three times the
proportion of high-cell dose products with TNC number of 150 × 107 or above and 200 × 107

or above (p < 0.0001) than the inventories of RCR units. Thus, MaxCell CB processing
provides more efficient utilization of this valuable resource. This would seem to be particu-
larly significant for those patients who participate in directed CB donation and private

Cord Blood Stem Cell Processing, Banking and Thawing
http://dx.doi.org/10.5772/65033

13



banking, because of the uniqueness of the cellular content and the importance of cell dose
in outcome of HSCT.

3. Thawing of cryopreserved CB products

Unlike cryopreservation, thawing should be performed as quickly as possible by immersing
the body (but not the ports) of cord blood bag in a 37°C water bath to an icy slush mixture.
After thawing, there will be invariably some cell lysis, including 5–20% of the RBCs [44], a
certain amount of WBC, principally neutrophils which do not survive freezing and thawing
well, and occasional cell clumping and viscosity due to the release of chromosomal DNA.
Table 6 shows the expected cell loss for the various 1st Gen methods [44] as well as for the
MaxCell 2nd/3rd Gen technologies [8]. The published cell loss and death associated with
the CB processing method is listed below in Table 6, which showed the least TNC, CD34,
and CFU loss for MaxCell CB products, followed by PrepaCyte, and with AXP-Express
coming in last of the four techniques tested by Akel et al. [44]. Screnci et al. [45] independ-
ently confirmed that 42 un-manipulated RBC-replete CB products had significantly better
post-thaw and wash recovery of TNC than 36 RCR CB, 95.2 ± 14.7% versus 85 ± 15.4% (p
= 0.004).

Red cell reduction 1st generation MaxCell 2nd/3rd

generation

Hetastarch* Prepa

Cyte-CB*

Sepax*  AXP* MaxCell**

(n = 188)

TNC 18%

vs. PrepaCyte

p < 0.01

vs. Sepax

p < 0.05

14%***

vs. MaxCell

p = 0.004

10% 14% 20%

vs. PrepaCyte

p < 0.001

vs. Sepax

p < 0.01

8.89%

4.8%***

Total MNC 8% 13% 7% 20% <10%

CD34+ Cells 32% 24% 19% 37% 8.12%

CFU 47%

vs. PrepaCyte

p < 0.05

20% 37% 53%

vs. PrepaCyte

p < 0.001

<10%

Viable NCs

by Trypan Blue

32% 28% 27% 22% Variable depends on

#neutrophils in CB

Table 6. Post-thaw cell loss vs. pre-freeze cell count [11**, 44*, 45***].
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4. Post-thaw manipulations

There are generally three main methods of manipulations after thaw of CB products, with
many variations among different banks and transplant centers. Table 7 summarizes whether
each method reduces the total amount or just dilutes the concentration of DMSO, free hemo-
globin or WBC lysates from thawing, safe thaw-to-dilution and thaw-to-infusion times, as well
as summarizes the advantages and disadvantages of each method. Automated procedures
using the Biosafe Sepax system can be used on all CB product types and was shown to be as
effective as manual washing in terms of cell recovery and viability [46]. The Duke group found
equal TNC recovery, identical viability, among 30 Sepax and 195 manual washed products with
slightly better CFU and lower CD34+ recovery for the Sepax products [47].

Reduced total mass Reduced concentration Safe thaw-to-dilution time

Safe thaw-to-infusion time

Reduced

DMSO

Reduced

Free Hgb

Reduced

WBC

Diluted

DMSO

Diluted

Free Hgb

Diluted

WBC

RCR MaxCell

2nd Gen

MaxCell

3rd Gen

Bedside Thaw/

Direct Infusion

No No No No No No 30 min

30 min

10 min

10 min

30 min

30 min

Dilution/

Reconstitution

No No No Yes Yes Yes 30 min

4 hr

10 min

1 hr

30 min

4 hr

Dilution/wash Yes Yes Yes Yes Yes Yes 30 min

8 hr

10 min

2 hr

30 min

8 hr

Table 7a. Comparisons of the three major CB product thaw methods and the various parameters, Pros and Cons. [8, 21,
44, 48].

Pros Cons

Bedside Thaw/

Direct Infusion 

*In matched-pair analysis of 258 patients

forming 129 pairs of non-washed versus

washed patients (95 malignancy pairs & 34

nonmalignant indication pairs), Direct

Infusion of MaxCell CB resulted in

IMPROVED OS, DFS, TRM, ANC 500, platelet

20K and platelet 50K engraftment,

Higher Limited cGvHD but Lower Extensive

cGvHD *Minimum cell loss if within safe

thaw-to-infusion time

*Immediate infusion necessary, within first 10 min

preferably for minimum additional cell lysis due to

DMSO toxicity. Not longer than 30 min.

*Highest Load & Concentration of DMSO, RBC &

WBC lysate

*No addition of extra stabilizing agent

*Inability to assess product characteristics in the

freezing bag; however, product characteristics in the

attached segment can be used as a surrogate.
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Pros Cons

*Minimum infusion volume

*Least technically challenging—with most

important element being control of thaw-to-

infusion time *Similar to other cryopreserved

cellular product *Recommended Thaw

Method for MaxCell CB Products by

Manufacturer for most situations.

*Potential for AE if used improperly not according

to Manufacturer’s Validated & Recommended

Protocol.

Dilution/

Reconstitution 

*More time from thaw to infusion

*Controlled Thaw in Cell Therapy Lab

*Hyperosmolar re-equilibration resulted in

Diluted (though Equal Amount of)

DMSO, Free Hgb, RBC & WBC lysate as Direct

Infusion/Bedside Thaw *Recommended Thaw

Method for 1st

Gen RCR CB Products by some CB banks

*Largest infusion volume of three methods

*Same total mass of DMSO, Free Hgb, RBC & WBC

lysate as Direct Infusion/Bedside Thaw

*Initial Dilution Step should be performed

preferably within the first 10 minutes, in no case

longer than the first 20 minutes for MaxCell CB and

30 minutes for RCR CB.

*Potential for AE if used improperly not according

to Manufacturer’s Validated & Recommended

Protocol.

Dilution/Wash  *Removal of more than 80% DMSO and RBC

and WBC Lysate

*Removal of Hetastarch, PrepaCyte or other

colloidal agents

*Longest Safe Thaw to Infusion Time as long as

the initial dilution is performed within

the first 10 minutes *Recommended Thaw

Method for 1st Gen RCR CB Products by some

CB Banks

*Recommended 1:7 Dilution-Wash Thaw

Method for MaxCell CB products by

Manufacturer for certain situations.

* Compared to Direct Infusion, Dilution/Wash of

MaxCell CB resulted in Worse OS, DFS, TRM, ANC

500, Platelet 20K and Platelet 50K engraftment,

Lower Limited cGvHD but Higher

Extensive cGvHD.

*Most significant cell loss of three methods during

discard of post-centrifugation supernatant

*Risk of bag breakage

*Risk of cell aggregation with centrifugation

*Longest time and highest technical complexity of

three methods

*Initial Dilution Step should be performed

preferably within the first 10 minutes,

in no case longer than the first 30 mins

*Potential for AE if used improperly

not according to Manufacturer’s

Validated & Recommended Protocol.

Table 7b. Pros and Cons of the three major CB product thaw methods [8, 21, 44, 48].
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4.1. Bedside thaw/direct infusion method

The CB product is thawed at bedside using the above thaw technique and immediately
administered to the patient. Thaw to completion of infusion is typically completed within 10
min, with a maximum of 20 min, to avoid DMSO-induced toxicity and lysis of cells. Cell loss
and technical complexity are minimal for bedside thaw/direct infusion of the three main thaw
methods, especially if the infusion bag is flushed with saline or another approved infusion
fluid to rinse out and inject the residual cells. Delay in infusion after thaw will lead to DMSO
toxicity and cell lysis, resulting in loss of cell viability and release of potentially harmful
cytokines, chemokines and cell debris that may potentially cause adverse events if released in
sufficient amount. For all of the SAE reported to NMDP for CB infusion in 2008–09, prolonged
thaw to dilution or infusion (essentially in vivo dilution) times were the common element
among all the cases (NMDP, unpublished data). Further clinical data from the St. Louis bank’s
transplanted CB from the same publication [48] showed that the no-wash direct infusion
provided the best post-thaw TNC recovery (median 99.0%, mean 85.6%, p < 0.01) and viability
(median 95.0%, mean 89.3%, p < 0.01) over no-wash dilution (TNC recovery median 78.0%,
mean 78.4%, viability median 88.0%, mean 84.8%) and post-thaw wash (TNC recovery median
78.6%, mean 77.4%, viability median 73.0%, mean 74.0%) [48].

There has been some concern that the presence of residual RBC in cryopreserved MaxCell CB
may adversely affect the safety of HSCT; however, lysed RBC ghosts and free hemoglobin do
not usually give rise to severe problems [49] unless a patient has compromised renal function
or is on nephrotoxic drugs. The rare occurrences of acute renal failures with HSCT are
frequently self-limiting or resolved with dialysis. While MaxCell manufacturers have always
advocated direct infusion without post-thaw washing or dilution for most patients receiving
MaxCell CB products, they also caution that for children, small patients, patients with
compromised renal function (pre-existing or iatrogenic), patients with known sensitivity to
DMSO, RBC or WBC lysates, chemokines and cytokines, and, lastly, for transplant centers that
cannot directly infuse MaxCell CB products within 10–20 min of thawing, post-thaw washing
is indicated. If post-thaw reconstitution or washing is to be performed, then it is of utmost
importance to dilute the MaxCell CB product adequately (serial 1:1 dilutions three times to 1:7
final minimal dilution) within 10 min of thawing and to complete infusion of the washed
product within 1–2 h, respectively (Table 7). The lack of SAEs when MaxCell CB products are
thawed using strictly either the manufacturer’s direct infusion method or post-thaw washing
procedures or following proper validated good thawing practices has been documented [8].

Chow et al. [50–55] showed that for MaxCell CB products, direct infusion resulted in superior
1-year and 3-year overall survival, disease-free survival, and transplant-related mortality, as
well as neutrophil ANC500 and platelet 20K and 50K engraftment, with higher limited cGvHD
but lower extensive cGvHD over post-thaw wash [50–54]. Table 8 shows the results of bedside
thaw/direct infusion compared to post-thaw wash methods for MaxCell CB products in a
matched-pair analysis of 258 patients forming 129 pairs of non-washed versus washed patients
(95 malignancy pairs and 34 nonmalignant indication pairs), which confirmed the pre-match
observations that direct infusion of MaxCell CB resulted in improved neutrophil ANC500 and
platelet 20K, and 50K engraftment, as well as higher 1-year and 3-year overall survival, disease-
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free survival, and lower transplant-related mortality, over transplants where MaxCell CB was
post-thaw washed. Lastly, higher limited cGvHD with lower extensive cGvHD of direct
infusion will maximize graft-versus-leukemia effect (GvL) without the increased mortality
associated with severe cGvHD [55–59].

Paired Prentice-Wilcoxon test and log-rank tests were used to analyze 258 patients forming 129 pairs; (95 pairs
malignancies and 34 pairs nonmalignant indications; relapse calculations are only for the 95 malignancy pairs).
Paired Prentice-Wilcoxon test uses matched pairs of patients infused with post-thaw washed versus unwashed
MaxCell CB products. Log-rank tests used univariate analysis of previously matched patients.

Table 8. Matched-pair analysis results comparing 129 pairs of 258 CBT patients receiving unwashed versus washed
MaxCell CB products [56–59].

4.2. Dilution and wash thaw method

In 1995, Rubinstein et al. [13] described a thaw method, which consisted of slow reconstitution
of the thawed unit three times with an equal volume of isotonic solution (5% [wt/vol] dex-
tran-40/2.5% [wt/vol] human serum albumin) to an eventual ratio of 1:7 product:diluent (1:1
→ 1:3 → 1:7), followed by centrifugation at 4°C at 400 × g for 10 min. The supernatant,
containing DMSO, hetastarch (if applicable), cell lysates, hemolysate (including free hemo-
globin), and any chemokines and cytokines released up to that point, are removed and cellular
sediment is resuspended in one volume of fresh isotonic infusion solution equal to or greater
than the original product volume. For all products, this method achieves post-thaw stability
in cases of prolonged thaw-to-infusion time and reduces the potential for infusion reactions,
by significantly reducing the amount of DMSO, hetastarch (if applicable), cell lysates, hemo-
lysate (including free hemoglobin), and any chemokines and cytokines. Moreover, according
to Rubinstein et al. [13], this method averts post-thaw osmotic damage and stabilizes cell
viability if the product is not infused immediately, and reportedly provided near total recovery
of CFU progenitors. A number of recent studies have failed to confirm the latter observation
as reviewed by Akel et al. [44]. The COBLT study reported no infusion-related toxicity without
addressing the recovery controversy [32]. Laroche et al. [60] found 18% TNC loss with the
dilution-wash method, with 11% loss due to the washing step alone. Other reports also show
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post-thaw washed. Lastly, higher limited cGvHD with lower extensive cGvHD of direct
infusion will maximize graft-versus-leukemia effect (GvL) without the increased mortality
associated with severe cGvHD [55–59].

Paired Prentice-Wilcoxon test and log-rank tests were used to analyze 258 patients forming 129 pairs; (95 pairs
malignancies and 34 pairs nonmalignant indications; relapse calculations are only for the 95 malignancy pairs).
Paired Prentice-Wilcoxon test uses matched pairs of patients infused with post-thaw washed versus unwashed
MaxCell CB products. Log-rank tests used univariate analysis of previously matched patients.

Table 8. Matched-pair analysis results comparing 129 pairs of 258 CBT patients receiving unwashed versus washed
MaxCell CB products [56–59].

4.2. Dilution and wash thaw method

In 1995, Rubinstein et al. [13] described a thaw method, which consisted of slow reconstitution
of the thawed unit three times with an equal volume of isotonic solution (5% [wt/vol] dex-
tran-40/2.5% [wt/vol] human serum albumin) to an eventual ratio of 1:7 product:diluent (1:1
→ 1:3 → 1:7), followed by centrifugation at 4°C at 400 × g for 10 min. The supernatant,
containing DMSO, hetastarch (if applicable), cell lysates, hemolysate (including free hemo-
globin), and any chemokines and cytokines released up to that point, are removed and cellular
sediment is resuspended in one volume of fresh isotonic infusion solution equal to or greater
than the original product volume. For all products, this method achieves post-thaw stability
in cases of prolonged thaw-to-infusion time and reduces the potential for infusion reactions,
by significantly reducing the amount of DMSO, hetastarch (if applicable), cell lysates, hemo-
lysate (including free hemoglobin), and any chemokines and cytokines. Moreover, according
to Rubinstein et al. [13], this method averts post-thaw osmotic damage and stabilizes cell
viability if the product is not infused immediately, and reportedly provided near total recovery
of CFU progenitors. A number of recent studies have failed to confirm the latter observation
as reviewed by Akel et al. [44]. The COBLT study reported no infusion-related toxicity without
addressing the recovery controversy [32]. Laroche et al. [60] found 18% TNC loss with the
dilution-wash method, with 11% loss due to the washing step alone. Other reports also show
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significant loss of 10–25% for TNC, CD34+ and CFU [44–48]. Importantly, Regan et al. [48]
showed that no-wash direct infusion provided significantly improved post-thaw TNC
recovery (median 99.0%, mean 85.6%, p < 0.01) and viability (median 95.0%, mean 89.3%, p <
0.01) over post-thaw wash (TNC recovery median 78.6%, mean 77.4%, viability median 73.0%,
mean 74.0%). This represents a significant 20% median TNC loss and 22% median viability
reduction for post-thaw wash. Recently, even the NYBC in their HEMACORD product insert
recommended a second centrifugation step for the supernatant to harvest some of the lost cells,
which is a revision of the original NYBC wash method [13]. Both COBLT and NYBC recom-
mends a final wash dilution ratio at 1:7.

Table 8 summarizes a comparison study comparing MaxCell CB products thawed and infused
with bedside thaw versus post-thaw wash and showed improvement in 1-year overall survival,
disease-free survival, transplant-related mortality, neutrophil, and platelet engraftment.
Interestingly, limited cGvHD was higher while extensive cGvHD was lower for patients
infused with unwashed MaxCell CB.

4.3. Reconstitution/dilution and no-wash method

The St. Louis CB Bank described a basic dilution and no-wash strategy [48]. Reconstitution
with 1:1 ratio and ≥1:2 ratio of dextran-human serum albumin stabilized the hetastarch-
processed RCR CB and PrepaCyte-CB, respectively, decreased viability loss with prolonged
thaw-to-infusion time (for up to 8 h for HES-RCR CB), limited wash-related cell loss, and
reduced preparation time and complexity. Barker et al. used a 1:4 ratio dilution and no-wash
procedure for 104 RCR and 3 MaxCell products without severe AE [9]. However, the St. Louis
group’s own data [48] showed that no-wash direct infusion provided significantly better post-
thaw TNC recovery (median 99.0%, mean 85.6%, p < 0.01) and viability (median 95.0%, mean
89.3%, p < 0.01) over no-wash dilution (TNC recovery median 78.0%, mean 78.4%, viability
median 88.0%, mean 84.8%). This represents a substantial 21% median TNC loss and 7%
median viability reduction for reconstitution compared to direct infusion.

Most CB banks now agree on the reconstitution, dilution, and washing solution composition
of one volume of 25% human serum albumin (HSA) mixed with five volumes of 10% low-
molecular-weight dextran 40), though the degree of CB product dilution varies between 2- and
16-fold. It should be noted that post-thaw washing or reconstitution can further reduce cell
dose and viability as shown above [48], and is recommended for RCR CB by some CB banks,
but not recommended by the manufacturer for MaxCell CB except in special circumstances
[18, 21]. Regan et al. [48] showed a greater reduction of viability, TNC, and CD34 for unwashed
and undiluted CB after 2 h in vitro. However, in clinical practice, direct infusion performed
with bedside thaw should always be performed within 10–20 min to avoid DMSO toxicity
(Table 6) and is almost never performed after such a prolonged post-thaw interval, making
such in vitro comparisons clinically irrelevant except in cases where CB product manufacturer’s
recommendation is not followed. Importantly, the manufacturer of MaxCell CB products
recommends completion of infusion of MaxCell CB products using the bedside thaw method
within 10 min of initiation of thawing for adults at 5–10 mL/min for a 75-mL product. Several
other groups have demonstrated that direct infusion without washing produces excellent
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results for CB thawing [44, 47, 48, 60–68]. Chow et al. [18, 21, 50–59] was the first group to
report superior clinical outcome with bedside direct infusion over post-thaw wash, with
improved neutrophil and platelet engraftment, reduced transplant-related mortality, de-
creased extensive cGvHD, increased limited cGvHD, and enhanced overall and disease-free
survival.

To address the question of whether the presence of residual RBC in the cryopreserved MaxCell
products may adversely affect the outcome of HSCT, we have previously reported on the
outcomes of 118 MaxCell CB transplants for patients with both hematological malignancies
and nonmalignant indications [8]. Our experience indicates a 90.3% cumulative incidence for
neutrophil (ANC500) engraftment, 75.5% for platelet 20K engraftment, 16.3% for 100-day
transplant-related mortality, 65.5% for 1-year overall survival, and 51.6% for 1-year disease-
free survival. This was followed by another series with 120 patients with nonmalignant
indications [39] with similar outcome. At this point, after thousands of MaxCell CB products
have been transplanted at around 300 transplant centers, that favorable experience reported
previously has been maintained [[18, 35–43, 50–59], Chow et al. unpublished observations].

5. Conclusion

Because of the two- to threefold increased availability of high-cell dose CB products as a result
of MaxCell CB processing, and the outstanding clinical outcome observed to date, it may be
appropriate to ask whether it is reasonable to discard all the stem cell, progenitor cell, nucleated
cell, and mononuclear cell in order to preserve storage space and reduce cost [13]. In fact, even
the space cost savings argument is probably negated by the increased potential revenue
generated from much higher availability of high-cell dose CB products. However, more
importantly, is whether depriving patients of the opportunity to access the same HLA-matched
CB products with higher cell doses can be justified in the name of economics. Cost, the original
reason NYBC developed these RCR techniques, appears to be insufficient [13] if cell dose and
in turn, clinical outcome and patient survival are compromised. As an example, a 25%
improvement in infused cell dose can take a product from a suboptimal 2.0 × 107 TNC/kg body
weight to an adequate 2.5 × 107 TNC/kg body weight.

To summarize, The results of outcome of the patients in the first MaxCell series [18] appear to
be at least comparable to those reported in the medical literature [19, 23–34] and in some
instances, superior to those reported for RCR CB products [18, 35–43, 50–59]. Though, there
are no published data indicating inferior outcomes with transplantation using MaxCell units
[8, 35–43, 50–59], such retrospective comparisons cannot be definitive. To analyze rigorously
the outcomes of MaxCell CBT in comparison with RCR units, matched-pair comparisons for
pediatric hematologic malignancies and thalassemia have shown significant improvements in
overall survival, disease-free survival, transplanted-related mortality, and platelet engraftment
for MaxCell CB products [35–38]. Moreover, when MaxCell CB products are coupled with
direct infusion, significantly improved overall survival, disease-free survival, transplanted-
related mortality, neutrophil, and platelet engraftment, higher limited cGvHD but lower
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instances, superior to those reported for RCR CB products [18, 35–43, 50–59]. Though, there
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[8, 35–43, 50–59], such retrospective comparisons cannot be definitive. To analyze rigorously
the outcomes of MaxCell CBT in comparison with RCR units, matched-pair comparisons for
pediatric hematologic malignancies and thalassemia have shown significant improvements in
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for MaxCell CB products [35–38]. Moreover, when MaxCell CB products are coupled with
direct infusion, significantly improved overall survival, disease-free survival, transplanted-
related mortality, neutrophil, and platelet engraftment, higher limited cGvHD but lower

Umbilical Cord Blood Banking for Clinical Application and Regenerative Medicine20

extensive cGvHD have been reported and subsequently confirmed in matched-pair compari-
sons. In conclusion, CB transplants using products processed by MaxCell CB processing
technologies provide clinical outcome results that appear superior to results reported with the
use of 1st Gen RCR units. When combined with bedside thaw techniques in most situations,
further improvements can be expected [56–59].
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Abstract

The umbilical cord blood (UCB) can be used for early detection of neonatal diseases. The 
UCB can be used for early detection of neonatal diseases. Establishing reference intervals 
is essential for appropriate interpretation of results of laboratory tests using UCB and for 
correct medical decisions of pediatricians and neonatologists. The use of proper refer‐
ence intervals provides reliable information to pediatricians and neonatologists; thus, 
they could make correct medical decisions for neonates. This chapter discussed refer‐
ence intervals of platelets, lymphocytes, and cardiac biomarkers in UCB according to the 
Clinical Laboratory Standards Institute guidelines. Except iatrogenic anemia, thrombo‐
cytopenia is the most common hematologic abnormality in neonates. Immature platelet 
fraction is a novel parameter to estimate megakaryopoiesis and can be useful to under‐
stand the mechanism of thrombocytopenia, platelet destruction or bone marrow failure, 
in neonates. Lymphocyte counts, T cell and B cell, can reflect status of immune system 
in fetus and neonates. Especially Tregs in UCB may contribute to maintain the immune 
homeostasis in the feto‐maternal relationship, and the presence of Tregs would be essen‐
tial to prevent immune dysregulation in fetus and neonates. Congenital heart disease or 
defect is the most common birth defect in newborns. Cardiac biomarkers are essential to 
evaluate heart function and to give information of myocardial injury, necrosis, or myo‐
cardial stretch. There are no current guidelines for their routine use in children.

Keywords: cord blood, reference intervals, platelets, lymphocytes, cardiac markers

1. Introduction

Obtaining admission laboratory studies is necessary to provide appropriate neonatal care. 
As a general rule, the blood drawn for laboratory testing should not exceed 5% of the total 
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blood volume per draw; thus, in neonates and infants, a less‐than‐optimal amount of blood 
may be available for testing. Approximately 1.5 – 4 mL of blood drawn for admission blood 
test may cause iatrogenic anemia to neonates especially in extremely low birth weight infants 
[1, 2]. Umbilical cord blood (UCB) is remained blood in the placenta and attached umbilical 
cord after the birth of baby. Several studies suggest that UCB could be an alternative source 
for admission of blood tests in neonates [1, 3, 4]. Especially, very low birth weight infants who 
typically have greater phlebotomy blood loss on the first day of life than any other day during 
their hospitalization would benefit most from admission laboratory studies being obtained 
from UCB [5, 6].

At birth, full‐term newborns show relative polycythemia, macrocytosis, and marked poly‐
chromasia with nucleated red blood cells (RBCs) [7, 8]. The red cell distribution width 
(RDW) is elevated, showing anisocytosis, compared with adult standards. Full‐term new‐
borns have a high white blood cell (WBC) count with relative transient neutrophilia at 
birth while soon after birth, neutrophils gradually decrease and lymphocytes become 
major population in neonate's peripheral blood. This neutrophilia may arise from bone 
marrow mobilization under stress during labor, and these WBCs show shift‐to‐left neu‐
trophils such as metamyelocytes, myelocytes, and even circulating blasts [9, 10]. The 
platelet counts are similar to the older children and adults. Neonatal thrombocytopenia is 
defined as a platelet count less than 150 × 109/L in any neonate of a viable gestational age. 
Thrombocytopenia is one of the most common hematological abnormalities except iatro‐
genic anemia in neonates [11, 12].

During the pregnancy, human placenta forms an imperfect barrier, allowing bidirectional 
passage of soluble antigens and cells between a mother and a baby without any mixing 
between the two blood supplies [13]. This results in the presence of fetal cells in the maternal 
circulation, known as fetal microchimerism, and maternal cells in the fetal circulation, known 
as maternal microchimerism [14]. Maternal microchimerism was first described in 1963 by 
Rajendra G. Desai who identified maternal leukocytes and platelets in UCB [15]. This bidirec‐
tional trafficking of cells begins at seven to 16 weeks, increases steadily after 24 weeks, and 
reaches a peak at parturition [16]. At delivery, maternal microchimerism has been reported 
in 42% of normal pregnancies [13]. For this, microchimerism does not occur in all pregnan‐
cies, altered maternal‐fetal bidirectional passage has been associated with disruption of the 
feto‐maternal interface, and the biologic role of this bidirectional passage is unclear. This pas‐
sage is implicated in development of the fetal immune system [17]. Substantial numbers of 
maternal cells cross the placenta to reside in fetal lymph nodes, inducing the immune system, 
the development of CD4+CD25highFOXP3+ regulatory T cells (Tregs), which suppresses fetal 
antimaternal immunity.

UCB is a rich source of hematopoietic cells or precursors to blood cells. Since the first UCB 
stem cell transplantation in 1988 to treat a child with Fanconi’s anemia, UCB has been used as 
an important source of hematopoietic stem cell transplantation [18]. UCB could be collected at 
birth without any harm to the newborn infant. UCB cells have many theoretical advantages as 
grafts for stem cell transplantation because of the immaturity of newborn cells and immatu‐
rity of the immune system at birth. These properties should decrease the alloreactive potential 
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of the lymphocytes and should reduce the incidence and severity of graft‐versus‐host disease 
after human leukocyte antigen (HLA) ‐matched or HLA‐mismatched transplantation [19]. 
The recovery rate of colony‐forming unit correlated significantly with platelets as well as 
leukocytes, RBCs, mononuclear cells, CD34+ leukocytes, and viable leukocytes [20]. Detection 
of abnormal levels of platelets, leukocytes, RBCs, mononuclear cells, CD34+ leukocytes, and 
viable leukocytes could be one of UCB screening tests available.

The interpretation of results of laboratory tests includes the comparison between the reported 
values versus documented reference intervals. The reference intervals are defined as values 
obtained by measurement of a particular type of quantity on a reference individual who 
selected for testing on the basis of well‐defined criteria who is considered being in healthy 
state from general population [21]. For these reasons, establishment of reference intervals 
for blood tests such as complete blood counts and biomarkers in UCB is crucial for clinical 
laboratory tests. We discuss the reference intervals of platelets, lymphocytes, and cardiac bio‐
markers in UCB.

2. Establishing reference intervals in umbilical cord blood

The production of health‐associated reference values must be implemented in accordance 
with a well‐defined protocol. The Clinical Laboratory Standards Institute (CLSI) offers 
a protocol for determining reference intervals that meet the minimum requirements for 
reliability and usefulness related to quantitative clinical laboratory tests [21]. The CLSI 
suggested a protocol outline for obtaining reference values and establishing reference 
intervals. First, researchers should establish a list of analytical interferences and sources 
of biological variability from medical and scientific literatures. Then, they must establish 
selection and partition criteria and an appropriate questionnaire designed to reveal these 
criteria in the potential reference individuals. An appropriate written consent should be 
signed by legal guardians of neonates. Researchers have to categorize the potential refer‐
ence individuals based on the results of questionnaire and health assessments and exclude 
individuals based on the exclusion criteria. For UCB, gestational age, birth weight, mater‐
nal age, maternal health, and maternal history of medical, smoking, and alcohol consump‐
tion are important.

The reference interval is defined as the internal between and including two numbers, an upper 
and lower reference limit, which are estimated to enclose a specified percentage (usually 95%). 
For most analytes, the lower and upper reference limits are estimated as the 2.5th and 97.5th 

percentiles of the distribution of test results for reference populations. To decide on an appro‐
priate number of reference individuals, in consideration of desire confidence limits, the CLSI 
suggests that a minimum of 120 reference values for 90% confidence limits, 146 observations 
for 95% confidence limits, and 210 reference values for 99% confidence limits. It is necessary 
to define whether the sample should be arterial or venous UCB in a manner consistent with 
the routine practice for patient specimens. Inspection of the reference value data, preparing 
a histogram, and identifying possible data errors and/or outliers are essential to evaluate the 
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distribution of data. Furthermore, partitioning into subclasses for separate reference intervals 
should be considered if appropriate according to gestational age, gender of neonates, and 
maternal age.

For difficulties of sample obtaining, it is not easy to establish reference intervals of parameters 
for neonates according to the CLSI guideline. Even published reference intervals using neo‐
nates’ peripheral blood or UCB are very useful and informative for clinical laboratory tests, 
physicians should keep in mind that some of published reference intervals did not satisfy the 
CLSI guideline for sample collection.

3. Platelets

The first morphologically visible platelets appear in the fetal circulation at seven to nine 
weeks, and the platelet counts reach adult levels before 18th gestational week [2, 22]. The 
intrauterine thrombocytopenia could diagnose through fetal blood sampling after 18th ges‐
tational week [2]. The platelet counts are constant at birth and in neonatal period and com‐
patible to the count in adult. Neonatal thrombocytopenia has been defined traditionally 
as a platelet count less than 150 × 109/L. This definition was challenged by recent studies. 
Large‐scale study presented that platelet counts of preterm neonates born before 35 weeks 
gestation were significantly lower than those that were of late‐preterm and preterm infants 
[23]. Wasiluk [24] reported the platelet count is found to be decreased in preterm and late‐
preterm newborns. The platelet counts were increasing with completed weeks of gestation 
and birth weight. Decreased platelet count in preterm could be considered as immaturity 
of thrombopoiesis and impaired process of megakaryopoiesis characterized by the rapid 
proliferation of megakaryocyte precursors and full cytoplasmic maturation of megakaryo‐
cytes leading to the production of high number of platelets. Levels of thrombopoietin and 
reticulated platelets (immature platelet fraction, IPF) could reveal the megakaryopoiesis of 
fetus and neonates.

Except iatrogenic anemia, thrombocytopenia is the most common hematological abnormal‐
ity in neonates [11]. Incidence of thrombocytopenia is 1–5% in newborns at birth [25–27]. 
Thrombocytopenia may be caused by feto‐maternal and neonatal conditions such as impaired 
platelet production, consumption and sequestration, and combined mechanisms [28–31]. 
Platelet transfusion is associated with several risks including infection, transfusion‐related 
acute lung injury, transfusion‐associated circulatory overload, alloimmunization, allergic 
reaction, and other complications. Therefore, platelet should be given when clearly clini‐
cally indicated [31, 32]. Reference values for normal platelet counts, especially lower limit, 
are important to diagnose thrombocytopenia. In particular, there is a need for supplementary 
parameters in order to evaluate the megakaryopoiesis and bleeding risk [31].

IPF is newly released from fetal liver or the bone marrow and containing high amount of 
ribonucleic acid (RNA). Thiazole orange, a fluorescent dye, is characterized by binding to 
nucleic acid, particularly RNA, and flow cytometric analysis of platelets after staining with 
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thiazole orange reflects the activity of megakaryopoiesis in the bone marrow [33]. Measuring 
IPF of the systemic circulation is a novel parameter to estimate the megakaryopoiesis and 
can be useful to recognize quickly as having platelet destruction or bone marrow failure in 
a neonate with low platelet count [34]. Measuring IPF may potentially avoid the need for 
bone marrow examination. Increased IPF% or normal IPF number (IPF#) is considered in the 
case of platelet consumption in thrombocytopenia, whereas normal or decreased IPF% and 
IPF# is considered in the case of bone marrow failure in thrombocytopenia. Today, IPF can 
be measured on fully automated routine hematology analyzers (XE‐2100 and XN modular 
system; Sysmex, Kobe, Japan) [35]. Establishment of reference intervals for platelet and IPF 
in neonates is essential for diagnosis of neonatal thrombocytopenia, for facilitating the clini‐
cal usefulness of IPF, and for clear indication of transfusion. Table 1 shows the comparison 
of studies measuring IPF in healthy subjects. The new automated hematology analyzer, XN 
modular system, demonstrated remarkable higher and broader reference intervals for plate‐
lets and IPF compared with XE‐2100 [36]. For these differences, clinical laboratories should 
establish or verify reference intervals for platelets and IPF according to their own instrument.

4. Lymphocytes

Lymphocytes in UCB are naïve and immature, are enriched in double‐negative CD3+ cells, 
and produce fewer cytokines [19]. Lymphocyte counts, T cell and B cell, can reflect status of 
immune system in fetus and neonates. B‐ and/or T‐cell lymphocytopenia could be noted in 
some viral infection but also in Wiskott‐Aldrich syndrome, X‐linked  agammaglobulinemia, 

Study Gestational 
age (week)

Number of 
participants

Platelet 
counts  
(×109/L)

Parameter Method or 
instruments

RP% or IPF% Absolute RP 
or IPF counts 
(×109/L)

[67] 36 39 246 ± 65 RP Flow 
cytometry

4 ± 2.4% 10.5 ± 8.7

[68] 28 ± 2.5 37 150–450 RP Flow 
cytometry

2.7 ± 1.6% NA

[69] 38–41 72 316.96 ± 60.76 RP Flow 
cytometry

1.65 ± 0.95%

[70] 36.3 ± 3.7 456 150–450 IPF XE‐2100, 
Sysmex

4.3 (95% CI 
0.7–7.9)

NA

[34] 39.3 
(38.0–41.6)

133 191–392† IPF XE‐2100, 
Sysmex

0.7–3.8† 1.94–9.69†

[36] 39.0 
(38.0–41.3)

140 174–405† IPF XN, Sysmex 1.0–4.4† 2.9–12.8†

IPF, immature platelets; NA, not available; RP, reticulated platelets.
† Reference interval.
Note: Data were expressed as mean ± standard deviation, range, or median (range).

Table 1. Comparison of studies measuring reticulated platelets and immature platelet fraction in healthy newborns.
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and severe combined immunodeficiency [37–40]. To define abnormality of lymphocyte 
counts, quantitation of the lymphocytes and their subtypes with flow cytometry and estab‐
lishment of reference interval are necessary.

Circulating T cells in the fetus and neonate are fundamentally different from naïve adult 
T cells such as containing high concentration of T‐cell receptor excision circles (TRECs), 
high cell turnover, increased susceptibility to apoptosis, and presence of CD25+ regulatory 
T lymphocytes (Tregs), and so on [41]. Natural Tregs originate in the thymus and are specific 
for self‐antigens presented by thymic epithelial cells [42]. Maternal cells commonly cross 
the placenta and engraft into fetal circulation and tissues in uterus, resulting in maternal 
microchimerism [17, 43]. Naturally acquired microchimerism can contribute to autoimmune 
diseases. In particular, maternal microchimerism has been studied in systemic sclerosis, der‐
matomyositis, and neonatal lupus [43]. Especially, Tregs in UCB may contribute to maintain 
the immune homeostasis in the feto‐maternal relationship, and the presence of Tregs would 
be essential to prevent immune dysregulation in fetus and neonates [17, 44]. Fetal Tregs 
are known to regulate fetal immune responses against noninherited maternal alloantigens. 
During labor, neonatal immune system faces big challenge. The tolerogenic immune state of 
the semi‐allogeneic fetus should switch over to prevent potentially damaging inflammation 
or infection. In immunosuppressive state, several cells such as helper T cells with a specific 
cytokine profile, neutrophilic myeloid‐derived suppressor cells, erythroid CD71+ cells, and 
Tregs are potential mediators [45, 46].

Infection of newborn and infants is a major healthcare challenge with global mortality in excess 
of one million lives especially in very low‐birth‐weight preterm infants [47]. Preterm infants 
are highly susceptible to invasive infections, which are leading causes of mortality and long‐
term morbidity. Treg levels and gestational age inversely correlated in several studies [48–50]. 
Preterm infants have higher Treg levels than full‐term newborns. Tregs inhibit antimicrobial 
immune responses. The T cell immune response in preterm infants is supposed to be dys‐
regulated and affected by prenatal factors including intrauterine inflammation and maternal 
characteristics. This dysregulation of T cell immunity could lead to ineffective clearance of 
pathogens [49]. Tregs have two populations (CD31+ and CD31‐), and the ratio alteration of these 
populations is associated with different intra‐ and/or extra‐uterine milieu. The CD31‐ Treg lev‐
els are significantly higher in UCB of preterm pregnancies associated with inflammation and 
prenatal lipopolysaccharide exposure. The alteration of homeostatic composition of Tregs sub‐
sets related to reduced de novo generation of recent thymic emigrants. Tregs may contribute 
to premature delivery, and vice versa. Early‐onset septic infants have significantly higher Treg 
frequencies than infants without early‐onset sepsis. The increased Treg level may cause an 
uncontrolled immunosuppression and therefore results in an increased risk of sepsis for the 
preterm infants especially for the most vulnerable very low‐birth‐weight infants (Figure 1) [46].

In spite of the growing attention on the importance of Tregs in UCB and neonates, the dis‐
tribution of Tregs in normal UCB or healthy neonates was not well‐known. Table 2 showed 
the comparison of studies measuring lymphocyte subsets and Tregs in healthy subjects. Each 
study showed different values for lymphocyte subsets and Tregs. For these  differences, clinical 
laboratories should establish or verify reference intervals for lymphocyte subsets and Tregs.
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matomyositis, and neonatal lupus [43]. Especially, Tregs in UCB may contribute to maintain 
the immune homeostasis in the feto‐maternal relationship, and the presence of Tregs would 
be essential to prevent immune dysregulation in fetus and neonates [17, 44]. Fetal Tregs 
are known to regulate fetal immune responses against noninherited maternal alloantigens. 
During labor, neonatal immune system faces big challenge. The tolerogenic immune state of 
the semi‐allogeneic fetus should switch over to prevent potentially damaging inflammation 
or infection. In immunosuppressive state, several cells such as helper T cells with a specific 
cytokine profile, neutrophilic myeloid‐derived suppressor cells, erythroid CD71+ cells, and 
Tregs are potential mediators [45, 46].

Infection of newborn and infants is a major healthcare challenge with global mortality in excess 
of one million lives especially in very low‐birth‐weight preterm infants [47]. Preterm infants 
are highly susceptible to invasive infections, which are leading causes of mortality and long‐
term morbidity. Treg levels and gestational age inversely correlated in several studies [48–50]. 
Preterm infants have higher Treg levels than full‐term newborns. Tregs inhibit antimicrobial 
immune responses. The T cell immune response in preterm infants is supposed to be dys‐
regulated and affected by prenatal factors including intrauterine inflammation and maternal 
characteristics. This dysregulation of T cell immunity could lead to ineffective clearance of 
pathogens [49]. Tregs have two populations (CD31+ and CD31‐), and the ratio alteration of these 
populations is associated with different intra‐ and/or extra‐uterine milieu. The CD31‐ Treg lev‐
els are significantly higher in UCB of preterm pregnancies associated with inflammation and 
prenatal lipopolysaccharide exposure. The alteration of homeostatic composition of Tregs sub‐
sets related to reduced de novo generation of recent thymic emigrants. Tregs may contribute 
to premature delivery, and vice versa. Early‐onset septic infants have significantly higher Treg 
frequencies than infants without early‐onset sepsis. The increased Treg level may cause an 
uncontrolled immunosuppression and therefore results in an increased risk of sepsis for the 
preterm infants especially for the most vulnerable very low‐birth‐weight infants (Figure 1) [46].

In spite of the growing attention on the importance of Tregs in UCB and neonates, the dis‐
tribution of Tregs in normal UCB or healthy neonates was not well‐known. Table 2 showed 
the comparison of studies measuring lymphocyte subsets and Tregs in healthy subjects. Each 
study showed different values for lymphocyte subsets and Tregs. For these  differences, clinical 
laboratories should establish or verify reference intervals for lymphocyte subsets and Tregs.

Umbilical Cord Blood Banking for Clinical Application and Regenerative Medicine34

Figure 1. The frequency of regulatory T cells (Tregs) is higher in preterm infants than in term infants. Box‐plots [median, 
interquartile range (IQR), 95% confidence interval (CI)] describe the frequencies of Tregs across groups of different 
gestational age. Adapted from [46] with permission of John Wiley and Sons, Inc.

Study Gestational 
age (week)

Number of 
participants

Helper T cells 
(CD3+/CD4+, %)

Cytotoxic T 
cells (CD3+/
CD8+, %)

B cells (CD19+, 
%)

NK cells 
(CD3‐/
CD16+/
CD56+, %)

Regulatory T 
cells (CD4+/
CD25high/
FOXP3+, %)

[71] Healthy 
full‐term

98 46.7 (40.2–61.9) 16.3 
(14.3–21.3)

11.5 (7.6–15.5) NA 5.2 (3.5–7.0)¶

[72] NA 22 NA NA 17.2 (13.2–25.4) NA NA

[73] NA 38 44 (34–57)‡ 17 (11–30)‡ 16 (9–23)‡ 16 (6–28)‡ NA

[44] 38.0–41.3 120 15.40–70.06† 9.65–34.28† 4.50–29.59† 1.42–28.03† 0.35–9.07†

[74] ≥35 18 41 (26–62) 14 (5–37) 10 (3–30) 22 (8–62) 7 (4–13)¶

[75] NA 53 28.9 (11.4–40.3)‡ 11.8 
(6.1–18.3)

15.2 (9.3–22.0) 18.2 
(8.6–28.2)

16.7 
(12.3–23.8)§

† Reference interval.
‡ Median values with 10th and 90th percentiles.
§ CD4+/CD25+.
¶ CD4+/CD25+/CD127‐.
Note: Data were expressed as mean ± standard deviation, range, or median (range).

Table 2. Comparision of studies measuring lymphocyte subsets and Tregs in healthy subjects.
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5. Cardiac biomarkers

Congenital heart disease or defect (CHD) is the most common birth defect in newborns [51]. 
Critical CHDs require intervention or surgery in the first year of life. Echocardiography is a 
definitive diagnostic tool of CHD and provides hemodynamic and anatomic information of 
heart. Twenty‐five to 30% of children, however, with critical CHD are not detected by fetal 
echocardiography until after discharge from the birth hospitalization [52]. Cardiac biomarkers 
are essential to evaluate heart function and give information of myocardial injury, necrosis, or 
myocardial stretch. Concentrations of cardiac troponins, troponin I (TnI) or troponin T (TnT), 
are elevated in myocardial necrosis and myocardial infarction. Troponins are also increased 
in patients with heart failure and myocarditis. Elevated concentration of brain‐type natriuretic 
peptides (BNP) or N‐terminal pro‐brain natriuretic peptide (NT‐proBNP) is related to myo‐
cardial stretch and left ventricular dysfunction and can be used for screening and prognosis 
of heart failure (HF) [53, 54]. Suppression of tumorigenicity 2 (ST2), a member of the inter‐
leukin (IL)‐1 receptor family, has two isoforms: transmembrane ST2 and soluble ST2 (sST2). 
IL‐33 reduces fibrosis and hypertrophy of myocardium, and preserves ventricular function. 
The sST2 plays a role as a decoy receptor of IL‐33, and binding of IL‐33 and sST2 inhibits the 
beneficial and protective effect of IL‐33 on the heart. The concentration of sST2 is elevated in 
patients with HF and is also associated with the prognosis of acute and chronic HF [55].

Many studies reported that NT‐proBNP or BNP was elevated in peripheral blood or UCB with 
neonates with CHD [56]. A few studies presented the distribution of TnI or TnT in neonates 
or UCB [57–60]. The distribution and association of sST2 with CHD have not been investi‐
gated yet. There are no current guidelines for their routine use in children. The levels of NT‐
proBNP were significantly increased in UCB of neonates with CHD compared with that in 
the UCB of control group. In addition, the levels of NT‐proBNP were significantly increased 
in the neonates with tight ventricular outflow tract obstruction without a ventricular septal 
defect compared with that in the other groups (Figure 2). Moreover, there was significant dif‐
ference between survivors and non‐survivors within one‐year of birth [61]. Hydrops fetalis is 
fluid collection in multiple body compartments in fetus because of immune or non‐immune 
mechanism. Congestive heart failure or cardiac dysfunction has been described as one of the 
major mechanisms for nonimmune hydrops fetalis. The levels of NT‐proBNP in cases with 
hydrops of cardiac origin were higher than those in cases with hydrops of non‐cardiac origin. 
However, levels of TnT did not differ though the causes of hydrops fetalis [62].

The only one study reported 97.5th percentile upper reference limit of NT‐proBNP and TnT from 
healthy neonates, according to the CLSI guideline [21, 63]. In uterus, hemodynamics between pla‐
centa and fetal heart can vary with gestational age [64, 65], and reference intervals for cardiac bio‐
markers in neonates could be different from those in adults. Therefore, establishment of reference 
intervals is necessary to use cardiac biomarkers in neonates. Table 3 showed the comparison of 
sST2, NT‐proBNP, high sensitive TnI, and high sensitive TnT in UCB and adults. For these differ‐
ences between laboratory tests results in UCB and adults, clinical laboratories should establish or 
verify reference intervals for cardiac biomarkers in UCB. Kim H et al. [66] reported that levels of 
sST2, NT‐proBNP, and high sensitive TnT in UCB were significantly higher than those in adults.
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Figure 2. The distribution of NT‐proBNP levels in the umbilical cord blood of neonates with cardiac malformations 
according to the type. Abbreviations: HLHS, hypoplastic left heart syndrome; NT‐proBNP, N‐terminal pro‐brain 
natriuretic peptide; RVOTO, right ventricular outflow tract obstruction; TOF, tetralogy of Fallot. Adapted from [61] with 
permission of Springer International Publishing AG.

97.5th percentile upper reference 
limit in UCB from healthy, full‐term 
neonates (90% CI)

Medical decision point for adults 
(reference)

sST2 (ng/mL) 59.9 (52.7–62.2) 35 [76]

NT‐proBNP (pg/mL) 1415.3 (1070.0–2198.0) 300 [77], 125 [78]

hs‐TnI (pg/mL) 27.8 (21.v1–30.4) 26.2 [79]

hs‐TnT (pg/mL) 86.5 (68.0–99.0) 14 [80]

sST2, soluble suppression of tumorigenicity 2; NT‐proBNP, N‐terminal pro‐brain natriuretic peptide; hs‐TnI, high 
sensitive troponin I; hs‐TnT, high sensitive troponin T; UCB, umbilical cord blood.

Table 3. Comparison of sST2, NT‐proBNP, high sensitive TnI, and high sensitive TnT in UCB and adults. Adapted from 
[66] with permission of Walter de Gruyter GmbH.
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Abstract

A wide range of malignant and nonmalignant diseases require hematopoietic stem cell
transplantation (HSCT) as last resort therapeutic approach. Graft versus host disease
(GVHD), which is one of the major causes of transplant-related mortality, is minimized
whenever increased matching of human leukocyte antigens (HLAs) between donor and
recipient is present. Suitable donor selection is determined with the utilization of HLA
typing. HLAs are highly polymorphic glycoproteins encoded by a region of genes
known as the major histocompatibility complex (MHC). Their biological function is to
present antigenic peptides to T lymphocytes. However, they also play important role in
HSCT acceptance/rejection. During the previous years, various techniques have been
acquired in order to  better  characterize the HLA profile  of  transplant  donors  and
recipients. This effort is particularly challenging due to MHC size, but most importantly
due to high sequence variability in specific regions of the respective genetic loci, between
individuals. Initially, HLA typing was performed using serological typing, hybridiza-
tion techniques, and restriction fragment length polymorphism (RFLP) approaches.
Later on, polymerase chain reaction (PCR) based techniques and direct sequencing
(dideoxy-based Sanger sequencing) capillary electrophoretic analyses arose.  Nowa-
days, 2nd and 3rd generation sequencing (NGS) technologies show great potential in
effectively identifying these polymorphic regions.

Keywords: HSCT, MHC, HLA typing, NGS, single-molecule sequencing

1. Introduction

The past few decades have been detrimental for understanding the mechanism of appearance
and  evolution  of  many  myeloid  and  lymphoid  diseases.  Previous  immunobiology  and
molecular biology techniques along with most current sequencing technologies and their
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implementation in molecular diagnostics altogether contributed toward characterizing such
conditions.

Novel pharmaceutical approaches, such as targeted therapies, optimized chemotherapy
regimens, radiotherapy, and others have been developed. Yet, many of these diseases still
present poor survival outcomes. In such cases, hematopoietic stem cell transplantation (HSCT)
is considered as final resort therapeutic approach, whenever all other options have failed [1].

The success of HSCT depends on various factors that should be taken into consideration in
advance. Reduced immunological reaction is such a major factor. This is only accomplished
when donor and recipient of the graft are immunologically compatible. During the previous
decades, immunology and molecular biology techniques have been moving toward delineat-
ing the biological mechanism of this compatibility.

During the past few years, the advent of high throughput sequencing technologies has helped
move toward this direction with a much faster pace. In this chapter, we will review the past,
present, and future of these technologies in this particular area of research.

2. Transplantation as a therapeutic approach

HSCT offers potentially curative therapy for patients suffering from various congenital or
acquired malignant or nonmalignant lymphohematopoietic diseases.

These mainly include myeloid malignancies such as myeloproliferative neoplasms (MPNs), in
particular myelofibrosis (MF). Others include myelodysplastic syndromes (MDS), myelodys-
plastic syndromes/myeloproliferative neoplasms (MDS/MPNs), chronic and acute myeloid
leukemias (CML and AML).

Also, lymphoid diseases such as acute lymphoblastic leukemia (ALL), chronic lymphocytic
leukemia (CLL), Hodgkin, and non-Hodgkin lymphomas, as well as various types of anemias
(Fanconi’s anemia, severe aplastic anemia) are highly ranked among [2, 3].

2.1. Factors affecting the decision and outcome of HSCT

Several factors should be taken into account in order to estimate the benefit/risk of HSCT
compared to other treatment options, such as chemotherapy [4].

These include disease characteristics, age along with related comorbid conditions and donor
availability, followed by race, socioeconomic status and financial fitness.

These can be widely viewed as pretransplantation, transplantation-associated and post-
transplantation risk factors, although they cannot be classified in such a way, because the
transplantation protocol is affected by pre-transplantation conditions and they may both affect
post-transplantation events. The latest comprise of graft-versus-host disease (GVHD), infec-
tions, and disease relapse.
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Donor suitability is a major issue affecting the course of HSCT and shall be thoroughly
analyzed.

2.1.1. Donor suitability

2.1.1.1. Human leukocyte antigen (HLA) system

It is well established that donor suitability is mainly dictated by the genomic loci of major
histocompatibility complex (MHC), located on the short arm of chromosome 6 in humans. This
highly polymorphic genetic system encodes for the major histocompatibility antigens that
comprises the human leukocyte antigen (HLA) system.

These cell surface antigens where first characterized using allo-antibodies (allo-Abs) against
leukocytes. Although they are clinically important in HSCT, their primary biological function
is the regulation of immune response [5].

Only 30% of patients have HLA-matched-sibling donor (HLA-MSD) which is the gold
standard for allogeneic hematopoietic stem cell transplantation (allo-HSCT). The remaining
70% relies on alternative sources of stem cells.

These include suitable volunteer HLA-matched-unrelated donors (HLA-MUD), one-locus
HLA-mismatched-unrelated donors (HLA-mmUD), HLA-haploidentical donors (HLA-
haplo) (half matched donor, typically a parent or other relative), or umbilical cord blood (UCB)
units [6–8].

The success of HSCT highly depends on the HLA compatibility between graft and patient.
This is because recognition of HLA allelic differences by T lymphocytes of the patient increases
the risk of graft rejection, GVHD, slow or incomplete immune reconstitution, and consequent
risk of lethal opportunistic infections [9].

Other important prognostic impact factors are age, sex, cytomegalovirus (CMV) serostatus,
and natural-killer (NK) cells allo-reactivity [6].

2.1.1.2. Killer inhibitory receptor (KIR) types

KIR types comprise yet another genetic characteristic of donor that affects transplantation
outcomes during allo-HSCT.

NK cells are lymphoid cells of the innate immunity that contribute to GVT, but not GVHD.
Their function is characterized by interaction of surface receptors with their cognate ligands
on target cells. KIRs are such receptors whose genetic loci constitutes of multiple genes that
encode for them, just like the respective genetic loci of HLA genes.

Also, there is considerable genetic diversity in the KIR genetic locus, like with MHC.

Upon binding of some of the KIRs with their ligands, NK cell function is inhibited, while other
KIRs promote activation of NK cells after engagement with their cognate ligand.

Most of the KIR-ligands are HLA-class I molecules.
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KIRs can be subdivided into two main categories based on the strength of their affinity to the
ligands. It has been observed that Group A binds more effectively than group B.

KIRs seem to play important role in transplantation outcome. Transplant recipients missing
KIR-ligands, especially in the absence of allo-reactive T cells (e.g., in T-cell-depleted HLA-
haplo HSCT) were proven to present decreased rate of disease recurrence and improved
survival.

To conclude, the presence of activating KIR genes in the donor favorably affects recurrence
rates in myeloid, but not lymphoid neoplasms [10].

3. The human leukocyte antigen system

3.1. Organization of the human MHC genetic loci

As previously described, the human MHC, also known as HLA, located on the short arm of
chromosome 6 (6p21), is a highly polymorphic gene dense genetic system. The HLA gene
products are globular glycoproteins, each composed of two noncovalently linked chains. These
proteins are ligand molecules, cell surface receptors and other factors involved in inflammatory
response; recognition, processing, and presentation of foreign antigens to T cells, as part of the
adaptive immune response; and also in innate immunity.

In addition to protein encoding genes, the MHC genetic loci contains pseudogenes and also
transposon, retro-transposon and regulatory elements [11].

The HLA system comprises of almost 220 genes, with 21 of them being genes of major interest.
These are located within genomic location 6p21.3 and their protein products mediate human
response to infectious disease and influence the outcome of cell and organ transplants [12].

The human MHC genetic loci are divided in three distinct regions.

The class I region consists of genes that encode for HLA class I molecules, namely the HLA-
A, HLA-B, and HLA-C (and also the nonclassical HLA-E, HLA-F, HLA-G, and the class I-like
molecules MIC-A and MIC-B). These are expressed on the surface of almost all nucleated cells
and are responsible for presenting intracellular derived peptides to CD8+ T cells.

The class II region includes genes that encode for HLA class II molecules, namely HLA-DR
(DRA, DRB1, and depending on the haplotype the DRB3, DRB4, or DRB5), HLA-DQ (DQA1,
DQB1), and HLA-DP (DPA1, DPB1) molecules. These are expressed in professional antigen
presenting cells (APCs), such as macrophages, dendritic cells and B lymphocytes, in order to
present extracellular derived peptides to CD4+ T cells.

Located between these two, is the class III region that contains non-HLA genes with immune
function, such as complement components (C2, C4, factor B), cytokines, tumor necrosis factor
(TNF), and lymphotoxins and heat shock proteins [13].
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3.2. HLA nomenclature

The complexity of HLA requires the development of a more sophisticated nomenclature for
locating the specific genomic region addressed each time:

1. HLA prefix: the HLA-prefix designates the MHC gene complex.

2. Genetic loci: following capitals indicate the specific genomic region (A, B, C, D, etc.) and
subregion if available (DR, DQ, DP, DO, DN, etc.).

3. Genetic loci encoding for specific class II alpha and beta peptide chains are indicated next
(DRA1, DRA2, DRB1, DRB2, etc.).

4. Field 1 (two-digit typing) provides the allele group (or allele family), which is designated
by two digit that define the serologic group reactivity.

5. Following the allele family, separated by a colon (:), is field 2 (four-digit typing) which
provides the specific HLA allele (HLA protein).

6. The following digits, also separated by colons, contain other scientifically important
information.

i. Field/digit 3. Alleles that differ only by synonymous nucleotide substitutions within
the coding sequence (CDS) are distinguished by the use of the fifth and sixth digits
(six-digit typing).

ii. Field/digit 4. Alleles that differ only by sequence polymorphisms in noncoding
regions (e.g., introns) are distinguished by the use of the seventh and eighth digits
(eight-digit typing). This is level of resolution distinguishes the specific HLA genome
sequence.

7. Last is the suffix that denotes changes in expression levels of the HLA protein products
[14–16]. An example is presented in Figure 1.

Figure 1. Paradigm of a complete MHC molecule nomenclature where exact information regarding the specific antigen
expressed on the cell surface are enclosed between prefix and suffix information, which concern the type of protein
produced, as well as its expression levels, respectively.
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3.3. The diversity of HLA

The HLA genes located on a single chromosome, meaning the entire set of A, B, C, DR, DQ,
and DP genes, also called a haplotype, are inherited in a typical Mendelian fashion altogether.
So, each parent passes on a specific HLA haplotype to their descendants. This way in 50% of
the cases two siblings are HLA haplo-identical (share one haplotype), whereas siblings with
the same HLA genotype (both haplotypes are the same) or totally different HLA haplotypes
equally share the remaining percentage (25% each).

This first level of genetic variation may be further enhanced with random genetic crossovers
(chromosomal recombination) in the HLA region during meiotic division of gametic cells,
though this is usually uncommon.

Additionally, amino acid variation which is mainly found in the extracellular antigen-binding
grooves, as well as their surrounding regions, on the HLA protein molecules, alters the antigen
binding specificity of the cells. This possibly contributes to enhanced diverse response after
exposure to a variety of environmental infectious and noninfectious agents in the different
areas of the world.

This amino acid variation stems from nucleotide sequence alterations such as single nucleotide
polymorphisms (SNPs), copy number variations (CNVs), insertion/deletion events (InDels),
and inversions, especially within the HLA class I and II gene regions [5, 11, 17].

3.4. HLAs in HSCT: the purpose of HLA typing

It has become clear by now that HLA molecules play an important role in HSCs, the success
of which highly relies on the degree to which donor and recipient are HLA matched. HLA
genotypically identical sibling is the gold standard. Whenever this is not the case, a perfect or
well-matched unrelated donor is preferred over mismatched unrelated donors, haplo-identical
donors and UCB.

Thus HLA matching is especially crucial when it comes to HSCT between unrelated persons.
This is because allo-recognition of HLA allelic differences by T cells is related with acute and
chronic GVHD, impaired engraftment, and higher mortality [12, 18].

To address this issue, molecular typing technologies have evolved substantially in order to
more accurately determine the HLA genotype of both patients and donors, before HSCT. Older
techniques provided limited information compared to more advanced high throughput
sequencing methods, which dramatically increased the list of known HLA alleles. More than
14,000 HLA alleles have been identified, the vast majority of whom is being variants of the
HLA class I genes. These encode for more than 10,000 different HLA proteins [8, 17].

3.5. HLA typing resolution

Levels of HLA typing resolution have been established by expert consortiums. These include:
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• Low-resolution typing, or two-digit typing, is equivalent to serological typing, provides
limited information that correspond to identification of broad families of alleles and is also
called antigen level typing.

• High-resolution typing, is a four-digit typing, which refers to one or a set of alleles that
encode for the same antigen binding site and excludes null alleles (e.g., alleles that are not
expressed on the cell surface).

• Allele level typing (all-digit typing), refers to the exact nucleotide sequence determination
of an HLA gene.

• Other level of resolution correspond to intermediate level of typing (between low and high),
which can define specific allele groups and subtypes.

Today, when adult donor HSCT is considered, the gold standard is high-resolution typing at
the HLA-A, HLA-B, HLA-C, HLA-DRB1, and HLA-DQB1 genetic loci (10/10 match). Single
discrepancies for these regions are associated with increased risk of post-transplant compli-
cations, although HLA-DQB1 and in some cases HLA-C mismatches seem to be better toler-
ated, compared to mismatches in the other regions. Also, not all mismatches are of the same
risk, some of them appear to have little or no increased risk, the so called permissive mis-
matches, which will be discussed later on.

HLA-DPB1 and KIR are also taken into account whenever possible. HLA-DPB1 is not tightly
linked to the other genomic regions, so it is more difficult to find a perfect donor (12/12) when
this genetic locus is also taken into account. The positive aspect of this misfortune is the fact
that there are some permissive HLA-DPB1 mismatches that do not impact overall survival
rates in case of perfectly matched donor unavailability (11/12).

Nowadays, HLA-DQA1 and HLA-DPA1 are not taken into account during HLA typing
because of the strong linkage disequilibrium (LD) they present with the corresponding HLA-
DQB1 and HLA-DPB1 loci. LD refers to certain alleles inherited together with increased
frequency than that expected only by chance.

A treatment algorithm has been developed to address the complicated issue of selecting the
fittest available unrelated donor for HSCT:

1. At first, search for 7/8 or 8/8 HLA-A, HLA-B, HLA-C, or HLA -DRB1 allele-matched donor.

2. When many of them are available, look for 9/10 or 10/10 HLA-A, HLA-B, HLA-C, HLA-
DRB1, and HLA-DQB1 matching.

3. If none of the first are available search for suitable, at least 4/6 HLA-A, HLA-B, and HLA-
DRB1, UCB units, with adequate cells dose, ideally NIMA-matched. NIMA-effect refers
to bidirectional trans-placental trafficking of cells, which expose the fetus to the maternal
cells that express both inherited maternal antigens (IMA), as well noninherited maternal
antigens (NIMA), resulting in the development of NIMA-specific responses.

4. When only mismatched donors are available, HLA antibody (Ab) screening/matching
should be performed [8, 13, 15, 18].
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3.6. Seeking for permissive (relatively well-tolerated) HLA mismatches

It is well understood that even single nucleotide substitutions might impact the course of
transplantation significantly either on the aspect of GVHD, engraftment success and transplant
related mortality, delayed immune reconstitution, but not disease relapse.

Of course the extent of their impact is driven not only by the kind of genetic alteration (SNP,
CNV, InDel, inversion), the effect it exerts on the final protein product (synonymous versus
nonsynonymous polymorphisms) and the gene it appears at (HLA class I or II), but also the
exact nucleotide position it is located, since this might affect more or less important amino acid
sequences, regarding the protein’s function.

With the advent of novel sequencing techniques allele level typing provides extensive
nucleotide sequence data, which in correlation with previously available clinical data, is going
to provide significant information in the context of retrospective studies [8, 12, 19].

4. The past and present of HLA typing

HLA genes contain 5–8 exons ranging in length from 4 to 17 kb. Most high-resolution four-
digit HLA typing technologies, mainly sequence-based techniques (SBT) or probe-based
hybridization techniques, primarily focus on deciphering the sequence of the antigen-binding
groove only. This is due to the high cost of complete HLA genotyping and the limited time
interval before HSCT. Thus, only exons 2 and 3 (540 bp) for class I molecules and exon 2 (270
bp) of class II molecules are typically analyzed, providing intermediate-resolution typing.

Before these techniques came into light, less informative serology methods were acquired for
HLA typing. On the other hand, the future seems very promising thanks to the evolution of
sequencing technologies [20].

Next, we will provide a brief review of evolution of the most widely applied techniques for
HLA typing, frequently utilized by clinical laboratories.

4.1. Serological methods

4.1.1. CDC (complement-dependent lympho-cytotoxicity) technique

Lymphocytes incubated with polyclonal sera in the presence of complement, was the first
attempt for determining patient-donor compatibility. CDC utilizes sera from multiparous allo-
immunized women, whose HLA specificity (reactivity against a particular HLA type) is
determined using a panel of lymphocytes of already known HLA type.

From a population of peripheral blood lymphocytes (PBLs), T lymphocytes are used for
determining class I antigens, while B-lymphocytes (professional APCs) are separately isolated
for determining class II antigens. The cells are incubated along with the characterized serum
and complement. Their reactivity is determined based on the lysis of Ab-covered lymphocytes,
from complement components, as shown in Figure 2.
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Figure 2. Example of a serological reaction utilizing the CDC technique. The lysis of the lymphocytes by a serum con-
taining anti-HLA B35 Abs denotes the HLA-B35 positivity of the cells.

The low-resolution two-digit serologic typing this technique offers is further limited by the
availability of sera containing various HLA specificities. However, this method has value in
confirming the presence or absence of an antigen in case of mutations in promoter regions or
genes not otherwise analyzed [5, 18, 21].

A variation of the above technique involves incubation of the donor’s cells with serum from
the patient in the presence of complement. The results are interpreted the same way as
previously described.

Both techniques rely on cell viability in order to be successful and accurate. Also, cell popu-
lations need to be lymphocyte-specific so that the results be interpretable. Samples contami-
nated by other lymphocytes and/or precursor cells lead to inaccuracies [22].

4.1.2. Other serological techniques

FACS overcomes two additional obstacles of the CDC method. The first refers to the positive
reactions mediated through cytotoxic Abs directed against non-HLA molecules (lower
specificity). The second regards positive reactions that are driven only by the complement-
activating Abs, thus failing to detect complement-independent acting donor-specific Abs
(lower sensitivity).

However cell viability dependence is still an obstacle. Combined with its high cost, this
technique is prohibitive for HLA-typing in a routine use by a clinical laboratory.

Solid phase assays, such as ELISA (enzyme-linked immunosorbent assays) and the Luminex
technology, the last utilizing fluorescent dye impregnated beads bound to HLA molecules,
have also been developed for HLA typing. These have mainly, but not exclusively, been studied
in solid organ transplantation studies. In HSCT studies, these techniques mainly focus on HLA-
Ab screening due to the renewed interest on donor-specific Abs (DSA) and their importance
in graft failure [22–27].
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Since molecular methods have proven to be more reliable, we will focus on them for a much
more comprehensive analysis [28].

4.2. Molecular methods

The development and extensive usage of molecular methods soon substituted serologic
techniques, for determination of individuals’ HLA type.

Molecular methods provided higher resolution typing, without the need for preserving
characterized sera of all HLA types, even those not very common ones, and without the
prerequisite of cell viability for test success.

Molecular methods of typing are still the main approaches to HLA typing resolution of low
(two-digit) or intermediate (partial four-digit) level. The four-digit resolution these techniques
offer for analysis of limited but HSCT important loci, contributed to the identification of
serologically indistinguishable variants of HLA class I and II molecules with few, but detri-
mental, amino acid changes.

High-resolution typing at the four-digit level for all HLA loci is an unrealistic goal with these
techniques. Molecular methods mainly focus on identifying polymorphisms in exons 2 and 3
of the class I locus and exon 2 of the class II locus, which are crucial for HSCT, as mentioned
before [5, 18, 29].

4.2.1. PCR/SSP (sequence-specific priming PCR)

Genomic DNA (gDNA) is isolated from the under investigation sample and HLA regions of
interest are amplified using PCR technology.

PCR utilizes in vitro prepared small oligonucleotide sequences (primers or oligos). These
oligos bind to an exact location of a DNvA molecule, according to complementarity rules,
acting as starting points for the production of multiple complementary copies of the inter-
mediate region between a pair of them (amplification). More primers per reaction or more
pairs of primers may be included in a single PCR, depending on the purpose of each protocol
[29–32].

Sequence specific PCR (PCR/SSP), whether characterized as allele-specific amplification PCR
(PCR/AS), amplification refractory mutation system PCR (PCR/ARMS) or multiplex PCR,
exploits PCR for the amplification of specific HLA regions with minor alterations in primer
design each time.

The amplification primers are polymorphic-specific, meaning that they only extend and form
a product if the targeted polymorphism exists. The primers are designed in such a way, so that
their 3’ end nucleotide is complementary to the investigated genomic alteration. Thus products
of specific length are produced depending on the polymorphism and the primer design.
Afterward, these are visualized using gel electrophoresis.

This technique might result in no amplification at all if none of the polymorphisms analyzed
exists, thus another set of primers is coamplified. This corresponds to a monomorphic target
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sequence that produces an extra fragment of distinguishable length. The last determines the
quality of DNA and the validity of the technique (successful reaction) [24].

PCR/SSP may become a time and labor intense technique, when not used in a multiplexed
format for the analysis of many polymorphic sites. If multiplex format is preferred, the
conditions for a successful PCR need to be very stringent. Also, this technique is prone to false-
positive bands and false-negative results, especially for degraded samples.

However, this method is especially useful if applied in conjunction with PCR/SSOP (sequence
specific oligonucleotide probes) hybridization typing, providing higher resolution, since it
allows the separate amplification of the two alleles in a heterozygote [28, 33–35].

4.2.2. PCR/SSOP (sequence-specific oligonucleotide probes)

4.2.2.1. Reverse hybridization (reverse dot blot)

The PCR step of SSOP utilizes chemically modified (biotin labeled) primers nonpolymorphic-
specific. Under normal circumstances, meaning the DNA is intact and no random polymor-
phism exists in the 3’ end of a single primer, the biotinylated amplified products (amplicons)
are produced by each primer pair. This way, the primer pair is designed in such a way in order
to produce an amplicon that includes polymorphisms inside its sequence.

The PCR product is afterward incubated with a panel of already known polymorphic HLA
sequence molecules (SSO probes), which are enzymatically poly-thymidine (poly-T) tailed.
This enzymatic tailing enables their prestabilization on a solid surface, usually a nylon
membrane.

The modified amplicon will cross react with only one of these probes (complete complemen-
tarity) during their incubation along with horseradish peroxidase (HRP)-conjugated strepta-
vidin and a chromogenic or chemiluminescent substrate. HRP-conjugated streptavidin binds
on the biotinylated product. In the presence of biotin, HRP enzyme is activated and metabolizes
the substrate in order to emit light signal. This light is device detected and computer analyzed
later on, to determine the polymorphism of the unknown sample, based on position analysis
of the signal, since the stabilization position of each probe on the membrane is previously
known.

As one can conclude the specific sequence of gDNA where the primers will bind, need to be
known in advance. The polymorphisms under investigation also need to be already known,
in order to prepare and stabilize the suitable set of probes.

Interpretation difficulties may arise from less intense, absent or dubious hybridization
patterns, due to poor-quality and low-quantity DNA amplification or background signals due
to poor membrane washing or temperature variation during hybridization.

Another limitation of this technique is the fact that the extremely polymorphic HLA alleles,
especially those of class I, are impossible to analyze due to the very large number of probes
such a design would require. However, as a general rule, wider number of probes for every
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HLA loci and larger number of unknown HLA regions investigated provides higher resolution
level [29–31, 36].

4.2.2.2. Direct hybridization (conventional dot-blot)

An alternative to reverse dot-blot PCR-SSOP, is the conventional dot-blot technique, where the
PCR amplified regions are the ones immobilized on the solid surface, and biotin-labeled SSO
probes are incubated along with HRP-conjugated streptavidin and a substrate. The ones that
bind the unknown amplicons emit light of specific wavelength identified in the same manner
as previously described.

In addition to the previously described limitations this technique is also more cumbersome,
since the number of SSOPs required for typing vastly increases, due to the high polymorphic
state of HLA loci [30, 31].

4.2.3. PCR/RFLP (restriction fragment length polymorphism)

RFLP analysis involves digestion of gDNA with endonucleases, one at a time, which cleaved
a specific nucleotide sequence motif, in order to produce fragments of various lengths. This
variation can be detected by Southern blot analysis of the digested fragments. Suitable probes
for detection are either cloned cDNA, or genomic DNA sequences, complementary to mainly
HLA class II regions which were better studied. In fact, this technique was the first that revealed
the incredible variation of HLA class II region.

However, it is cumbersome, it requires a large amount of high molecular weight genomic DNA,
and it can only be applied to regions that bear the respective restriction sites, which is not
always the case and that is why it did not replace serological typing, but was rather used
complementary.

PCR-combined RFLP (PCR/RFLP) analysis is an improvement to the previous method. The
amplified HLA region is incubated with a restriction endonuclease that recognizes specific
nucleotide sequence. The digestion reaction is performed whether a polymorphism exists or
not, producing amplicon fragments of various lengths. The products are analyzed by gel
electrophoresis.

However, like RFLP analysis, PCR/RFLP may lead to inconsistencies during HLA typing due
to complex manipulation steps and possible incomplete digestion reactions. Also, this
technique is unable to detect multiple recognition sites simultaneously [29, 33, 36, 37].

4.2.4. PCR/SBT (sequencing-based typing)

Another approach to high-resolution HLA typing is the PCR amplification and subsequent
direct sequencing of previously described class I and II exons. Dideoxy-based Sanger sequenc-
ing, using capillary electrophoresis, provides increased reliability especially when applied
after SSO or SSP.
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as previously described.

In addition to the previously described limitations this technique is also more cumbersome,
since the number of SSOPs required for typing vastly increases, due to the high polymorphic
state of HLA loci [30, 31].

4.2.3. PCR/RFLP (restriction fragment length polymorphism)

RFLP analysis involves digestion of gDNA with endonucleases, one at a time, which cleaved
a specific nucleotide sequence motif, in order to produce fragments of various lengths. This
variation can be detected by Southern blot analysis of the digested fragments. Suitable probes
for detection are either cloned cDNA, or genomic DNA sequences, complementary to mainly
HLA class II regions which were better studied. In fact, this technique was the first that revealed
the incredible variation of HLA class II region.

However, it is cumbersome, it requires a large amount of high molecular weight genomic DNA,
and it can only be applied to regions that bear the respective restriction sites, which is not
always the case and that is why it did not replace serological typing, but was rather used
complementary.

PCR-combined RFLP (PCR/RFLP) analysis is an improvement to the previous method. The
amplified HLA region is incubated with a restriction endonuclease that recognizes specific
nucleotide sequence. The digestion reaction is performed whether a polymorphism exists or
not, producing amplicon fragments of various lengths. The products are analyzed by gel
electrophoresis.

However, like RFLP analysis, PCR/RFLP may lead to inconsistencies during HLA typing due
to complex manipulation steps and possible incomplete digestion reactions. Also, this
technique is unable to detect multiple recognition sites simultaneously [29, 33, 36, 37].

4.2.4. PCR/SBT (sequencing-based typing)

Another approach to high-resolution HLA typing is the PCR amplification and subsequent
direct sequencing of previously described class I and II exons. Dideoxy-based Sanger sequenc-
ing, using capillary electrophoresis, provides increased reliability especially when applied
after SSO or SSP.
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The two alleles of heterozygous samples, which represent a substantial source of ambiguities,
are usually sequenced separately following SSO or SSP typing, thus increasing the resolution
of possible genotypes [29, 37].

This technique, although more automated, easier to implement and less prone to technical and
interpretational errors, is less sensitive than others, like SSO, which when optimized provide
more accurate results and less ambiguous results [24].

4.2.5. PCR/RSCA (reference strand-mediated conformational analysis)

Although PCR/SBT is able to detect unknown HLA polymorphisms, the problem of not being
entirely able to resolve novel arrangements of known polymorphisms, also known as ambi-
guity, can be overcome by the PCR/RSCA technique [19].

PCR/RSCA can achieve high-resolution results without the ambiguities seen in the previously
described methods. This technique is based on the principles that DNA fragments that differ
in nucleotide composition exhibit different motilities after separation by nondenaturing
polyacrylamide gel electrophoresis (PAGE). The amplified alleles under investigation are
hybridized with a fluorescent labeled reference strand, forming a double stranded DNA with
unique conformation (double strand conformation analysis; DSCA).

PCR/RSCA is capable of resolving even single base alterations and of course, identification of
new mutations thanks to the different spatial structure of the newly formed DNA-probe
duplexes [38].

5. The present and future of HLA typing

We will mainly focus our review on the second and third generation of sequencers which made
their way into many aspects of personalized medicine, genetic diseases research and clinical
diagnostics, providing reduced hands on time, higher throughput, higher sensitivity and lower
cost-per-base compared to Sanger sequencing and other techniques.

Transplantation success depends on many factors; one of them being the similarity of the
sequence of genes, mainly those of the MHC genetic loci, as long as others (minor histocom-
patibility complex; KIR, MIC-A, and MIC-B), between donor and recipient of the graft.
Characterization of these genomic sequences in both persons before HSCT is of great impor-
tance for selecting the most appropriate transplant, in order to avoid GVHD, enhance engraft-
ment rate and assist GVT effect [38–40].

5.1. The second generation of sequencers (typically named next-generation sequencers;
NGS)

When it comes to HLA typing, NGS technology overcomes many of the cons older techniques
present.
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First of all, it allows setting the phase of linked polymorphisms within the amplicons produced
during the first steps of the technique, meaning that it helps determine in which of the two
alleles, the identified groups of variants, belongs to. In heterozygous samples this is a major
concern with older techniques, as recognized polymorphisms resulted in two or more different
allele combinations that produced identical consensus sequences.

It also allows determination of a large number of sequences in a single reaction. This way many
exonic, and also important intronic sequences, can be simultaneously analyzed. The expression
levels of HLA genes are also very important, thus detection of polymorphisms outside of
exonic sequences, within regulatory intronic regions, is also necessary [29, 40].

Another advancement, all NGS systems share, compared to older techniques, is the higher
level of coverage they provide, leading to increased accuracy as previously described.
Coverage refers to the number of times each nucleotide position is read, and later on, success-
fully aligned to a reference genome, during all sequencing runs. The higher the coverage of a
single position, the higher the confidence level of base calling [38].

Many companies rally toward building the fastest, less expensive and more accurate sequenc-
ing system, along with user friendly analyses pipelines, since the huge amount of data
extracted from these machines require extensive bioinformatics knowledge. Algorithms that
deal with a variety of issues concerning data analysis have been developed during the past
few years. Many of these are nicely summarized in the publications from Szolek et al. [41] and
Hosomichi et al. [16], although new algorithms are continuously deployed, with the prospect
of simplifying and making data analysis more precise, for their implementation in everyday
practice of clinical laboratories and biomedical research [42].

NGS, or second-generation sequencing technologies, constitute various strategies relying on
a combination of template preparation, sequencing and imaging followed by in silico genome
alignment and assembly methods. Of them, the most widely utilized, sequencers for HLA
typing, are those of Illumina (MiSeq) and Roche/454 (454 GS FLX Titanium/454 GS Junior) [16].

5.1.1. Library preparation

5.1.1.1. PCR based

The first step the technologies of Roche/454 and Illumina NGS systems usually utilize is a
fragmentation step, where gDNA is digested into smaller fragments, followed by a PCR, for
the amplification of DNA samples. Primers that bind to specific sequences of genomic DNA
(gDNA) are designed, and the intermediate region of interest is enzyme amplified.

This row of events may be reversed, meaning that long range PCR, with the addition of suitable
enzymes and primers, may precede the fragmentation step.

Each primer, except for the gDNA complementary sequence, also includes a number of
additional nucleotides. These mainly comprise of the system-specific adapter sequences and
the multiplex identifier tags (MIDs). The adapters assist the amplicons bind to a solid surface
(either this is a bead or a slide) and provide a universal priming site for sequencing primers.

Umbilical Cord Blood Banking for Clinical Application and Regenerative Medicine58



First of all, it allows setting the phase of linked polymorphisms within the amplicons produced
during the first steps of the technique, meaning that it helps determine in which of the two
alleles, the identified groups of variants, belongs to. In heterozygous samples this is a major
concern with older techniques, as recognized polymorphisms resulted in two or more different
allele combinations that produced identical consensus sequences.

It also allows determination of a large number of sequences in a single reaction. This way many
exonic, and also important intronic sequences, can be simultaneously analyzed. The expression
levels of HLA genes are also very important, thus detection of polymorphisms outside of
exonic sequences, within regulatory intronic regions, is also necessary [29, 40].

Another advancement, all NGS systems share, compared to older techniques, is the higher
level of coverage they provide, leading to increased accuracy as previously described.
Coverage refers to the number of times each nucleotide position is read, and later on, success-
fully aligned to a reference genome, during all sequencing runs. The higher the coverage of a
single position, the higher the confidence level of base calling [38].

Many companies rally toward building the fastest, less expensive and more accurate sequenc-
ing system, along with user friendly analyses pipelines, since the huge amount of data
extracted from these machines require extensive bioinformatics knowledge. Algorithms that
deal with a variety of issues concerning data analysis have been developed during the past
few years. Many of these are nicely summarized in the publications from Szolek et al. [41] and
Hosomichi et al. [16], although new algorithms are continuously deployed, with the prospect
of simplifying and making data analysis more precise, for their implementation in everyday
practice of clinical laboratories and biomedical research [42].

NGS, or second-generation sequencing technologies, constitute various strategies relying on
a combination of template preparation, sequencing and imaging followed by in silico genome
alignment and assembly methods. Of them, the most widely utilized, sequencers for HLA
typing, are those of Illumina (MiSeq) and Roche/454 (454 GS FLX Titanium/454 GS Junior) [16].

5.1.1. Library preparation

5.1.1.1. PCR based

The first step the technologies of Roche/454 and Illumina NGS systems usually utilize is a
fragmentation step, where gDNA is digested into smaller fragments, followed by a PCR, for
the amplification of DNA samples. Primers that bind to specific sequences of genomic DNA
(gDNA) are designed, and the intermediate region of interest is enzyme amplified.

This row of events may be reversed, meaning that long range PCR, with the addition of suitable
enzymes and primers, may precede the fragmentation step.

Each primer, except for the gDNA complementary sequence, also includes a number of
additional nucleotides. These mainly comprise of the system-specific adapter sequences and
the multiplex identifier tags (MIDs). The adapters assist the amplicons bind to a solid surface
(either this is a bead or a slide) and provide a universal priming site for sequencing primers.

Umbilical Cord Blood Banking for Clinical Application and Regenerative Medicine58

MIDs help recognize the individual sample to whom the amplicon sequence generated and
then sequenced, belongs to. This is particularly useful, for discriminating samples’ reads
(demultiplexing), in case more than one samples are prepared and pooled together for
sequencing. This barcoding method is called “amplicon sequencing.”

A variation of this technique, also known as “shotgun sequencing,” utilizes simple primers.
The adapters and MIDs are ligated to the amplified sequences after the PCR and prior to sample
pooling [16, 40].

5.1.1.2. Hybridization based (target enrichment)

Target enrichment utilizes biotin labeled DNA or RNA oligonucleotide sequences (probes)
(55–120 bp) which hybridize to their complementary target region of previously fragmented
gDNA. Streptavidin magnetic bead particles are used for probe/DNA hybrid capture. PCR is
then applied to amplify the captured gDNA fragments [16, 40].

5.1.2. Clonal amplification and cyclic-array sequencing

5.1.2.1. Roche/454 (454 GS FLX Titanium/454 GS Junior) sequencing-by-synthesis; single-nucleotide
addition (SNA)

Once the library is ready, the second step toward sequencing with the Roche/454 instrumen-
tation, includes an “emulsion PCR” (emPCR) for clonal amplification of the amplicons already
produced. During emPCR, the DNA sequences are converted into single strands under alkali
conditions and captured on beads, in a unique single-stranded molecule per bead fashion.
Then, they get mixed with oil and aqueous buffer to create a system of droplets inside of whom
clonal PCR amplification takes place.

Once this step takes place, the beads containing the amplicons are placed into the wells of a
PicoTiter Plate (PTP) for a pyrosequencing reaction. During pyrosequencing, only one out of
the set of four different nucleotides or dNTPs (dATPαS, dTTP, dGTP, dCTP), is added into the
PTP, in each round. A series of enzymatic reactions, between enzymes and their substrates
(ATP sulfurylase, luciferase, luciferin, DNA polymerase and adenosine 5’ phosphosulfate;
APS) leads to the release of inorganic pyrophosphate (PPi) only when a specific dNTP is
incorporated. The release of PPi transforms ATP which drives luciferin into oxyluciferin that
emits visible light.

The light emitted is viewed by a charge-coupled diode (CCD) camera and translated into a
single peak per base incorporated, with a computer software. More than one nucleotide may
be incorporated per cycle, in the presence of homo-polymeric sequences (consecutive runs of
the same base). When this happens, light of equal amount to the number of the nucleotides
added, is emitted, resulting to an analogously higher peak.

Each time, the un-incorporated bases are degraded by apyrase. Subsequently, another set of
dNTPs is released one by one, in the reaction system and another pyrosequencing round is
performed.
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Many studies, utilizing Roche NGS platforms, GS FLX Titanium and GS Junior, for HLA typing
have been conducted so far. The comparative advantages this technology offers, over the rest
of its kind, are the long sequence reads (around 400 up to maximum 1000 amplicons), which
capture critical phase information of nearby DNA variants, and also the speed in which a
complete run is performed (10–24 h), depending of course on which machine is used.

The 454 GS FLX Titanium is capable of providing up to 1 million (M) reads per run depending
on the sequencing protocol, while the bench top format 454 GS Junior provides around 0.1 M
reads.

Despite the advantages of long reads and rapidity of the technique, there are several inborn
disadvantages. These include, high cost of pyrosequencing reagents, high error rate in case of
homo-polymers (typically more than six), and emPCR, the latest being a challenging reaction
that if semiautomated could reduce manpower. Insertion mutations are the most common
error type, followed by deletions [16, 29, 34, 35, 38–40, 43–45].

5.1.2.2. Illumina (MiSeq and MiniSeq) sequencing-by-synthesis; cycling reversible terminator (CRT)

Illumina utilizes a different sequencing-by-synthesis approach called CRT. During clonal
amplification, instead of emPCR, this system incorporates a glass slide with lanes (flowcell).
High density of primers complementary to a sequence of the adapters of the fragmented DNA
amplicons, are already attached to the slide where sequencing is later performed. Through a
process called clustering each fragment is isothermally amplified to create a cluster of clonally
amplified fragments, in a process called bridge amplification.

After amplification sequencing begins with the binding of the first sequencing primer on each
fragment of every cluster and its subsequent extension to produce the first read. All four dNTPs
are fluorescently tagged and compete with each other for addition to the growing chain. Once
a nucleotide that is complementary to the original sequence is incorporated, a washing step
removes all unbound nucleotides and a light signal of characteristic wavelength and intensity
is emitted. This signal that differs between the dNTPs is captivated by a CCD camera and
recorded by the computer [40].

The fluorescent molecule of each nucleotide incorporated needs to be cleaved before continu-
ing with the second cycle, due to its reversible terminator chemistry, that will not allow further
nucleotides to be added on the extending sequence. Once the light signal of the incorporated
molecule is emitted and received by the camera, the dye is removed and the second cycle is
ready to begin after an additional washing step. The length of the read depends on the number
of sequencing cycles that are pre-determined by the user [38].

Illumina instruments are shortread sequencers in opposition to those of Roche/454. They
provide read lengths of as low as 25 bp until up to 300 bp, with many intermediate options.
The MiSeq and the most recent MiniSeq bench top solution both offer an option of 44–50 M
Paired End (PE) reads, more than enough for HLA typing of many samples in the same run,
and competent to the GS machines concerning runtime (13–24 h) (Goodwin_2016). PE reads
denoted that two distinct sequencing reads are performed, one from each end of the template
DNA fragments.
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CRT sequencing method overcomes the disadvantages of SNA, by only incorporating a single
nucleotide at a time, however as the sequencing reaction proceeds, the error rate of the machine
increases. This is due to incomplete removal of the continuous fluorescence signals, which lead
to higher background noise levels. Sequencing errors accumulate toward the read end, thus
longer reads, that can be trimmed, are preferred compared to shorter ones. Longer reads also
prevail due to more precise mapping on the reference genome.

The chemistry of Illumina analyzers is also more prominent to substitution errors, rather than
InDel errors, especially when the previously incorporated nucleotide is guanine (G).

Nevertheless, the vast amount of reads may provide increased depth of sequencing coverage
that tends to overcome the high error rate inherent in this technology [38, 40].

5.1.2.3. Thermo-Fischer (Ion PGM)

The Thermo-Fischer Ion instruments acquire a pH-mediated sequencing detection method.
The sequencing reaction is the previously described sequencing-by-synthesis SNA approach,
but the detection of the incorporated nucleotides is substantially different.

The addition of a new dNTP on the extending DNA strand involves the formation of a covalent
bond and the release of pyrophosphate and a positively charged hydrogen ion (proton). The
shift in the pH level is detected by an ion-sensitive layer with a sensor on the bottom of the
microwells of a semiconductor chip, where sequencing takes place.

There are different sequencing chips with increasing number of wells allowing for different
strategies to be applied. The read length ranges from 200 to 400 bp sequenced, and depending
on the chip as low as 0.4 M and as high as 5.5 M reads can be exported from a PGM run.

The breakthrough of this technique regards the non-need for optic devices which contribute
to increased error calling, lower speed, higher cost, and larger instrument size. Also, the
employment of unmodified nucleotides circumvents potential biases arising from their
incorporation. Another positive characteristic is the runtime ranging from 2 to7 h that
outweighs other competitors.

However, the same drawbacks of SNA sequencing-by-synthesis method that were addressed
previously, also apply here. These constitute higher InDel errors and difficulties during
homopolymer region (>6 bp) sequencing [40, 43, 46].

5.2. The third generation of sequencers (single-molecule sequencing)

While the development and optimization of second-generation sequencers is still ongoing, the
third generation, that analyzes single-molecule templates, without the need for DNA pre-
amplification, is already on the field.

They promise even lower cost-per-base, easier sample preparation from less amount of starting
gDNA material, significantly faster run times, simplified primary data analysis and longer
read lengths (hundreds of base pairs and more).
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Longer reads simplify sequence assembly and facilitate polymorphism analysis and complete
haplotype phasing, both especially important for accurate HLA typing and clarification of
phase ambiguities [16].

Also, no need for PCR step overrides any potential biases rising from AT-rich and GC-rich
target sequences, avoids incorporation of additional nonexisting variants due to PCR ampli-
fication errors and reduces template preparation time [38, 43].

We distinguish two platforms among them. These are Pacific Biosciences (RS II) and Oxford
Nanopore (MinION) [47].

5.2.1. Pacific biosciences (RS II)—single-molecule real-time (SMRT) sequencing

The Pacific Biosciences (PacBio) instruments utilize a flowcell with many individual transpar-
ent bottom wells (zero-mode waveguide wells; ZMW), each holding 20 zeptoliters (10−21 L).

SMRT technology uses short single-stranded (ss) hairpin adaptors (SMRTbell adaptors) that
ligate on the ends of the DNA fragments. This results in ssDNA regions at the ends, and double-
stranded DNA (dsDNA) regions in the middle of the fragments.

Size-selection follows in order to retain sequences of preferred length from as low as less than
3 kb, up to around 20 kb, according to the purpose of the experiment.

A unique phi29 DNA polymerase molecule anchored to the bottom of each well binds a single
DNA molecule and starts copying it. The labeled dNTPs incorporate one at a time. Upon
binding the fluorophore emits light visualized with a laser and a camera, then the dye is cleaved
and the polymerase may incorporate the next labeled dNTP. Each color change at every single
one of the wells captured by the camera corresponds to a different dNTP added to the
amplifying sequence.

Each template is sequenced multiple times in a circular fashion. These multiple passes are used
to generate a consensus read of insert, known as circular consensus sequence (CCS) [17, 38, 46].

Generally, the runtime and throughput of the instrument can be tuned by the user. Longer
templates require longer times in order to extract consistent results.

The method of PacBio template preparation lasts 4–6 h, much less time compared to the one
needed for completion of the corresponding procedure for second-generation sequencers. In
addition, there is no need for a PCR step as previously described, resulting in reduced biases
and errors. The turnover rate is also reduced, with runs of RSII instruments finishing within
4 h. The average read length is 10–15 Kb (20,000 bp), longer than any other second-generation
sequencer [43, 46].

The main drawback of this technique is the high error rate, due to the short interphase interval
between two nucleotide incorporation events. Most errors appear as stochastic events and are
not biased anyhow, thus repeated circular sequencing of each nucleotide many times, results
in higher coverage and improved accuracy, up to 99% [38].
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5.2.2. Oxford Nanopore (MinION)

MinION is a third-generation sequencer from Oxford Nanopore that uses a tiny bio-pore of
nanoscale in diameter, with an attached exonuclease.

The fragments of dsDNA are primed with two adapters, a leader and a hairpin, one at each
end. The hairpin adapter holds the two strands together in ssDNA conformation, while the
leader adapter directs the DNA through the exonuclease which cleaves each base and guides
it via the pore.

The concept is that the ssDNA molecule that passes through the α-hemolysin pore (αHL),
disrupts the continuous ionic flow applied along αHL. The disruption is detected by standard
electrophysiological techniques. The current modulation differs for each of the nucleotides that
goes through the pore, a property that assists in discriminating them. Ionic current is resumed
after each trapped nucleotide squeezes out of the pore.

This type of sequencing needs no polymerase enzyme, there is no need for DNA polymeriza-
tion and incorporation of nucleotides, no need for pH alteration detection. As all it needs is
just a molecule of ssDNA and two suitable adapters, one at each end, that help guide it through
the exonuclease and the pore, the cost of sequencing is substantially lowered.

Also, this way of sequencing is fluorescent-tag free, along with the pros that were described
before, concerning Thermo-Scietific’s Ion technology, although these two differ in concept.
Also, the avoidance of using enzymes like polymerase constitutes Nanopore sequencing more
reliable as it is less sensitive to temperature alterations during sequencing.

A drawback of this technique is the large error rate of up to 30%, mainly for InDel detection,
due to the ability of the technique to detect more than 1000 different signals originating from
variation in the nucleotides coming through the pore, especially when modified bases present
on native DNA are taken into account. Also homopolymers are difficult to recognize due to
the same feature of this technique [43, 46].

6. Conclusions

Usually, only exons 2 and 3 of HLA class I genes and exon 2 of HLA class II genes are assessed
for polymorphisms, while other parts of HLA genes are not, due to time and cost constraints.
Many databases, such as dbMHC, AFND, IMGT/HLA, and others [12, 48, 49] keep a record of
known HLA allelic sequences and track newly found polymorphisms. Most HLA allelic
sequences are maintained there as CDS or partial exonic regions. This way, 8-digit HLA typing
resolution, which is the ultimate goal, cannot be achieved.

To address this issue, complete genomic sequence analysis of all HLA exons, along with other
important HLA regulatory sequences and also other significant genes, must be performed.

The high-resolution HLA typing of NGS is advantageous compared with the existing PCR/
SSO, PCR/SSP, and PCR/SBT techniques, but infers limitations that seem impossible to
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overcome, the most important being their incapability of sequencing long enough fragments,
in order to confront without ambiguity the allele phasing issue [17].

This is important because HLA is a highly polymorphic region, therefore it is quite difficult to
determine which variants are associated with the final phenotype, the latest resulting from the
complete end-to-end haplotype, meaning all variants across the MHC and also other genomic
loci [16, 40].

The above issues, of HLA ambiguity and phasing multiple short-read fragments, are resolved
with third-generation sequencers able to analyze long-reads that cover entire intronic-exonic
regions of whole genes. Further optimization and gradually reducing the cost and error rates
of these sequencers will establish their dominance in the field of HLA typing.
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overcome, the most important being their incapability of sequencing long enough fragments,
in order to confront without ambiguity the allele phasing issue [17].

This is important because HLA is a highly polymorphic region, therefore it is quite difficult to
determine which variants are associated with the final phenotype, the latest resulting from the
complete end-to-end haplotype, meaning all variants across the MHC and also other genomic
loci [16, 40].

The above issues, of HLA ambiguity and phasing multiple short-read fragments, are resolved
with third-generation sequencers able to analyze long-reads that cover entire intronic-exonic
regions of whole genes. Further optimization and gradually reducing the cost and error rates
of these sequencers will establish their dominance in the field of HLA typing.
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Abstract

Information on insulin resistance/sensitivity in term-normoweight neonates is scarce.
The hypothalamus-pituitary-adrenal cortex axis and pancreas are implicated in several
aspects of foetal maturation and programming. This study aims to analyse the effects
of  a  combination  of  hyperinsulinaemia  plus  hypercortisolaemia  in  such  neonates
together with their mothers℉ gestational glucose tolerance on growth hormone (GH),
insulin-like growth factor-1 (IGF)-1, glucose, and insulin resistance/sensitivity markers
[homeostatic  model  assessment-insulin  resistance  (HOMA-IR)/quantitative  insulin
sensitivity check index (QUICKI)] at birth. Furthermore, the importance of pregnancy
diet quality on these markers is discussed. In a selected group of 187 term-normoweight
non-distressed  neonates,  about  9%  had  increased  insulin  and  cortisol  cord-blood
concentrations. In spite of normality criteria applied, the combination of hypercortiso-
laemia and hyperinsulinaemia at birth was associated with higher body weight, body
length, glucose, HOMA-IR, GH, IGF-1 and glucose/insulin ratio values than those of
neonates presenting low/normal concentrations of insulin and cortisol. Hyperinsuli-
naemia preferentially to hypercortisolaemia affected the markers studied. Impaired
glucose tolerance prevalence was higher in mothers whose neonates were hyperinsuli-
naemic  at  birth.  The  hyperinsulinaemic  plus  hypercortisolaemic  status  was  more
prevalent in neonates whose mothers had poor Mediterranean diet adherence. Results
show the importance of analysing insulin and cortisol in cord-blood even in term-
normoweight neonates.

Keywords: neonates, term, normoweight, insulin, cortisol, growth, HOMA, insulin re-
sistance/sensitivity, maternal impaired glucose tolerance
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1. Introduction

Pregnancy is a very complex period where growth, development and maturity take place. The
future body, in addition to increasing its cellular mass, progressively acquires functional
capabilities that would permit it to live and grow out of the mother’s womb [1, 2]. Two clear
periods can be distinguished during pregnancy in the future mother. During the first period,
a marked increase in insulin level and sensitivity occurs in the mother, with parallel increases
in placenta size, amniotic volume, protein content and fat stores; however, the foetus weight
gain is small in comparison with that of the mother [1–3]. During the second period, a
physiological increase in insulin resistance and insulin degradation takes place in the mother,
in parallel to the exponential foetal growth that partially or totally blocks the gain rhythm of
maternal stores. This metabolic situation assures the availability of glucose for the maternal
and foetal brains and mammary gland, reducing the uptake of glucose by other maternal
tissues [1–3]. When glucose homeostasis is not physiologically balanced, changes and adap-
tation take place during pregnancy, predisposing the individual to degenerative diseases later
in life [4–8]. In some non-diabetic women, an alteration in carbohydrate metabolism occurs
during pregnancy; thus, although fasting glycaemia is normal, after a carbohydrate load, the
glycaemia increases over normal values. This situation is rather more frequent at the end of
pregnancy and is known as gestational diabetes (GD) [1, 9].

Several homeorhetic adjustments are required to assure adequate foetal anabolism, which in
turn can also be affected by genetic and nutritional factors [1, 2, 10–15]. Maternal glucocorti-
coids, among others, clearly affect metabolites and foetal corticoids that compete with other
anabolic and growth mediators as insulin and insulin-like growth factor-1 (IGF-1) [2, 16–18].
Thus, a hormonal balance seems to be of critical importance to guarantee suitable foetal and
postnatal development [4, 5, 16–19]. Glucocorticoids are central hormones engaged in correct
foetal growth and maturation [16, 17]; however, their excess induces intrauterine growth delay,
clearly affecting glucose homeostasis and brain development and functions [20–22]. As
discussed above, palliative mechanisms are available to reduce the negative effects of excess
active corticoids [20–22].

2. Glucocorticoids: short metabolic review

Store capability of body steroid hormones is limited; thus, they are synthesized from choles-
terol, mainly in liver and endocrine glands. The placenta, although it produces steroid
hormones, is unable to synthesize cholesterol, being, thus obliged, to take it from maternal
plasma low-density and high-density lipoprotein (LDL and HDL, respectively) particles [23].

Cholesterol (27 carbons, 27C), the common precursor of all steroid hormones, is converted in
placenta to pregnenolone (27C) from which progesterone (21C) is derived. Progesterone is the
precursor of several steroid hormones: (a) adrenal cortex hormones (mineralocorticoids and
glucocorticoids); (b) male sex hormones (androgens) (19C); and (c) female sexual hormones
(oestrogens) (18C).
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The adrenal cortex contains 11-, 17- and 21-hydroxylases. When hydroxylation takes place in
C21, the 17-hydroxylase action is arrested and mineralocorticoids (e.g. aldosterone) are
synthesized in the glomerular zone. When hydroxylation takes place in C17, glucocorticoids
and sex hormones are formed in the fascicular and the reticular zones, respectively [16]. The
final step production of glucocorticoids and mineralocorticoids is catalysed by two mitochon-
drial cytochromes P450, CYP11B1 (11b-hydroxylase or P45011b) and CYP11B2 (aldosterone
synthase or P450aldo) [24]. The synthesis of steroid hormones is summarized in Figure 1.

Figure 1. Steroid hormone synthesis. Notice that role of different hydroxylases. ACTH, adrenocorticotropic hormone;
StAR, steroidogenic acute regulatory protein. *Androstenedione and *testosterone can be transformed in oestrone and
oestradiol, respectively by the aromatase action. The **Dehydroepiandrosterone sulphate produces oestradiol, while
the **17-OH-dehydroepiandrosterone, oestriol. Modified from Pascual-Leone Pascual and Goya Suárez [16] and Sibe-
rnagl and Despopoulos [25].

The fascicular zone produces cortisol (hydrocortisone) and, in much lower amounts, cortisone.
Glucocorticoid synthesis and release is controlled by hypothalamus corticotropin-releasing
hormone (CRH) and by the adrenocorticotropic hormone (ACTH) of the anterior hypophysis
lobule [16, 25] (Figures 1 and 2). ACTH induces glucocorticoids releasing (and minor amounts
of other cortical hormones), helping to maintain adrenal cortical structure and function and to
assure cholesterol availability for hormonal synthesis. ACTH production and secretion are
under negative feedback control but increased by adrenal medulla catecholamines [16, 21,
25].

Steroid hormones are fat soluble, and thus, they easily cross biological membranes, having
crucial effects on cellular differentiation and organization. Cortisol binds amply to cortisol
binding globulin (CBG), limiting the level and activity of free cortisol [16, 22, 26, 27].
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Figure 2. Steroid hormone and catecholamine location in the adrenal gland. The activating and negative feedback im-
plicated mechanisms are shown. CRH, corticotropin-releasing hormone, ACTH, adrenocorticotropic hormone. Red
lines, inhibition; Green lines, activation. Modified from Nelson and Cox [26].

System Action High concentrations

Metabolism Increases glycaemia

Increases amino acids use

Increases urea

Heart and circulation Increases heart contraction strength

Increases peripheral vasoconstriction

Induce angiotensinogen formation

Stomach Increases gastric juices Gastric ulcer

Kidneys Maintains glomerular flux

Delays water elimination

Similar effects as aldosterone

Brain Hypothalamus inhibition

Immune system Anti-allergic and anti-inflammatory

Table 1. Effects of cortisol on different systems.

Glucocorticoids interact on receptors located on skeletal, smooth, and cardiac muscles, brain,
stomach, kidney, liver, lung, adipose and lymphatic cells. Those hormones bind to both
mineralocorticoid and glucocorticoid receptors (MR and GR, respectively), members of the
nuclear receptor’s superfamily. GR are expressed since the embryonic stage [28]. GR are
expressed in pancreas, liver, visceral adipose tissue, skeletal muscle and in brain areas such as
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hippocampus and amygdaline nuclei, where they regulate memory and behaviour [17, 22].
There are GR and MR gene polymorphisms that could explain individual response to corti-
coids [29]. Optimum glucocorticoid concentrations in blood and tissues are needed to assure
correct homeostasis. These levels are highly variable and affected by factors such as gender
and circadian cycle, thus explaining difficulties on reference value establishment. Due to space
limitations in this review, the particular effects of glucocorticoids on different systems and the
effects of high cortisol actions are summarized in Table 1.

3. Glucocorticoids and stress: the allostasis concept

During alarm reaction, catecholamines stimulate hypothalamus, which releases hormones to
guarantee adequate plasma glucose levels. These hormones become maximal 4 hours after
alarm [16, 21]. Thus, glucocorticoids also help in the alarm reaction. Nowadays, stress response
is accepted to be undoubtedly associated with allostasis, a term created by Sterling and Eyer
[30] that textually means maintaining stability through change, in the idea that stress situation is
a body adaptation to a unknown situation that must be transitory blocked or arrested. System
failure would imply suppression of several anabolic processes with energy store diminution
and immune system blocking, which can be highly deleterious to the body.

When stress becomes chronic, a high glucocorticoids release to plasma is kept. These high
levels downregulate the GR expression in hippocampus. Thus, the correct feedback exerted
by the hypophysis-pituitary axis (HPA) blocking is shunned, which results in lasting high
glucocorticoids concentrations [26, 30, 31]. There exist three known mechanisms regulating
the entrance of glucocorticoids to the brain [16]: (1) CBG, a molecule that determines the free
cortisol levels in humans, and thus cortisol which is available to bind GR [16]. In response to
very high free cortisol levels, the CBG transport capacity is saturated and the cortisol levels
increased substantially. Thus, the situation is compatible with cortisol resistance or low
response to cortisol [32]; (2) glycoprotein P carriers of blood–brain barrier limit, despite
glucocorticoid fat solubility, the entrance of cortisol to the brain; and (3) isoenzymes (dehy-
drogenases or reductases) transform cortisone in active cortisol, which is available to bind GR.
Conversely, the 11 β-hydroxysteroid dehydrogenase 2 (11 β-HSD 2) transforms in the kidneys
cortisol into inactive cortisone (Figure 1). The presence of high renal levels avoid corticoids
from interacting on MR. This enzyme is also available at high levels during development in
the brain and placenta to protect the body against deleterious effects of high cortisol levels (e.g.
cerebellar malformation [33], high HPA activity in adult life [34] and increased incidence of
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4. Human foetal adrenal gland

The human foetal adrenal gland has double weight than the foetal kidneys and after delivery
its size decreases from 8 to 5 g in 5 weeks. It has three areas: foetal area, definitive area and
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medulla. The foetal area is integrated by vast cells presenting steroid synthesis characteristics.
This area occupies approximately the 80% of the total adrenal gland at the end of pregnancy.
It secretes two main substances: dehydroepiandrosterone sulphate (DHAS), synthesized in the
foetal area, and cortisol, synthesized in the definitive area [16, 21]. DHAS is synthesized from
acetate or from cholesterol (Figure 1). It can be also formed by direct conversion from other
steroid sulphates, beginning from cholesterol sulphate. The DHAS production increases as the
pregnancy goes by. Its production is kept high during the first week after delivery, and then
decreases, reflecting the foetal area’s atrophy. After delivery, at the age of 1 year, total involution
of the foetal area is observed [3, 35].

The step from DHAS to 16-α-hydroxydehydroepiandrosterone (16-α-OH-DHAS) is scarce in
the foetal adrenal gland, but it can be observed in the foetal liver. Afterwards, both substances
are used as substrates in the placenta for the oestrogens’ synthesis: DHAS produces oestradiol
and 16-α-OH-DHAS produces oestriol (see Figure 1 footnote). In the definitive area, cortisol
can be synthesized from maternal progesterone or de novo from LDL cholesterol. It is not
known what of the two pathways is the most used. It seems that the foetal adrenal gland has
small capability for progesterone secreting and there is a 3-OH steroid dehydrogenase–
isomerase complex deficiency. The cortisol synthesis grows along pregnancy: 6.9 ng/mL in 13-
week foetuses’ cord blood and 70 ng/mL at the end of gestation [16, 21].

The definitive area secretes deoxycorticosterone and aldosterone. These secretions begin at 10–
20 weeks and increase until the end of pregnancy. There is great cortisol transference from
mother to foetus through the placenta. Most of this cortisol can be found in the foetus as
corticosterone. Corticosterone levels in foetus are 5–10 times higher than in the mother’s blood.
Cortisol is also transferred from foetus to mother. Cortisol can be formed from cortisone in
foetus, as some tissues as kidney, lung, amniotic membrane and liver have the 11-hydroxys-
teroid dehydrogenase (11-HSD) [16].

5. Regulation of the secretions of the definitive and foetal areas in the
adrenal gland

Both the foetal and the definitive areas of the adrenal gland are stimulated by ACTH and α-
melanocyte stimulating hormone (MSH). Both hormones are secreted by the foetal pituitary
gland [16, 35]. As possible stimulators of the adrenal gland, angiotensin, prolactin, growth
hormone (GH) and epidermal growth factor have also been suggested. Progesterone and
deoxycorticosterone secretions decrease as pregnancy goes by, suggesting that the enzymatic
systems for their transformation into aldosterone and cortisol become active, as these hor-
mones levels increase at the end of pregnancy.

With respect to the medulla secretions, it is known that the corticosterone synthesized in situ
by the foetus is required for negative feedback suppression of the hypothalamus-pituitary-
adrenal axis and for catecholamine synthesis in adrenal medulla [36]. In addition, the maternal
catecholamines can go across the placenta [16].
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6. Carbohydrate metabolism: pancreatic hormones

Glucose is recognized as the major energy porter of human metabolism [37–39]. Glycaemia is
determined by carbohydrate intake and absorption, by the glycolysis and gluconeogenesis.
Figure 3 summarizes an integrated hormonal mechanism contributing to glycaemia balance.
When glycaemia is reduced, mechanisms are produced to avoid hypoglycaemic shock,
inducing appetite and compensatory mechanisms, as the lack of stimulation by β-cell to
produce insulin and the stimulation of glucagon by α-2 pancreatic cells. When glycaemia
increases, insulin promotes the intracellular cross of glucose through expression of receptors
and carriers. In addition, a general enzyme activity occurs in liver, skeletal muscle, adipose
tissue, etc., increasing the protein synthesis, lipogenesis and glycogenesis [25].

Figure 3. Integrative scheme of hormone response to hypoglycaemia and hyperglycaemia. ACTH, adrenocorticotropic
hormone, GH, growth hormone. Red lines, inhibition; green lines, activation; Dot white lines, no effect. Red lines bear-
ing a cross: missing the inhibitory mechanism; green lines bearing a cross: missing the stimulating mechanism. Modi-
fied from Sibernagl and Despopoulos [25] and Nelson and Cox [26].

Hypoglycaemia and a high level of amino acids are two major stimuli for glucagon release.
However, fasting, general adrenergic excitation and a decrease in the fatty acid concentrations
also lead to glucagon release. On the other hand, hyperglycaemia inhibits glucagon release.
The main role of glucagon is raising the glycaemia [24] by increasing glycogenolysis (that is
intensified by an increased lipolysis) and diminishing glycolysis. Somatostatin is secreted by
the α-cells of the pancreas and inhibits GH, thyroid-stimulating hormone (TSH), gastrin,
insulin and glucagon release. All these effects result in a hypoglycaemic action. Glycaemia is
registered by glycoreceptors inducing compensation by modifying insulin and glucagon
release. Nevertheless, this action is completed by cortisol action and the effect of catechola-
mines (Figure 3).
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7. Foetal pancreas development

The pancreas is an endocrine and exocrine gland, which plays a major role in our economy. It
contributes to the macronutrient digestion by producing enzymes while its endocrine function
is critical to glucose homeostasis [1]. In humans, it appears first in gestation at 5–6 weeks, and
at 11 weeks the islets can be observed. Insulin production is functional at week 20 [3, 40], and
at this time, four cell types can be observed: α-cells producing glucagon, β-cells producing
insulin, δ-cells producing somatostatin and PP-cells producing pancreatic polypeptide. As it
occurs in adult life, at birth the most abundant cells are the β-cells and the least the PP-cells.
The pancreas is an active organ at the end of the first trimester and plays a key role since the
fourth month of pregnancy. IGF-1 is fundamental to pancreatic cell specialization, growth, islet
maturation and thus to insulin production.

There is a pancreatic plasticity that allows pancreas response to high insulin-demand situa-
tions. β-Cell adaptation to different situations (nutrient lack or excess) depends on the
equilibrium between cell division, growth and apoptosis death [7]. The foetal β-cell area
increases during pregnancy without changing the cell size. However, there is an increase in
the number of small islets, but not of the number of β-cells in each islet [41].

8. Growth hormones

IGF-1 is a low-molecular weight peptide hormone, expressed by all the adult and foetal tissues
since early life stages. Similar to proinsulin, IGF-1 consists of one single polypeptide chain
containing three disulphide bridges inside. Both IGF-1 and proinsulin have identical hydro-
phobic areas [42]. IGF-1 and its binding proteins (IGFBPs) are powerful stimulators of cellular
division and have a very important role in the regulation of foetal growth [18]. After birth, the
liver is the main source of IGF-1 and its IGFBPs. Nutritional factors such as protein intake,
energy and micronutrients such as zinc regulate IGF-1 synthesis. Hormones such as GH, sexual
steroids, thyroid hormones and insulin regulate the expression of IGF-1 and IGFBPs [43, 44].

Hormone Placental GH Human placental lactogen

Mother circulation Liver IGF-1 production Anti-insulinaemic effect

acumulación de nutrientes

Foetal circulation Without relevant effects Stimulate liver IGF-1 and glycogenesis

Stimulate fetal growth

GH, Growth hormone; IGF-1, insulin-like growth factor-1.

Table 2. Effects of placental GH and placental lactogen in both maternal and foetal circulations.

During gestation, pituitary GH production is scarce, while IGF-1 concentration increases,
reaching the highest level at the end of pregnancy. This increment is associated with a high
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placental GH synthesis. Placental and pituitary GHs have similar structures, but different
genes codify their production [45–47]. The main regulators of IGF-1 during pregnancy are both
the placental GH and the human placental lactogen (hPL) [47]. Placental GH is secreted to
maternal circulation, stimulating the synthesis of IGF-1 in the maternal liver. hPL is the most
abundant peptide hormone secreted by the placenta. It circulates in both maternal and foetal
blood, playing different roles. Table 2 summarizes some of the major roles of both placental
hormones.

9. Biological functions of IGF-1

IGF-1 stimulates cartilage growth, DNA, RNA and protein synthesis, and anabolic processes.
IGF-1 is a key mediator of hippocampal neurogenesis. GH is expressed in the hippocampus
where a high stress regulates it [48]. During pregnancy, IGF-1 stimulates cell division, maternal
tissues’ growth and anabolic processes resulting in increasing the adipose tissue, liver glycogen
reservoir and mammary gland development. IGF-1 has effects that are similar to those of
insulin on muscle and placenta, stimulating amino acid and glucose transport and inhibiting
lipolysis in the adipose tissue. IGF-1 has also a main role in growth, as the correlation between
its concentration and child growth speed shows [49]. In fact, it is the growth factor that best
correlates with foetal growth during gestation. The protein-energetic malnutrition and
preeclampsia associated with intrauterine growth retardation (IUGR) are two pathologic
statuses where IUGR is associated with IGF-1 and IGFBP concentrations. Hypoglycaemia
promotes adrenaline release, which stimulates hypothalamus GH release and inhibits insulin
production by β-pancreatic cells (Figure 3). As indicated, placental GH induces liver IGF-1
production, palliating, at least in part, the negative effects of hypoglycaemia.

10. The Barker hypothesis: disputes and joint effects of insulin and cortisol

Hormonal equilibrium and adjustment are needed for an adequate anabolism and develop-
ment [16, 17, 19, 37, 50]. This equilibrium is under nutritional and genetic regulation [7, 50].
Maternal glucocorticoids have relevant effects on the foetal metabolites and corticoid levels.
They have opposite effects to those of other anabolic and growth mediators such as insulin or
IGF-1 [38, 44]. Glucocorticoids are key hormones for adequate foetal development and
maturation [16, 17], but at high concentrations they induce IUGR with a great affectation of
glucose homeostasis, brain development and maturation and thus, all the processes regulated
by this complex organ. Fortunately there are mechanisms regulating the concentration of active
corticoids [7, 16], palliating, at least in part, the negative effects of the excess amount of these
hormones.

Fifty years ago, it was assessed that children with marasmic malnutrition presented low
insulinaemia and a high cortisol/insulin ratio [51]. However, these children kept a normal
glucose tolerance [51] suggesting an increased insulin resistance. In animal models, the
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tissue-insulin hypersensitivity induced by protein-energy malnutrition was confirmed [52,
53]. This disagrees with the thrifty phenotype theory [4–6], which supposes less glucose
consumed by peripheral tissues because of an insulin resistance status, allowing an ade-
quate glucose transfer to the brain even in nutritional restriction conditions.

Figure 4. Insulin and lipoprotein programming during pregnancy. Foetal malnutrition influencing growth and pan-
creas capacities. Notice that the glucose and nutrient availability affect glucocorticoid concentrations and the flux of
new cells originating lower pancreatic cell growth and less insulin production. This fact is counterbalanced by increas-
ing insulin sensitivity and cholesterol synthesis. High food amount availabilities would induce adaptive mechanisms
addressing glucose intolerance, diabetes mellitus, and/or dyslipidaemia and coronary heart disease (CHD) in this
“programmed” body later in life. *Non-definitive evidence. Modified from Sánchez-Muniz et al. [1].

Inadequate nutrition in human foetuses negatively affects pancreatic development, leading to
a smaller β-cell population [54] or a decreased ability for insulin production [55]. This situation
makes pancreas unable to adequately respond to some metabolic and stress conditions in adult
life. Foetal effects of this programming are less known, but it seems that malnutrition, placental
insufficiency and GD alter the islets development in the perinatal period, increasing the risk
of suffering diabetes in the future (Figure 4). There is no agreement on the results obtained as
malnutrition effects on insulin secretion ability have been associated with alterations in the
secretion mechanism or hormone biosynthesis, or other factors such as the amount of hormone
in each islet and the insulin availability by modifying the expression of the insulin production
and translation genes [56].

It is well known that pancreatic β-cells release adequate amounts of insulin as a response to
nutrients, hormones and nervous stimuli in order to keep glucose levels in a narrow range and
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assure optimum tissue functioning [38, 39, 57]. Glycaemia is the main insulin-secretion
regulator [38, 39, 57] (Figure 3). In the foetus, insulin synthesis is regulated by glucose, and it
has been described a slight foetal β-cell immaturity in the face of glucose. This seems para-
doxical as glucose is the main metabolic substrate in the foetus [38, 58]. The “thrifty phenotype”
hypothesis proposed by Hales and Barker [5] suggests that type 2 diabetes is due to the action
of unknown factors that reduce foetal growth, islet β cell ontogeny and insulin sensitivity
during the prenatal period. This hypothesis supposes a foetal programming where the HPA
axis is involved under hormonal and nutritional regulation. This programming is induced as
an adaptation mechanism of the future being to its limited environment in order to guarantee
its own survival and is more prevalent in low birthweight individuals [7].

However, there are different studies in neonates showing that even in adequate intra utero
growth situations, there is a wide dispersion in the hormonal results [59], suggesting that more
factors than malnutrition may be involved. Moreover, our group has found that normoweight
neonates whose mothers had an adequate adherence to the Mediterranean diet (MDA) during
pregnancy showed insulin resistance markers lower than those whose mothers followed a diet
far from the Mediterranean pattern [12, 13].

The hormonal imbalance associated with hypercortisolaemia, hyperinsulinaemia and reduced
levels of GH and testosterone is a typical fact of the metabolic syndrome [40, 60]. However,
this association has never been suggested in neonates and thus studied by our research group.

11. Reference values in neonates: insulin resistance/sensitivity markers

Our group has defined reference values for insulin resistance/sensitivity markers in neonates
[59]. These ranges were obtained considering strict criteria at birth, as only term, normoweight,
appropriate for gestational age, and without foetal distress (Apgar test evaluation) neonates
whose mothers had normal glucose tolerance (O’Sullivan test evaluation) were studied [61].
The insulin resistance/sensitivity was calculated by the following indexes: quantitative insulin
sensitivity check index (QUICKI), using the formula: 1/[(log Insulin)(μUI/mL) + (log Glucose)
(mg/dL)]; homeostatic model assessment-insulin resistance (HOMA-IR), calculated as:
Glucose (mmol/L) × Insulin (μUI/mL)/22.5.

Taking these criteria into account, the following hypothesis was assessed: Term, normoweight,
without foetal-distress neonates, presenting high cortisol and insulin levels have altered
insulin sensitivity and other hormonal markers (GH, IGF-1). These effects can be modified by
maternal glucose tolerance during gestation.

The following aims were established: (i) to define the anthropometric, hormonal and insulin
sensitivity/resistance markers in a wide cohort of term, normoweight, without foetal-distress
neonates; (ii) to know the normality of these parameters with respect to the reference ones; (iii)
to define the prevalence of insulin resistance in these neonates; (iv) to know whether the
association of high insulin and cortisol levels can explain the insulin resistance/sensitivity in
these neonates; (v) to study the effect of maternal glucose tolerance during pregnancy on the
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anthropometric and insulin resistance markers of those neonates; and (vi) to know how the
maternal diet quality during gestation can affect the parameters studied in these neonates.

The main reason that led us to perform this study was the current increase in obesity and type
2 diabetes mellitus, especially in young populations. The early diagnosis of the insulin
sensitivity affection will allow us to apply corrective and therapeutic measures in order to
reduce the chronicity of the insulin resistance and its clinical posterior manifestations.

Taking into account the reference values for neonates [59], the cut-off point for high insulin
concentrations (percentile 75, P75) was set up at 6.4 μUI/mL for females and at 4.8 μUI/mL for
males. In the case of cortisol, the cut-off point for high levels (percentile 75, P75) was set up at
9.7 μg/dL for females and 9.4 μg/dL for males.

12. General data of neonates from Merida study

Table 3 shows the general characteristics of the studied population.

Minimum  Maximum
Mothers
Age (years) 30.33 ± 5.24 16   40
Glucose (mg/dL) 83.63 ± 6.72 64.0   101.0
Neonates
Gestational age (weeks) 39.85 ± 1.10 37   42
Weight (g) 3301 ± 331 2520   3990
Length (cm) 50.0 ± 1.38 44.0   53.0
BMI (kg/m2) 13.19 ± 1.12 10.08   15.80
Ponderal index (kg/m3) 26.41 ± 2.39 20.16   33.22
Cephalic perimeter (cm) 34.19 ± 1.35 30.0   37.0
Thoracic perimeter (cm) 33.66 ± 1.43 30.0   39.0
Apgar 1 8.99 ± 0.72 7   10
Apgar 2 9.95 ± 0.29 9   10
Glucose (mg/dL) 78.23 ± 38.39 18   233
Insulin (μIU/mL) 6.57 ± 8.58 0.2   67.50
Cortisol (μg/dL) 7.54 ± 3.55 2.78   24.15
GH (ng/mL) 15.84 ± 10.19 0.6   73.1
IGF-1 (ng/mL) 57.7 ± 26.31 5.0   232.5
QUICKI 0.43 ± 0.12 0.26   1.18
HOMA-IR 1.53 ± 2.78 0.02   16.73
Glucose/insulin 29.26 ± 43.90 0.79   370.0
Insulin/cortisol 0.99 ± 1.40 0.02   11.05

Data are means ± standard deviations; BMI, body mass index; GH, growth hormone; IGF-1, insulin-like growth factor
1; QUICKI, quantitative insulin sensitivity check index; HOMA-IR, homeostatic model assessment-insulin resistance.

Table 3. Characteristics of the studied population: term, normoweight neonates without foetal distress.
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Of the 178 neonates studied, 98 were females and 80 males. All of them were Caucasic,
singleton, term, normoweight and without foetal distress. The study was performed in
accordance with the Declaration of Helsinki and approved by the Management and Ethical
Committee of the Merida Hospital. From the 178 mothers, 156 were screened for GD by the
O’Sullivan test [61] between weeks 24 and 28 of pregnancy, and 33% had impaired glucose
tolerance (IGT). There were 22 mothers who could not be screened.

Insulin <P75
(N = 120)

Insulin ≥P75
(N = 58)

Significance

Mothers

Age (years) 30.16 ± 5.25 31.14 ± 5.12 NS

Glucose (mg/dL) 83.20 ± 6.47 84.13 ± 7.10 NS

Neonates

Gestational age (weeks) 39.47 ± 1.16 39.47 ± 1.17 NS

Birthweight (g) 3328 ± 290 3372 ± 297 NS

Length (cm) 50.09 ± 1.31 50.19 ± 1.35 NS

BMI (kg/m2) 13.27 ± 1.06 13.38 ± 0.94 NS

Ponderal index (kg/m3) 26.51 ± 2.37 26.67 ± 2.05 NS

Cephalic perimeter (cm) 34.47 ± 1.23 34.13 ± 1.21 NS

Thoracic perimeter (cm) 33.80 ± 1.32 33.69 ± 1.38 NS

Apgar 1 8.96 ± 0.83 9.03 ± 0.56 NS

Apgar 2 9.93 ± 0.35 9.97 ± 0.18 NS

Glucose (mg/dL) 68.40 ± 28.62 99.09 ± 48.50 <0.001

Insulin (μIU/mL) 2.84 ± 1.48 14.61 ± 11.62 ND

Cortisol (μg/dL) 7.39 ± 3.38 7.98 ± 3.91 NS

GH (ng/mL) 16.76 ± 10.41 13.28 ± 9.07 0.027

IGF-1 (ng/mL) 55.71 ± 22.85 63.64 ± 32.05 NS

QUICKI 0.47 ± 0.13 0.36 ± 0.08 <0.001

HOMA-IR 0.49 ± 0.33 3.99 ± 4.17 <0.001

Glucose/insulin 37.37 ± 37.02 8.61 ± 4.39 <0.001

Insulin/cortisol 0.47 ± 0.34 2.22 ± 2.08 <0.001

Data are means ± standard deviations; BMI, body mass index; GH, growth hormone; IGF-1, insulin-like growth
factor-1; QUICKI, quantitative insulin sensitivity check index; HOMA-IR, homeostatic model assessment-IR; P:
percentile; NS, not significant; ND, not determined.

Table 4. Characteristics of the studied population according to the insulin concentration.

The general anthropometric data found were quite similar to those shown in previous studies
[62, 63] with mean values of normality, clearly suggesting the absence of maternal-placental
malnutrition. The mean values found in hormonal markers agree with those used as reference
values in neonates [59]. Glycaemia in neonates is quite variable even in populations where
distress and other factors are well controlled [59, 64]. HOMA-IR and QUICKI are usually
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studied in adults [65, 66], but this occurred sparingly in neonates [59, 67] and more often in
low birthweight populations [68]. The data obtained in this study show that HOMA-IR values
are lower than those found in low birthweight neonates [68] suggesting less insulin resistance.
In addition, QUICKI was much lower and HOMA-IR much higher than those found in youths
suffering or not suffering from obesity and/or metabolic syndrome [66].

12.1. Anthropometric and insulin sensitivity/resistance markers in neonates classified
according to insulin values at birth

Non-significant differences were found between anthropometric characteristics of neonates
belonging to both insulin levels (Table 4).

Cortisol <P75
(N = 137)

Cortisol ≥P75
(N = 41)

Significance

Mothers

Age (years) 30.6 ± 5.24 30.10 ± 5.18 NS

Glucose (mg/dL) 83.74 ± 6.85 82.78 ± 6.12 NS

Neonates

Gestational age (weeks) 39.4 ± 1.16 39.80 ± 1.12 0.067

Birthweight (g) 3338 ± 287 3358 ± 312 NS

Length (cm) 50.07 ± 1.37 50.28 ± 1.13 NS

BMI (kg/m2) 13.31 ± 1.04 13.27 ± 0.97 NS

Ponderal index (kg/m3) 26.62 ± 2.36 26.40 ± 1.93 NS

Cephalic perimeter (cm) 34.36 ± 1.15 34.31 ± 1.45 NS

Thoracic perimeter (cm) 33.75 ± 1.25 33.79 ± 1.55 NS

Apgar 1 8.99 ± 0.76 8.98 ± 0.76 NS

Apgar 2 9.94 ± 0.32 9.93 ± 0.26 NS

Glucose (mg/dL) 75.33 ± 36.69 88.66 ± 44.63 0.087

Insulin (μIU/mL) 6.39 ± 8.49 7.62 ± 9.38 NS

Cortisol (μg/dL) 6.04 ± 1.67 12.74 ± 3.33 ND

GH (ng/mL) 16.92 ± 10.26 11.43 ± 8.41 0.001

IGF-1 (ng/mL) 58.27 ± 24.32 58.24 ± 32.73 NS

QUICKI 0.44 ± 0.11 0.43 ± 0.15 NS

HOMA-IR 1.55 ± 2.87 1.89 ± 3.01 NS

Glucose/insulin 25.46 ± 26.58 36.49 ± 42.63 NS

Insulin/cortisol 1.16 ± 1.58 0.65 ± 0.91 0.011

Data are means ± standard deviations; BMI, body mass index; GH, growth hormone; IGF-1, insulin-like growth
factor-1; QUICKI, quantitative insulin sensitivity check index; HOMA-IR,: homeostatic model assessment-insulin
resistance; P, percentile; NS, not significant; ND, not determined.

Table 5. Characteristics of the studied population according to cortisol concentrations.
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Of the 178 neonates studied, 58 (30 females and 28 males) were hyperinsulinaemic (insulin
concentrations >P75). From these 58 hyperinsulinaemic neonates, 86% showed HOMA-IR
values ≥P75 taking in account the reference values for neonatal population [63]. As indicated
by Gesteiro et al. [67], the increased neonatal insulinaemia was not able to normalize neonatal
glycaemia in the >P75 neonates as those newborns presented significantly higher cord-blood
insulin levels. Despite the fact that all studied infants were full-term normoweights, about one-
third show very high insulin levels (≥15 μIU/mL). No clear reasons are available; however,
foetal insulin levels increase under hyperglycaemia and GD [69]. Furthermore, of the 58
hyperinsulinaemic neonates, 25 (43%) were born from mothers presenting IGT and 28 (48%)
from mothers without IGT. Thus, neonatal insulin sensitivity/resistance markers could be
clearly affected by maternal IGT. This factor effect will be discussed later in this review.

12.2. Anthropometric and insulin sensitivity/resistance markers in neonates classified
according to cortisol values at birth

Table 5 shows the characteristics of the studied population according to their cortisol levels.
In the case of cortisol, from the 178 neonates studied, 20 females and 21 males were hypercor-
tisolaemics as presented cortisol levels ≥ P75.

Figure 5. Potential mechanisms implicated in glucocorticoid hormone regulation. Three possibilities are suggested.
Note that glucocorticoid sensitivity in the HPA axis and tissues can be independently regulated and the former deter-
mines the serum free cortisol levels. Combination of their directions influences net peripheral action of this hormone.
The glucocorticoid resistance would be a consequence of glucocorticoid receptors saturation. Modified from Chrousos
and Kino [32].
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There is a lot of available information about foetal programming and glucocorticoids in low
birthweight newborns [16, 17]. However, the present study was done in control neonates
where scarce information is available. Cortisol levels at birth were not affected by foetal
distress as all of them had a high score in the Apgar test (>7 at the first minute and >9 at the
fifth minute). Cortisol levels are highly dependent on stress and type of delivery [70, 71]. As
our neonates were strictly selected, other factors, such as low cortisol sensitivity which is
different from these factors, should be considered. Figure 5 shows a model comparison where
cortisol and other hormone levels appear clearly related to cortisol resistance. Thus, it can be
accepted that high cortisol level at birth would be also associated with low response control
of cortisol.

We also find that neonates presenting high cortisolaemia had lower GH (P = 0.001) and an
insulin/cortisol ratio (P < 0.05) than those neonates with low–normal cortisol levels.

12.3. Anthropometric and insulin sensitivity/resistance markers in neonates presenting
high cortisol and high insulin levels at birth

This study finds for the first time in the bibliography that the conjunction of high levels of
insulin and cortisol together was present in nearly 9% of term, normoweight without foetal-
distress neonates, and was associated with low GH concentrations, impaired neonatal insulin
sensitivity and high glycaemia at birth.

Table 6 resumes the anthropometric, hormonal and insulin resistance/sensitivity in neonates
attending to their insulin and cortisol levels together. It can be observed that neonates pre-
senting both high insulin and cortisol concentrations showed a slightly higher birthweight
without differences in length, body mass index (BMI), ponderal index, cephalic or thoracic
perimeters. Although fat was not analysed in these neonates, it can be speculated that as
variation in length was lower than in weight, neonates presenting higher levels of both cortisol
and insulin tended to accumulate more fat, as it is known that in adults, the troncular fat
accumulation is associated with plasma lipids increase [72] and insulin resistance severity in
adults [72, 73]. Nonetheless, data in adolescents are controversial and limited [74].

Values of GH (ANOVA, P = 0.009), glucose, insulin, cortisol, QUICKI, HOMA-IR and the
glucose/insulin and insulin/cortisol ratios (all P < 0.001) were significantly different between
the four groups. When insulin was elevated regardless of cortisol levels, neonates showed
higher glucose, IGF-1, HOMA-IR and insulin/cortisol index, but lower QUICKI and glucose/
insulin ratio (at least P < 0.05). Neonates with hypercortisolaemia but not hyperinsulinaemia
showed lower values of GH (at least P < 0.05) than those with non-elevated levels of both
hormones.

In agreement with our results, where higher IGF-1 correspond to higher birthweight, other
groups have found that IGF-1 levels are related to higher birthweight, supporting the premise
that IGF-1 plays a major role in promoting the foetal growth [75], but also in keeping the
hormonal balance.
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Insulin and cortisol
<P75 (N = 95)

Insulin >P75 and
cortisol <P75
(N = 42)

Insulin <P75 and
cortisol ≥P75
(N = 24)

Insulin and
cortisol ≥P75
(N = 17)

 ANOVA

Mothers 

Age (years)  30.09 ± 5.13  31.71 ± 5.35  30.63 ± 5.77  29.35 ± 4.26  0.16 

Glucose (mg/dL)  83.48 ± 6.61  84.32 ± 7.41  82.05 ± 6.09  83.75 ± 6.22  0.57 

Neonates 

Gestational age
(weeks) 

39.41 ± 1.10  39.26 ± 1.29  39.79 ± 1.29  39.82 ± 0.88  0.15 

Birthweight (g)  3332 ± 296  3350 ± 269  3303 ± 275  3437 ± 353  0.15 

Length (cm)  50.07 ± 1.39  50.08 ± 1.37  50.15 ± 1.04  50.47 ± 1.27  0.35 

BMI (kg/m2)  13.29 ± 1.09  13.36 ± 0.93  13.13 ± 0.96  13.47 ± 0.99  0.56 

Ponderal Index
(kg/m3) 

26.59 ± 2.47  26.70 ± 2.13  26.20 ± 2.02  26.68 ± 1.83  0.89 

Cephalic perimeter
(cm) 

34.45 ± 1.09  34.09 ± 1.26  34.39 ± 1.69  34.21 ± 1.18  0.88 

Thoracic perimeter
(cm) 

33.80 ± 1.20  33.66 ± 1.38  33.82 ± 1.71  33.75 ± 1.42  0.93 

Apgar 1  8.96 ± 0.87  9.05 ± 0.38  8.96 ± 0.69  9.00 ± 0.87  0.84 

Apgar 2  9.93 ± 0.36  9.98 ± 0.15  9.92 ± 0.28  9.94 ± 0.24  0.88 

Glucose (mg/dL)  64.06 ± 19.08a  100.81 ± 51.81b  85.67 ± 48.59c  92.88 ± 39.42bc  <0.001 

Insulin (μIU/mL)  2.92 ± 1.45a  14.26 ± 11.96b  2.41 ± 1.45a  14.98 ± 10.90b  <0.001 

Cortisol (<g/dL)  5.99 ± 1.66a  6.15 ± 1.73a  12.61 ± 2.95b  12.92 ± 3.89b  <0.001 

GH (ng/mL)  17.61 ± 10.65a  15.32 ± 9.23 ab  12.67 ± 7.89b  9.56 ± 9.06b  0.009 

IGF-1 (ng/mL)  56.60 ± 24.19a  62.10 ± 24.48ab  50.41 ± 14.23a  69.49 ± 46.77b  0.083 

QUICKI  0.46 ± 0.12a  0.37 ± 0.08 b  0.48 ± 0.17 a  0.35 ± 0.06 b  <0.001 

HOMA-IR  0.47 ± 0.29 a  4.00 ± 4.28b  0.54 ± 0.46 a  3.80 ± 3.97b  <0.001 

Glucose/insulin  32.79 ± 41.83 a  8.87 ± 4.49b  56.60 ± 61.54c  8.10 ± 4.10 b  <0.001 

Insulin/cortisol  0.54 ± 0.34a  2.55 ± 2.26b  0.19 ± 0.11a  1.30 ± 1.13c  <0.001 

Data are means ± standard deviations; Different letters for the same parameter are significantly different. BMI, body
mass index; GH, growth hormone; IGF-1, insulin-like growth factor-1; QUICKI, quantitative insulin sensitivity check
index; HOMA-IR, homeostatic model assessment-insulin resistance.

Table 6. Comparison of the different groups of neonates according to their insulin and cortisol levels.

Pancreatic β-cells are very sensitive to substrate and hormone changes during the foetal stage.
An inadequate environment intra utero would affect the expression of transcription factors and
these in turn, the correct β-cell development [1, 7]. Álvarez Escolá and Escrivá Pons [7] observed
that impaired intrauterine development due to maternal malnutrition, uterus-placental
restriction or GD is related to low IGF-1 concentrations in term rat foetuses. Corticosteriods
diminish IGF-2, IGF-1 receptor and transcription factors necessary for β-cell expression at the
foetal stage [7, 76]. Although it seems that insulin and cortisol have opposite effects on IGF-1
levels, when hypercortisolaemia and hyperinsulinaemia occurred together, IGF-1 levels were
not lower than those of neonates presenting only high insulin levels. Hypercortisolaemia has
been related to insulin resistance in adults [17] and low levels of GH in girls aged 3–18 years
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in increased insulin resistance and hypercortisolaemia situations [77, 78]. Neonates showing
high concentrations of insulin and cortisol together showed the lowest concentration of GH
and the highest of IGF-1. Although the precise mechanism is unknown, it can be speculated
that the inverse relationship between GH and IGF-1 involved in insulin sensitivity [79] could
be modulated by cortisol levels. In such a way, high cortisolaemia in neonates with previous
impaired insulin sensitivity would tend to reduce GH and increase IGF-1 concentrations. In
fact, the mean values of IGF-1 rise up over P75 and GH ones fall under P25 found in the
reference population [59]. Thus, paradoxically, the hypercortisolaemia seems to diminish, at
least partially, the negative effects ascribed to the hyperinsulinaemia. Circulating IGF-1 plays
an important role in maintaining the hormonal balance between GH and insulin and control-
ling glucose homeostasis. GH antagonizes the action of insulin in liver and peripheral tissues
and leads to insulin insensitivity (Figure 6).

Figure 6. Regulation of insulin secretion by IGF-1 and GH. Notice the inverse relationship between IGF-1 and GH.
IGF-1, insulin-like growth factor-1; GH, growth hormone. Modified from Yakar et al. [79].

Neonates presenting hyperinsulinaemia together with hypercortisolaemeia showed low
insulin sensitivity and high insuline resistance according to their QUICKY and HOMA-IR
values, while neonates with no elevation of both hormones showed QUICKI and HOMA-IR
values >P50 and <P50 of the reference population, respectively [59]. Nevertheless, the con-
junction of high levels of both hormones does not significantly affect QUICKI and HOMA-IR
values with respect to those shown by the neonates presenting only high insulin concentra-
tions. The ROC curve (Figure 7) shows that the conjunction of both high insulin and cortisol
is a strong predictor for neonates presenting high HOMA-IR and low QUICKI values.
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Figure 7. ROC curves. Predictive value of both high insulin and cortisol concentrations. GH, growth hormone;
QUICKI, quantitative insulin sensitivity check index; HOMA-IR, homeostatic model assessment-insulin resistance;
IGF-1, insulin-like growth factor-1. Area under curve: GH = 0.207, QUICKI = 0.205, HOMA-IR = 0.882 (all P < 0.001).

12.4. The effect of maternal impaired glucose tolerance on anthropometric and insulin
sensitivity/resistance markers in neonates presenting high cortisol and high insulin levels
at birth

Table 7 shows neonatal results after considering two factors: the association of high cortisol-
high insulin levels and the presence of IGT during pregnancy. The gestational age did not
differ in neonates with high cortisol-high insulin levels whose mother presented or not IGT
with respect to those described in a neonatal control population [59].

Neonatal weight and length were significantly affected (P = 0.006 and 0.016, respectively) by
the joint effect of high cortisol–high insulin levels but not by IGT. BMI, ponderal index, cephalic
and thoracic perimeters, and the Apgar at 1 and 5 min did not change by any of the two studied
factors or by their interaction. The maternal glycaemia appeared higher in IGT mothers (P <
0.001) (Table 7).

Neonatal cortisolaemia and insulinaemia were significantly affected by maternal IGT and by
the interaction of IGT and high cortisol-high insulin levels (all P < 0.001). Neonatal glycaemia
increased while GH decreased in children with high insulin–cortisol at birth (P < 0001), but
was not affected by IGT presence. IGF-1 was affected by the cortisol–insulin joint (P = 0.031)
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and by IGT (P = 0.037). The insulin/cortisol ratio was significantly modified by the joint effect
of high cortisol–high insulin (P < 0.001), maternal IGT (P = 0.012), as well as the interaction of
the two factors (P < 0.001) (Table 7).

Insulin and cortisol <P75 Insulin and cortisol ≥P75 Two-way ANOVA (significance)
No IGT
(N = 96)

IGT
(N = 45)

No IGT
(N = 9)

IGT
(N = 6)

Interaction IGT High insulin–
high cortisol

Mothers

Age (years) 29.86 ± 4.95 32.22 ± 5.09 28.44 ± 3.09 30.33 ± 5.24 0.76 0.160 0.54

Glucose (mg/dL) 81.97 ± 6.04 86.84 ± 7.03 80.22 ± 4.44 88.83 ± 5.56 0.28 <0.001 0.80

Neonates

Gestational age (weeks) 39.49 ± 1.14 39.24 ± 1.30 40.11 ± 0.60 40.00 ± 0.00 0.93 0.66 0.17

Birthweight (g) 3336 ± 286 3297 ± 272 3432 ± 402 3488 ± 329 0.26 0.88 0.006

Length (cm) 50.16 ± 1.37 49.82 ± 1.29 50.39 ± 0.99 50.83 ± 1.72 0.17 0.86 0.016

BMI (kg/m2) 13.26 ± 1.02 13.29 ± 1.05 13.49 ± 1.26 13.47 ± 0.66 0.70 0.99 0.14

Ponderal index (kg/m3) 26.47 ± 2.30 26.70 ± 2.40 26.77 ± 2.32 26.52 ± 1.35 0.98 0.97 0.54

Cephalic perimeter (cm) 34.30 ± 1.35 34.44 ± 1.13 34.42 ± 1.28 34.20 ± 1.15 0.39 0.51 0.51

Thoracic perimeter(cm) 33.75 ± 1.36 33.85 ± 1.25 34.00 ± 1.90 33.40 ± 0.89 0.78 0.33 0.77

Apgar1 8.84 ± 0.89 9.22 ± 0.42 8.78 ± 1.09 9.33 ± 0.52 0.76 0.082 0.93

Apgar2 9.90 ± 0.40 10.0 ± 0.0 9.89 ± 0.33 10.0 ± 0.0 0.99 0.29 0.99

Glucose (mg/dL) 73.92 ± 37.33 79.98 ± 37.77 100.89 ± 48.60 78.33 ± 18.01 0.20 0.065 <0.001

Insulin (μIU/mL) 4.62 ± 5.81 8.96 ± 11.82 18.03 ± 13.95 11.32 ± 4.19 0.012 0.029 <0.001

Cortisol (μg/dL) 7.03 ± 2.89 7.22 ± 3.49 10.35 ± 0.41 16.35 ± 4.62 <0.001 <0.001 <0.001

GH (ng/mL) 17.09 ± 9.40 14.89 ± 12.32 8.44 ± 6.81 8.20 ± 5.04 0.82 0.78 0.020

IGF-1 (ng/mL) 55.87 ± 23.49 58.76 ± 23.32 55.06 ± 16.31 88.58 ± 72.03 0.14 0.037 0.031

QUICKI 0.46 ± 0.14 0.40 ± 0.09 0.35 ± 0.07 0.36 ± 0.06 0.52 0.73 0.001

HOMA-IR 1.12 ± 2.44 2.17 ± 3.42 5.00 ± 5.08 2.10 ± 0.68 0.002 0.003 <0.001

Glucose/insulin 35.80 ± 42.38 18.39 ± 14.29 7.97 ± 4.81 7.93 ± 3.86 0.58 0.54 0.032

Insulin/cortisol 0.80 ± 1.19 1.57 ± 2.11 1.75 ± 1.37 0.76 ± 0.46 0.001 0.012 <0.001

Data are means ± standard deviations; BMI, body mass index; GH, growth hormone; IGF-1, insulin-like growth
factor-1; QUICKI, quantitative insulin sensitivity check index; HOMA-IR, homeostatic model assessment-insulin
resistance.

Table 7. Effects of high insulin and cortisol levels in neonates and impaired glucose tolerance (IGT) in mothers on
anthropometric, foetal distress and insulin sensitivity/resistance markers.

With respect to insulin resistance/sensitivity markers, the glucose/insulin ratio and the QUICKI
were not affected by IGT but appeared lower in neonates with high cortisol-high insulin levels
(P = 0.032 and <0.001, respectively). HOMA-IR was higher in neonates with high cortisol-high
insulin (P < 0.001) and affected by maternal IGT (P = 0.003) and by the interaction of two factors
(P = 0.002).
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Data are means ± standard deviations; BMI, body mass index; GH, growth hormone; IGF-1, insulin-like growth
factor-1; QUICKI, quantitative insulin sensitivity check index; HOMA-IR, homeostatic model assessment-insulin
resistance.

Table 7. Effects of high insulin and cortisol levels in neonates and impaired glucose tolerance (IGT) in mothers on
anthropometric, foetal distress and insulin sensitivity/resistance markers.

With respect to insulin resistance/sensitivity markers, the glucose/insulin ratio and the QUICKI
were not affected by IGT but appeared lower in neonates with high cortisol-high insulin levels
(P = 0.032 and <0.001, respectively). HOMA-IR was higher in neonates with high cortisol-high
insulin (P < 0.001) and affected by maternal IGT (P = 0.003) and by the interaction of two factors
(P = 0.002).
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With respect to maternal IGT prevalence, we found that one of two mothers of hyperinsuli-
naemic children suffered from IGT, while one out of four mothers showed IGT in those groups
with insulin below P75. According to Herrera and Ramos Álvarez [19] during the last third of
gestation, maternal levels of hPL, oestrogens and progesterone, increase in parallel to the
placental mass. These hormones show anti-insulinaemic action, which together with the
placenta availability to degrade insulin increases the maternal insulin needs. In fact, during
late gestation an increase in the pancreatic β-cell sensibility to the insulintropic stimuli, and
also an accelerated insulin turnover have been described. Maternal insulin level effects were
partially arrested by insulin resistance. The increased insulinaemia capacitates the future
mother to efficiently balance the intense metabolite extraction by the foetus–placenta unity,
despite the tendency of insulin resistance occurring in the mother [2, 19].

GD is responsible for very high glycaemia that can induce important alterations in foetus size,
glucose and insulin production [1, 9]. These premises encouraged us to study whether
maternal pregnancy IGT presence could affect the values of insulin resistance (HOMA-IR) or
insulin sensitivity (QUICKI) markers in neonates already showing high insulin and high
cortisol levels at birth.

Results suggest that neonatal insulin-cortisol levels influence the anthropometric parameters
and the insulin resistance/sensitivity markers more than IGT presence. Nonetheless, the effect
of IGT on insulin was different in the two study groups, as the level of this hormone decreased
remarkably in neonates with high cortisol-high insulin levels. It can be hypothesized that
mothers presenting IGT should have high glucose concentrations. This increase would induce,
in turn, a neonatal insulin increase in order to avoid the negative effects of glucose excess [1, 9].

It seems interesting to notice that neonates presenting high cortisol-high insulin at birth, whose
mothers were presenting IGT showed higher weight and length but the lowest GH and the
highest IGF-1 values. Again, the inverse relationship between IGF-1 and GH seems a palliative
mechanism against insulin resistance, a highly negative fact for the foetus physiology. Thus,
in addition to its role in foetal growth [75], IGF-1 seems crucial in keeping hormonal balance
[79]. It also seems relevant that the presence of maternal IGT and high insulin–high cortisol
levels at birth reduced the negative effects on glucose, insulin and HOMA-IR but increased
cortisol and IGF-1 levels with respect to their non-IGT but high insulin–high cortisol level
counterparts. These findings seem paradoxical, as they suggest that the increased maternal
glycaemic response to carbohydrate intake would allow the mitigation of the negative effects
of reduced GH and increased cortisol levels in the neonates. More studies are needed to
understand this interesting metabolic maternal-neonatal interaction.

13. Pregnancy diet influences on cortisol and insulin levels at birth

Unfortunatly complete information of the diet consumed through the whole pregnancy was
available in only 31 mothers whose neonates fulfil the selection criteria. Nonetheless, some
relevant results were observed when comparing results from neonates whose mothers
followed an adequate or unadequate diet according to the MDA (Table 8).
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MDA <7
(N = 11)

MDA ≥7
(N = 20)

Significance

Mothers

Age (years) 28.18 ± 5.42 31.90 ± 5.17 0.078

Glucose (mg/dL) 80.44 ± 6.46 84.24 ± 7.36 NS

Neonates

Weight (g) 3140 ± 419 3309 ± 275 NS

Length (cm) 49.68 ± 0.46 50.20 ± 1.27 NS

BMI (kg/m2) 12.72 ± 1.66 13.13 ± 1.02 NS

Ponderal index (kg/m3) 25.61 ± 3.33 26.18 ± 2.26 NS

Glucose (mg/dL) 93.91 ± 31.28 70.70 ± 14.84 0.044

Insulin (μIU/mL) 12.46 ± 10.69 3.98 ± 3.24 0.040

Cortisol (μg/dL) 8.93 ± 3.46 7.14 ± 2.56 NS

GH (ng/mL) 17.20 ± 13.01 17.49 ± 9.25 NS

IGF-1 (ng/mL) 58.41 ± 32.02 57.55 ± 28.11 NS

HOMA-IR 3.69 ± 5.25 0.73 ± 0.67 0.038

QUICKI 0.39 ± 0.07 0.45 ± 0.14 NS

Glucose/insulin 17.49 ± 10.61 40.30 ± 41.71 NS

Insulin/cortisol 1.94 ± 2.98 0.60 ± 0.47 0.057

Data are means ± standard deviations; BMI, body mass index; GH, growth hormone; IGF-1: insulin-like growth
factor-1; QUICKI, quantitative insulin sensitivity check index; HOMA-IR, homeostatic model assessment-insulin
resistance; NS, not significant.

Table 8. Effects of maternal adherence to mediterranean diet (MDA) during pregnancy on different neonatal
parameters.

Thus, the conjoint presence of high cortisolaemia–high insulinaemia at birth was clearly
associated with pregnancy diet characteristics. In no case, neonatal hyperinsulinaemia or
neonatal hyperinsulinaemia plus hypercortisolaemia was found in children whose mothers’
diets had a MDA ≥7 over 13. Thus, those findings suggest a clear relationship between
pregnancy diet quality and high neonatal insulinaemia. Almost 50% of neonates, whose
mothers’ diets were inadequate, according to the MDA score, presented hyperinsulinaemia
plus hypercortisolaemia at birth. Previously we reported that a relatively high pregnancy MDA
was a guarantee for glucose, insulin, HOMA-IR and QUICKI normal values, while mothers
with a poor MDA score delivered neonates whose plasma insulin sensitivity/resistance
markers were conceptually those of prediabetes [12, 13].

Thus, in the absence of known factors (reduced gestational age, reduced neonatal body weight,
foetal distress) that would suggest limited and stressed gestation, pregnancy diet characteris-
tics (MDA) clearly affect glycaemic hormone balance, and thus insulin sensitivity/resistance
at birth.

Umbilical Cord Blood Banking for Clinical Application and Regenerative Medicine90



MDA <7
(N = 11)

MDA ≥7
(N = 20)

Significance

Mothers

Age (years) 28.18 ± 5.42 31.90 ± 5.17 0.078

Glucose (mg/dL) 80.44 ± 6.46 84.24 ± 7.36 NS

Neonates

Weight (g) 3140 ± 419 3309 ± 275 NS

Length (cm) 49.68 ± 0.46 50.20 ± 1.27 NS

BMI (kg/m2) 12.72 ± 1.66 13.13 ± 1.02 NS

Ponderal index (kg/m3) 25.61 ± 3.33 26.18 ± 2.26 NS

Glucose (mg/dL) 93.91 ± 31.28 70.70 ± 14.84 0.044

Insulin (μIU/mL) 12.46 ± 10.69 3.98 ± 3.24 0.040

Cortisol (μg/dL) 8.93 ± 3.46 7.14 ± 2.56 NS

GH (ng/mL) 17.20 ± 13.01 17.49 ± 9.25 NS

IGF-1 (ng/mL) 58.41 ± 32.02 57.55 ± 28.11 NS

HOMA-IR 3.69 ± 5.25 0.73 ± 0.67 0.038

QUICKI 0.39 ± 0.07 0.45 ± 0.14 NS

Glucose/insulin 17.49 ± 10.61 40.30 ± 41.71 NS

Insulin/cortisol 1.94 ± 2.98 0.60 ± 0.47 0.057

Data are means ± standard deviations; BMI, body mass index; GH, growth hormone; IGF-1: insulin-like growth
factor-1; QUICKI, quantitative insulin sensitivity check index; HOMA-IR, homeostatic model assessment-insulin
resistance; NS, not significant.

Table 8. Effects of maternal adherence to mediterranean diet (MDA) during pregnancy on different neonatal
parameters.

Thus, the conjoint presence of high cortisolaemia–high insulinaemia at birth was clearly
associated with pregnancy diet characteristics. In no case, neonatal hyperinsulinaemia or
neonatal hyperinsulinaemia plus hypercortisolaemia was found in children whose mothers’
diets had a MDA ≥7 over 13. Thus, those findings suggest a clear relationship between
pregnancy diet quality and high neonatal insulinaemia. Almost 50% of neonates, whose
mothers’ diets were inadequate, according to the MDA score, presented hyperinsulinaemia
plus hypercortisolaemia at birth. Previously we reported that a relatively high pregnancy MDA
was a guarantee for glucose, insulin, HOMA-IR and QUICKI normal values, while mothers
with a poor MDA score delivered neonates whose plasma insulin sensitivity/resistance
markers were conceptually those of prediabetes [12, 13].

Thus, in the absence of known factors (reduced gestational age, reduced neonatal body weight,
foetal distress) that would suggest limited and stressed gestation, pregnancy diet characteris-
tics (MDA) clearly affect glycaemic hormone balance, and thus insulin sensitivity/resistance
at birth.
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14. Conclusion

The results of this chapter show the importance of analysing insulin and cortisol cord-blood
concentrations even in term, normoweight neonates. Results show for the first time on the
international bibliography that about 9% of term, normoweight, without foetal-distress
neonates, showed increased values (≥P75 of reference values) for both cord-blood insulin and
cortisol.

The insulinaemia affected the insulin sensitivity/resistance markers more than cortisolaemia
in the different neonate groups classified according to cortisol and insulin levels. In those
neonates, GH values appear decreased, a fact that in addition to the join presence of high
cortisol-high insulin induces decreases in insulin sensitivity in those neonates without
affecting body weight as they were normoweight. IGT was more prevalent in mothers whose
neonates were hyperinsulinaemic at birth. In addition, a follow-up study of this neonatal
population is needed in order to assess the importance of the present findings. Mothers with
adequate MDA score diet delivered newborns presenting healthier insulin and cortisol
profiles. This finding suggests the benefits of following an adequate diet through gestation. It
will allow the design of future interventions aimed to decrease the metabolic syndrome risk
later in life.
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Abstract

Cerebral palsy (CP) is the most common cause of physical disability in children. CP cur-
rently has no cure and there are only few interventions to prevent the development of 
disability. There are four principal complications of pregnancy or birth that can damage 
the developing brain and lead to CP: preterm birth, fetal growth restriction, infection 
during pregnancy and severe hypoxia-ischemia at birth. Umbilical cord blood (UCB) 
cells are a very promising therapy for the treatment of CP. While UCB therapy for juve-
niles with CP is currently being assessed in clinical trials, very little is known about their 
mechanisms of action or which cells found in umbilical cord blood protect against and/
or repair brain injury. In this chapter, we first explore the complications that can lead 
to perinatal brain injury. We then discuss the different cell types found in UCB and the 
specific properties that make each of them individually attractive therapeutic candidates 
for treatment of perinatal brain injury. While UCB holds much promise as a therapy for 
CP, it is imperative that more research is conducted to understand how the different cell 
types found in UCB can protect against brain injury in order to design more effective and 
targeted therapies.

Keywords: cerebral palsy, stem cells, hypoxic-ischemic injury, early intervention, 
neonatal, fetal growth restriction, Intrauterine growth restriction 

1. Introduction

Perinatal brain injury is the underlying cause of cerebral palsy (CP), which is a broad term 
used to describe deficits in motor function and/or posture. CP affects more than 1 in 450 live 
births in developed countries and the incidence of severe disability is much higher in low 
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resource countries. There are four principal complications affecting pregnancy or birth that 
can lead to perinatal brain injury: preterm birth, fetal growth restriction, infection during 
pregnancy or severe hypoxia-ischemia at birth (birth asphyxia). The time of onset of these 
complications is different for each condition and other important variables that affect the 
severity of the resulting brain injury exist. These include the severity of the insult, whether the 
infant is born preterm or at term and whether complications are compounded (for example, 
an asphyxic event at birth in a growth restricted infant). Although these complications vary 
in their fundamental etiology, they share common neuro-pathological features that include 
hypoxic episodes, inflammation, excitotoxicity and decreased vascular integrity. Umbilical 
cord blood (UCB)-derived cells demonstrate the potential to mediate these adverse pathways 
and, thereby, have neuroprotective, neuroregenerative and angiogenic potential for transla-
tion into clinical treatments for perinatal brain injury.

UCB is a proven source of hematopoietic stem cells (HSCs) used clinically for treatment of 
hematological disorders, but it also contains a number of other stem/progenitor cell types, of 
which mesenchymal stromal cells (MSCs) and endothelial progenitor cells (EPCs), individu-
ally or together, offer neuroprotective benefits [1, 2]. Moreover, UCB is also a rich source of 
immunosupressive cells, such as T regulatory cells (Tregs) and monocyte-derived suppres-
sor cells (MDSCs) [3]. There is supporting evidence that in isolation, each of these cell types 
have properties that may prevent the progression of hypoxic and inflammatory cascades that 
drive brain injury; however, their ability to prevent neonatal brain injury has not been well 
explored. It is likely that each cell type targets different pathways to reduce or repair tissue 
injury. The study of the properties of whole UCB, as well as its individual cellular compo-
nents, in animal models of perinatal brain injury is integral towards the development of tai-
lored cell therapy to prevent or repair brain injury in high risk newborn infants. Furthermore, 
the importance of the timing of administration needs to be further explored. Current clinical 
trials are administering UCB cells to children that have established CP, with children ranging 
from 10 months to 20 years old. In contrast, preclinical evidence suggests that administration 
of UCB cells at an early stage after injury, and while the brain is still plastic and receptive, 
should be much more effective than later intervention at protecting the brain and promoting 
brain repair.

2. Complications associated with perinatal brain injury

2.1. Term hypoxic-ischemic brain injury

In the healthy term-born infant, the brain continues to develop after birth. The formation of 
neurons and glial cells is mostly complete by term, however cell maturation, myelination 
and synaptic connection continue well after birth [4]. At term, the brain is very vulnerable 
to changes in the environment to which it is exposed and a hypoxic-ischemic (HI) insult at 
this time can induce an inflammatory response, as well as increased excitotoxicity, release of 
reactive oxygen species, and apoptotic cell death [5]. When term born infants are exposed to 
a severe hypoxic insult at, or around, the time of birth the resulting pattern of brain injury is 
seen as a selective disruption of cortical and deep grey matter structures, which include the 
putamen, ventrolateral thalamus and the cortex [6]. This type of severe HI injury results in the 
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clinical condition termed hypoxic ischemic encephalopathy (HIE), which manifests in infants 
as a range of clinical abnormalities that include truncal hypotonia and dystonia, jitteriness, 
severe comas and seizures [6, 7]. HIE affects approximately 1.5 in 1000 live births each year in 
developed countries [8] and is the most well understood form of perinatal brain injury with 
respect to the progression of brain damage and subsequent neurodevelopmental outcomes. 
The underlying cause of the severe HI episode is not always known, but is most often associ-
ated with umbilical cord prolapse, placental abruption, or prolonged labor, while other ante-
natal insults may also be involved [9].

The development of HIE and cell degeneration after a severe insult at birth progresses over 
time and has been described as a series of phases originating from the time of the insult 
[10]. The severity and length of these phases can be useful indicators of the severity of future 
neurological deficits in the infant [11]. The initial phase is the insult or primary phase, which 
describes the period of hypoxic insult often referred to as the phase of primary energy fail-
ure. In this phase, there is an acute severe reduction in cerebral perfusion leading to a lack of 
oxygen and glucose within the brain, with exhaustion of high-energy stores and rapid accu-
mulation of lactic acid and free radicals [12]. In turn, this induces excitotoxic programming 
of the apoptotic cascade, leading to commencement of primary cell loss [2]. Following the 
cessation of the insult and oxygen reperfusion, the latent phase begins from the onset of reper-
fusion up to approximately 6 h after injury and gives the appearance of restored metabolic 
function due to restoration of blood flow and oxygen to the brain [12]. This is associated with 
reduced oxygen consumption and restoration of normal metabolite levels [13]. However, 
this phase is short lived and is closely followed by a secondary phase of deterioration and 
brain injury.

The secondary phase is critical, because, even when the primary phase has been very severe, 
most neuronal death results from events that occur during the secondary phase [14]. During 
the secondary phase, the pro-inflammatory pathways become significantly upregulated, 
which, in turn, contributes to breakdown of the blood brain barrier (BBB). These events are 
both key contributors to brain damage. As occurs in the primary phase, elevated glutamate 
is also apparent, resulting in an excitotoxic environment, and exacerbation of cell death [12]. 
It is during the secondary phase that seizures will commence in those infants with moderate 
to severe encephalopathy [15]. The secondary phase of insult occurs between 6 h and up to 3 
days after the HI insult.

In addition to the neurotoxic events described above, in response to HI, the transcription fac-
tor hypoxia inducible factor-1α (HIF-1α) is upregulated, which, in turn, upregulates genes 
such as vascular endothelial growth factor (VEGF) [16]. Increased VEGF leads to increased 
vascular permeability, causing vascular leakage, which further contributes to the breakdown 
of the BBB. This increased permeability allows immune cells to infiltrate into the brain paren-
chyma, where they can secrete growth factors and cytokines that have the ability to activate 
nearby cells, such as microglia and astrocytes [17]. The first immune cells that are activated 
by ischemia are the resident microglia and astrocytes, which home to the ischemic area and 
begin to “clean up” the damaged area, by means of phagocytosis. During this surge of inflam-
mation, there is an increase in pro-inflammatory cytokines, specifically interleukin (IL)-6 and 
IL-8, which are produced by activated microglia, and an influx of T cells to the site of the 
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lesion. This increase in IL-6 and IL-8 is known to be associated with the development of cere-
bral palsy following a HI insult [18]. Microglia and astrocytes add to the production of reac-
tive oxygen species (ROS), causing further oxidative stress [19]. The functional role of T cells 
following their influx in response to ischemia is not fully known, however, it has been shown 
that, when T cells are suppressed, there is a reduction in inflammation at the site of the infarct. 
It has also been noted that, in response to a HI insult, there is reduced recruitment of regula-
tory T cells (Tregs) to the site of injury [20], Tregs are part of our natural anti-inflammatory 
defence system and a failure to recruit these cells may contribute to increased inflammation 
and brain injury.

In addition, during the secondary phase of brain injury, vasogenic edema begins as a result of 
the breakdown of the BBB and infiltration of blood products. Plasma and serum proteins leak 
out of the vessels and into the extracellular space of the brain. Brain edema can cause further 
injury to the brain by compressing surrounding tissues, compressing capillaries causing tis-
sue hypoxia and mediating further cell death. Using magnetic resonance imaging, it has been 
found that 86% of term neonates that have suffered a perinatal hypoxic-ischemic event also 
developed brain edemas [17].

2.2. Fetal growth restriction

Fetal growth restriction (FGR) describes the fetus that fails to grow appropriately in utero, 
most often caused by poor placental function. FGR is associated with high perinatal mortal-
ity and long-term morbidities [21]. Normal fetal growth is dependent on the efficient transfer 
of nutrients and oxygen from the maternal-uterine circulation to the fetus via the placenta. 
Inefficient placental function, and thereby inadequate oxygen, glucose and essential amino 
acid transfer to the fetus, negatively affects fetal growth [22]. Chronic hypoxia caused by 
placental insufficiency has a profound adverse effect on brain development, impacting cell 
growth and maturation, in the last third of pregnancy in particular, which in turn leads to 
brain structural alterations and functional impairments [23]. A number of follow-up stud-
ies on infants following FGR show that it is associated with significant neurodevelopmental 
disabilities, including abnormalities in fine and gross motor skills, cognitive function, lan-
guage, memory, concentration, attention, mood and school performance. FGR infants are 
also at increased risk of acute adverse neonatal consequences such as preterm birth, perinatal 
asphyxia and respiratory distress [24], which in turn exacerbate brain injury. Additionally, 
premature infants born with FGR constitute a very vulnerable population since they are at 
increased risk for an adverse neurological outcome [25].

The brain injury that is observed in human infants with FGR, and in animal models of FGR, 
is complex and distinct from other complications of pregnancy or birth. This is likely due to 
the chronic nature of hypoxia and hypoglycemia that the growth restricted fetus experiences 
over a critical period of brain development [23]. Specifically, abnormalities such as reduced 
total neuronal number, decreased axonal and synaptic density and myelin loss have been 
well described in humans and animal models of FGR [23]. Brain imaging of human FGR 
newborns also demonstrates that total brain volume, grey matter and white matter volume 
are all significantly reduced in FGR infants [26, 27]. Chronic hypoxia, caused by placental 
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 insufficiency, induces a redistribution of fetal cardiac output to favor the brain: an adaptive 
response known as brain sparing. Although the fetus is able to adapt to hypoxia, to some 
degree, this beneficial blood flow redistribution does not ensure normal brain development 
over a prolonged period. The initial increase in cerebral perfusion seen in FGR fetuses is 
followed by a pronounced fall in perfusion with progressive fetal deterioration [28]. When 
hypoxia is chronic, fetal deterioration is characterized by reduced physiological cerebral 
vascular variability (both vasoconstriction and vasodilatation), followed by an increase in 
cerebral vascular resistance, which, in turn, exacerbates brain injury [29]. Even in clinically 
healthy FGR term neonates, higher venous hematocrit and lower cerebral blood flow have 
been reported during the early neonatal period (48–72 h), with some of these infants showing 
hypertonia and delayed developmental milestones, along with hypoxic changes observed in 
magnetic resonance imaging (MRI) of the brain [30].

Neurodevelopmental abnormalities seen in FGR have been described for specific brain areas 
including the anterior hippocampal-prefrontal network, parahippocampal complex, striatum 
and thalamus [31, 32]. Magnetic resonance imaging (MRI) studies consistently demonstrate 
structural brain changes in FGR infants during both the fetal and neonatal period. These 
changes include decreased volume in cortical grey matter (GM) [26] and the hippocampus 
[33]; altered cortical development [34]; and abnormal structure of white matter tracts [35]. 
FGR infants born prematurely show a significant reduction in intra-cranial volume and cere-
bral cortical grey matter on MRI within the first 2 weeks of life, compared with age-matched 
premature non-FGR infants [26]. Similarly, FGR infants who are born preterm show a reduc-
tion in hippocampal gray matter volume, which is associated with neurobehavioral deficits at 
term equivalent and at 24 month corrected age [33].

FGR can also lead to a specific pattern of hypoxic-ischemic and/or hemorrhagic white mat-
ter lesion that can be observed on ultrasound [36]. FGR infants born prematurely show an 
increased prevalence of white matter damage on brain ultrasound scans compared to pre-
term neonates that have not been subjected to FGR, the former being associated with motor 
and cognitive impairments [35]. It has been suggested that the pathogenesis of brain injury 
in FGR involves oxidative stress that leads to periventricular white matter injury due to dam-
age to oligodendrocytes, impaired myelination and astrogliosis [37]. Neurocognitive and 
behavioral deficits seen in FGR infants have also been attributed to suboptimal gray and 
white matter connectivity. Diffusion-weighed MR imaging and tractography studies also 
show diffuse white matter injury, which may be caused by disturbances in cortico-thalamic 
connectivity [26].

In addition to connectivity alterations, significant changes have been described in brain vas-
culature of FGR neonates. The loss of cerebrovascular autoregulation that occurs in FGR is 
known to contribute to the development of intraventricular hemorrhage (IVH) and periven-
tricular leukomalacia (PVL) in neonates [38, 39]. Cerebral white matter (WM) is extremely 
vulnerable to perfusion-related injury because it receives only 25% of the blood flow of corti-
cal grey matter and, during development, is immature in its ability to autoregulate blood 
flow [40]. Under-perfusion of WM regions of the fetal brain would likely have a significant 
effect on brain development in the later stages of gestation, when myelination is at its peak 
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[41]. Fetal  cerebral vessels are one of the vascular beds most sensitive to poor substrate deliv-
ery caused by pathological conditions during intrauterine life. Despite this, research on the 
pathogenesis of perinatal brain injury in FGR has focused on excitotoxicity, oxidative stress 
and inflammatory response, with the response of the developing cerebral vasculature receiv-
ing little attention. Although IVH has been thought to occur mainly in preterm infants ≤32 
weeks of gestation, two large recent population-based studies reported that the incidence 
of IVH was low in FGR infants born <28 weeks’ gestation compared with non-FGR preterm 
infants, but there was increased frequency of IVH in FGR infants born 34–40 weeks’ gestation 
[42, 43]. These data confirm that FGR is indeed a significant risk factor for IVH in late-preterm 
and term infants.

2.3. Chorioamnionitis

Chorioamnionitis describes infection of the fetal membranes during pregnancy, typically 
results from ascending bacterial contamination from the vagina into the uterus, and is a prin-
cipal cause of preterm delivery [44]. Chorioamnionitis manifests clinically with maternal 
fever, uterine tenderness and maternal or fetal tachycardia. There is no specific treatment for 
this condition aside from antibiotics. Many cases of chorioamnionitis are, however, clinically 
silent, diagnosed by histological examination for increased infiltration of neutrophils into the 
fetal membranes after birth [45].

Chorioamnionitis can induce a fetal inflammatory response characterized by an increase in 
pro-inflammatory cytokines, including interleukin (IL)-6 and IL-1β that are detectable in the 
systemic circulation and the brain of neonates, after birth [46]. This rapid increase in cytokines 
leads to mobilization of immune effector cells into the peripheral circulation. These cells can 
then cross the blood brain barrier (BBB) and activate microglia, which leads to further release 
of pro-inflammatory cytokines and reactive oxygen species and initiates cellular excitotox-
icity [47]. Animal studies strongly support these findings and have shown that, in models 
using lipopolysaccharide administration to induce a fetal inflammatory reaction, microglia 
are activated in the white matter [48] and BBB integrity is compromised [49], allowing further 
infiltration of immune cells and large molecules into the brain. These processes of inflamma-
tion lead to damage to immature oligodendrocytes (the cells that make myelin) within the 
developing brain, resulting in hypomyelination and profound white matter injury [50]. To 
support the theory of an excessive pro-inflammatory response leading to white matter injury, 
maternal administration of anti-inflammatory IL-10 prevents inflammation and white matter 
injury in a rat chorioamnionitis model [51]. In human studies, chorioamnionitis and a subse-
quent fetal systemic inflammatory response is strongly associated with the development of 
cerebral palsy [52].

2.4. Preterm birth

Preterm birth (>37 weeks of gestation) is the most important cause of neonatal mortality and 
morbidity, with the smallest and youngest infants at greatest risk of short-term and long-term 
adverse consequences. In 2010, it was estimated that preterm births complicated 11.1% of all 
live births worldwide and preterm birth complications are the largest direct cause of neonatal 
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deaths, accounting for a million infant deaths a year [53]. Improvements in neonatal intensive 
care have greatly improved survival of preterm infants; however, these infants remain vulner-
able to many complications in the perinatal period, including respiratory distress syndrome, 
chronic lung disease, injury to the intestines, a compromised immune system, cardiovascular 
disorders, hearing and vision problems and neurological insult. Long-term neurodevelop-
mental sequelae associated with prematurity are cerebral palsy, mental retardation, learning 
difficulties and poor health and growth [54]. Advances in neuroimaging now play an impor-
tant role in the diagnosis and management of the preterm infant. Both cranial ultrasound and 
conventional MRI techniques are useful in diagnostic and prognostic evaluation of preterm 
brain development and injury. While both the grey and white matter of the brain are sus-
ceptible to altered development and injury in preterm-born infants, it is well recognized that 
white matter injury is the primary neuropathology associated with preterm birth, particularly 
those infants born extremely preterm (<28 gestation) [55].

The most common white matter neuropathologies described in preterm infants are intraven-
tricular hemorrhage (IVH) and periventricular leukomalacia (PVL), where both are strongly 
linked to adverse cognitive and motor outcomes. The pathogenesis of PVL in preterm birth 
relates to three maturation-dependent processes with the brain: (i) an incomplete state of 
development of the vascular supply to cerebral white matter; (ii) impairment in regulation 
of cerebral blood flow to cerebral white matter and (iii) vulnerability of oligodendroglial pre-
cursor cells—the major cellular target in PVL [41]. Although white matter injury is the pre-
dominant neuropathology of prematurity, this is frequently accompanied by neuronal and 
axonal injury affecting the thalamus, basal ganglia, cerebral cortex, brain stem and cerebellum 
and is termed “encephalopathy of prematurity” [55]. Additionally, two types of PVL have 
been described: cystic PVL, (cavitation and periventricular cyst formation) and non-cystic 
PVL, which is a more widespread and diffuse injury with glial scar formation. Diffuse white 
matter injury, together with gray matter and hippocampal abnormalities [56], are now the 
most common types of cerebral abnormalities associated with prematurity as focal necrotic 
lesions characteristic of cystic PVL are now rarely observed in premature infants in developed 
 countries [57].

The etiology of cerebral lesions in the preterm infant remains somewhat unclear, but it is 
generally accepted that hypoxic and inflammatory pathways are involved [58]. Preterm 
infants have a propensity to develop HI, particularly within the white matter. Intrauterine 
exposure to infection and fetal inflammation are also related to an increased risk for PVL and 
cerebral palsy. Cerebral vascular development is incomplete in prematurely born infants, 
with under-vascularized end-zones in cerebral white matter [59, 60]. Long penetrating ves-
sels, derived mainly from the middle cerebral arteries, terminate in the deep periventricular 
white matter and are the most sensitive to changes in cerebral perfusion [61]. Active develop-
ment of the periventricular vasculature occurs in the last 16 weeks of gestation [62], thus the 
increased vulnerability to ischemia in very premature infants may be related to immaturity 
of the vascular bed. Physiologically, positron emission tomography (PET) studies show that 
cerebral blood flow in the white matter of premature infants is very low (only 25% of CBF to 
the  cortex) [40], and white matter, therefore, may be vulnerable to even slight decreases in 
 cerebral perfusion [63].
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Germinal matrix hemorrhage (GMH) can be observed in preterm neonates, particularly those 
born <30 weeks’ gestation, and is more common when babies suffer additional complications 
such as respiratory distress syndrome, pneumothorax, or high blood pressure [64]. GMH 
is contributed by fragile blood vessels within the germinal matrix of the brain, particularly 
during the period of high cell proliferation (24–32 weeks’ GA) associated with corticogenesis. 
Over this period of gestation the oxygen and nutrient demand of the germinal matrix is high, 
and therefore blood flow is relatively high, however, the vessels remain immature and fragile 
[65]. GMH is associated with bleeding into the brain’s ventricles (IVH), principally because 
of their close proximity. The etiology of GMH and IVH are not well understood but may be 
linked to deficient autoregulatory capacity and pressure-passive cerebral perfusion, although 
it is unclear if hypo- or hyper-tension, or increased intravascular pressure, leads to rupture of 
cerebral vessels [66].

At the cellular level, it is now established that white matter injury in preterm infants is pre-
dominantly due to vulnerability of immature oligodendrocytes, which are in a phase of active 
development during weeks 24–40 of gestation [41, 63]. These pre-oligodendrocytes are exqui-
sitely sensitive to altered intracerebral environment and insults that may include hypoxia, 
ischemia, inflammation, excitotoxicity and free-radical attack [67]. More recently, experimen-
tal animal and human autopsy data have shown that myelination failure is primarily due to 
arrested maturation of the oligodendrocyte lineage at the pre-oligodendrocyte stage, rather 
than depletion of the oligodendrocyte pool [68]. Oligodendrocyte maturation from pre-oligo-
dendrocytes to immature and mature myelinating oligodendrocytes occurs between about 
24 and 32 weeks of human gestation, which corresponds to a critical period for preterm birth 
and white matter brain injury [69]. Long-term follow up MRI studies of preterm infants show 
a long-term reduction in brain cortical surface area, cortical folding and volume of subcortical 
and white matter regions, in addition to microstructural abnormalities and functional deficits 
[70–72]. Furthermore, it has been suggested that the neurological deficits apparent in pre-
term infants are strongly associated with decreased neuronal connectivity, with a significant 
link between frontal and temporal lobe volumes and thalamic and cortical white matter tract 
reduction [73], in preterm infants (median 28 weeks’ gestation) with further tractrography 
studies revealing reduced connectivity between the thalamus and the cortex [74]. Disruption 
of early contact between these two brain structures may also disrupt connectivity and result 
in remodeling of cortical circuitry [75].

3. Umbilical cord blood as a therapy for perinatal brain injury

A number of identified sources of stem cells have been examined for their neuroprotective 
benefits. Traditionally, stem cells derived from bone marrow have been examined for their 
use in treatment of hematological diseases and were the first stem cells trialed in most pre-
clinical neurological/neurodegenerative studies. Umbilical cord blood (UCB) is a particularly 
promising source of stem and progenitor cells that is appealing for treatment of perinatal 
brain injury—UCB is readily available at birth for routine collection, particularly in situations 
of compromised (preterm or term asphyxia) births; contains large numbers of mononuclear 
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cells with a heterogeneous population of stem and progenitor cells [76]; has low immunoge-
nicity and low risk of rejection, therefore allowing the potential for allogeneic administration 
[77]. UCB cells demonstrate high plasticity with an eightfold greater proliferation potential 
compared to other cell sources such as bone marrow [78]; and can be stored for long periods 
of time, with studies showing that, after 10+ years of cryopreservation, viable cell recovery is 
still very high [79].

Principally, the beneficial properties of UCB are dependent on the mononuclear cell compo-
sition, with this cell fraction comprising five important cell types (Figure 1)—mesenchymal 
stromal cells (MSCs), endothelial progenitor cells (EPCs), hematopoietic stem cells (HSCs), 
T regulatory cells (Tregs) and monocyte-derived suppressor cells (MDSCs) [80]. Each of these 
cell types is readily identifiable in human cord blood by their cell surface markers. In isola-
tion, each of these populations exhibits properties that could contribute to preventing the 
cascade of brain injury that transpires after perinatal hypoxia-ischemia.

3.1. Umbilical cord blood—mononuclear cells

UCB mononuclear cells are the fraction of cells that are collected after gradient separation of 
red blood cells and plasma. This fraction of cells includes lymphocytes, monocytes and all 
stem and progenitor cells. Most studies investigating the potential of UCB use this mononu-
clear fraction. Initial neuroprotection studies were performed in adult stroke models, induced 
via middle cerebral artery ligation in rats [81, 82]. Interestingly, factors released from injured 
brain tissue increased the chemo-attraction of UCB cells compared to exposure to normal 
brain tissue, indicative that UCB cells do indeed have the ability to home to sites of injury [82]. 
Another study administered mononuclear cells intravenously at 48-h post-stroke and showed 

Figure 1. Potential therapeutic cell types found in umbilical cord blood.
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white matter protection [81] and, in vitro, UCB cells were able to protect oligodendrocytes by 
reducing the expression of caspase-3 and lactate dehydrogenase.

A number of studies have since investigated the potential of UCB mononuclear cells for the 
treatment of neonatal brain injury, using a modified adaptation of the Rice-Vannucci model 
[83] for induction of hypoxic-ischemic brain injury in day 7 neonatal rat pups. Administration 
of 2 million UCB mononuclear cells at 3 h after HI reduced neuronal degeneration and cas-
pase-3 expression by 25% and, at 7 days, microglial activation was significantly reduced in 
the cortex [84]. UCB given 24-h post-neonatal HI injury normalized toe spread and forepaw 
symmetry, increased sensorimotor electrophysiology and decreased spastic paresis [84, 85]. 
Wang et al. [86] administered UCB cells directly into the ventricles, 24-h post-HI injury, and 
showed a decrease in neuronal loss in the cortex and CA1 region of the hippocampus. This 
was associated with an increase in neural stem cells within the subventricular zone and an 
increase in sonic hedgehog (Shh) and its effector Gli-1. We were the first to publish preclinical 
data evaluating the efficacy of UCB cells in large animal models of fetal and neonatal HI brain 
injury [87, 88]. Using a term birth asphyxia sheep model, we showed that UCB therapy at 
12-h post-HI insult reduced neuronal cell death, astrogliosis and inflammation [87]. We have 
recently demonstrated that UCB cells reduce white matter brain injury in preterm sheep when 
cells are administered at 12-h post-HI, and to a lesser extent when administered at 5 days after 
HI, acting to reduce neuroinflammation and protecting oligodendrocytes [88]. UCB mono-
nuclear cells are also now being used in human clinical trials for established cerebral palsy, 
but this is discussed in detail later in the chapter.

3.2. UCB-derived hematopoietic stem cells

UCB was first investigated due to its rich population of hematopoietic stem cells (HSCs). 
HSCs are positive for CD34 and characterized by their ability to self-renew, and to repopulate 
the immune system, and thus are used clinically for the treatment of many hematological 
disorders. In recent years, CD34+ cells from UCB and other sources have been investigated as 
therapies for non-hematological diseases. In an adult stroke model, transplantation of CD34+ 
cells 24-h post-stroke has been shown to significantly improve motor function, but this is 
highly dependent on administration timing as, when cells are given at 7 days, they were not 
as effective [82]. When stroke was induced in adult immuno-compromised mice and CD34+ 
cells were given 48 h later, there was improved neovascularization, increased migration of 
neural progenitor cells to the injured area and improved functional recovery [89]. In a neona-
tal HI model in postnatal day 12 mice, administration of CD34+ cells increased neurogenesis 
in the dentate gyrus 14 days later, but this effect was sex-specific and only seen in males 
[90]. Another study by Tsuji and colleagues [91] found that when CD34+ cells were given 
to postnatal day 12 mice following a middle cerebral artery occlusion, there was no change 
in cerebral blood flow, no difference in tissue loss at 9-day post-injury and no difference in 
behavioral outcomes, although at 7 weeks post-stroke, there was an improvement in tissue 
loss [91]. When comparing mononuclear cells, CD34+ cells or CD34− cells, all cell fractions 
reduced neurofunctional deficits and reduced lesion volume in a rodent stroke model, but 
UCB-derived mononuclear cells (with all cell types present), were more beneficial than the 
other cells fractions alone [92]. This study suggests that while CD34+ cells may play a role in 
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cells are administered at 12-h post-HI, and to a lesser extent when administered at 5 days after 
HI, acting to reduce neuroinflammation and protecting oligodendrocytes [88]. UCB mono-
nuclear cells are also now being used in human clinical trials for established cerebral palsy, 
but this is discussed in detail later in the chapter.
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the immune system, and thus are used clinically for the treatment of many hematological 
disorders. In recent years, CD34+ cells from UCB and other sources have been investigated as 
therapies for non-hematological diseases. In an adult stroke model, transplantation of CD34+ 
cells 24-h post-stroke has been shown to significantly improve motor function, but this is 
highly dependent on administration timing as, when cells are given at 7 days, they were not 
as effective [82]. When stroke was induced in adult immuno-compromised mice and CD34+ 
cells were given 48 h later, there was improved neovascularization, increased migration of 
neural progenitor cells to the injured area and improved functional recovery [89]. In a neona-
tal HI model in postnatal day 12 mice, administration of CD34+ cells increased neurogenesis 
in the dentate gyrus 14 days later, but this effect was sex-specific and only seen in males 
[90]. Another study by Tsuji and colleagues [91] found that when CD34+ cells were given 
to postnatal day 12 mice following a middle cerebral artery occlusion, there was no change 
in cerebral blood flow, no difference in tissue loss at 9-day post-injury and no difference in 
behavioral outcomes, although at 7 weeks post-stroke, there was an improvement in tissue 
loss [91]. When comparing mononuclear cells, CD34+ cells or CD34− cells, all cell fractions 
reduced neurofunctional deficits and reduced lesion volume in a rodent stroke model, but 
UCB-derived mononuclear cells (with all cell types present), were more beneficial than the 
other cells fractions alone [92]. This study suggests that while CD34+ cells may play a role in 
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the neuroprotective benefits of UCB, there are other cells present in cord blood that may also 
contribute to protection against brain injury.

3.3. UCB-derived mesenchymal stromal cells

Mesenchymal stromal cells (MSCs) can be isolated from a number of sources including bone 
marrow, fat, umbilical cord tissue and dental pulp. MSCs have the ability to differentiate into 
mesodermal lineages to produce osteocytes, myocytes and adipocytes [93]. MSCs from UCB 
have been postulated to provide the principal neuroprotective benefit of UCB [94]. Initially, 
this proposal was based on the ability for MSCs to differentiate into a variety of cell types in 
response to cues from the microenvironment, including oligodendrocyte progenitor-like cells 
[2, 95]. More recent evidence suggests that the neuroprotective actions of MSCs are not due to 
engraftment or differentiation of MSCs within the brain. Rather, MSCs adapt and mediate the 
local response to HI via anti-inflammatory effects and secretion of growth and differentiation 
factors [96]. Using a neonatal stroke model in postnatal day 10 rats, UCB-MSCs were adminis-
tered intravenously within 6 h of the insult. After 28 days, there was decreased lesion volume, 
cell death, microglial activation, astrogliosis and functional improvement was observed in the 
rotarod and cylinder test [97]. Another study induced HI at postnatal day 7 and injected UCB-
MSCs directly to the brain 3 days after the HI injury, to show that labeled cells were detectable 
in the brain 7 days after administration and appeared to express glial fibrillary acidic protein 
(GFAP), an astrocyte marker. By day 28, there was reduced neuronal loss in the cortex and 
improved behavioral outcomes compared to controls [98].

Interestingly, however, it is now evident that MSCs are not present in all UCB samples. For 
example, one study reports as little as 10–30% success rate for isolation of MSCs from term 
UCB samples [99], and this percent is further reduced with cryopreservation [99]. Given the 
low frequency of MSCs in UCB, we postulate that other cell types are more likely to con-
tribute to the anti-inflammatory and neuroprotective effect observed with UCB treatment. 
Nevertheless, given the potent anti-inflammatory properties of MSCs, many studies have 
investigated the potential of UCB-derived MSCs for perinatal brain injury.

The current treatment for neonates that have suffered a severe HI injury at birth is hypo-
thermia, where the neonates are cooled to approximately 33–34°C within the first 6 h of life. 
Interestingly, a rodent study that examined severe neonatal HI brain injury, administered 
MSCs and hypothermia within 6 h of the HI insult and found that co-therapy was far more 
effective at reducing cell death, inflammation and behavioral deficits than either MSC or 
hypothermia treatment alone [100]. This finding is important, since hypothermia is now stan-
dard care for HIE in high resource countries and therefore any additional therapy would need 
to work synergistically with cooling.

3.4. UCB-derived endothelial progenitor cells

Endothelial progenitor cells (EPCs) were first identified in human peripheral blood [101]. 
EPCs are essential for vascular growth and homeostasis and play an integral role in  tissue 
repair and regeneration. While there remains much controversy over the classification 
of EPCs, in this review, we will discuss any cell from UCB that has endothelial potential, 
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 including CD133+ cells, endothelial colony-forming cells and late- and early-outgrowth endo-
thelial cells. It is well understood that EPCs are mobilized into the peripheral blood after trau-
matic, inflammatory or ischemic injuries and they can home to sites of injury and participate 
in neovascularization [102]. EPCs primarily work in two ways: (1) by physical incorporation 
into new blood vessels within the target tissue, therefore improving oxygenation and nutrient 
delivery into the injured area [103]; and (2) in a paracrine manner, by secreting factors that 
create a niche environment that can support differentiation of other progenitor cells [104, 105]. 
Umbilical cord blood (UCB) is a rich source of EPCs.

Studies have shown that circulating EPC levels are predictive of severe neurological impair-
ment after acute stroke, and increased EPC levels are correlated with good functional out-
come and reduced infarct size [106]. Despite recruitment of endogenous EPCs from bone 
marrow following injury cues, these mechanisms are easily overwhelmed and tissue regen-
eration fails. Systemic administration of expanded bone marrow-derived EPCs to adult mice 
after stroke results in significant protection against brain injury; reducing infarct volume, 
decreasing neutrophil infiltration, and increasing focal blood flow at 48 h after ischemia [106]. 
In a mouse model of focal ischemia, bone marrow-derived EPC administration induces blood 
vessel sprouting at the boundary of the ischemic lesion. This closely corresponded to elevated 
cerebral blood flow detected on perfusion-weighted MRI, indicating the presence of neovas-
cularization, while cells positive for markers of mature endothelial cells were incorporated 
into the vasculature [107]. UCB-derived EPCs accumulated in the stroke-affected hemisphere 
of rats, and acted to reduce stroke volume [108].

An in vitro study, using neural cells isolated from 3 day-old rats, cocultured the neural cells 
with EPCs in an hypoxic environment, and showed that the presence of EPCs increased 
cortico-spinal axonal growth by threefold, and decreased hypoxia-induced apoptosis [109], 
suggesting that EPCs play a direct role in neuroprotection. Ding and colleagues transfected 
EPCs with luciferin to enable live cell tracking after injection of the EPCs at 24-h post-stroke 
in adult mice and labelled EPCs were widely detected in the brain at 1 and 4 days after injec-
tion. At day 7, there was a faint signal, but the cells could not be detected at 14 days, despite 
a significant decrease in the infarct size, an increase in neural progenitor cells in the subven-
tricular zone and increased vascular density in the EPC-treated mice [110]. Recently, a study 
investigated the potential of EPCs for neonatal HI brain injury in severe combined immuno-
deficient (SCID) mice [111]. EPCs were administered 24-h post-HI-injury and, after 48 h, they 
had migrated towards the brain and motor function was improved.

3.5. UCB-derived T regulatory cells

T regulatory cells (Tregs) play an essential role in modulating the immune response, and infu-
sion of Tregs is beneficial for treatment of inflammatory disorders [112]. UCB is a rich source 
of highly naïve Tregs that demonstrate enhanced proliferation and functional potential com-
pared to Tregs isolated from adult blood [113]. To date, the main therapeutic use of Treg cells 
has been focused of preventing graft-versus-host-disease (GVHD). This research has been 
very promising and, as a result, groups have been developing cell expansion technologies 
as a way to increase cell yield and immunosuppressive function of Tregs isolated from UCB, 
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making them a more viable clinical and commercial therapy [114]. A recent clinical trial suc-
cessfully used expanded Tregs from UCB to prevent the incidence of GVHD following trans-
plantation of UCB [115]. The results from this trial were very promising with no reported 
adverse events and a reduced incidence of GVHD in the Treg-treated group.

Given the potent immunosuppressive ability of Tregs, they may play a very important role 
in suppressing neuroinflammation associated with hypoxia-ischemia, but, to date, no studies 
have examined the therapeutic potential of Tregs in neonatal brain injury. However, in an 
adult stroke model, intravenous Treg therapy significantly decreased cerebral inflammation, 
decreased brain infarct size and improved long-term neurological function [116]. Treg cells 
also reduced the neutrophil-mediated production of matrix metallopeptidase 9 (MMP9) and 
subsequently protected the integrity of the blood brain barrier [116]. A further study showed 
that administered Tregs were present in vivo for >12 days, they reduced expression of inflam-
matory cytokines in the plasma and improved immune function after stroke [117], where 
immuno-compromise is considered a very serious side effect following stroke.

3.6. UCB-derived monocyte derived suppressor cells

A recently discovered subset of immunosuppressive cells that are being keenly investigated 
are monocyte-derived suppressor cells (MDSCs)—a heterogeneous population of cells that 
include immature macrophages, granulocytes, dendritic cells and other myeloid cells [118, 119]. 
MDSCs are present in significantly higher number in UCB compared to adult peripheral 
blood, but cell number falls dramatically in the months after birth [3]. MDSCs can signifi-
cantly suppress T cell proliferation, T helper (Th)1, Th2 and Th17 cytokine production and 
activation of natural killer (NK) cells [120]. The mechanisms by which MDSCs elicit this effect 
is cell-contact dependent and also involves the secretion of soluble factors such as IFN-γ, 
iNOS and Arginase-1 [3, 121–123]. The therapeutic potential for MDSCs have been mostly 
investigated in relation to cancer, however emerging data suggests they may play a role in 
other inflammatory conditions. For example, in a multiple sclerosis mouse model, endog-
enous MDSCs were found in demyelinating lesions and their presence correlated with the 
time course of the disease. In vitro, these cells could significantly suppress T-cell responses, 
suggesting that indeed MDSCs may play a role in reducing neuroinflammation [123].

While the role of MDSCs have not been studied in neonatal brain injury, a recent study 
showed that depleting monocytes from UCB acted to decrease motor improvement and 
microglial suppression in an adult stroke animal model, suggesting that UCB-monocytes may 
actively mediate neuroprotective benefits of UCB [124]. Whether this function is directly due 
to MDSCs is yet to be elucidated, but these cells may be promising as a potential therapeutic 
target for suppressing inflammation in perinatal brain injury.

3.7. What is known about the mechanisms of how UCB cells protect against brain injury

Given the heterogeneity of cells with UCB, there are many potential mechanisms by which 
UCB could protect against perinatal brain injury, ranging from a receptor-mediated response to 
stimulation of factors released from the injured brain, to protecting against blood brain barrier 
and vascular damage, to anti-inflammatory potential through the secretion of specific cytokines.
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A potential mechanism by which UCB cells respond to and protect against brain injury is 
via stromal derived factor (SDF)-1. SDF-1 is upregulated in the neonatal brain 7-day post-HI 
injure and is derived from astrocytic end-feet processes along blood vessels and from endo-
thelial cells [125]. UCB mononuclear cells express the SDF-1 receptor, CXCR4 and inhibition 
of SDF-1 reduces migration of UCB cells to the lesion site following neonatal HI injury [126]. 
In addition, monocyte chemoattractant protein (MCP)-1 and macrophage inflammatory pro-
tein (MIP)-1 receptors are expressed on UCB cells and could be other potential receptors that 
allow migration of UCB cells to the injured brain [127].

Cytokines and chemokines play a central role in inflammation, and UCB cells have been 
shown to secrete MCP-1, interleukin (IL)-6, IL-8, IL-10, angiogenin, vascular endothelial 
growth factor, brain derived neurotrophic factor and platelet derived growth factor, which all 
have protective potential to mediate inflammation, apoptosis, cell survival and angiogenesis 
[128, 129]. Furthermore, coculture of UCB cells with neural cultures exposed to oxygen and 
glucose deprivation for over 3 days showed that UCB upregulated the expression of che-
mokines CCL5, CCL3 and CXCL10 and subsequently reduced neuronal apoptosis to levels 
observed in normoxic cultures [130].

Sonic hedgehog (Shh) has also been postulated to play an important role in the neuropro-
tective potential of UCB cells. It was shown that, following UCB administration, there was 
reduced neonatal brain injury in the cortex and this was accompanied by an increased expres-
sion of both Shh and Gli-1 [86]. Furthermore, when cyclopamine, an inhibitor of Shh, was 
administered prior to the UCB treatment, neuroprotection was abolished [86].

Another aspect that is frequently discussed in relation to cell therapies for brain injury is 
the necessity of cells to enter the brain to elicit an effect, and whether the blood brain barrier 
(BBB) needs to be disrupted for this to happen. A study in neonatal rats that received a HI 
injury used mannitol, a drug that can increase BBB permeability, followed by administration 
of UCB cells [131]. They found that expression of neurotrophic factors was increased in the 
animals that received both UCB cells and mannitol, compared to either therapy alone, and 
neurobehavioral outcomes were improved at 7- and 14-day post-HI. Interestingly, mannitol 
did not increase the rate of UBC engraftment within the brain, but clearly disrupting the BBB 
increased the effectiveness of UCB therapy. This could be important as it suggests that man-
nitol could extend the therapeutic window for UCB treatment after birth.

4. UCB in clinical trials

The first successful UCB transplantation was performed in 1988 in which the cells were able 
to reconstitute the immune system of a patient with Fanconi’s anemia [132]. Since then, over 
20,000 UCB transplants have been performed with more than 3000 UCB transplants now 
conducted each year [133]. UCB is routinely used in the clinic for acute leukemia, aplastic 
anemia, lymphomas, hemoglobinopathy and sickle cell disease [134–136]. Initially, there was 
concern that UCB therapies may struggle to translate to adult conditions as the number of 
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cells  present in UCB units is generally limited and less than required to treat adult conditions 
or when multiple doses are required. However, it is now been shown that it is feasible to use 
two independent UCB units at once to overcome insufficient cells present in a single UCB 
unit [137]. Furthermore, with rapid advances in technology for the expansion of stem cells, it 
is likely that expanded stem cells isolated from UCB units will allow administration of larger 
cell doses from a single UCB unit [133].

Cerebral palsy (CP) is the most well-recognized condition resulting from perinatal brain 
injury. It is a clinically described complex of motor symptoms, with disability ranging from 
mild motor coordination dysfunction through to significant hemiplegia or quadriplegia, 
reflecting variable injury to the young brain. The motor disabilities that define CP are also 
often coexistent with other serious deficits—1 in 2 children with CP have intellectual dis-
abilities including cognition, memory, learning and behavior deficits; 1 in 4 have epilepsy; 
1 in 4 cannot talk; 1 in 4 are incontinent [138]. Parents of infants with CP are actively seeking 
new treatment options, including the use of stem cell therapies, particularly UCB therapy 
[139]. Cerebral palsy is currently ranked as the second most commonly treated condition 
with stem cells, and Australia is the third highest ranked country of patient origin for over-
seas  treatments [140].

There are now a number of registered clinical trials, and a few completed trials, investigat-
ing UCB cell treatment for CP in children ranging from 10 months to 20 years old (Table 1). 
Two randomized control trials (RCT) have published results; Min and colleagues [139] inves-
tigated allogeneic UCB in combination with erythropoietin (EPO) vs. EPO and rehabilita-
tion or rehabilitation alone. Their cohort was treated between 10 months and 10 years of age 
after diagnosis of CP, and children received an average 30 million cells per kg. At 6 months 
after treatment, improvements in gross motor function measure and cognitive scores were 
observed using the Bayley Scale. Unfortunately, however, this trial did not assess the efficacy 
of UCB alone. The second RCT treated CP patients between 6- and 20-year old with allogeneic 
UCB and they received up to 20 million cells per kg [141]. At 1- and 3-month posttreatment, 
muscle strength improved and by 6 months improvements were observed on gross motor 
function measure. Interestingly, they noted that the higher the cell dose given to the patient 
the better the outcome, suggesting that cell dose is critical for efficacy. This is confirmed by a 
further study in which administration of greater number of allogeneic UCB cells was associ-
ated with better outcome at 36 months [142]. A handful of smaller, non-RCT trials have also 
added to our knowledge on the efficacy of UCB for treating established CP [142–144]. CP 
patients with diplegic or hemiplegic deficits improved more after receiving autologous UCB 
cells, than children with quadriplegic disorders [143]. A Duke University trial has been con-
ducted for administration of fresh autologous UCB to infants diagnosed with hypoxic isch-
emic encephalopathy and undergoing hypothermia treatment [144]. While this study has not 
yet reported neuroprotective efficacy, it is the first to show safety and feasibility for the early 
use of UCB cells as a prevention/early intervention therapy, rather than a reparative therapy 
for established CP. The same group at Duke University have a number of clinical trials reg-
istered (Table 1) investigating both autologous and sibling matched UCB transplantation, 
while reports are encouraging, we still await results from these trials.
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Study title Main objective Institution Treatment Current status Trial 
identifier

Allogenic umbilical 
cord blood and 
erythropoietin 
combination 
therapy for cerebral 
palsy

To determine efficacy of 
umbilical cord blood and 
erythropoietin combination 
therapy for children with 
cerebral palsy

Sung Kwang 
Medical 
Foundation, 
Korea

Umbilical cord 
blood and 
erythropoietin 
combination

*Completed 
Has results
Min et al. 
Stem Cells: 
Translational and 
Clinical Research, 
2013 3:581

NCT01193660

Umbilical cord 
blood therapy for 
cerebral palsy

To evaluate the efficacy 
of umbilical cord blood 
therapy for children with 
cerebral palsy

Bundang CHA 
Hospital, 
Republic of 
Korea

Donated 
umbilical cord 
blood units

Completed NCT01528436

A randomized 
study of autologous 
umbilical cord 
blood reinfusion 
in children with 
cerebral palsy

To determine the efficacy of 
a single intravenous infusion 
of autologous umbilical 
cord blood for the treatment 
of pediatric patients with 
spastic cerebral palsy

Duke 
University 
Medical 
Centre, United 
States

Autologous 
umbilical cord 
blood

Completed NCT01147653

Umbilical cord 
blood therapy 
for children with 
cerebral palsy

To evaluate the efficacy 
of umbilical cord blood 
therapy for children with 
cerebral palsy

Bundang CHA 
Hospital, 
Republic of 
Korea

Donated 
umbilical cord 
blood units

Completed NCT01639404

Assessment of the 
safety of allogeneic 
umbilical cord 
blood infusions 
in children with 
cerebral palsy

A single site, phase I, 
prospective study of the 
safety of intravenous sibling 
cord blood infusion

Duke 
University 
Medical 
Centre, United 
States

Sibling 
umbilical cord 
blood

Active, not 
recruiting

NCT02599207

Allogeneic 
umbilical cord 
blood therapy in 
children with CP

To analyze cytokines 
related to clinical outcomes 
of allogeneic umbilical cord 
blood therapy for children 
with cerebral palsy

Bundang CHA 
Hospital, 
Republic of 
Korea

Allogeneic 
umbilical cord 
blood

Unknown NCT02025972

Safety and 
effectiveness of 
banked cord blood 
or bone morrow 
stem cells in children 
with cerebral palsy 
(CP). (ACT for CP)

To compare the safety 
and effectiveness of two 
types of stem cells, (either 
banked cord blood or 
bone marrow), in children 
between the ages of 2–10 
years with CP

University of 
Texas Health 
Science Centre, 
Houston, USA

Autologous 
umbilical cord 
blood or bone 
marrow

Currently 
recruiting

NCT01988584

Safety and 
effectiveness of 
cord blood stem 
cell infusion for 
the treatment of 
cerebral palsy in 
children

To test the safety and 
effectiveness of a cord 
blood infusion in children 
who have motor disability 
due to cerebral palsy. The 
subjects will be children 
whose parents have saved 
their infant’s cord blood, 
who have non-progressive 
motor disability, and whose 
parents intend to have a 
cord blood infusion

Georgia 
Regents 
University, 
United States

Infusion 
of red-cell 
depleted, 
mononuclear 
cell enriched 
cord blood

Currently 
recruiting

NCT01072370
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prospective study of the 
safety of intravenous sibling 
cord blood infusion

Duke 
University 
Medical 
Centre, United 
States

Sibling 
umbilical cord 
blood

Active, not 
recruiting

NCT02599207

Allogeneic 
umbilical cord 
blood therapy in 
children with CP

To analyze cytokines 
related to clinical outcomes 
of allogeneic umbilical cord 
blood therapy for children 
with cerebral palsy

Bundang CHA 
Hospital, 
Republic of 
Korea

Allogeneic 
umbilical cord 
blood

Unknown NCT02025972

Safety and 
effectiveness of 
banked cord blood 
or bone morrow 
stem cells in children 
with cerebral palsy 
(CP). (ACT for CP)

To compare the safety 
and effectiveness of two 
types of stem cells, (either 
banked cord blood or 
bone marrow), in children 
between the ages of 2–10 
years with CP

University of 
Texas Health 
Science Centre, 
Houston, USA

Autologous 
umbilical cord 
blood or bone 
marrow

Currently 
recruiting

NCT01988584

Safety and 
effectiveness of 
cord blood stem 
cell infusion for 
the treatment of 
cerebral palsy in 
children

To test the safety and 
effectiveness of a cord 
blood infusion in children 
who have motor disability 
due to cerebral palsy. The 
subjects will be children 
whose parents have saved 
their infant’s cord blood, 
who have non-progressive 
motor disability, and whose 
parents intend to have a 
cord blood infusion

Georgia 
Regents 
University, 
United States

Infusion 
of red-cell 
depleted, 
mononuclear 
cell enriched 
cord blood

Currently 
recruiting

NCT01072370
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Study title Main objective Institution Treatment Current status Trial 
identifier

Characterization of 
the cord blood stem 
cell in situation of 
neonatal asphyxia 
(NEOCORD)

To characterize cord blood 
stem cells of neonates with 
neonatal asphyxia and to 
compare them with those 
from healthy newborn

Assistance 
Publique 
Hopitaux De 
Marseille

Autologous 
umbilical 
cord blood 
reinfusion

Completed NCT01284673

Autologous stem 
cells in newborns 
with oxygen 
deprivation

To determine if the 
plasticity of autologous 
intravenous administration 
of cord blood stem cells 
would improve the clinical 
course of asphyxiated 
newborns

Hospital 
Universitario, 
Monterrey, 
Mexico

IV infusion 
of autologous 
cord and 
placental cord 
blood

Unknown NCT01506258

Allogeneic UCB 
therapy with EPO 
in children with CP

A randomized controlled 
study aims to evaluate 
the efficacy and safety of 
allogeneic umbilical cord 
blood therapy combined 
with erythropoietin for 
children with cerebral palsy

CHA Bundang 
Medical Centre 
Korea

Allogeneic 
umbilical cord 
blood

Unknown NCT01991145

G-CSF and 
autologous cord 
blood infusion in 
cerebral palsy

To reveal the safety and 
feasibility of combination 
therapy with autologous 
cord blood mononuclear 
cells (CB) and G-CSF 
as well as repeated 
administration of 
G-CSF for children with 
cerebral palsy

Hanyang 
University 
Seoul, Korea

Autologous 
umbilical cord 
blood

Recruiting NCT02866331

Combination 
therapy of cord 
blood and G-CSF 
for patients with 
brain injury or 
neurodegenerative 
disorders

To investigate the 
efficacy and safety of 
the combination therapy 
of allogeneic umbilical 
cord blood (UCB) and 
granulocyte-colony 
stimulating factor (G-CSF) 
for patients with brain 
injury or neurodegenerative 
disorders

CHA Bundang 
Medical Centre 
Korea

Allogeneic 
umbilical cord 
blood

Unknown NCT02236065

Autologous 
umbilical cord 
blood transfusion 
for preterm 
neonates

To test feasibility of 
collection, preparation and 
infusion of autologous 
umbilical cord blood in the 
first 14 days after birth if 
the baby is born premature 
<35 weeks of gestation

Ain Shams 
University, 
Cairo, Egypt

Autologous 
cord blood 
transfusion

Unknown NCT01121328

Autologous cord 
blood cells for 
brain injury in term 
newborns

To test feasibility and safety 
of collection, preparation 
and infusion of autologous 
umbilical cord blood during 
the first 3 days of age if the 
baby is born with signs of 
brain injury

National 
University 
Hospital, 
Singapore

Autologous 
cord blood

***Unknown NCT01649648
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A meta-analysis on the efficacy of all reported stem cell trials for children with CP was 
recently performed, demonstrating a statistically significant intervention effect when patients 
were followed short-term to 6 months following treatment [145]. Furthermore, the effect was 
greatest in the trials using UCB, and overall, the treatment effect highly favors the use of UCB 
with or without rehabilitation to treat children with CP (Figure 2).

The first autologous transplant of UCB for pediatric ischemic stroke has recently been reported 
[146]. The work reports a child with right spastic hemiplegia who received 250 million UCB 
mononuclear cells at 5 years of age. At 3 months after treatment, there was an improvement in 
motor control, and further improvements were observed at 18 months,  however, no change was 

Study title Main objective Institution Treatment Current status Trial 
identifier

Cord blood 
for neonatal 
hypoxic-ischemic 
encephalopathy

A pilot study to test 
feasibility of collection, 
preparation and infusion 
of a baby’s own umbilical 
cord blood in the first 14 
days after birth if the baby 
is born with signs of brain 
injury

Duke 
University, 
United States

Infusions 
autologous 
volume 
reduced cord 
blood cells

Active, not 
recruiting

NCT00593242

Efficacy of stem 
cell transplantation 
compared to 
rehabilitation 
treatment of 
patients with 
cerebral paralysis 
(CP)

To compare the efficacy 
of cell therapy and 
rehabilitation treatments for 
cerebral palsy patients

General 
Hospital 
of Chinese 
Armed Police 
Forces, Beijing 
China

Mesenchymal 
stem cells 
derived from 
umbilical cord 
blood

Recruiting

Information obtained from ClinicalTrials.gov.

Table 1. Current clinical trials being conducted, or recently completed, using umbilical cord blood in regenerative 
medicine therapies for the management of cerebral palsy and ischemic brain injury in the newborn.

Figure 2. Forest plot showing the gross motor function changes from UCB transplantation for treatment of established 
cerebral palsy (adapted with permission from Novak et al. [145]).
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observed on MRI. Another recent trial investigated the use of UCB for congenital  hydrocephalus, 
where patients received multiple doses of autologous UCB with a median cell dose of 19 million 
cells/kg/infusion. No adverse events were reported while the UCB was also well-tolerated [147].

5. Future challenges for translation of umbilical cord blood therapies

Almost all available evidence supports that UCB cell therapy provides neuroprotective and/
or neuroregenerative benefits in response to perinatal brain injury and established cerebral 
palsy. There do, however, remain a number of important questions around the best practice 
treatment with UCB cells to provide optimized outcomes for infants with perinatal brain 
injury. These questions are principally centered around whether whole cord blood (mono-
nuclear cells) provides the best strategy, or whether individual cells (or combinations or cells) 
from cord blood should be expanded and subsequently administered to improve cell yield. 
Using this approach, cell therapy could be individualized depending on the pregnancy or 
birth complication. It is also not yet known what dose of cells is optimal, and when the cells 
should be administered relative to insult and diagnosis to provide the best outcome. All of 
these questions are best answered using animal models of chorioamnionitis, preterm birth, 
fetal growth restriction or birth asphyxia. A critical aim of designing novel therapies for peri-
natal brain injury is extending the treatment window so that cell therapy could be utilized for 
days to weeks after birth, not just within the 6 h of birth, as is necessary for hypothermia com-
mencement in newborns with hypoxic ischemic encephalopathy. Ideally, cell therapy must 
be effective at mediating a spectrum of adverse events that occur within the perinatal brain, 
such as reducing glial scar formation, inflammation and neuronal cell death. In this review, 
we reveal that many cells derived from UCB have the potential to suppress inflammation and 
reduce brain injury when they are administered within 3-day post-injury. These results are 
encouraging, but it is important to appreciate that a successful and effective cell therapy will 
combine anti-inflammatory and neuroprotective abilities that will allow the ultimate goal of 
novel therapies for cerebral palsy, permitting a longer therapeutic window.

6. Conclusions

Cerebral palsy is caused by injury to the developing brain, with the timing and severity of 
the insult underlying the heterogeneity of CP. Clinical trials are already underway to treat 
established CP with UCB mononuclear cells with some positive results, however. It is widely 
appreciated that treating brain injury as early as possible will demonstrate the most profound 
benefits. Given the good safety profile of UCB therapies, with the low incidence of transplant 
rejection, due to the increased number of immature progenitors cells and naïve immune cells, 
it is clear that UCB is a safe source of cells for transplantation. Preclinical data are accumulating 
exciting evidence for the mechanisms of neuroprotection by stem cells, and meta-analysis of 
clinical trials shows that UCB cells mediate significant improvement for children with CP. The 
immediate imperative is to optimize the benefits of UCB therapy by conducting  well-planned 
strategic animal studies followed by human clinical trials that can further inform the use of 
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targeted neuroprotective cell therapies for the prevention or repair of perinatal brain injury in 
order to provide long-term improvements for children after compromised pregnancy or birth.
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Abstract

Hematopoietic stem cell transplantation (HSCT) is a potentially curative therapy for
severe hematological malignancies and other severe disorders of the blood, immune
system, and bone marrow. It is the most successful regenerative therapy to date, with
2013 marking the one millionth HSCT and the 25th anniversary of the first umbilical
cord blood (UCB) HSCT. UCB has most often been used for allogeneic HSCT when a
matched bone marrow or peripheral blood donor is unavailable. Recently, novel genome
editing technologies to correct inherited gene disorders or to modulate biomarkers/
receptors on HSC and the potential use of HSCT for a variety of other nonmalignant
conditions have led to a surge of interest in autologous HSCT, with the HSC source
depending on the condition to be treated. UCB HSCs may be used to generate red blood
cells,  granulocytes,  or  platelets  ex  vivo  for  transfusion  into  difficult-to-transfuse
patients. Alternatively, UCB may be reprogrammed to induced pluripotent stem cells
or used to generate cell lines, which can then be differentiated into different cell lineages
for transfusion or used as diagnostic reagents. Disadvantages of UCB are its restricted
cell  numbers  and delayed hematological  engraftment.  Here,  UCB HSC expansion/
manipulation ex vivo and clinical applications are addressed.

Keywords: cord blood, microenvironmental niche, human hematopoietic stem/
progenitor cells, lineage hierarchy, ex vivo expansion, clinical trials

1. Introduction

Hematopoietic stem cell transplantation (HSCT) is a potentially curative therapy for severe
hematological malignancies and other severe disorders of the blood, immune system, and bone
marrow. Its usage has increased rapidly and substantially since the first HSCT in 1957, almost
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60 years ago, and with the one millionth HSCT being performed in 2013 [1]. Over 40,000 HSCT
were performed in Europe in 2014 for more than 36,000 individuals for all disease indications,
with 58% being autologous and the remainder receiving HSCs sourced from related and
unrelated allogeneic donors of bone marrow (BM), peripheral blood after induced mobilization
(mPB) or umbilical cord blood (UCB) [2]. The main indications for these HSCTs were leukemias,
lymphoid neoplasias, solid tumors, and nonmalignant diseases [2].

The year 2013 also marked the 25th anniversary of the first UCB HSCT in a child with Fanconi’s
anemia using an human leukocyte antigen (HLA)-identical sibling UCB donation [3]. The
recipient remains alive and well, having achieved full donor chimaerism. Worldwide, there
are estimated to be over 730,000 unrelated UCB units banked for public use in more than 160
international cord blood banks, and more than 35,000 have been transplanted [3, 4]. In 2014,
UCB accounted for 2% of allogeneic HSCT in Europe, with substantially more in the USA and
Japan [2]. From available worldwide data, the Center for International Blood and Bone Marrow
Research (CIBMTR) reported that UCB accounted for 8% of allogeneic HSCTs [2–6]. In their
international survey report of 2015, the CIBMTR recorded that 32% of pediatric and 10% of
adult-unrelated donor HSCTs used UCB as the HSC source [6]. Indications for allogeneic UCB
HSCT have included hematological malignancies, bone marrow failure, severe anemias,
metabolic storage diseases, immune-deficiencies, and some cancers. Studies in December 2014
estimated that there were over 4 million UCB units banked for private/family use (see [4]) of
which at least 1015 (530 autologous and 485 allogeneic) had been transplanted by December
2013 (see [4]). Indications for family UCB HSCTs have included the severe hemoglobinopathies
and the treatment of brain injury (see [4]), and these and other indications will be discussed
further.

UCB has several advantages over bone marrow or mobilized peripheral blood as the HSCT
cell source. It is noninvasive, can be collected, tested, HLA- typed and banked ahead of use, is
readily available for urgent HSCTs, and for black and minority ethnic recipients who do not
have a matched bone marrow or peripheral blood donor, demonstrates less-associated graft
versus host disease (GvHD) in the allogeneic setting, particularly where less rigorous HLA
matching is possible and is not subject to donor attrition (reviewed in Refs. [7–10]). Its main
disadvantages are its limited cell dose, delayed hematological engraftment (early neutrophil
and platelet and long term immune reconstitution), lack of additional donor lymphocytes for
infusion and interbank variability in viable hematopoietic stem and progenitor cell (HSPC)
content on product release. It may also be subject to changing accreditation and quality control
standards between the time of banking and its use, and the UCB donor may have immuno-
logical or hematopoietic disorders that are not manifested at the time of donation or during
transplant follow-up (reviewed in Refs. [7–10]). UCB HSPC can also be used for other purposes.
These include generating adequate supplies of mature blood cells from the HSPCs ex vivo for
transfusion into difficult-to-transfuse patients or modulating resistance to specific acquired
infections and correcting monogenic gene disorders, in dividing HSC, using new genome
editing technologies [11–14].

A single UCB unit generally has sufficient HSCs for pediatric, but not adult HSCT [11–14].
Different approaches have been used to enhance the HSPC numbers in UCB grafts so that their
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use can be extended to adult HSCTs, to develop further uses for banked cord blood units in
other transfusion and transplant therapies or as diagnostic or research reagents, or to improve
their engraftment in the bone marrow hematopoietic stem cell niche. These include the use of
double UCB units for transplant without or with ex vivo manipulation of cells to enhance their
HSPC dose or improve engraftment. The readouts following the manipulation and expansion
of HSPCs include assessing the levels of defined hematopoietic progenitor cell subsets using
specific markers and using functional assays to demonstrate hematopoietic repopulation
capacity in vivo in surrogate animal models (see Refs. [15, 16]). The majority of HSPCs in
human UCB are found in the CD133+ and CD34+ fractions of CD45+ cells [17–27] and these
progenitors can be further segregated into or enriched for HSC or their immediate myeloid
and lymphoid progeny with the discriminatory marker sets identified by Notta et al. [15].

In this review, we will describe these lineage hierarchies in human UCB, the procedures used
to expand or manipulate the engraftment of these HSPCs, and the established and potential
clinical uses of both unmanipulated and ex vivo manipulated autologous and allogeneic UCB
units.

2. Indications for hematopoietic stem cell transplants and the use of
umbilical cord blood

The indications for which allogeneic and autologous HSCTs are most often used have recently
been provided as guidelines [28] from the American Society of Blood and Marrow Transplan-
tation (ASBMT). Table 1 summarizes those for allogeneic HSCT based on the published
ASBMT disease categories and recommendations with more specific details discussed in, but
without reference to, HSC source. This does not necessarily exclude their use for autologous
HSCT and, where this is appropriate, this is also described in Ref. [28].

Indication and disease status Pediatric <18 years Adult ≥18 years

Acute myeloid leukemia

Complete response (CR)1 intermediate and high risk and CR2+ Yes Yes

Not in remission Yes Yes

Acute promyelocytic leukemia

CR2, molecular remission or not in molecular remission Yes

CR3+ Yes

Not in remission Yes

Relapse Yes Yes

Acute lymphoblastic leukemia

CR1, standard risk No Yes

CR1, high risk, CR2, CR3+ Yes Yes

Not in remission Yes Yes
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Indication and disease status Pediatric <18 years Adult ≥18 years

Chronic myeloid leukemia

Chronic phase Yes Yes

Accelerated phase Yes Yes

Blast phase Yes Yes

Myelodysplastic syndromes

Low risk Yes Yes

High risk Yes Yes

Juvenile myelomonocytic leukemia Yes

Therapy related Yes Yes

Myelofibrosis and myeloproliferative diseases

Primary, low risk, and intermediate/high risk Yes

Secondary Yes

Hypereosinophilic syndromes, refractory Yes

Plasma cell disorders

Myeloma, initial response In development

Myeloma, sensitive relapse Yes

Myeloma, refractory Yes

Plasma cell leukemia Yes

Relapse after autologous transplant Yes

T cell non-Hodgkin lymphoma

CR1, high risk Yes

CR2 Yes

CR3+ Yes

Not in remission Yes

T cell lymphoma

CR1 Yes

Primary refractory, sensitive Yes

Primary refractory, resistant Yes

First relapse, sensitive Yes

First relapse, resistant Yes

Second or greater relapse Yes

Relapse after autologous transplant Yes

Diffuse large B cell lymphoma

Primary refractory, sensitive Yes

Primary refractory, resistant Yes

First relapse, sensitive Yes

First relapse, resistant Yes

Second or greater relapse Yes

Relapse after autologous transplant Yes
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Indication and disease status Pediatric <18 years Adult ≥18 years

Lymphoblastic B cell non-Hodgkin lymphoma (non-Burkitt)

CR1, high risk Yes

CR2 Yes

CR3+ Yes

Not in remission Yes

Burkitt’s lymphoma

First remission Yes Yes

First or greater relapse, sensitive Yes Yes

First or greater relapse, resistant Yes Yes

Relapse after autologous transplant Yes

Hodgkin lymphoma

Primary refractory, sensitive Yes Yes

Primary refractory, resistant Yes Yes

First relapse, sensitive Yes Yes

First relapse, resistant Yes Yes

Second or greater relapse Yes Yes

Relapse after autologous transplant Yes

Anaplastic large cell lymphoma

Primary refractory, sensitive Yes

Primary refractory, resistant Yes

First relapse, sensitive Yes

First relapse, resistant Yes

Second or greater relapse Yes

Follicular lymphoma

Primary refractory, sensitive Yes

Primary refractory, resistant Yes

First relapse, sensitive Yes

First relapse, resistant Yes

Second or greater relapse Yes

Transformation to high grade lymphoma Yes

Relapse after autologous transplant Yes

Mantle cell lymphoma

CR1/PR1 Yes

Primary refractory, sensitive Yes

Primary refractory, resistant Yes

First relapse, sensitive Yes

First relapse, resistant Yes

Second or greater relapse Yes

Relapse after autologous transplant Yes
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Indication and disease status Pediatric <18 years Adult ≥18 years

Lymphoplasmacytic lymphoma

Primary refractory, resistant Yes

First or greater relapse, sensitive Yes

First or greater relapse, resistant Yes

Relapse after autologous transplant Yes

Cutaneous T cell lymphoma

Relapse Yes

Relapse after autologous transplant Yes

Plasmablastic lymphoma

CR1 Yes

Relapse Yes

Chronic lymphocytic leukaemia

High risk, first, or greater remission Yes

T cell prolymphocytic leukaemia Yes

B cell, prolymphocytic leukaemia Yes

Transformation to high-grade lymphoma Yes

Solid tumors

Germ cell tumor, relapse In development

Germ cell tumor, refractory In development

Ewing’s sarcoma, high risk or relapse In development

Soft tissue sarcoma, high risk or relapse In development

Neuroblastoma, high risk or relapse In development

Breast cancer, metastatic In development

Renal cancer, metastatic In development

Nonmalignant diseases

Severe aplastic anemia, new diagnosis Yes Yes

Severe aplastic anemia, relapse/refractory Yes Yes

Fanconi’s anemia Yes Yes

Dyskeratosis congenita Yes Yes

Diamond-Blackfan anemia Yes Yes

Sickle cell disease Yes Yes

Thalassemia Yes In development

Congenital amegakaryocytic thrombocytopenia Yes

Mast cell diseases Yes

Severe combined immunodeficiency Yes

T cell immunodeficiency, SCID variants Yes

Common variable immunodeficiency Yes

Wiskott–Aldrich syndrome Yes Yes

Hemophagocytic disorders Yes Yes
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Indication and disease status Pediatric <18 years Adult ≥18 years

Lymphoproliferative disorders Yes

Severe congenital neutropenia Yes Yes

Chronic granulomatous disease Yes Yes

Other phagocytic cell disorders Yes

IPEX syndrome Yes

Juvenile rheumatoid arthritis In development

Systemic sclerosis In development

Other autoimmune and immune dysregulation disorders Yes

Mucopolysaccharidosis (MPS-I and MPS-VI) Yes

Other metabolic diseases Yes

Osteopetrosis Yes

Globoid cell leukodystrophy (Krabbe) Yes

Metachromatic leukodystrophy Yes

Cerebral X-linked adrenoleukodystrophy Yes

SCID, Severe combined immunodeficiency; IPEX, Immune dysregulation, polyendocrinopathy, enteropathy, X-linked;
MPS, mucopolysaccharidosis.
(Adapted with permission from [28]).

Table 1. ASBMT guidelines for indications for allogeneic HSCT in pediatric and adult patients.

Allogeneic UCB HSCT may be used to treat blood disorders, cancers including hematological
malignancies, and metabolic and immune disorders. Table 2 shows a list of 95 diseases in adult
and pediatric patients, which Cord:Use defines as being treatable with UCB HSCT [29]. A
potential curative option for β-thalassemia is allogeneic HSCT from an HLA-matched sibling
donor with reported disease-free survival of 65% in adults and 88% in children (reviewed in
reference [30]). For severe sickle cell disease, similar transplants are reported to result in 85–
90% disease-free survival in children [31]. While allografts are usually curative for young
patients with an HLA-matched sibling donor, this is not an option for the vast majority of
patients with sickle cell disease. HLA-matched sibling directed UCB HSCTs (with or without
preimplantation genetic HLA-matching), therefore, can provide curative therapies for children
suffering from hemoglobinopathies [32, 33]. Better outcomes have also been reported in
children transplanted with UCB HSCs in such metabolic disorders as Hurler syndrome,
metachromatic leukodystrophy and Krabbe disease, and for congenital bone marrow failure
and immunodeficiencies [4, 34–38].

Cancers

Hematological

• Acute lymphocytic leukemia

• Acute myeloid leukemia

• Acute biphenotypic leukemia
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• Acute undifferentiated leukemia

• Juvenile chronic myeloid leukemia

• Chronic lymphocytic leukemia

• Chronic myeloid leukemia

• Juvenile myelomonocytic leukemia

• Adult T cell leukemia/lymphoma

• Hodgkin’s lymphoma

• Non-Hodgkin’s lymphoma

• Lymphoma

• Mantle cell lymphoma

• Burkitt’s lymphoma

• EBV lymphoproliferative disease

• Multiple myeloma

• Juvenile chronic myelogenous leukemia

• Myeloid/natural killer cell precursor acute leukemia

• Prolymphocytic leukemia

• Plasma cell leukemia

• Chronic myelomonocytic leukemia

• Thymoma

• Waldenstrom’s macroglobulinemia

Other

• Ewing sarcoma

• Neuroblastoma

• Rhabdomyosarcoma

• Wilms tumor

Other blood disorders

• β-thalassemia major

• Sickle cell anemia

• Diamond–Blackfan anemia

• Fanconi’s anemia

• Severe aplastic anemia

• Congenital dyserythropoietic anemia

• Essential thrombocythemia

• Polycythemia vera

• Pure red cell aplasia

• Leukocyte adhesion deficiency syndrome

• Paroxysmal nocturnal hemoglobinuria

• Congenital amegakaryocytic thrombocytopenia

• Congenital cytopenia

• Glanzmann’s thrombasthenia
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• Refractory anemia with excess blasts

• Refractory anemia with excess blasts in transition

• Refractory anemia with ringed sideroblasts

• Myelodysplasia

• Acute myelofibrosis

• Shwachman-Diamond syndrome

• Dyskeratosis congenita

• Agnogenic myeloid metaplasia

• Amyloidosis

Immune and metabolic disorders

• Kostmann syndrome

• Congenital neutropenia

• Chronic granulomatous disease

• Chediak-Higashi syndrome

• Adenosine deaminase deficiency

• Bare lymphocyte syndrome

• Mannosidosis

• Reticular dysgenesis

• Langerhans cell histiocytosis

• Hemophagocytic lymphohistiocytosis

• Neuronal ceroid lipofuscinosis

• Sanfilippo Syndrome

• Sly Syndrome

• X-linked agammaglobulinemia

• Evans syndrome

• X-linked lymphoproliferative disease

• X-linked hyper IgM syndrome

• Immunodysregulation polyendrocrine enteropathy-X-linked (IPEX)

• Severe combined immunodeficiency (SCID)

• Wiskott-Aldrich syndrome (WAS)

• Nezelof’s syndrome (thymic dysplasia with normal immunoglobulins)

• DiGeorge syndrome

• IKK gamma deficiency

• Omenn syndrome (resembles GvHD)

• Congenital erythropoietic porphyria

• Gaucher’s disease (glucocerebrosidase/acid beta-glucosidase deficiency)

• Purine nucleoside

• Hurler’s disease (mucopolysaccharidosis type I)

• Hurler-Scheie disease (mucopolysaccharidosis type I)

• Hunter syndrome (mucopolysaccharidosis type II)
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• Sanfilippo disease (mucopolysaccharidosis type III)

• Morquio syndrome (mucopolysaccharidosis type IV)

• Maroteaux-Lamy disease (mucopolysaccharidosis type VI)

• Fucosidosis

• Myelokathexis

• Phosphorylase deficiency

• X-linked adrenoleukodystrophy

• Metachromatic leukodystrophy

• Krabbe disease (galactosylceramide lipidosis)

• Inclusion-cell disease (mucolipidosis II)

• Wolman disease (acid lipase deficiency)

• Neimann-Pick Disease (sphingomyelin lipidosis, sphingomyelinase deficiency)

• Lesch-Nyhan syndrome (hypoxanthine guanine phosphoribosyl transferase/HPRT deficiency)

• Sandhoff disease (hexosaminidase A and B deficiency)

• Tay-Sachs disease (hexosaminidase A deficiency)

Table 2. Disease indications that may be treated with allogeneic cord blood transplantation based on information in [3,
5, 7, 29].

Graft failure and delayed immune reconstitution in UCB HSCT with myeloablative therapy
are not without risk, and only 25% of the patients have a matched sibling donor. Lower UCB
HSC engraftment rates have been observed where resistance to engraftment occurs (e.g.,
hemoglobinopathies, chronic myeloid leukemia, and acquired aplastic anemia, see Ref. [4]).
Autologous UCB HSCTs have been less common than allogeneic transplants, but the recent
development of novel genome editing technologies opens the way to using this new technology
to correct certain inherited or acquired gene disorders in autologous HSCs and sourced from
UCB at birth or alternatively from mobilized peripheral blood and bone marrow as appropri-
ate, and to then transplant these cells into the affected individual to correct the disease. HLA
matching of these grafts and hence GvHD has not, to date, been a problem for these autologous
transplants. However, the use of myeloablative conditioning creates a substantial risk.
Recently, studies in mice suggest that the risk of myeloablative conditioning can be greatly
reduced by using CD45-saporin toxin conjugated antibody treatment to make space in the
bone marrow for transplanted cells to treat sickle cell disease in the autologous setting without
significant adverse effects on graft recovery [39], but this has not been conducted in the human.
However, earlier studies using rat CD45 antibodies produced in Cambridge, UK [40, 41] have
demonstrated the safety and efficacy of an 111In-labeled CD45 conjugate in bone marrow
transplant patients with acute leukemia [42]. This may then provide a safer approach with
gene-modified HSCTs for treating the β-globin-associated severe hemoglobinopathies, as well
as congenital immunodeficiencies and HIV AIDS. While α-thalassemia affects the production
of the α-globin chain in β-thalassemia and sickle cell disease, mutations in the β-globin gene
result in absent or reduced β-globin and abnormal hemoglobin structure, respectively [43–
45]. Importantly, the inherited hemoglobin disorders, the thalassemias, and sickle cell disease
constitute the most common monogenic disorders worldwide [43–47]. Around 300,000
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children are born with sickle cell disease each year [43–47], and there are around 36.7 million
people infected with HIV [48]. These conditions result in a reduced life expectancy and quality
of life [48–53].

An analysis of European trends to 2014 [2] suggests a peak of allogeneic UCB HSCTs in 2012
and a slight decline since this time paralleling an increase in haploidentical HSCTs when
combined with posttransplant cyclophosphamide prophylaxis. Two parallel Phase II clinical
trials using haploidentical versus double UCB HSCTs in a reduced intensity conditioning
regime setting indicate that the 1-year disease-free survival is similar (see [4]). A comparative
trial of these two approaches is currently recruiting. In a recent review, Kurtzberg [54] cites
higher relapse rates with haploidentical HSCTs for hematological malignancies in a limited
number of studies.

The UK guidelines for alternative donor selection, dosages, and matching have recently been
published [10] for pediatric and adult malignancy and bone marrow failure as well as pediatric
immune deficiencies and metabolic disorders. Where UCB HSCTs are done, single UCB units
are recommended unless there are insufficient cells when double UCB HSCT are considered,
but with each unit having a total nucleated cell count of >1.5 × 107 for each unit per kg recipient
body weight or a total CD34 cell dose >1.8 × 105/kg, as viable cell dose infused is associated
with engraftment outcomes [7, 8, 10]. There is no requirement for inter-UCB unit HLA-
matching in the double UCB HSCT scenario at this time. Recent studies from Brunstein et al.
[55] reviewed in Ref. [54] indicate that greater allele-level HLA mismatching of UCB HSCT
between donor and recipient in a significant number of patients with hematological malig-
nancy undergoing double UCB HSCTs could protect against disease relapse without affecting
engraftment, GvHD, and nonrelapse mortality. In a further recent survey of UCB HSCT in
older patients (50 years) presenting principally with acute myeloid leukemia, myelodysplasia,
and non-Hodgkin lymphoma in Europe and North America, Rafii et al. [5] confirmed the
efficacy of UCB HSCTs with reduced intensity conditioning in these patients. Further studies
on donor selection are warranted. However, leukemic relapse is a major cause of mortality in
HSCT recipients, and this must be taken into account in donor selection strategies.

Although there is the potential for autologous UCB HSCTs to rise substantially with new
technological developments in the treatment of inherited monogenic diseases and acquired
immunodeficiencies such as HIV and AIDS, current indications for autologous UCB use are
low or are in development. The main use of autologous UCB grafts (82%) has been for brain
injury, and as described in Ref. [4], this includes cerebral palsy, ataxia, apraxia, traumatic brain
injury, hypoxic ischemic encephalopathy, and periventricular leukomalacia [56, 57]. Autolo-
gous UCB transplants (7%) have been used in clinical trials to treat type 1 diabetes but
responses were transient [4, 58, 59].

3. Other uses of UCB

UCB hematopoietic stem and progenitor cells (HSPCs) may also be used to generate red blood
cells, granulocytes, or platelets ex vivo for transfusion [11, 60]. Alternatively, and although
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initial studies have used fibroblasts [61–63], UCB may be reprogrammed to induced pluripo-
tent stem (iPS) cells [64], which can then be differentiated into different cell lineages, e.g., to
generate red blood cells and platelets. As these end cells lack nuclei, they may allay certain
safety concerns with respect to iPS cells and tumorigenicity (provided that enucleated cells
can survive transplantation). Currently, however, these strategies do not replicate the produc-
tion of over 3 × 1011 blood cells that are generated in adults per day. Other cell types may be
isolated, used, expanded, or manipulated from UCB or the umbilical cord (UC) to enhance
engraftment, to eradicate malignancies, to prevent GvHD, or prevent infections. The strategies
to improve UCB engraftment and immune reconstitution are listed in Table 3. This is updated
from data presented in [65].

1. Increasing cell dose

Improved collection and processing of cord blood

Infusion of two cord blood units (double cord blood transplantation) in adults

Ex vivo expansion of cord blood HSC/HPC

Infusion of cord blood with third-party donor cells (haploidentical graft)

2. Improving delivery and homing/retention of HSC

Direct intrabone infusion of cord blood

Increased stromal-derived factor-1 (SDF-1) (CXCL12)/CXCR4 interaction (e.g., inhibition of CD26 peptidase; treatment
of UCB HSC with dmPGE2)

Ex vivo fucosylation of HSC/HPC

3. Improving selection of cord blood units

Enhanced HLA-matching in some clinical settings

Detection of donor-specific anti-HLA antibodies

4. Modifying UCB transplant regimens

Using reduced-intensity conditioning

Using T-replete protocols

Using CD45-toxin conjugates for autologous UCB HSCT

5. Expanding specific cell populations (ex vivo or in vivo)

Natural killer (NK) cells

T cells/pathogen-specific T cells (CMV, EBV, adenovirus)

Regulatory T cells (Tregs)

Neutrophils

6. Coinfusing cord blood with accessory cells

Mesenchymal stem cells (MSC)

7. Improving thymopoiesis

Interleukin-7 (IL-7), interleukin-2 (IL-2), and interleukin-15 (IL-15)

Reducing sex steroid hormones (androgen, estrogen)

Growth hormone (GH), insulin-like growth factor 1 (IGF-1)

Keratinocyte growth factor (KGF)
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Tyrosine kinase inhibition (sunitinib)

FMS-like tyrosine kinase receptor III ligand (Flt3L)

Stem cell factor (SCF)

Inhibition of p53 (pifithrin-β (PFT-β))

Key: HSC, hematopoietic stem cells; HPC, hematopoietic progenitor cells; UCB, umbilical cord blood; HLA, human
leukocyte antigen.
Based on and updated from Danby and Rocha [65].

Table 3. Potential methods to improve engraftment and immune reconstitution in UCB transplantation.

4. Assessing the quality and potency of UCB cells

UCB dosages are often 5–10% of those obtained for BM and mPB and as many as 10–20% of
UCB HSCTs can result in graft failure [65, 66]. The total nucleated cell (TNC) and CD34+ cell
counts have most often been used in selecting UCB units for transplantation as a particular
threshold dosage of these cells in a graft correlates with better engraftment and better clinical
outcomes [3]. Poorer outcomes of HLA-mismatched UCB HSCTs are reported with dosages of
CD34+ cells and TNCs of less than 1.7 × 105 cells/kg and 2.5 × 107cells/kg recipient body weight,
respectively, and much improved outcomes with median TNCs of 10 × 107 cells/kg [66–69].
Although double cord blood transplants increase cell numbers in the graft, the time for
engraftment does not increase in comparison with single UCB HSCTs that are appropriately
dosed [70].

Because the potency of the unmanipulated UCB unit following cryopreservation has been cited
as the most important parameter in predicting engraftment [71], Kurtzberg and colleagues
have developed an Apgar Score for enhancing the quality and hence the potency of UCB HSPCs
at the time of collection and banking [72]. For Caucasoid babies, they predict the best quality
UCBs are likely to be obtained if birth weights are >3500 g, deliveries are between 34 and 38
weeks of gestation, and the UCB units are processed within 10 h of collection. This is because
both CD34+ cells and progenitor cell number decrease at and after 40 weeks gestation, even
though TNCs increase, and also due to loss in cell viabilities with delays in processing and
cryopreservation postcollection [72, 73]. It is of note that in the USA, African-American UCB
units contain 30% less TNC after processing and therefore, may not meet the criteria for TNC
numbers that have been set for Caucasoid donors in some banks [72]. Although there are moves
by some cord blood banks to bank UCB units with >1.75 × 109 TNCs, Kurtzberg’s studies
provide a note of caution and suggest that this would limit banking of UCB units collected to
5% of UCBs collected, adding to cost, but more importantly, potentially compromising the
potency of UCBs for transplantation since as many as 25% of such units would be predicted
to have insufficient progenitors for successful engraftment.

Measuring the HSC content of UCB presents some difficulty as the gold standard is in vivo
transplantation over an individual’s lifespan or alternatively in surrogate nonhuman primate
models, which are likely to be closer to the human situation than in vivo immune-deficient
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murine models [3, 16, 74]. However, this may be particularly important in the genome-editing
context. Viability of banked UCB units is generally assessed using in vitro colony forming unit
(CFU) content. Although this is not a measure of the repopulating HSCs, CFU content
correlates with neutrophil engraftment and posttransplant survival and can be performed in
2–3 weeks [75, 76]. In human UCB, aldehyde dehydrogenase (ALDH)bright cells as assessed by
flow cytometry of viable CD45+CD34+ or CD45+CD133+ cells have been strongly correlated
with CFU content and may represent a more rapid surrogate potency assay for predicting at
least early neutrophil engraftment [76] provided that the thaw-wash protocol is followed after
thawing cryopreserved UCB units. The coexpression of MA6 on CD34+ cells has been reported
recently as predictor of platelet recovery [77].

More complex phenotyping of HSCs is not generally carried out in the clinical setting.
However, combinations of biomarkers have been used to identify and segregate human HSCs
from their immediate progeny and to define the HSPC lineage hierarchy of unmanipulated
UCB units in the research setting [15]. The classical hematological hierarchy comprises rare,
durable long-term repopulating HSC, which give rise to short-term repopulating HSC and
multipotent progenitors (MPP) and subsequently to oligopotent, and finally, unipotent
progenitors that differentiate into more than 10 hematopoietic lineages. Based on this hier-
archical lineage tree, experimental studies have demonstrated that UCB HSCs can be enriched
in the Lineage (Lin)–, CD133+, CD34+ or CD34–, CD90+, CD38lo/–, CD45RA–, and CD49f+
subsets [19–27, 47, 78–86]. The CD90– fraction that contains multipotent progenitors (MPPs)
also contains HSCs and, when measured by 20-week repopulation in NSG mice, 1 in 20 of the
CD90+ and 1 in 100 of the CD90– UCB cells were defined as HSCs [15]. Both the CD90+ and
CD90– subsets could be serially transplanted at least for a further 14–16 weeks [15]. Notably,
the CD90+ (50–70%) and CD90– (10–20%) cells that expressed CD49f (CD49+/high), and those
CD90– cells that become CD90+ after in vitro culture on OP9 stroma retained their 20-week
long-term repopulating ability in NSG mice [15]. When the CD90+ UCB cells were further
segregated on the basis of CD49f expression, only the CD90+CD49f+/high cells could be serially
transplanted [15]. Notta et al. [15] defined the MPPs that were CD90−CD49f− as transiently
engrafting cells (2–4 weeks in NSG mice) or short-term repopulating HSCs and concluded that
most HSCs reside in the CD90+ fraction, but 1 in 5.5 UCB HSCs lacked CD90 expression, and
approximately 10% of the UCB CD90+CD49f+ cells fraction are HSCs [15]. More recent
experiments from Notta et al. [86] have added further to our understanding of the human
hematopoietic lineage and the developmental changes it undergoes from fetal liver to UCB to
bone marrow hematopoiesis. Importantly, these investigators developed an in vitro single-cell
assay that exclusively assesses myeloid, including erythroid and megakaryocytic, lineage
potential of individual CD34+ cells by combining MS-5 stromal cultures with LDL and eight
cytokines, stem cell factor, thrombopoietin, FMS-like tyrosine kinase 3 ligand, interleukin 6,
interleukin 3, interleukin 11, granulocyte macrophage colony stimulating factor and erythro-
poietin (SCF, TPO, Flt3L, IL6, IL3, IL11, GM-CSF and Epo respectively) and found that 72% of
the enriched UCB CD49f+ HSCs gave rise to such clones [86]. Of these, approximately half
formed high proliferative potential (HPP)-CFU [86]. This level of clonogenic potential was not
observed in semisolid methocel cultures used to assay CFU content.
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observed in semisolid methocel cultures used to assay CFU content.
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Cell subset  Biomarkers (epitope) % of CD34+ cells in UCB (mean±SEM)

HSC  CD34+CD38−/loCD45RA−CD90+CD49f+CD71−CD110(BAH1)- 1.52 ±0.21

MPP F1  CD34+CD38−/loCD45RA−CD90−CD49f−CD71−CD110(BAH1)- 2.05 ±0.29

MPP F2  CD34+CD38−/loCD45RA−CD90−CD71+CD110(BAH1) - 0.29 ±0.07

MPP F3  CD34+CD38−/loCD45RA−CD90−CD71+CD110(BAH1)+ 0.20 ±0.04

CMP FI  CD34+CD38+CD10−CD45RA−CD135+CD71−CD110(BAH1)− 21.94 ±3.66

CMP F2  CD34+CD38+CD10−CD45RA−CD135+CD71+CD110(BAH1)− 0.78 ±0.25

CMP F3  CD34+CD38+CD10−CD45RA−CD135+CD71+CD110(BAH1)+ 1.80 ±0.38

MEP F1  CD34+CD38+CD10−CD45RA−CD135−CD71−CD110(BAH1)− 2.26 ±0.34

MEP F2  CD34+CD38+CD10−CD45RA−CD135−CD71+CD110(BAH1)− 1.43 ±0.38

MEP F3  CD34+CD38+CD10−CD45RA−CD135−CD71+CD110(BAH1)+ 4.28 ±0.98

GMP 7+  CD34+CD38+CD10−CD45RA+CD135+ CD7+ 1.81 ±0.18

GMP 7−  CD34+CD38+CD10−CD45RA+CD135+CD7− 8.58 ±2.26

Lymphoid  CD34+CD38+CD10+ 4.96 ±1.42

Results are summarized from those presented by Notta et al [86].

Table 4. Biomarkers that segregate human UCB HSPC subsets.

Oligopotent or bipotent myeloid progenitors, as the offspring of HSCs, have previously been
categorized into common myeloid progenitors (CMP), granulocyte-macrophage progenitors
(GMP), and megakaryocyte-erythroid progenitors (MEP) on the basis of differential expression
on CD34+CD38+ cells of CD123 [15, 86] or CD135 [87, 88] and CD45RA [84]. Using additional
biomarkers to those described above or in Ref. [15], particularly CD110 and CD71, but not
lineage markers (used in [15]) as shown in Table 4 [86], has allowed progeny of HSCs to be
segregated further (e.g., into 3 MPP, 3 MEP, 3 CMP, and 2 GMP subsets), with the erythroid/
megakaryocytes now being shown to originate from the HSC compartment predominantly
and with megakaryocytes emerging from the multipotent HSC and MPP compartments, rather
than the CMP subset. This again redefines the lineage relationships in UCB and has implica-
tions for expanding distinct HSPC subsets ex vivo.

5. Improving UCB HSPC grafts with cytokine and small molecule
treatments ex vivo

Different approaches to improve the efficacy of UCB units clinically have been and are being
taken. Whether UCB is used in the related, unrelated, or autologous HSCT settings described
above or to generate blood cells ex vivo, enhancing UCB HSC self-renewal or graft content,
improving delayed hematological reconstitution, and improving UCB homing to and engraft-
ment in patient bone marrow niches are important issues to address and some of the ap-
proaches are described below.
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5.1. Biologics to enhance UCB homing to and engraftment in the bone marrow niche

UCB HSCs demonstrate a defect in homing to the bone marrow [87, 89–97]. This is related to
the expression of homing receptors and adhesion molecules on UCB HSC and their progeny.
Fucosylated selectins are required for HSCs to roll on bone marrow sinusoidal endothelium
[87, 89–91], before being attracted into the bone marrow niche via specific chemokines. CXCL12
is a key chemotactic factor controlling HSC homing to and more specifically engraftment and
retention in the bone marrow niche [92–94]. Its cognate receptor, CXCR4, is expressed on HSC
and their progeny including pre-B and T lymphoid cells [92–96]. Coreceptors or other factors
that regulate CXCR4 signaling in response to CXCL12 on HSCs include CD26 (DPPIV),
endolyn, JAM-A, VCAM-1, thrombin, fibrinogen, hyaluronic acid, and C3a [17, 95–100].

Clinical trials have been based on double or single UCB HSCTs and are exemplified in the
following findings:

i. Systemic infusion of stigaliptin, a CD26 inhibitor, aimed at enhancing the HSC
homing/engraftment response to the key chemokine CXCL12 by inhibiting CXCL12
degradation. The mechanism of CD26 action has been studied and found not only to
degrade CXCL12 but also to truncate a number of other growth factors such as GM-
CSF, IL3, M-CSF, EPO, Flt3L, and SCF. Truncation alters their growth factor activity.
For example, truncated EPO blocks the activity of the full-length EPO molecule, while
truncated GM-CSF binds to its receptor with higher affinity [96, 97]. Two multicentre
Phase II trials have commenced where Stigaliptin is given orally for 3 days in the
myeloablative conditioning, single UCB HSCT setting. Although initial outcomes
indicated that oral treatment with Stigaliptin showed a median time to neutrophil
engraftment of 21 days, if the UCB unit were red-cell depleted, neutrophil engraft-
ment correlated with DPPIV suppression [98]. This approach does not require ex vivo
manipulation of the UCB graft, but dosage of Stigaliptin needs further investigation
for this treatment to be more effective [99].

ii. Priming of UCB grafts with C3a. This complement pathway protein is produced by
bone marrow MSCs and interacts with the C3aR on UCB HSPCs to enhance CXCL12-
mediated migration [100, 101]. A Phase I clinical trial involving C3a priming of a one
of the two UCB units in the nonmyeloablative conditioning double cord blood setting
[101] did not, however, demonstrate preferable neutrophil recovery in the manipu-
lated UCB unit in most cases, although the CD3 content of the graft correlated with
engraftment. Lund et al. [102] have reviewed this trial recently and concluded that
the study has added value for designing further clinical trials using manipulated and
unmanipulated double UCB units.

iii. Ex vivo treatment of one of the two UCB units using prostaglandin E2 (dmPGE2)
aimed at enhancing HSC homing by upregulating CXCR4 and HSC survival (FT1050;
ProHema) [102–106].

iv. Ex vivo treatment of one of the two UCB units using fucosyl transferases, fucT-VI, or
fucT-VII, aimed at enhancing HSC entry to the bone marrow niche by fucosylation
of homing receptors, e.g., the selectins (ASC101) [75, 87, 107].
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The latter two approaches [83, 102–107] require relatively short exposures of UCB cells to
fucosyl transferases or dmPGE2 prior to transplant. dmPGE2 was first identified as a potential
agent for expanding HSC in a high throughput screen in zebrafish [105]. The initial clinical
study on nine patients receiving nonmyeloablative conditioning and double UCB HSCTs (with
1 unit primed with dmPGE2) did not demonstrate improved engraftment [104]. In a subse-
quent similar clinical trial, but for which the dmPGE2 treatment of the UCB cells was first
optimized, improved time to neutrophil recovery (median 17.5 days) was observed when
compared with historical controls (21 days) and with the dmPGE2 primed UCB unit engrafting
in over 80% of the patients. This has preceded to a Phase II clinical trial [106], and recent studies
suggest that dmPGE2 may modulate Wnt signaling in UCB T cells and enhance immune
reconstitution posttransplant [103]. The effects of dmPGE2 in patients undergoing myeloabla-
tive conditioning are unknown. Two Phase II clinical trials are being conducted to examine the
effects of CD34+ cell fucosylated on engraftment. Double UCB HSCTs in which patients receive
myeloablative conditioning for high-risk hematological malignancies and where 1 UCB CD34+
cell graft is fucosylated for 30 min prior to HSCT demonstrate a median time to neutrophil and
platelet engraftment of 17 and 35 days, respectively, compared with 26 and 45 days for
historical controls [87, 107]. However, the fucosylated UCB unit contributed to engraftment in
approximately half of the patients. Biologics that specifically modulate homing and engraft-
ment activities of UCB grafts thus warrant further investigation and optimization.

5.2. Ex vivo expansion of UCB units prior to infusion

It has been predicted that a fourfold expansion of HSCs in UCB would allow the majority of
banked UCB units to be used for single UCB HSCT. Currently, the principal practice is to
transplant an unmanipulated UCB unit with an ex vivo expanded UCB unit, with the former
generally engrafting longer term and the latter contributing to early neutrophil engraftment.
The preferred aim is to move to a single UCB unit where a portion of the UCB unit is expanded
and transplanted with the unexpanded portion or to expand a single UCB unit ensuring that
the manipulated cells can enhance short-term engraftment without compromising long-term
engraftment. Approaches have used cytokines with or without small molecules or MSCs to
expand UCB units.

5.2.1. Classical cytokine expansion

Current expansion protocols for UCB HSPCs are still in development and evolving continually
with improvements in understanding the bone marrow niches and advances in cell and
molecular technologies. However, they have evolved from many studies conducted over the
past four decades or more commencing with studies in the 1960s and 1970s on in vitro cultures
of murine hematopoietic stem/progenitor cells [108, 109] and the identification of monoclonal
antibodies [110] to define specific cell surface biomarkers on HSPC subsets. Notably, some of
the initial basic cytokine cocktails, such as SCF, TPO, and Flt3L, are still used and are supple-
mented with new cytokines or factors or better characterized supportive cells and factors either
in static or perfusion bioreactor culture conditions in the presence of extracellular matrix
molecules that amplify their efficacy ([18, 80, 111–117] and references therein). Notably,
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removal of inhibitory factors is also beneficial in promoting human UCB HSPC expansion
using a fed-batch approach [111, 112]. Our own unpublished studies also indicate that
expansion of HSPCs is a multistage process in which exposure to different cytokine combina-
tions over time influences HSC self-renewal and differentiation ex vivo. In the initial clinical
trials using cytokine-based expansion, in which part of the graft was unmanipulated and
CD34+ cells from part of the same UCB unit were expanded in a limited number of cytokines
(e.g., SCF, granulocyte-colony stimulating factor (G-CSF) and megarkaryocyte growth and
differentiation factor (MGDF) for 10 days or in a perfused bioreactor with Flt3L, Epo, and GM-
CSF-IL3 fusion protein for 12 days) and then both manipulated and unmanipulated cells
transplanted, no improvements in neutrophil or platelet recovery were observed [66]. These
studies, however, provided the impetus for the identification of new factors for HSPC expan-
sion and for the design of further clinical trials.

5.2.2. Further cytokine and small molecule addition to expand UCB HSPCs

With an improving knowledge of stem cell niches and microenvironments [118, 119] and
technological advances, numerous factors have been identified that regulate HSPC prolifera-
tion and differentiation and some may potentially also control HSC self-renewal. Here, we will
restrict our discussion to UCB expansion ex vivo and, as appropriate, discuss clinical appli-
cations, while other approaches to generate and assay (in xenograft in vivo models, e.g., in
zebrafish) patient-specific HSPCs derived from ES or iPS cells have recently been reviewed
and will not be discussed further [118].

Additional factors or small molecules that enhance UCB HSPC proliferation or function
include the Notch Delta-like ligand 1 (DLL1), StemRegenin1 (SR 1), the copper chelator
tetraethylenepentamide (TEPA), GSK3β inhibitors of WNT signaling, p18—a specific inhibitor
of cyclin-dependent kinase (CDK), pyrimidoindole derivatives such as UM171, specific
miRNAs, and epigenetic modifiers such as histone deacetylase (HDAC) inhibitors and
nicotinamide, as well as additional growth factors such as the designer cytokine hyper-IL-6,
oncostatin M, IL-11, angiopoietin-like 5, and other angiopoietin-like molecules and IGFBP2
[120–139]. Coculture of UCB cells with mesenchymal stromal cells has also been examined
[140].

Human UCB CD34+CD38– HSPCs cultured in SCF, Flt3L, TPO, IL6, and IL3 and with Fc
immobilized DLL1 Notch ligand over several weeks in vitro demonstrate a tenfold increase in
CD34+ cells with enhanced repopulating ability in immunodeficient mice [124, 125]. Similar
to Notch signaling, another key developmental signaling pathway, Wnt, also serves as a
potential target for maintaining the HSPC multipotency during ex vivo expansion. Increased
early engraftment and chimaerism levels in immunodeficient mice were observed when UCB
CD34+ cells were expanded in cytokines supplemented with an inhibitor of glycogen synthase
kinase-3β (GSK3β), BIO [141]. Another GSK3β inhibitor CHIR99021 also appears to maintain
HSC functionality, at least when tested on murine HSPCs [142]. A higher level of chimaerism
was observed 4 months postsecondary HSC transplantation for UCB cells expanded with
CHIR99021 and the mTOR inhibitor rapamycin for a week [142]. Thus activating Wnt/β-catenin
signaling and inhibiting mTOR may serve to increase UCB HSC numbers in future studies.

Umbilical Cord Blood Banking for Clinical Application and Regenerative Medicine150



removal of inhibitory factors is also beneficial in promoting human UCB HSPC expansion
using a fed-batch approach [111, 112]. Our own unpublished studies also indicate that
expansion of HSPCs is a multistage process in which exposure to different cytokine combina-
tions over time influences HSC self-renewal and differentiation ex vivo. In the initial clinical
trials using cytokine-based expansion, in which part of the graft was unmanipulated and
CD34+ cells from part of the same UCB unit were expanded in a limited number of cytokines
(e.g., SCF, granulocyte-colony stimulating factor (G-CSF) and megarkaryocyte growth and
differentiation factor (MGDF) for 10 days or in a perfused bioreactor with Flt3L, Epo, and GM-
CSF-IL3 fusion protein for 12 days) and then both manipulated and unmanipulated cells
transplanted, no improvements in neutrophil or platelet recovery were observed [66]. These
studies, however, provided the impetus for the identification of new factors for HSPC expan-
sion and for the design of further clinical trials.

5.2.2. Further cytokine and small molecule addition to expand UCB HSPCs

With an improving knowledge of stem cell niches and microenvironments [118, 119] and
technological advances, numerous factors have been identified that regulate HSPC prolifera-
tion and differentiation and some may potentially also control HSC self-renewal. Here, we will
restrict our discussion to UCB expansion ex vivo and, as appropriate, discuss clinical appli-
cations, while other approaches to generate and assay (in xenograft in vivo models, e.g., in
zebrafish) patient-specific HSPCs derived from ES or iPS cells have recently been reviewed
and will not be discussed further [118].

Additional factors or small molecules that enhance UCB HSPC proliferation or function
include the Notch Delta-like ligand 1 (DLL1), StemRegenin1 (SR 1), the copper chelator
tetraethylenepentamide (TEPA), GSK3β inhibitors of WNT signaling, p18—a specific inhibitor
of cyclin-dependent kinase (CDK), pyrimidoindole derivatives such as UM171, specific
miRNAs, and epigenetic modifiers such as histone deacetylase (HDAC) inhibitors and
nicotinamide, as well as additional growth factors such as the designer cytokine hyper-IL-6,
oncostatin M, IL-11, angiopoietin-like 5, and other angiopoietin-like molecules and IGFBP2
[120–139]. Coculture of UCB cells with mesenchymal stromal cells has also been examined
[140].

Human UCB CD34+CD38– HSPCs cultured in SCF, Flt3L, TPO, IL6, and IL3 and with Fc
immobilized DLL1 Notch ligand over several weeks in vitro demonstrate a tenfold increase in
CD34+ cells with enhanced repopulating ability in immunodeficient mice [124, 125]. Similar
to Notch signaling, another key developmental signaling pathway, Wnt, also serves as a
potential target for maintaining the HSPC multipotency during ex vivo expansion. Increased
early engraftment and chimaerism levels in immunodeficient mice were observed when UCB
CD34+ cells were expanded in cytokines supplemented with an inhibitor of glycogen synthase
kinase-3β (GSK3β), BIO [141]. Another GSK3β inhibitor CHIR99021 also appears to maintain
HSC functionality, at least when tested on murine HSPCs [142]. A higher level of chimaerism
was observed 4 months postsecondary HSC transplantation for UCB cells expanded with
CHIR99021 and the mTOR inhibitor rapamycin for a week [142]. Thus activating Wnt/β-catenin
signaling and inhibiting mTOR may serve to increase UCB HSC numbers in future studies.

Umbilical Cord Blood Banking for Clinical Application and Regenerative Medicine150

Wnt and TGFβ pathways also have opposing roles in regulating the balance between HSC self-
renewal, quiescence, and differentiation [143], and these are controlled by miRNAs. By
regulating the balance of these two signaling pathways, the miR-99a/100∼125b tricistronic
miRNAs are reported to promote human HSCs expansion and to favor megakaryocytic
differentiation [143]. Additionally, miR-126 regulates HSC proliferation and differentiation by
targeting PI3K/AKT/mTOR signaling [131]. Regulating these miRNAs may serve as a potential
strategy to modulate HSPCs by targeting multiple functional, but opposing, signaling
pathways.

p18 [144] as a specific inhibitor of cyclin-dependent kinase (CDK) is a potential direct target
of cell cycle regulation. Two small-molecule compounds P18IN003 and P18IN011 were
identified in this study as being able to enhance the proliferation of mouse HSC cells and
increase the reconstitution to bone marrow by at least threefold. This may have a potential for
human UCB HSC expansion.

Fares et al. screened 5289 small molecules for expansion of mPB CD34+CD45RA– cells, and
this and subsequent synthesis of derivatives of one compound UM729 led to the identification
of UM171, a pyrimidoindole derivative, which expanded human UCB CD34+ cells over 100-
fold with limited differentiation in 12-day fed-batch cultures supplemented with three
essential cytokines, SCF, TPO, and Flt3L [122, 145]. Cells expanded with UM171 show
improved hematological reconstitution in NSG mice for at least 18 weeks postsecondary
transplantation (13-fold higher than DMSO control). By comparing the RNAseq profiling of
cells treated with DMSO or UM171 at different concentrations, UM171 suppressed erythroid/
megakaryocyte transcripts. Of note, TMEM183A and PROCR (CD201) encoding genes were
found to be significantly upregulated after UM171 treatment. Both TMEM183A and PROCR
are cell surface molecules, with the latter being expressed highly on murine HSCs [146]. A
direct comparison [122] has been made between the effects of UM171 and the purine derivative
SR 1, which was also identified by a high throughput screen on mPB CD34+ cells in the presence
of SCF, TPO, Flt3L, and IL6 and which functions as an aryl hydrocarbon receptor antagonist.
SR 1 was reported to expand UCB CD34+ and immunodeficient mouse in vivo repopulating
cells by 670- and 17-fold, respectively, over 3 weeks of culture [123]. Fares et al. [122] have
suggested, however, that SR 1 expands less durable engrafting cells than UM171.

Other small molecules used for HSPC expansion include nicotinamide and TEPA. The vitamin,
nicotinamide, generates oxidized nicotinamide adenine dinucleotide (NAD) that regulates the
function of the sirtuins (SIRTs). As well as generating oxidized NAD, nicotinamide acts as a
specific inhibitor of SIRT-1, and when it is added to human UCB cultures containing SCF, TPO,
Flt3L, and IL6 for 3 weeks, then expansion of in vivo (in NOD/SCID mice) repopulating HSCs
occurs [129, 132]. When UCB CD133+ cells were cultured in TEPA with SCF, TPO, Flt3L, and
IL6 for 3 weeks, an 89-fold increase in CD34+ cells was observed, together with increases in in
vivo NOD/SCID repopulating cells [132].

Poycomb group (PcG) genes, identified as global epigenetic transcriptional repressors, have
been demonstrated to work through negatively regulating Hox genes [147]. Genes in the Hox
families appear to be highly expressed in murine long-term repopulating HSCs [148]. This
supports the idea that HSPC expansion can be regulated epigenetically. Histone deacetylases
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(HDACs) are classed as important epigenetic modifiers of the eraser type. There are 11 HDAC
family members that function as zinc dependent deacetylases of histone and nonhistone
proteins. These are divided into four classes. Class I comprises HDAC1-3 and HDAC8, class
II consists of HDAC4-7 and HDAC9-10, class III are the sirtuins SIRT1-7 that require NAD as
a cosubstrate for their activity, and class IV comprises HDAC11 [149]. Elizalde et al. [150]
demonstrated HDAC3 as a potential target for regulating CD34+ cells. Hoffman and colleagues
subsequently tested eight HDAC inhibitors, which inhibit class I and II HDACs and found
that VPA had a robust influence in promoting the expansion of human UCB
CD34+C90+CD184+CD49f+ CD45A− HSCs, which expressed key biomarkers such as CD90,
CD49f, and CXCR4 and were ALDHhigh [121]. To evaluate the repopulating activity of expand-
ed cells, sublethally irradiated NSG mice were injected with cells expanded in cytokines (SCF,
IL-3, FtL-3, and TPO) and HDAC inhibitors for 7 days. Assessment of the human CD45+ cell
chimaerism 13–14 weeks posttransplant demonstrated higher levels of chimaerism in grafts
expanded with VPA plus cytokines (32.2±11.3%) than grafts with cytokines alone (13.2±6.4%).
The former cells showed secondary transplantation activity (measured at 15–16 weeks
posttransplant). Additionally, when compared with the uncultured cells, VPA with cytokines
generated 36-fold more SCID-repopulating cells (SRCs) ex vivo. Using limiting dilution
analyses, VPA-expanded grafts were also found to contain significantly more SRCs (1 in 31)
than control primary grafts (1 in 1115) or cytokine alone expanded grafts (1 in 9223). However,
although three of eight HDAC inhibitors were more effective in improving HSC expansion,
further studies are required to more accurately define the mode of action of these HDAC
inhibitors in HSC expansion. As indicated above, it has been suggested that HDAC3 serves as
a target for regulating HSC expansion [150], but not all HDAC inhibitors, and particularly not
VPA, target HDAC3 only. Further investigations are warranted to determine the mechanism
of action by which HDAC inhibitors provide improved UCB HSC expansion.

5.2.3. Clinical trials of cytokine and small molecule expanded UCB HSPCs

In these clinical trials, a second, unmanipulated UCB unit with adequate cell numbers and/or
the unmanipulated CD34– or CD133– fraction of the expanded UCB unit are generally
cotransplanted to ensure the presence of durable long-term engrafting HSCs. Outcomes have
generally reported improved times to early neutrophil engraftment.

Clinical trials which have been or are being progressed include the following:

i. Notch ligand (DLL1) enhanced expansion of HSC/HPC ex vivo of one of the two UCB
units prior to transplant. Delaney et al. [151] expanded CD34+ UCB with SCF, Flt3L,
TPO, IL6, IL3, and DLL1 and noted an improved median neutrophil engraftment of
16 days in a double UCB transplant setting. T cells were not expanded, whereas
myeloid cells (CD33+, CD14+) from the expanded UCB unit predominated. Over 3
weeks, TNC expansion averaged 562-fold and CD34+ cell expansion averaged 164-
fold. Longer-term engraftment (of <1 year) was observed for two of the nine patients
evaluated, but in one patient, this was not maintained and in the second, the patient
died from sepsis at 6 months posttransplant [102].

Umbilical Cord Blood Banking for Clinical Application and Regenerative Medicine152



(HDACs) are classed as important epigenetic modifiers of the eraser type. There are 11 HDAC
family members that function as zinc dependent deacetylases of histone and nonhistone
proteins. These are divided into four classes. Class I comprises HDAC1-3 and HDAC8, class
II consists of HDAC4-7 and HDAC9-10, class III are the sirtuins SIRT1-7 that require NAD as
a cosubstrate for their activity, and class IV comprises HDAC11 [149]. Elizalde et al. [150]
demonstrated HDAC3 as a potential target for regulating CD34+ cells. Hoffman and colleagues
subsequently tested eight HDAC inhibitors, which inhibit class I and II HDACs and found
that VPA had a robust influence in promoting the expansion of human UCB
CD34+C90+CD184+CD49f+ CD45A− HSCs, which expressed key biomarkers such as CD90,
CD49f, and CXCR4 and were ALDHhigh [121]. To evaluate the repopulating activity of expand-
ed cells, sublethally irradiated NSG mice were injected with cells expanded in cytokines (SCF,
IL-3, FtL-3, and TPO) and HDAC inhibitors for 7 days. Assessment of the human CD45+ cell
chimaerism 13–14 weeks posttransplant demonstrated higher levels of chimaerism in grafts
expanded with VPA plus cytokines (32.2±11.3%) than grafts with cytokines alone (13.2±6.4%).
The former cells showed secondary transplantation activity (measured at 15–16 weeks
posttransplant). Additionally, when compared with the uncultured cells, VPA with cytokines
generated 36-fold more SCID-repopulating cells (SRCs) ex vivo. Using limiting dilution
analyses, VPA-expanded grafts were also found to contain significantly more SRCs (1 in 31)
than control primary grafts (1 in 1115) or cytokine alone expanded grafts (1 in 9223). However,
although three of eight HDAC inhibitors were more effective in improving HSC expansion,
further studies are required to more accurately define the mode of action of these HDAC
inhibitors in HSC expansion. As indicated above, it has been suggested that HDAC3 serves as
a target for regulating HSC expansion [150], but not all HDAC inhibitors, and particularly not
VPA, target HDAC3 only. Further investigations are warranted to determine the mechanism
of action by which HDAC inhibitors provide improved UCB HSC expansion.

5.2.3. Clinical trials of cytokine and small molecule expanded UCB HSPCs

In these clinical trials, a second, unmanipulated UCB unit with adequate cell numbers and/or
the unmanipulated CD34– or CD133– fraction of the expanded UCB unit are generally
cotransplanted to ensure the presence of durable long-term engrafting HSCs. Outcomes have
generally reported improved times to early neutrophil engraftment.

Clinical trials which have been or are being progressed include the following:

i. Notch ligand (DLL1) enhanced expansion of HSC/HPC ex vivo of one of the two UCB
units prior to transplant. Delaney et al. [151] expanded CD34+ UCB with SCF, Flt3L,
TPO, IL6, IL3, and DLL1 and noted an improved median neutrophil engraftment of
16 days in a double UCB transplant setting. T cells were not expanded, whereas
myeloid cells (CD33+, CD14+) from the expanded UCB unit predominated. Over 3
weeks, TNC expansion averaged 562-fold and CD34+ cell expansion averaged 164-
fold. Longer-term engraftment (of <1 year) was observed for two of the nine patients
evaluated, but in one patient, this was not maintained and in the second, the patient
died from sepsis at 6 months posttransplant [102].
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ii. Ex vivo expansion of one of the two UCB units prior to transplant using bone marrow-
derived MSCs from a third party haploidentical family member or purified bone
marrow Stro3+ MPCs protected under patent to Mesoblast. For the Mesoblast clinical
trial [140], where Stro3+ MSCs were cocultured with UCB CD34+ cells for 2–3 weeks
in the presence of SCF, G-CSF, FL, TPO, median TNC, and CD34+ cell expansions
were c.12- and 30-fold, respectively. Expansion of the HSPC generated more myeloid
cells, while NK cells were preserved. Neutrophil engraftment was enhanced (median
15d) in patients receiving HSCT with myeloablation, and the MSCs were equally
efficient if used as an off-the-shelf product or sourced as a haploidentical product.
Chimaerism from both expanded and unmanipulated UCB units was 46% on days
21–30; this reduced to 13% at 6 months, and by 1 year, the unmanipulated UCB unit
had engrafted. The expanded cells, therefore, contributed to early neutrophil
recovery, and the unmanipulated UCB unit to longer-term repopulation.

iii. Tetraethylenepentamide (TEPA) enhanced expansion of HSPC ex vivo of part of an
UCB unit prior to transplant of the treated and untreated UCB unit (StemEx, Gamida
Cell). In this clinical trial [152], the smaller part of the UCB unit was expanded and
transplanted with the remaining unmanipulated fraction of the UCB unit. For
expansion, UCB CD133+ cells were cultured in SCF, TPO, Flt3L, IL6, and TEPA for 3
weeks and infused 24 h after the unmanipulated UCB unit. However, the median time
to neutrophil and platelet engraftment did not appear to be enhanced.

iv. Nicotinamide (pyridine-3-carboximide) enhanced expansion of HSC/HPC ex vivo of
one of the two UCB units prior to transplant (NiCord, Gamida Cell). Gamida Cell
used nicotinamide to expand 1 UCB CD133+ selected unit over 3 weeks. Cells that
were CD133– were cryopreserved and subsequently infused with the expanded and
nonexpanded UCB units into patients with myeloablative HSCTs for hematological
malignancies [129]. Results show that median time to neutrophil engraftment was
13 days. T cell recovery was similar to double UCB transplants, and the Nicord unit
generally engrafted as assessed with a median follow-up of 21 months posttransplant
(8/11 engrafted with the Nicord unit). There was one nonengraftment and two
patients engrafted with the unmanipulated UCB unit. This was the first trial to
demonstrate longer-term engraftment of the expanded UCB unit. A new trial has
commenced recruiting with planned HSCT of a single Nicord expanded unit. The
first two grafts have reported median neutrophil recoveries by day 10/11.

v. SR 1—inhibiting the aryl hydrocarbon receptor with its antagonist StemRegenin 1
(SR 1) to prevent HSC differentiation and used in a double UCB setting with CD34−
cells also being infused (HSC835, Novartis). SR1 with SCF, IL6, TPO, and FL cytokines
has been used to expand 1 UCB CD34+ cells and to cotransplant this with an unma-
nipulated UCB graft in patients undergoing myeloablative therapy for hematological
malignancies [134]. This has been modified to also infuse the UCB CD34− fraction.
CD34 expression persisted over 3 weeks with a 670-fold CD34+ cell expansion and
17- and 12-fold expansions in NSG repopulating cells for first versus second NSG
transplants. A Phase I/II clinical trial has been completed, and this showed 330-fold
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expansion of UCB CD34+ cells with SR 1 and cytokines. The median time to neutro-
phil recovery for 17 patients has been reported as being 15 days. Further studies are
planned based on infusion of the expanded unit only. Recent in vitro studies [153]
indicate that SR 1 promotes the production of megakaryocyte precursors from CD34+
cells with 90% reaching the proplatelet stage with TPO addition, thereby potentially
contributing to the ex vivo production of platelets from normal cells for transfusion.

vi. A Phase I/II clinical trial (NCT02668315) involving UM171-expanded UCB HSCs
produced in a fed-batch culture system is recruiting patients with hematological
malignancies from January 2016.

With most of these clinical studies, the common denominator is that it is possible to reduce the
time to neutrophil engraftment to 15–17 days and possibly down to 10–11 days. Thus,
improved early neutrophil engraftment is possible with current expansion protocols and the
key question going forward relates to whether it is possible to maintain or promote long-term
hematopoietic engraftment, particularly where genome editing is applied and where there is
a need to expand blood cells ex vivo for difficult-to-transfuse patients.

6. Conclusions

The key considerations in expanding human UCB HSC include (i) cost to health providers of
GMP cell products and clinical trials, (ii) the number of clinical trials that UCB recipients can
be entered into and alternative protocols for HSCT, (iii) restrictions in the use of some com-
pounds or protocols related to intellectual property rights, (iv) defining which UCB units will
engraft long term and why 1 UCB unit will engraft in preference to another, (v) addressing
variability in donor cell response, particularly related to platelet engraftment and long-term
reconstitution of the expanded UCB unit, (vi) the availability of licensed facilities in which to
expand cells, and (vii) the optimal development of the best and cheapest protocols to allow
rapid engraftment of neutrophils and platelets, longer-term lymphoid reconstitution, and
expansion of the HSCs without their differentiation for long-term hemopoietic reconstitution
at affordable costs to the healthcare provider and for transplant recipients.

Clinical trials to date have demonstrated improved homing or retention in the bone marrow
niche and improved early neutrophil engraftment. Further research and development is re-
quired to regulate the self-renewal of the HSC without significant differentiation in order to
facilitate novel genome engineering studies and the development of this into a cost-effective
GMP-grade process. Ensuring that the cells can effectively home to and engraft in the bone
marrow after this manipulation may require the addition of small molecules (e.g., fucTVI,
dmPGE2) for a short period prior to transplant after expansion with specific growth factor
cocktails. In the short term, better characterization and refinement of newer and existing
UCB products will result in shorter hospital stays and improved prognosis for HSC trans-
plant recipients as to-time-to-hematological-reconstitution shortens, the incidence of graft
failure reduces and treatment of residual malignant or cure for acquired or inherited disease
improves. Better characterization of UCB self-renewal and differentiation should also ex-
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pand the treatment choices available and will be a valuable resource to patients in ethnic
minority and other groups where it can be difficult to find a matched graft or where graft
engineering and genome editing offer the best choice for a cure. In the longer term, a full
understanding of the molecular mechanisms that govern HSC commitment and differentia-
tion, the homing of HSCs to bone marrow, and the control, retention, and engraftment of
normal HSCs within the specialized bone marrow niches will lead to achievable and cost
effective translation of a great deal of research into effective clinical practice for many mil-
lions of individuals worldwide.
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Abstract

Umbilical cord blood (UCB) has been increasingly used as a source of haematopoietic
stem cells (HSCs) for transplantation. UCB transplantation (UCBT) has some advan‐
tages such as less stringent human leucocyte antigen (HLA) matching and lower impact
of  graft‐versus‐host  disease (GvHD).  UCBT is  also characterised by a high rate of
infections, graft failure, delayed engraftment and slow recovery of the immune system.
UCB contains HSC as well as immune cells that could be considered to develop new
treatments for the main complications post‐UCBT but also to treat other diseases. GvHD
remains a major complication post‐CBT and post‐haematopoietic stem cell transplan‐
tation (HSCT). In view of their ability to induce tolerance and suppress the functions of
effector T cells, regulatory T (Treg) cells have been proposed as an adoptive therapy to
modulate GvHD post‐HSCT. In addition, we showed that UCB contains soluble NKG2D
ligands that  can modulate the functions of  NKG2D expressing cells,  making UCB
plasma a product of interest to modulate inflammation and in particular skin GvHD.
Here, we aim to describe some of the therapies currently developed using UCB, focusing
on Treg cells and UCB plasma for the treatment of GvHD.

Keywords: umbilical cord blood, plasma, regulatory T cells, graft versus host disease,
immunotherapy

1. Introduction

Haematopoietic stem cell transplantation (HSCT) is currently used to treat many bone marrow
and blood disorders as well as malignancies and has become either an established life‐saving
treatment or a life‐sustaining option for many patients. However, even nowadays, HSCT has
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a high treatment‐related mortality, as only half of the patients that receive a transplant will
survive the procedure. This high mortality is due to major complications such as relapse, graft
failure, delayed immune reconstitution, opportunistic infections and graft‐versus‐host disease
(GvHD).

After allogeneic HSCT, donor natural killer (NK) cells and T cells can attack the allogeneic
tumour in a phenomenon described as graft versus leukaemia (GvL), which is the beneficial
aspect of tissue disparity. However, allografts contain lymphocytes able to recognise and
respond against host antigens and cause potentially life‐threatening GvHD affecting internal
organs and systems. In addition, GvHD can affect the skin and eyes and can be very painful
and distressing for the patient, thus impacting on the patient quality of life especially in the
case of chronic GvHD. Moreover, GvHD increases the risk of a variety of bacterial, viral and
fungal infections [1].

Hal Broxmeyer proposed the use of umbilical cord blood (UCB) as a source of haematopoietic
stem cells (HSCs) for transplantation in 1982. The first umbilical cord blood transplantation
(CBT) was performed for the first time in 1988 to treat a patient with Fanconi’s anaemia [2].
Since then, UCB has been increasingly used as a source of HSC extending the availability of
allogeneic HSCT to patients who would not have a matched donor. UCB has some advantages
over the use of other grafts such as faster availability, less stringent human leucocyte antigen
(HLA) matching, decreased incidence and severity of GvHD. However, patients who receive
a UCB transplant are at higher risk of graft failure, infection and delayed engraftment and
immune reconstitution. In addition, the use of UCB is restricted by the number of cells it
contains, in particular of HSC, and it does not offer the option of a donor lymphocyte infusion
if needed.

However, UCB does not only contain HSC enabling transplant but also contains immune cells
such as regulatory T (Treg) cells and numerous proteins involved in inducing tolerance during
pregnancy to prevent foetal rejection. Therefore, UCB is a unique resource that could also be
used in order to develop immunotherapeutic approaches to counteract complications post‐
HSCT including post‐UCBT. This chapter focuses on the latest studies and immunotherapeutic
approaches relating to the use of UCB to treat GvHD post‐HSCT.

2. Umbilical cord blood-derived therapies to modulate GVHD

2.1. Use of umbilical cord blood plasma for immunotherapy

In human pregnancy, immunological tolerance of the unborn foetus by the maternal immune
system is essential. Without such mechanisms, the foetus would be readily ‘rejected’ as genetic
differences arising from paternal HLA would elicit an immune response in a similar manner
to a haplo‐identical (50% match) transplant. Since this concept was postulated by Sir Peter
Medawar in the 1950s, researchers have attempted to identify these mechanisms, not only to
better understand pregnancy and pregnancy complications but also to allow tolerance of
transplanted tissues such as kidneys, hearts or BM in the context of HSCT.
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to a haplo‐identical (50% match) transplant. Since this concept was postulated by Sir Peter
Medawar in the 1950s, researchers have attempted to identify these mechanisms, not only to
better understand pregnancy and pregnancy complications but also to allow tolerance of
transplanted tissues such as kidneys, hearts or BM in the context of HSCT.
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The immune system of the unborn foetus is immature yet capable of defence against certain
pathogens and therefore mechanisms of tolerance towards the genetically disparate maternal
host must also play a role in successful pregnancy. This concept is less well understood but
advances are now being made following the use of UCB as a source of HSC for transplantation.
The neonatal immune system is biased towards a Th2‐type regulatory immune response rather
than a pro‐inflammatory Th1 response, affecting acquired and innate cellular responses.
Evidence for this has been gained from experiments using UCB cells and also by the identifi‐
cation of immunosuppressive substances found in umbilical cord blood plasma (CBP). For
example, TGF‐β produced by Treg cells controls proliferation and differentiation of many
different cell types, including limiting cytotoxicity of natural killer (NK) cells, and is one of the
many immunosuppressive substances found in CBP.

Notably, we have recently identified a new mechanism of immunological tolerance reducing
NK cell cytotoxicity that is mediated by proteins found in CBP, called natural killer group 2
member D (NKG2D) ligands (NKG2DL) [3]. NKG2D is an activating receptor on NK and NKT
cells and a costimulatory receptor on CD8+ T cells. Unusually, two gene families known as the
MHC class I‐related chain A and B (MICA/B) and UL16‐binding proteins (ULBP1‐6) encode
the ligands for NKG2D. Furthermore, allelic polymorphism of these genes, in particular MICA
and MICB, creates a uniquely diverse range of NKG2D ligands (NKG2DL) that can vary
between individuals. Upregulation of NKG2DL on cells and tissues occurs in situations of
‘stress’ such as viral infection or oncogenic transformation, leading to cytolysis by NK cells or
other NKG2D‐bearing cells.

However, NKG2DL appear to have dual opposite roles as soluble NKG2DL engagement with
NKG2D causes downregulation of this receptor with concomitant suppression of NK cell
activation and proliferative potential, decreased cytolytic activity (degranulation) and reduced
interferon‐gamma (IFN‐γ) production. We found that compared with healthy adult plasma,
CBP contains significantly more soluble MICA, MICB and ULBP1 ligands. CBP affected
degranulation, cytotoxicity and cytokine production of NK cells. We confirmed these results
by physical removal of NKG2DL, where function was partially restored. In addition, blocking
of NKG2D prior to the K562 killing assay mostly prevented K562 lysis, showing that NKG2D
interaction was the main mechanism involved.

The immunosuppressive capacity of CBP and its effects on NK cells and T cells may offer
potentially powerful therapeutic applications for diseases that have previously been difficult
to treat successfully. In the case of GvHD post‐HSCT, the cytokines produced by alloreactive
T cells may prime NK cells and other innate immune cells, amplifying potential GvHD tissue
damages. Despite attempts to manipulate the immune system before, during and after
transplantation, GvHD is still the prominent cause of morbidity and mortality following HSCT.
Here, we propose the use of CBP to treat local GvHD, initially focussing on local topical
application of CBP via creams and drops to alleviate dermatological or ocular problems, such
as chronic skin or eye GvHD. The immunosuppression of NK cells and T effector cells at the
skin surface or conjunctiva should prevent the damages caused by cytotoxicity of these cells
and alleviate symptoms, without causing further systemic immunosuppression.
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The same principles could also be applied for the treatment of other diseases of common
‘autoimmune‘ dermatological disorders (reviewed in: [4]) such as eczema, which affects large
numbers of people, especially children. Psoriasis is another candidate disease driven by
autoimmune skin inflammation and cytokine release that could be amenable to CBP immu‐
notherapy. Another, less common but nevertheless extremely distressing condition is alopecia
areata (AA), also known as spot baldness, and affects the scalp. This was also thought to be an
autoimmune disease mediated by T cells, but recent genomewide association data have
emerged directly implicating NK cell cytotoxicity as well as CD8+ NKG2D+ T cells against the
hair follicle. It was found that in normal hair follicles, expression of NKG2DL ULBP3 is turned
off. However in patients with AA, the follicles often express ULBP3 and are therefore vulner‐
able to attack via T‐cell costimulation and NK cell degranulation together with production of
high levels of pro‐inflammatory interferon gamma (IFNγ). In this situation, therapy with CBP
containing soluble NKG2DL could neutralise activation of effector cells and prevent destruc‐
tion of the hair follicles. Another area of interest for treatment using CBP is localised therapy
to alleviate symptoms of rheumatoid arthritis (RA). RA is a chronic autoimmune disease
characterised by joint inflammation, cartilage and bone, destruction and elevated levels of pro‐
inflammatory cytokines. The lymphocytes in synovial fluid of affected joints contain up to 25%
NK cells during early disease, the majority of which are CD56bright NK cells with high capacity
for cytokine secretion. Compared with peripheral CD56bright NK cells, synovial CD56bright NK
cells are more abundant and produce more TNFα and IFNγ, implicating these cells with
initiation and perpetuation of dysregulated pro‐inflammatory cytokine production [4]. We
found that CD56bright NK cells become hyporesponsive after treatment with CBP and produce
significantly less IFNγ, which could alter the pro‐inflammatory cytokine milieu and reduce
inflammation and the damage caused by RA.

In conclusion, CBP has the potential to treat a wide range of diseases that are mediated, at least
in part, by inappropriate NK cell activation and tissue destruction. The effect of soluble
NKG2DLs as immunosuppressive agents to limit NK cell activation as well as CD8+ T‐cell
costimulation is very powerful but also reversible by removing the source. However, it is still
unknown which type of NKG2DL is responsible or whether combinations of different ligands
are beneficial. We identified soluble ULBP1 in almost all and soluble MICB in the majority of
CBP samples, whereas soluble MICA was present in about one third. Although ULBP1 is not
polymorphic, soluble MICA and MICB ligands have considerable allelic polymorphism and
differing levels of expression. We are currently carrying out experiments to determine which
ligands mediate the effects and whether allelic polymorphism in promoter and expressed
domains also plays a role in order to optimise the selection of CBP for immunotherapy and
maximise the chances of therapeutic success.

2.2. Use of umbilical cord blood regulatory T cells for immunotherapy

Treg cells represent 5–10% of CD4+ T cells in humans and in mice and are characterised as
CD4+CD25highCD127lowFoxp3high [5]. Treg cells are key players in maintaining tolerance and
immune homeostasis and have been shown to inhibit the functions of various immune cells
such as CD4 and CD8 T cells [6, 7], B cells, and NK cells [8]. Treg cells can act directly by
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inhibiting the functions of target cells by releasing suppressive cytokines such as interleukin
(IL)‐10, transforming growth factor β (TGF‐β) or IL‐35, depleting the environment of IL‐2 [9–
12] or indirectly by interacting with antigen‐presenting cells (APCs) and regulating their
functions [13].

Because of their ability to induce tolerance and suppress the functions of effector T cells, Treg
cells have been proposed as a cell therapy to prevent or modulate GvHD post‐HSCT as a
supplement or replacement for conventional pharmacological immunosuppression. The
feasibility and safety of this therapy in transplanted patients has been demonstrated in
different phase I/II clinical trials using mainly PB Treg cells (see Table 1). Trzonkowski et al.
[14] showed that expanded Treg cells could control GvHD allowing withdrawal of steroid
treatment in transplanted patients. Di Ianni et al. [15] demonstrated that non expanded donor
Treg cells were able to counteract the potential GvHD that would otherwise be induced by the
infusion of a high number of effector T cells in haploidentical HSCT patients while positively
impacting on immune reconstitution. In addition, in the same haploidentical HSCT setting,
Martelli et al. [16] reported reduced relapse rates after infusion of non‐expanded donor Treg
cells. Edinger and Hermann [17] demonstrated the safety and feasibility of the administration
of expanded Treg cells in patients that presented high risk of leukaemia relapse. Finally, a recent
trial showed that the use of expanded Treg cells to modulate chronic GvHD led to reduced
immunosuppression post‐HSCT; however, tumours were detected in two patients [18].
Overall, although the use of Treg cells to modulate GvHD is very promising, it is clear that
more studies are needed in order to really understand the potential impact of a Treg cell therapy
on tumour and viral immunity post‐HSCT.

Centre Phase Cell dose Product Effects Ref

Gdansk I 1 × 105 to 3 × 106/kg Expanded Treg cells Safe, reduced immunosuppression [14]

Minnesota I 1–30 × 105/kg Expanded UCB Treg cells Safe, reduced acute GvHD, increased

infection

[26, 33]

Minnesota I 3–100 × 106/kg Expanded UCB Treg cells

with engineered cell line

Safe, reduced GVHD and no increased

relapse

[27]

Perugia I 2–4 × 106/kg Fresh Treg cells Safe, reduced leukaemia relapses,

reduced incidence of GvHD

[15, 16]

Regensburg I 5 × 106/kg Fresh Treg cells Safe [17]

Dresden I 0.6–5 × 106/kg Expanded Treg cells Tumours in 2 patients, stable chronic

GvHD

[18]

Table 1. List of clinical studies testing the use of Treg cells to treat or modulate GvHD.

In these trials, Treg cells were mainly isolated from PB sources; however, two trials were
performed using expanded Treg cells isolated from UCB. In fact, UCB is an attractive source
of Treg cells because of several features. The frequency of Treg cells is identical in PB and UCB
[5]. In addition, UCB has the advantage of being readily available as UCB can be obtained from
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accredited UCB banks, offering the possibility to develop an off-the-shelf therapy. Which
degree of matching should be used will need further evaluation in clinical studies, especially
as HLA matching is less stringent when considering UCB; trials using UCB Treg cells already
suggested that it is possible to use a 4/6 match for UCB Treg cells when considering a third-
party therapy. Furthermore, it is possible to purify Treg cells with high purity in one single
step as opposite to a two-step process when isolating PB Treg cells [19]. CB Treg cells comprise
almost entirely of a naïve T-cell phenotype CD45RA+ in contrast to the adult PB Treg cells than
have a central memory phenotype (CD62LhighCCR7highCD45RO+). As a consequence, UCB Treg
cells have a higher capacity to maintain Foxp3 expression, and a better suppressive capacity
and stability after expansion [20]. UCB Treg cells may have a survival advantage over PB Treg
cells as they have been shown to be more resistant to apoptosis than PB Treg cells [21]. Finally,
we and others have demonstrated Treg cells from UCB to be able to inhibit the function of
effector cells [19, 22, 23], while other groups have reported UCB Treg cells to have low
suppressive capacity [24, 25]. The required cell dose for clinical use is crucial and dictates the
practicality of the cell source considered and post-isolation manipulation if required.

In any case, whatever the cell source considered, only very few cells can be isolated from UCB
or PB; therefore, most groups have focused on developing strategy to expand UCB Treg cells
to enable cell therapy [26–28]. The majority of expansion protocols seek to expand Treg cells
and maintain their natural Treg (nTreg) cell phenotype. Multiple studies have reported
expanding nTreg cells from both PB and UCB [14, 26]. Recently, conditions to expand Treg cells
have become increasingly well defined and translated into GMP compliant protocols. The
majority of groups (see Table 1) use anti-CD3 antibody attached to beads in combination with
anti-CD28 for costimulation and supplemented with IL-2 ranging from 300 to 1000 IU/ml.
When expanding from PB Treg cells, rapamycin is often added to the expansion cultures,
sometimes in combination with retinoic acid both to prevent the outgrowth of effector T cells
and to promote Treg cell expansion, especially in the case of multiple restimulations [29]. With
UCB Treg cells, it is noticeable that rapamycin seems not so vital. Brunstein et al. used beads
or an engineered cell line in order to expand UCB Treg cells [26, 27]. This recently published
study used anti-CD3 antibody-loaded K562 cells modified to express the high-affinity Fc
receptor CD64 and the costimulatory ligand CD86 [27]. Using this culture condition, expansion
of up to 10,000 fold of UCB Treg cells was achieved.

Following expansion, Treg cells should as much as possible retain their nTreg cell phenotype
(CD3+CD4+CD127lowCD25+FOXP3+CD62LlowCCR7+). FOXP3+ expression would seem vital;
however, FOXP3 is also expressed on activated effector T cells and so in itself does not
distinguish between them. However, FOXP3 expression should be high and sustained. In
addition, Helios expression has been associated with natural Tregs, and its presence in
expanded cells is also an additional indication that the cells have retained an nTreg phenotype.
Expanded cells should be able to suppress the function of effector T cells in vitro. In addition,
stability of the FOXP3 expression should also be tested. The methylation state of the FOXP3
locus is indicative of recent chromosomal remodelling and thus distinguishes between FOXP3
expression being induced over constitutive expression in Treg cells [30]. The study of Treg cell
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development in the thymus indicates that the FOXP3 locus becomes demethylated during
development and indicates a stable commitment to the Treg cell lineage [31, 32].

Two phase I clinical trials using third‐party UCB Treg cells have reported the feasibility and
safety of infusing expanded UCB Treg cells in patients that received double UCBT (Table 1).
Brunstein et al. [26] showed reduced acute GvHD in this cohort of patients with increased
incidence of infection [33] and recently reported similar impact of expanded UCB Treg cells
on acute GvHD in another trial [27]. However, in both clinical studies Treg cells could only
persist for a maximum of 2 weeks in vivo. These results therefore also highlight that we need
to understand better the characteristics of expanded cells if we want these cells to persist for
longer in patients once infused.

We previously showed that Treg cells could be isolated from fresh UCB units using only the
marker CD25 and that the isolated Treg cells were able to suppress effector T cells in vitro [19].
However, this method led to variable purity and yield when isolating Treg cells from cryo‐
preserved UCB units. Therefore, within the T‐Control consortium (http://www.t‐control.info),
we focused our efforts on developing a method to isolate Treg cells from fresh or cryopreserved
UCB using the streptamer reversible technology. This method allows the purification of Treg
cells with good recovery and purity and offers the potential to have an off‐the‐shelf Treg cell
product as well as selecting UCB units for specific HLA types. In order to overcome the lack
of persistence of Treg cells in patients, we are planning to use this method to purify Treg cells
from cryopreserved UCB units as to obtain a minimally manipulated cell product that could
be tested in transplanted patients to control GvHD. However, we are also exploring the
possibility to expand streptamer isolated Treg cells from cryopreserved UCB units for immu‐
notherapy.

More studies are needed to really gain a better understanding of the characteristics of third‐
party UCB Treg cells in order to optimise their use as immunotherapy. Further preclinical and
clinical studies will help to identify the best conditions to activate and expand UCB Treg cells
for use in patients to treat GvHD but also to optimise their use as for PB Treg cells for other
conditions such as inhibiting graft failure after organ transplantation or to treat autoimmune
diseases such as arthritis or diabetes alone or together as a combined therapy with other
suppressive cells such as mesenchymal stem cells.

3. Conclusion

Immunotherapy has been a promising option in order to improve the outcome of HSCT. UCB‐
derived immunotherapies are very promising, and future studies will help us understanding
their potential better. UCB Treg cells could become an immunotherapy of choice for treating
GvHD. In addition, one should also consider the use of UCB plasma that already contains
proteins with the capacity to modulate the immune response in particular inflammation to
treat skin GvHD as well as autoimmune diseases.
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Abstract

Since the first cord blood transplantation (CBT), many indications have been proven for
this stem cell therapy. Besides the standard hematological indications, such as leukemia,
lymphomas, and aplastic anemia, CBT has also been a proven curative therapy for non-
hematological indications such as Krabbe’s disease, and osteopetrosis. As transplant-
related mortality (TRM), overall survival (OS) and disease-free survival (DFS) for CBT
continue to improve with larger inventories, double CBT, higher cell dose CB products,
optimal conditioning, GvHD, HLA matching, and infection prophylaxis and treatment,
the utility of this stem cell source will expand to certain indications which in the past,
rarely used CBT. For patients and physicians to accept CBT for indications such as
thalassemia, autoimmune diseases or HIV, the benefit-risk ratio has to be significantly
improved so that patients will take a chance on a risky procedure in order to improve
their lifespan or quality of life. We review here some of the efforts to improve clinical
outcome of CBT for thalassemia through increasing cell dosage using a combination
strategy – (1) Chow’s MaxCell second and third generation technologies that maximize
CB cell dosage, (2) double CBT, (3) no-wash thaw direct infusion advocated by Chow
et al., and (4) optimal product selection.

Keywords: unrelated donor cord blood transplantation, thalassemia cure, HIV cure,
autoimmune diseases cure, cord blood banking, cord blood processing, cord blood
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transplant outcome, MaxCell cord blood products, MaxCB cord blood products, ho-
mozygous CCR5-Δ32 donor cord blood transplantation

1. Introduction

Like other forms of hematopoietic stem cell transplantation (HSCT), unrelated donor cord
blood transplantation (CBT) is a lifesaving therapy capable of curing many diseases, including
∼80 standard hematologic and certain nonhematologic indications, such as thalassemia major.
In addition, HIV infection and ∼80 autoimmune diseases may be curable with unrelated donor
CBT as well [1]. Unlike adult donor bone marrow (BM) and peripheral blood (PB) HSCT that
require ≥10/12 high-resolution HLA A/B/C/DP/DQ/DR matches, unrelated donor CBT has
been performed safely with ≥4/6 HLA A/B/DR matches. One of the reasons for the reduced
HLA matching requirement of CBT is the decreased incidence and severity of acute and
chronic graft-versus-host disease (GvHD) following transplantation with cord blood (CB),
even with mismatched donors [2]. As such, unrelated donor CBT lends itself to minority
populations without large BM donor registries and disease indications prevalent in certain
populations without many adult donors, such as patients with thalassemia that are prevalent
in China, India, Southeast Asia and Middle East.

Though HSCT is currently the only cure for thalassemia, due to the scarcity of suitable related
and unrelated HLA-matched adult donors for most of the affected patient population, HSCT
for thalassemia has been underutilized. Due to its lowered requirement for HLA matching,
CBT has been touted as an ideal donor stem cell source for the cure of thalassemia for these
populations. Unfortunately, outcome from previous large series using CBT for thalassemia has
been underwhelming [3]. As a result, worldwide use of CBT for thalassemia has been even less
than that of adult donors. If patient survival can be improved when using CBT for thalassemia,
then utilization rate of this alternative donor source would greatly increase, as we have seen
from our experience in Taiwan where many of the pediatric thalassemia patients have been
cured in our collaboration with Chang Gung Children's Hospital [4–7]. To improve clinical
outcome for CBT for thalassemia in Taiwan, our focus has been to increase the stem cell,
progenitor cell and total nucleated cell doses transplanted into patients by (1) raising the
average cell dose of CB products in our inventory significantly through the use of Chow's
proprietary MaxCell CB processing technologies [8]; (2) using double CBT whenever feasible
and necessary [9]; (3) avoiding of the use of post-thaw wash either with direct thaw and
infusion or with thaw and reconstitution [8]; and lastly, (4) selecting the best combination of
optimally HLA-matched CB units that have high progenitor and total nucleated cell doses [6].
Currently, this strategy has been difficult to fully duplicate for other regions where thalassemia
is prevalent as large inventories using the proprietary MaxCell CB processing technologies
have been limited mostly to the Taiwanese patients for populations with high prevalence for
thalassemia.
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These strategies to improve patient survival and clinical outcome of CBT may have an impact
on other chronic nonlethal diseases, such as autoimmune diseases and HIV infections, that can
be cured with HSCT, which require high survival-to-mortality ratios to raise utilization rates.
Since 2001, Chow and his former colleagues at StemCyte have been working with City of Hope
to identify and establish a homozygous CCR5-Δ32 donor CB inventory. These efforts preceded
the first patient cured of HIV infection (the “Berlin patient”) in 2009 with HSCT using an adult
donor homozygous for the CCR5-Δ32 mutation. In 2001, Chow et al. patented the homozygous
CCR5-Δ32 donor HSCT technology that was acknowledged as the basis for the HIV infection
cure for the Berlin patient by Dr. Gero Hütter, the attending transplant physician for the patient
[10]. In the last few years, the StemCyte CB bank founded by Chow has collaborated with other
high-quality banks around the world to screen CB inventories from these banks to increase the
number of homozygous CCR5-Δ32 CB products available for transplantation of HIV patients.
Since the Berlin patient, we and others have been searching for suitable HIV patients to be
transplanted using this multi-bank homozygous CCR5-Δ32 donor CB inventory. For HIV
infection, the current bottlenecks are (1) the scarcity of HLA-matched CB donor products that
are also homozygous for the CCR5-Δ32 mutation that has sufficient cell dose for transplanta-
tion, and the (2) lack of HLA typing information on potential HIV patients who are candidates
for such transplantation. Nonetheless, HIV-infected patient requiring homozygous CCR5-Δ32
donors remains an ideal indication for unrelated donor CBT.

Lastly, the reduced incidence and severity of acute and chronic GvHD following unrelated
donor CBT may also factor into its potential preferential consideration as a hematopoietic cell
source for transplantation for autoimmune diseases (AD). This is because if GvHD and TRM
can be reduced, then allogeneic HSCT may be used more frequently. Currently, autologous
HSCT is most often used in the treatment of severe AD (SAD) due to the high early TRM and
severe GvHD associated with allogeneic HSCT; however, the remission rate is not ideal with
autologous HSCT.

2. Cure of thalassemia by hematopoietic stem cell transplantation

Thalassemia is a disorder characterized by the formation of abnormal hemoglobin and unequal
globin chain synthesis. It is one of the most prevalent genetic disorders in the world. There are
a global estimate of 270 million carriers of hemoglobin disorders, 80 million of them carrying
β-thalassemia. β-Thalassemia is common in the Southern Asia and Southeast Asian regions
(1–40%), especially China and India, Middle East (3%), Mediterranean (1–3%), and in malarial
tropical regions due to the selective heterozygote advantage against malaria, thus increasing
the frequency of β-thalassemia [11]. Current medical therapy consists of lifelong blood
transfusions to maintain hemoglobin levels between 9 and 10 g/dL to suppress the ineffective
anemia-causing erythropoiesis. Complications with hemosiderosis or iron overload as a result
of frequent transfusions have been curbed with the addition of iron chelation therapy, which
has doubled life expectancy [11]. Initial iron chelators were administered as a continuous
subcutaneous infusion for 8–12 h daily; however, limitations such as inconvenience, side
effects, prohibitive cost, pain and associated reduced compliance of parenteral administration
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led to the development of oral iron chelators, which have been demonstrated to be safer and
easier to be compliant, though still associated with certain side effects. Despite increasing life
expectancy and improving quality of life for children with thalassemia, transfusion and
chelation therapies have major pitfalls, stopping short of becoming a cure for thalassemia.
Endemic areas where thalassemia is most prevalent struggle with the cost of iron chelation
and the risks of hyper-transfusion causing blood-transmitted infections such as hepatitis B and
C. Developed countries often encounter patient compliance issues, as effective daily chelation
administration is often unpleasant and inconvenient. Even with modern transfusion and
chelation therapy, only 68% of patients with β-thalassemia are alive at the age of 35 [12].
Although there are considerable advancements in transfusion and iron chelation, HSCT
represents the only curative therapy for patients with β-thalassemia currently.

In 1982, the first successful marrow transplantation for thalassemia was performed on a child
by Donnall Thomas and his colleagues [13]. Subsequently, the first of several series of trans-
plants for thalassemia was reported by Lucarelli et al. [14–16]. Today, thousands of patients
with thalassemia have been treated using HLA-identical sibling donor bone marrow trans-
plantation (BMT). After decades of optimization by the Italian groups [14–16], over 1000
patients with thalassemia and sickle cell disease have been cured, mostly using HLA-identical
sibling donor BM. For low-risk Pesaro class 1 or 2 patients, related BMT could achieve
outstanding overall survival of 87–95% and thalassemia-free survival of 64–90%, depending
on the disease severity [11]. Even with class 3 (with extensive liver damage from iron overload)
patients, with certain new preparatory regimens, patients younger than 17 years can achieve
survival rates of 93% with only 8% autologous recovery rate [17].

Unfortunately, <30% of adults have HLA-matched siblings, especially in China, where the one-
child policy has hindered widespread use of related donor transplantation. Matched unrelated
adult donors also remain unavailable for most thalassemia patients, despite proving to be
acceptable alternatives for patients with thalassemia who lack a compatible family donor [18].
The lack of available matched unrelated adult donors is often due to the limited size or lack of
bone marrow registries for the endemic regions. Despite there being 14 million potential
unrelated adult donors registered in various international registries worldwide, current
inventories of HLA-matched donors are especially limited for patients of Asian descent, a
region where thalassemia is most prevalent, as the majority of the world's adult donor registries
are from Caucasian background. With the expansion of donor registries by tens of millions in
regions that are prevalent for thalassemia, the scarcity of donors may be alleviated; however,
the endeavor of building BM registries of tens of millions donors is quite cost prohibitive,
especially given that most of the countries in the endemic regions are developing economies.

Cord blood offers an alternative for the source of hematopoietic stem cells and is a faster and
more economical way to increase the supply of donor stem cells. In fact, unrelated donor CBT
may offer the best alternative to adult donor HSCT due to a more lenient requirement for HLA
matching, allowing patients to find suitable donors from banks that are several orders of
magnitude smaller than BM registries. The relaxed HLA matching requirement is a result of
less severe GvHD after CBT compared to adult donor HSCT, which resulted in improved
quality of life for patients due to the decreased requirement of GvHD prophylaxis. As such,
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related and unrelated CB may alleviate shortage of matched unrelated donors, since less
stringent HLA matching is acceptable. Moreover, due to the lower severity and incidence of
GvHD after CBT compared to BMT [19–22], CBT may be preferable to BMT for thalassemia
and other nonmalignant diseases, as the decreased GvHD incidence and severity greatly
improve quality of life for transplant patients. For thalassemia and other transplant patients
with nonmalignant diseases, GvHD offers no advantage of relapse reduction as in the setting
as for malignant diseases.

Unrelated CBT for treatment of thalassemia has improved significantly with judicious CB graft
selection and consideration of a number of factors, including transplant age, Pesaro class, CB
processing, cell dose and post-thaw processing. Working exclusively with CB produced by
Chow's proprietary MaxCell technologies, Jaing et al. achieved thalassemia-free survival close
to that of related CB transplantations [5, 6]; however, other studies using traditional red cell
reduced (RCR) CB (referred to as 1st Gen CB processing elsewhere in this book) produced poor
results and the authors advocated cautious use of CB only in clinical trials [3]. Transplant center
experience is an important factor in increasing CBT for thalassemia. Although unrelated CBT
has the potential for curing thalassemia, thereby drastically improving the quality of life for
the patient, it is still not considered optimal even with the industry's best practice due to CB
donor scarcity in thalassemia endemic areas, especially for MaxCell CB products, and lack of
optimal results for RCR CB. Even so, as blood transfusion and iron chelation therapies are
prohibitively expensive and not widely accessible in thalassemia endemic regions, unrelated
CBT becomes a viable alternative that is less costly in the long run. In addition, it should be
noted that unrelated CBT offers patients significant potential benefits—quality of life and
increased life expectancy—thus increasing the need for the optimization of CBT to better treat
patients.

Recently, a number of studies have shown significant success using related and unrelated
donor CBT. As expected, cell dose is the most critical factor for CBT success, as revealed by
almost every major study to date [19–22]. Theoretically cell dose may be less of a problem for
thalassemia since CBT is usually performed at an early age when patients have smaller body
mass and require less cell dose; however, due to the difficulties of eradicating the endogenous
erythron, cell dose has been found to be just as critical for both related and unrelated CBT for
thalassemia [6, 7, 23–26]. For unrelated CBT for thalassemia, Jaing et al. [6] established
institutional guidelines of 2.5 × 107/kg for single unit CBT and >3.7 × 107/kg combined nucleated
cell dose for double CBT, with at least one unit exceeding 2 × 107/kg. Moreover, at Chang Gung,
following the Minnesota recommendations of CD34+ cell dose of 1.7 × 105/kg minimum for
single unit CBT [27], with the combined CD34+ cell dose exceeding 3.0 × 105/kg for double CBT.

Due to the proven central importance of cell dose in CBT, different groups have employed
various strategies to optimize nucleated and CD34+ cell doses, such as the supplementation
of BM stem cells from the same donor to the CB graft [28–30], the use of double CBT when
single CB units do not have sufficient cell doses [5, 6, 26, 31–35], the avoidance of post-thaw
wash (when indicated), which invariably results in loss of cells [5, 6, 26, 32–50], and usage of
MaxCell CB as red cell reduction results in decreased cell recovery [4–7, 26, 31–55].
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Various other approaches have been tried to improve the outcome of CBT for thalassemia,
ranging from preference for superior HLA matches [4, 6, 26, 31, 34, 37, 51–53], usage of related
HLA-identical donors [23–25], directed sibling cord blood bank efforts [30, 56], consideration
of non-inherited maternal antigen (NIMA) matches [57], preference for IV busulfan over oral
formulations [6, 58], the addition of thiotepa to the conditioning regimen [24, 25], reduced
intensity conditioning regimens [3, 59, 60], the avoidance of methotrexate in the prophylaxis
regimen [23–25], third-party MSC co-infusion [59], and intrabone direct injection of cord blood
products [61, 62].

3. Related donor cord blood transplantation for thalassemia

In 1995, the first CBT for thalassemia was reported, using a HLA-identical sibling donor cord
blood for a two-and-half-year old [36]. Busulfan/cyclophosphamide conditioning regimen and
cyclosporine/methotrexate GvHD prophylaxis were used. The TNC dose was 3.9 × 107/kg, and
the thawed product was not washed and was directly infused on June 12, 1993. Neutrophil
and platelet engraftment were achieved by day +23 and day +27, respectively. The patient
experienced no GvHD, and the patient was alive and transfusion independent 48 months after
transplantation. The various studies using related donor CBT for thalassemia are summar-
ized in Table 1 [23–25, 28–30, 36, 56, 59, 63–68].

  [36] [64] [28] [65] [23] [29] SDCB [30, 56] [24] [25]

# Patients 1 2 3 CB

5 CB + BM

1 33 9; 2 + 

baby

donor's

PB

(1) 14 Thal

4/14 + PB

(2) 7 Thal

27 66

Age (yrs)

median

Range

2.5 2.2/3.8 4, 13, 15 3 5

1–20

5.5/

3.5–10

(1) NA

5.9/

2–11

6

0.8–18

5.9/

2–20

HLA A/B/DR

6/6 

5/6

≤4/6 matches

1 2 8 0

0

1

41

3

6

1

2

(1) 14 (2) 7 100%

0

0

100%

0/0

0/0

TNC dose

Median

Range

3.9 6.2/11.4 CB

2/1.2/2.5 

Combined

3.2/2.8/3.7

6.1 5.1/

1.2–13 PF

4.0/

1.2–10 PT

6.6/

3.4–12.7

(1) NA

(2) 4.7/

0.8–7.6

3.3

1.5–6

3.9

1.5–14

Engraftment

Myeloid

(ANC500)

Platelet 20/50K

ANC

1/1;

D+23

Plt

2/2 1/3CB

5/5 CB + BM

1/1 ANC

89%

D+23

(12–60)

5/9 (1) Thal 12/14

(2) Thal 6/6

with

engraftment 

100%

(27/27)

100%

(27/27)

ANC

90 ± 4%;

D +23

Plt
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  [36] [64] [28] [65] [23] [29] SDCB [30, 56] [24] [25]
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50K)
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D+37

D +39

(19–92)

data reporting 83 ± 5%;

D +38

Graft failure;

primary (PGF);

secondary

(SGF)

None None 2/3 CB None 7/33

(21%)

4/9;

2 PGF;

2 SGF

(1) 2 PGF + 1 SGF

(2) 1SGF

0 (0%) 10.4%

Acute GvHD 0 2/2 III

SR

None None 11%

(4/38) II

3/9 I/II SR

1/9 IV

(1) NA 0 (0%) 11% II–

IV

Chronic

GvHD

0 None None Limited 6% (2/36)

limited

1/9 (1) NA 0 (0%) 5 ± 3%;

0 ext

Survival OS 1/1

DFS 1/1

2/2

Alive &

TI

OS 8/8

DFS 7/8

0/1

Died

D +300

Thal

OS 100%

EFS 79%

OS 8/9;

1 death

aGvHD

IV 

4 TI

(1) Thal

OS 11/14;

DFS 11/14

OS 27

(100%)

DFS 27

(100%)

DFS

80 ± 5%

Follow-up (M)

median/range

48

(1995b)

11–24 (1) 18/

16–23

10 24/

4–76

49/

38–64

12.4/

0.5–77

40/

15–89

CB 70

(12–

151)

Thal = thalassemia major; CB = cord blood; CBT = cord blood transplant; MaxCell = non-red blood cell reduced cord
blood; RCR = red cell reduced cord blood; SCBT = single cord blood transplantation; DCBT = double cord blood
transplantation; NW = non-wash post-thaw processing; N/A = not available; LGF = late graft failure; AR = autologous
recovery; TI = transfusion independent; TNC = total nucleated cells in ×107/kg patient weight; CD34+ = total CD34+
Cells in ×105/kg patient weight; GvHD = graft-versus-host disease; aGvHD = acute graft-versus-host disease; Ltd = 
limited chronic GvHD; Ext = extensive chronic GvHD; TRM = transplant-related mortality; M = months; 3Y = 3 Year; 1Y 
= 1 Year; D = days post-transplant; OS = overall survival; DFS = disease-free survival; EFS = time interval from CBT to
first event (death or autologous reconstitution or infusion of cryopreserved backup recipient hematopoietic stem cells);
RR = relative risk; F/U = follow-up; CI = cumulative incidence; KM = Kaplan-Meier estimator survival. SR = Resolved
with Steroids; Thal = Thalassemia.

Table 1. CBT using related donors and sibling-directed donor CB bank (SDCB) for patients with thalassemia.

In 2013, Locatelli et al. published their landmark study for hemoglobinopathies on the
comparison of related HLA-identical HSCT with 66 thalassemia patients transplanted with
CBT against 259 thalassemia patients transplanted with BMT (Table 1) [25]. The CBT cohort
was younger (median age 6 versus 8 years; p = 0.02), had higher disease severity for the
thalassemia patients (Pesaro 2–3 39 versus 44%; p < 0.01), and was transplanted more recently
(median year 2001 versus 1999; p < 0.01), with a significantly higher percentage of BMT patients
receiving methotrexate GvHD prophylaxis than CB product recipients. No patients were
excluded except for patients who received a combination of CB and BM products. Most thawed
CB products were thawed and washed per Rubinstein procedure [20], and no information was
provided as to the type of CB processing employed for the units. Compared to BMT recipients,
the patients given CBT had slower neutrophil engraftment, less acute GvHD and no extensive
chronic GvHD. Graft failure occurred more commonly in CBT patients than recipients of BM
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grafts but not significantly (10.4 vs. 7.4%; p = 0.33). Eight of the patients who received CB graft
experienced graft failure. Cumulative incidence of primary graft failure was 9 ± 4% and 6 ± 4%
after CBT and BMT, respectively. Six patients experienced secondary graft failure after CBT at
a median of day +151 (range day +51 to 202). The cumulative incidence of neutrophil engraft-
ment was 90 ± 4% and 92 ± 1% (p = 0.01), and 83 ± 5% and 85 ± 5% for platelet engraftment after
CBT and BMT, respectively. For patients who engrafted, the median time to neutrophil
recovery was day +23 for CBT and day +19 for BMT, and day +38 and day +25 for CBT and
BMT for platelet engraftment, respectively (p = 0.004). The proportion of long-term sustained
mixed chimerism was significantly higher after CBT than for BMT (37 versus 22%; p = 0.01).
Only 11% of CBT recipients experienced grade II–IV acute GvHD (no grade IV), versus 21%
of BMT recipients (2% grade IV acute GvHD), with a cumulative incidence 10 ± 3% and 21 ± 
2%, respectively (p = 0.04). Only six of 84 evaluable CB recipients experienced chronic GvHD
with no extensive grade versus 42 of 355 (12 extensive) patients of BMT who survived past
100 days, with the cumulative incidence of chronic GvHD at 5 ± 3% and 12 ± 2%, respectively
(p = 0.12), and extensive chronic GvHD at 0% and 5 ± 9%, respectively. Twenty-one patients
expired from transplant-related causes—three after CBT and 18 after BMT. Most importantly,
with a median follow-up of 70 months, the 6-year DFS was 80 and 86% for CB- and BM-
transplanted patients, respectively, with no difference in multivariate analysis. This study
proved that CBT using related donor for thalassemia is as efficacious and safe as related donor
BMT, with potentially better long-term quality of life due to reduced chronic GvHD with
minimal extensive grades. The authors point out that the quality of life for BMT patients with
extensive chronic GvHD is worse than patients on medical therapy.

The author speculated that due to the higher nucleated cell dosage for most of the CB
recipients, nucleated cell dosage was not shown to influence engraftment or disease-free
survival. For CBT, methotrexate was shown in multivariate analysis negatively influencing
DFS (HR 3.81, CI 1.40–10.87; p = 0.004), with 6-year DFS at 90 ± 4% if methotrexate was
avoided versus 60 ± 11% (p < 0.001). Similar to previous studies, thiotepa-containing prepa-
rative regimen and Pesaro classification 1 were shown to correlate with better outcome
after CBT. These series using related CBT demonstrate the efficacy and high margin of
safety of related CB as a source of HSCT for thalassemia. The studies confirmed that even
with persistent mixed chimerism, patients are still transfusion independent. Methotrexate
GvHD prophylaxis was proven to be detrimental to favorable outcome and the addition of
thiotepa to busulfan and cyclophosphamide conditioning regimen favored sustained do-
nor engraftment.

4. Unrelated donor cord blood transplantation for thalassemia

Three single cases employing unrelated CBT for thalassemia were reported early on, with all
three patients achieving neutrophil engraftment and transfusion independence [65–67].
Busulfan/cyclophosphamide/ATG-containing preparative regimen was used in all three;
however, Fang et al. and Tan et al. used methotrexate-containing GvHD prophylaxis [65, 66].
Nucleated cell dose was high, with the minimum of 6 × 107 nucleated cells/kg. One patient
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received a 6/6 HLA A/B/DR-matched CB and two were transplanted with 4/6 HLA-matched
CB. None of the patients experienced chronic GvHD or Grade IV acute GvHD. Vanichsetakul
et al. [68] reported on six patients transplanted with three 6/6, one 5/6 and two 4/6 HLA-
matched CB from unrelated donors. Patients were ranged from 2 to 15 years old with a median
of 5.5 years. Busulfan, cyclophosphamide and fludarabine conditioning regimen was used
with cyclosporine and methylprednisolone GvHD prophylaxis. Median TNC dose was 2.8 ×
107 nucleated cells /kg with a range of 1.5–5.3 × 107 nucleated cells. Five of six patients engrafted
and survived, while one expired due to infection prior to engraftment. Soni et al. [60] reported
on unrelated CBT of two Pesaro class 3 patients with reduced intensity conditioning, with one
recipient requiring re-transplantation with CB. After re-transplant, both patients engrafted and
were thalassemia-free, with a follow-up of 7 and 8 years. Lastly, Kharbanda et al. [59] reported
on the use of unrelated CB supplemented with co-infusion of third-party mesenchymal stromal
cells (MSC) in two thalassemia patients, using a reduced intensity condition regimen. Only
one patient engrafted, with neither patient survived.

In 2004, Tang-Her Jaing at Chang Gung Medical Center and Robert Chow at StemCyte
embarked on a long-term collaborative study using unrelated CBT for thalassemia patients in
Taiwan with the hypothesis that if conditions were optimized, HLA-mismatched unrelated
CBT may produce results as favorable as unrelated BMT as well as approach that of related
BMT and CBT. One strategy was to transplant patients as early as possible when disease stage
is least severe. Most importantly, several approaches to optimize stem, progenitor and
nucleated cell doses were employed: (1) utilization of CB products that were not reduced in
RBC (MaxCell CB) whenever possible. Such non-RBC reduced, plasma depleted/reduced
MaxCell (“MaxCell” or “MC”) CB products have been shown to have significantly higher
recovery for nucleated cell, CD34+ cells and colony-forming units (CFU) following parallel
processing comparisons against RCR CB units [5, 8, 35, 39, 47, 48, 50]; (2) avoidance of post-
thaw washing unless contraindicated, which has been shown by us and several other groups
to be safe, offering enhanced infused cell dose due to zero cell loss from post-thaw washing [5,
6, 26, 32–34, 36–50, 69–71]; and (3) double CBT whenever cell dosage for single CB units was
insufficient to meet the study thresholds for nucleated and CD34+ cell doses [9, 31–35]. In
practice, the study complied with the first two conditions completely for all Chang Gung
patients who have been reported, by sourcing all of its CB products from a single manufacturer
of red cell-replete MaxCell CB products (StemCyte). Consequently, the average and median
cell dosages achieved in Chang Gung patients were higher than every other large unrelated
CBT series for thalassemia. The myeloablative conditioning and GvHD prophylaxis regimens
consisted of the standard busulfan, cyclophosphamide and ATG, as well as cyclosporine and
methylprednisolone, respectively. IV busulfan accompanied by drug level monitoring and
adjustment replaced oral busulfan after a cluster of several autologous recoveries. Initially, pre-
freeze nucleated and CD34+ cell dose criteria were set at 2 × 107/kg and 1.7 × 105/kg, respectively,
and were later raised to 2.5 × 107/kg (for single CBT) and 2.0 × 105/kg, respectively. Importantly,
the outcome data for Chang Gung transplant recipients were audited by CIBMTR appointed
auditors on site using actual patient charts as routine for StemCyte supplied CB, which has
been verified to be 97.3% accurate, with only minor errors and no errors for survival, mortality,
engraftment, GvHD or relapse.
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MC CBT

Jaing et al. [26]

MC CBT

Jaing et al. [6]

MC CBT

Petz et al. [5]

RCR CBT

Ruggeri et al. [3]

# Patients 45 total; 32 Thal 35 Thal patients;

5 Re-CBT 

120 total; 46 Thal 35 Thal

Type of CB 100% MC CB 100% MC CB 100% MC CB 100% RCR CB

Age (yrs) Median 4.5 5.5 3.5 4

Range 1.2–14 0.1–14

Pesaro class 1/2/3 21/9/0* N/A N/A 9/2/4

N/A 2 20

HLA A/B/DR 6/6 11 8 26 5

5/6 25 16 48 14

≤4/6 matches 27 28 53 16

TNC dose median 7.6 7.8 10.5 pre-freeze 6

Range 2.8–15.0 2.8–14.7 7.7 infused 2–32

CD34+ cell dose 4.0 4.0 3.7 N/A

Median/range 1.3–19.9 1.7–19.9

% CB not washed 100% 100% 58% NA

DCBT 13 DCBT 10 15 0

Approaches to

maximize cell dose

100% MC CB/

NW/±DCBT/CD34+

Priority

100% MC CB/

NW/±DCBT/CD34+

Priority

100% MC CB/

NW/±DCBT

NA

Engraftment CI

Myeloid ANC500 ANC500 88% ANC 88% ANC 87 ± 6% ANC500 42.8%

Platelet 20K (Plt20K) Plt 20K 82% Plt 20K 78% Plt 20K 81 ± 6%

Graft failure 4 Primary 5 Primary

1 Secondary

3 ± 2% 20/35

57.2%

Survival OS 5Y 88.1% OS 5Y 88.3 ± 6.7% OS 1Y 79 ± 4%;

3Y 79 ± 4% 

OS 62 ± 9%

DFS 5Y 77.1% DFS 5Y 85.7% DFS 1 Y 72 ± 5%;

3Y 70 ± 6%

DFS 21 ± 7%

2Y TRM 12% 2Y TRM 11.7 ± 6.7% TRM 100 D 10 ± 3%;

3Y 20 ± 4%

F/U (M) median/range  26/3–66 36/6–76 6.5 21/3–138

Acute GvHD II–IV 76% 6 I; 12 II 0–II 38 ± 5% 23 ± 2%
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F/U (M) median/range  26/3–66 36/6–76 6.5 21/3–138

Acute GvHD II–IV 76% 6 I; 12 II 0–II 38 ± 5% 23 ± 2%
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MC CBT

Jaing et al. [26]

MC CBT

Jaing et al. [6]

MC CBT

Petz et al. [5]

RCR CBT

Ruggeri et al. [3]

III–IV 42% 15 III; 1 IV III–IV 19 ± 4%

Chronic GvHD 35%

1/14 extensive

13/35 limited

1/35 extensive

36 ± 6% Ltd.

12 ± 4% Ext.

8/35 Ltd.

2/35 Ext.

Severe infections 1 2/35 4/35

Thal = thalassemia major; Other = other nonmalignant indications; CB = cord blood; CBT = cord blood transplant; MC 
= non-red blood cell reduced cord blood MaxCell; RCR = red cell reduced cord blood; SCBT = single cord blood
transplantation; DCBT = double cord blood transplantation; NW = non-wash post-thaw processing; N/A = not
available; GvHD = graft-versus-host disease; Ltd. = limited chronic GvHD; Ext = extensive chronic GvHD; TNC = total
nucleated cells in ×107/kg patient weight; CD34+ = total CD34+ cells in ×105/kg patient weight; OS = overall survival;
DFS = disease-free survival; TRM = transplant-related mortality; M = months; Y = year; D = days post-transplant; F/U = 
follow-up; CI = cumulative incidence; KM = Kaplan-Meier estimator survival; * = Modified Pesaro (no liver biopsy),
which may underestimate the disease severity; @ = TC data audited by CIBMTR on site.

Table 2. Unrelated CB transplantation for patients with thalassemia—large series—3 MC CBT and 1 RCR CBT.

From 2005 onwards, the Jaing-Chow collaboration reported their experience of a number of
studies using unrelated CBT for thalassemia (Tables 2 and 3)—both Chang Gung Children
Hospital single institution experiences [4, 6, 26, 31–35, 37, 51–53, 58] and multi-institutional
studies from the StemCyte cord blood bank outcome database [5, 7, 35, 39, 42, 49, 54, 55]. The
first thalassemia patient transplanted by Jaing's group on October 2003 became the first
disease-free surviving CBT recipient in Taiwan [37].

A single institution series of unrelated CBT of 45 patients with nonmalignant diseases (32
thalassemia cases) was reported by Jaing's group in 2010 (Table 2). Most patients received
HLA-mismatched CB grafts with median infused nucleated and CD34+ cell doses at 7.6 × 107/
kg and 4.0 × 105/kg, respectively [26]. With cumulative incidence of neutrophil and platelet
engraftment at 88 and 82%, four patients experienced primary graft failure. Three patients
experienced grade IV acute GvHD and only a single patient suffered extensive chronic GvHD.
Five-year OS and DFS were 88.1 and 77.1%, respectively, and TRM was 12% at 2 years.

To study the effect of RBC-replete MaxCell CB in a series of 58 thalassemia patients performed
at nine U.S. and five non-U.S. transplant centers, Chow's group [33] compared 48 patients who
received MaxCell CB versus 10 patients who received RCR CB (Table 3). Though this initial
study was not rigorously matched, patients were similar among two groups in age, weight,
disease severity, TNC dose, #HLA matches, conditioning regimen, no post-thaw wash, and
transplant center experience. There were more double CBTs in the MaxCell group (23 versus
10%). The raw comparison results between the two groups showed no significant differences
in cumulative incidence in neutrophil (MaxCell 96 ± 4% vs. RCR 75 ± 15%; RR = 1.31; p = 0.56)
or platelet 50K engraftment (MaxCell 95 ± 5% vs. RCR 75 ± 15%; RR = 1.24; p = 0.64). Overall
patient survival at 1-year trended higher for MaxCell CBT (MaxCell 89 ± 6% vs. RCR 53 ± 20%;
RR = 0.32; p = 0.17); however, importantly, DFS was significantly higher at 89 ± 6% for MaxCell
CB compared to 38 ± 17% (RR = 0.17; p = 0.01).
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Jaing et al. 2008
matched pair (MP)
MC CB ARM
@ [32–34]

Jaing et al. 2008
matched pair (MP)
RCR CB ARM
@ [32–34]

Chow et al. 2012
MC CB ARM
@ [35]

Chow et al.
2012
RCR CB ARM
[35]

# Patients
Type of CB

58 Thal patients
48 MC patients
MP performed on 30 matched
pairs
30 MC patients vs. 10 RCR
patients

58 Thal patients
10 RCR patients
MP performed on 30
matched pairs
30 MC patients vs. 10
RCR patients

91 Thal.
79 MC CBT

91 Thal.
12 RCR CBT

Age (yrs) median Pre-match 5.0
post-MP 4.0

Pre-match 2.8
post-MP 2.8

MC 5.3 RCR 4.0

Range Pre-match 0.3–20
post-MP 0.3–12

Pre-match 1–12
post-MP 1–12

0.3–2 0.8–12

Pesaro Class 1 Pre-match 46% MP 57% Pre-match 50% MP 50% MC 27 RCR 6

Class 2 Pre Pre-match 20% MP 20% MC 17 RCR 2

Class 3 Pre Pre-match 10% MP 10% MC 0 RCR 2

N/A MC 35 RCR 2

Conditioning Multi-inst. Series Multi-inst. Series Multi-inst. Series Multi-inst.
series

Regimens Mostly BU/CY/ATG Mostly BU/CY/ATG Mostly
BU/CY/ATG

Mostly
BU/CY/ATG

GvHD
Prophylaxis 

CSA
MP

CSA
MP

Multi-
institution
series

Multi-
institution
series

HLA A/B/DR 6/6 Pre-match median 4.8 MP 4.5 Pre-match median 4.4
MP 4.4

MC 21 RCR 1

5/6 Pre-match range 3–6 MP 3–6 Pre-match range
4–6 MP 4–6

MC 38 RCR 3

≤4/6 matches MC 45 RCR 8

TNC dose median Pre-match 9.1 MP 9.1 Pre-match 8.9 MP 8.9 MC 9.8 RCR 8.7

Range Pre-match 2.5–47
MP 3.4–20

Pre-match 2.3–19
MP 2.3–19

2–23.7 2–18.6

CD34+ cell dose
median/range

N/A MC 3.6
0.4–10.3

RCR1.5
0.4–13.5

% CB not washed N/A MC 89%; RCR 77%

% DCBT Pre-match 11 (23%) MP 5 (17%) Pre-match 1 (10%) MP 1
(10%)

MC 20% RCR 8%

Engraftment
Myeloid ANC500
Platelet 20K/50K
(Plt20K or 50K)

Pre-Match ANC MC 96 ± 4% vs.
RCR 75 ± 15% (RR = 1.31; p = 0.56)
Pre-Match Plt50K MC 95 ± 5% vs.
RCR 75 ± 15% (RR = 1.24; p = 0.64)

ANC 83.2%
Plt20/50K
79/76%

MP ANC MC 88 ± 12% vs.
RCR80 ± 14% (RR = 1.05; p = 0.90; P = 
0.92)
MP Plt50K MC 88 ± 12% vs.
RCR 70 ± 17% (RR = 1.01; p = 0.98; P = 
0.73)

Graft failure MP 1Y MC 7 ± 5%;
RCR 22 ± 14%
(RR = 0.31; p = 0.24; P = 0.04)

N/A
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series

Regimens Mostly BU/CY/ATG Mostly BU/CY/ATG Mostly
BU/CY/ATG

Mostly
BU/CY/ATG

GvHD
Prophylaxis 

CSA
MP

CSA
MP
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HLA A/B/DR 6/6 Pre-match median 4.8 MP 4.5 Pre-match median 4.4
MP 4.4

MC 21 RCR 1

5/6 Pre-match range 3–6 MP 3–6 Pre-match range
4–6 MP 4–6

MC 38 RCR 3

≤4/6 matches MC 45 RCR 8

TNC dose median Pre-match 9.1 MP 9.1 Pre-match 8.9 MP 8.9 MC 9.8 RCR 8.7

Range Pre-match 2.5–47
MP 3.4–20

Pre-match 2.3–19
MP 2.3–19

2–23.7 2–18.6

CD34+ cell dose
median/range

N/A MC 3.6
0.4–10.3

RCR1.5
0.4–13.5

% CB not washed N/A MC 89%; RCR 77%

% DCBT Pre-match 11 (23%) MP 5 (17%) Pre-match 1 (10%) MP 1
(10%)

MC 20% RCR 8%

Engraftment
Myeloid ANC500
Platelet 20K/50K
(Plt20K or 50K)

Pre-Match ANC MC 96 ± 4% vs.
RCR 75 ± 15% (RR = 1.31; p = 0.56)
Pre-Match Plt50K MC 95 ± 5% vs.
RCR 75 ± 15% (RR = 1.24; p = 0.64)

ANC 83.2%
Plt20/50K
79/76%

MP ANC MC 88 ± 12% vs.
RCR80 ± 14% (RR = 1.05; p = 0.90; P = 
0.92)
MP Plt50K MC 88 ± 12% vs.
RCR 70 ± 17% (RR = 1.01; p = 0.98; P = 
0.73)

Graft failure MP 1Y MC 7 ± 5%;
RCR 22 ± 14%
(RR = 0.31; p = 0.24; P = 0.04)

N/A
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Jaing et al. 2008
matched pair (MP)
MC CB ARM
@ [32–34]

Jaing et al. 2008
matched pair (MP)
RCR CB ARM
@ [32–34]

Chow et al. 2012
MC CB ARM
@ [35]

Chow et al.
2012
RCR CB ARM
[35]

Survival Pre-matched pair
OS MC 89 ± 6% vs.
RCR 53 ± 20% (RR = 0.32; p = 0.17)
DFS MC 89 ± 6% vs.
RCR 38 ± 17%
(RR = 0.17; p = 0.01)

MC DFS
61.4%

RCR DFS
50.0%

Matched pair comparisons (MP)
3Y OS MC 96 ± 4% vs. RCR 53 ± 18%
(RR = 0.09; p = 0.03; P = 0.001)
3Y DFS MC 89 ± 6% vs. RCR 40 ± 15%
(RR = 0.17; p = 0.01;P = 0.0001)
3Y TRM MC 4 ± 4% vs. RCR 47 ± 18%
(RR = 0.09; p = 0.03;
P = 0.001) 

F/U (M) median/
range

9.5 6 23.7

Acute GvHD II–IV/
III–IV

N/A MC 75%/25% RCR 80%/20%

Chronic GvHD
Ltd/Ext

N/A MC 60%/5% RCR 100%/0%

Thal = thalassemia major; CB = cord blood; CBT = cord blood transplant; MC = non-red blood cell reduced cord blood
MaxCell; RCR = red cell reduced cord blood; SCBT = single cord blood transplantation; DCBT = double cord blood
transplantation; NW = non-wash post-thaw processing; N/A = not available; GvHD = graft-versus-host disease; Ltd = 
limited chronic GvHD; Ext = extensive chronic GvHD; TNC = total nucleated cells in ×107/kg patient weight; CD34+ = 
total CD34+ Cells in ×105/kg patient weight; CI = cumulative incidence; KM = Kaplan-Meier estimator survival; OS = 
overall survival; DFS = disease-free survival; TRM = transplant-related mortality; M = months; Y = year; D = days post-
transplant; RR = relative risk; p = p value of MC versus RCR matched pair comparison; P = paired Prentice-Wilcoxon
test p value; F/U = follow-up; * = modified Pesaro (no liver biopsy), which may underestimate the disease severity; @ = 
TC data audited by CIBMTR on site; MP = MC versus RCR CBT-matched pair analysis used a logistic regression model
to find patients with similar characteristics to form 30 pairs, with three MC patients matched to each RCR patient (30
MC patients to 10 RCR patients). Factors matched for were age, weight, #HLA matches, TNC dose, transplant center
experience. Univariate comparisons and paired Prentice-Wilcoxon test were performed for the matched pairs.

Table 3. Unrelated CB transplantation for thalassemia patients—comparison of MaxCell (MC) versus red cell-reduced
CBT.

To further minimize patient population differences and selection bias, Chow's group per-
formed a rigorous matched pair (MP) comparison analysis using a logistic regression model
to find thalassemia patients with similar characteristics to form 30 pairs (Table 3), with three
MaxCell patients matched to each of the available 10 RCR patients (30 MaxCell CBT patients
matched to 10 RCR CBT patients) [32–33]. Factors matched were age, weight, TNC Dose, #HLA
matches and transplant center experience. Since all available RCR patients were used in the
MP study, and the best-matched MaxCell patients were used in the matched pair, differences
in the matched factors were further minimized and selection biases were avoided. After
matched pairing, age, disease severity, # HLA matches, TNC dose and usage of double CBT
were quite similar between the two groups, with no significant differences. Univariate
comparisons and paired Prentice-Wilcoxon test (PPW) were performed for the matched pairs.
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The matched pair study results in Table 3 showed that though engraftment did not improve
significantly, autologous recovery rate was significantly lower in the MaxCell group at 7 ± 5%
versus 22 ± 14% (RR = 0.31; p = 0.04). Most importantly, 3-year OS (96 ± 4% versus 53 ± 18%;
RR = 0.09; p = 0.03 univariate and p = 0.001 PPW), 3-year DFS (89 ± 6% versus 40 ± 15%; RR = 
0.17; p = 0.01 univariate and p = 0.0001 PPW), and TRM (4 ± 4% versus 47 ± 18%; RR = 0.09; p = 
0.03 univariate and p = 0.001 PPW) were all significantly improved for the MaxCell CBT group.
It should be noted again that the RCR and MaxCell OS and DFS rates observed in this study
were similar to that reported for previously thalassemia series using unrelated CBT [3, 5–7, 26,
35]. Lastly, the outcome data for MaxCell CBT recipients were rigorously audited by CIBMTR
personnel on site at transplant centers using actual patient records and verified to be 97.3%
accurate, with no errors for major variables, such as engraftment, survival, mortality, autolo-
gous recovery, etc.

In 2012, Chow's group reported a multicenter series of 91 thalassemia patients transplanted
with unrelated CB between 1999 and 2011, 79 with MaxCell CB and 12 with RCR CB (Ta‐
ble 3), the largest series to date of unrelated CBT for thalassemia [35]. With 45% male recipients,
patient median age was 5.6 years (range 0.3–20) and median weight was 18.8 kg (range 4–80).
HLA matches were 23 cases at 6/6, 45 cases at 5/6, 54 cases at 4/6 and 3 cases at 3/6 HLA
A/B/DR matches. Median pre-freeze TNC dose was 9.4 × 107/kg and median pre-freeze CD34+
dose was at 3.2 × 105/kg—unusually high due to the exclusive usage of MaxCell CB products
and the patients’ young age in the study. Three-quarters of the patients were Asian and 84%
CB was infused directly without post-thaw wash/reconstitution. Seven patients received a
second CBT due to graft failure. Acute GvHD grade II–IV and III–IV occurred in 76 and 24%
of the patients, respectively, whereas 60% and only 5% of the patients exhibited limited and
extensive chronic GvHD, respectively. Overall, cumulative incidence of myeloid, platelet 20
and 50K engraftment of 83, 79 and 76% were achieved, respectively. Median times to myeloid
and platelet 20K engraftment were 17 and 47 days, respectively. Most importantly, 180-day OS,
1-year OS and 1-year DFS of 80, 74 and 61% were reported, respectively, with a median follow-
up of 711 days. Again, it is important to reemphasize that the outcome data for MaxCell CBT
recipients were audited by CIBMTR on site at transplant centers using actual patient records
and verified to be error-free for major clinical outcome measurements.

In their 2011 multi-institutional study, combined data of Eurocord, NYBC and CIBMTR,
Ruggeri et al. [3] reported on 35 thalassemia patients (Table 2). With median age of 4 years,
and mostly Pesaro class 1 and 2 patients (11 out of 15), this study used a variety of conditioning
regimens (30/35 myeloablative regimens) and mostly calcineurin inhibitor containing GvHD
prophylaxis (65% cyclosporine). Myeloid engraftment was only 42.8%, with 57.2% patients
suffering primary graft failure. Though 66% were alive, only 23% were alive and thalassemia-
free, with OS and DFS at 2-year post-transplant as estimated by Kaplan-Meier method as 62 
± 9% and 21 ± 7%, respectively (Table 2). Referring to the Jaing et al. series [26], the authors
concluded that “For UCB, only one group has reported 80% DFS at 2 years… DFS was not as
good as previously reported by Jaing and colleagues.” Besides the single-center versus multi-
institutional aspects of the two groups, the most obvious differences were the significantly
higher TNC dosage in the Jaing/Chow series [4, 6, 26, 31–33], caused by the exclusive utilization
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In their 2011 multi-institutional study, combined data of Eurocord, NYBC and CIBMTR,
Ruggeri et al. [3] reported on 35 thalassemia patients (Table 2). With median age of 4 years,
and mostly Pesaro class 1 and 2 patients (11 out of 15), this study used a variety of conditioning
regimens (30/35 myeloablative regimens) and mostly calcineurin inhibitor containing GvHD
prophylaxis (65% cyclosporine). Myeloid engraftment was only 42.8%, with 57.2% patients
suffering primary graft failure. Though 66% were alive, only 23% were alive and thalassemia-
free, with OS and DFS at 2-year post-transplant as estimated by Kaplan-Meier method as 62 
± 9% and 21 ± 7%, respectively (Table 2). Referring to the Jaing et al. series [26], the authors
concluded that “For UCB, only one group has reported 80% DFS at 2 years… DFS was not as
good as previously reported by Jaing and colleagues.” Besides the single-center versus multi-
institutional aspects of the two groups, the most obvious differences were the significantly
higher TNC dosage in the Jaing/Chow series [4, 6, 26, 31–33], caused by the exclusive utilization
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of RCR CB units in the Ruggeri et al. series [3] versus 100% MaxCell CB products used in the
Jaing/Chow series. In a similar multi-institutional setting, using exclusively MaxCell CB
products with 38% thalassemia patients, Petz et al. [5] reported 3-year OS at 79 ± 4% and DFS
at 70 ± 6% (Table 3). As discussed above, Chow et al. [35] showed that in 91 thalassemia
patients, employing MaxCell CB in 86.8% of the recipients, higher OS (73%) and DFS (61%)
were also achieved compared to patients from the Ruggeri et al. series who received RCR CB
units exclusively (Table 3).

In 2012, using exclusively unrelated MaxCell CB, Jaing's group transplanted 35 thalassemia
patients, with 12 patients receiving double CBT (Table 2) [6]. The authors explained that their
initial approach of using oral busulfan resulted in five primary and one secondary graft failures
due to high pharmacokinetic variability exhibited with oral busulfan, necessitating six re-
transplants. In this series, 88% of the transplants (35 first and 5 second transplants combined)
achieved neutrophil engraftment. Five-year OS was 88.3 ± 6.7% and 5-year DFS was 85.7% (30
of 35 patients) in this exclusive MaxCell CBT series. The 85.7% 5-year DFS of this experience
is in contrast to the 21 ± 7% 2-year DFS obtained by Ruggeri et al. [3] and compares very
favorably with the 80 ± 5% 6-year DFS for HLA-identical related CBT reported for Locatelli
series in 2013 [25].

5. Cure of nonmalignant diseases by cord blood transplantation

In Table 2, to assess whether this observation of the superior efficacy of MaxCell CB can be
extended to other nonmalignant diseases, Chow's group conducted a multicenter study of
transplantation of 120 patients who received MaxCell CB for nonmalignant diseases—46 for
thalassemia, 3 for sickle cell disease and 71 other nonmalignant indications [5]. To maximize
cell dose, besides using exclusively MaxCell CB, double CBT was used in 12% of the cases and
no-wash thaw procedure was used in 58% of the patients. Median TNC dose was 10.5 × 107/kg
at collection and 7.7 × 107/kg on infusion, and median CD34+ cell dose was 3.7 × 105/kg at
collection. Twenty-six, forty-eight and fifty-three patients were matched at zero, one and two
or more mismatches at HLA A/B/DR loci. Myeloid ANC500 and platelet 20K engraftment
occurred at a median of days +21 and +49, respectively. The cumulative incidences to myeloid
and platelet 20K engraftment were 87 ± 6% and 81 ± 6%, respectively. Autologous recovery
occurred in only 3 ± 2% of the patients in this population made up of 38% thalassemics.
Importantly, OS at 3-year was 79 ± 4%, whereas 3-year DFS was 70 ± 6%, respectively, with
100 days and 3-year TRM at 10 ± 3% and 20 ± 4%, respectively. Within the statistical power of
this series, univariate analysis showed that ABO match, recipient sex, age, myeloablative
conditioning regimen and CMV seropositivity were nonsignificant predictors of particular
outcome. Double CBT was associated with a significantly higher incidence of acute GvHD
grades II–IV (relative risk 2.23; p = 0.05). Higher pre-freeze CD34+ dose improved myeloid
(RR = 1.55; p = 0.05) and platelet (RR = 2.73; p = 0.05) engraftment, OS (RR of death = 0.30; p = 
0.05) and DFS (RR of death or relapse = 0.27; p = 0.02). In this study, TNC was not a significant
factor, unlike previous reports [3], probably because the usage of typical TNC dose thresholds
of 2.5 or 4.0 × 107/kg for analysis as in the Ruggeri et al. series was not applicable in this series,
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due to the low numbers of MaxCell CBT patients with such low TNC doses, making statistical
comparisons impossible. This anomaly is due to the significantly higher median and average
TNC doses afforded by the usage of MaxCell CB products.

By using these three simple strategies to improve infused cell dose—exclusive MaxCell CB
usage, not washing cord blood upon thawing (58%) and double CBT (12%) in this series at 46
U.S. and international centers, with divergent nonmalignant diseases, conditioning and GvHD
prophylaxis regimens—results consistently superior to other reported series using unrelated
RCR CB were obtained as shown in Table 2 [3, 68]. In fact, these results approached that of
Jaing et al. [6] in 35 thalassemia patients in a controlled environment at a single institution and
also transplanted exclusively with unrelated donor MaxCell CB that were 100% directly
infused upon thawing, proving that the adoption of this combination approach may be
efficacious in diverse nonmalignant settings, such as HIV infection and autoimmune diseases.

6. Cure of HIV infection by cord blood transplantation

The application of the highly active antiretroviral therapy (HAART) has significantly im-
proved the survival of HIV-infected patient and converted HIV infection into a chronic but
mostly nonlethal disease for those patients who can afford and tolerate HAART in developed
countries. Though significantly improving HIV treatment and patient survival, HAART alone
is not sufficient to remove the virus in the long term, with rebound expected without contin-
uous HAART treatment due to the long half-life of latent infected cells [72]. HAART cannot
cure patients of HIV infection as clinically undetectable plasma viremia may only be achieved
by life-long treatment with serious side effects and risks of viral rebound whenever treatment
is interrupted. The reservoir of latent HIV provirus persists in patients’ latent infected CD4+
T cells even with continued HAART and remains the major obstacle in achieving functional
cure for HIV despite the countless efforts to eliminate it. Compared with HIV-negative people,
HIV-infected patients are more prone to hematological malignancies including Hodgkin
disease (HD) and non-Hodgkin lymphoma (NHL) [73]. Hence, to optimize the life expectancy
and quality of life, and to reduce the economic burden of patients, actual cure of HIV is always
preferable. Abbreviated life expectancy, high costs, serious chronic side effects and patient
noncompliance of HAART therapy drives the search for a HIV cure. Due to existing techniques
in leukemia treatment, HSCT has been investigated as a favorable approach to eliminate the
HIV virus reservoir while also curing concomitant malignant diseases in the same patient.

The first clinical attempt to use allogeneic HSCT for cure of HIV infection was performed by
Hassett et al. [74]. The patient did not improve clinically, and the immunological status
remained stable or worsened. Retrospective analysis of reported cases by Hütter and Zaia [75]
showed negligible differences between HIV-positive and HIV-negative patients following
allogeneic HSCT. Such results are to be expected as HIV produced by the latently infected host
cells that survive the allogeneic HSCT re-infects the newly engrafted donor immune system.
HAART administration during and following allogeneic HSCT did not change the clinical
course, and HIV in all eight patients in these seven reports who discontinued HAART after
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HSCT rebounded in just a couple of days [76]. Of these, two patients from the Brigham &
Women's Hospital were reported initially to be negative for HIV using the most sensitive
techniques available following unrelated donor 10/12 HLA-matched HSCT. Unfortunately,
after HAART suspension, the virus rebounded in both patients within a few weeks. Without
the continued antiretroviral treatment, patients show viral rebound quickly and thus were not
functionally cured of HIV. In the study by Henrich et al., two patients received allogeneic HSCT
from wild-type chemokine receptor 5 (CCR5) donors and were both reported to be free of
detectable virus [77]. However, when HAART treatment was interrupted, viral RNA and
proviral DNA became positive again 12 and 32 weeks later [78]. Taken together, these attempts
appear to indicate that allogeneic HSCT alone is insufficient to eradicate HIV-1 infection.

As CCR5 is a required co-receptor with CD4 for entry of HIV-1 CCR5-tropic strains, and the
mutated form of CCR5 with a 32bp deletion (CCR5-Δ32 mutation) provides resistance to the
CCR5-tropic strains of HIV-1 in people homozygous for such mutation [79], Chow reasoned
that HSCT with CCR5-Δ32/Δ32 donor will confer such resistance to recipients after developing
complete donor chimerism, and if such recipients happen to be HIV-infected and contain only
or predominantly CCR5-tropic viruses, such patients may be cured of their HIV infection. In
2001, Chow et al. were the first to propose the use of CCR5-Δ32/Δ32 donor HSCT to cure HIV
infection and went on to file a patent application on the concept [80]. In vitro, CD4 cells from
people homozygous for CCR5-Δ32 are highly resistant to infection by CCR5-tropic HIV-1, the
dominant strains in vivo [81]. Even HIV-infected patients with heterozygous CCR5-Δ32
mutation genotype appear to derive partial benefits in the form of slower progression to
acquired immunodeficiency syndrome status [82, 83].

Chow's approach was subsequently validated by Hütter et al. several years later [84]. This HIV-
infected patient, now known commonly as the “Berlin patient,” became the first and only
known case in which a HIV-infected patient was functionally cured of HIV infection and
survived [85]. Dr. Hütter later acknowledged that the technology first disclosed by Chow et
al. in their 2001 U.S. patent application #09/998,832 [80] and subsequently in U.S. patent
application 2003/0099621 AI was the basis for the Berlin patient cure [10, 86–88], when he wrote
“…in 2001, R. Chow, founder of StemCyte, Inc., applied for a patent to screen allogeneic stem
cell donors for a beneficial gene with which to treat HIV infection (U.S. patent 2003/0099621
AI).” [88]. The Berlin patient was diagnosed with acute myeloid leukemia and HIV infection
and received an initial HSCT from an adult donor homozygous for the CCR5-Δ32 mutation.
The patient's leukemia subsequently relapsed, prompting a re-transplantation with graft from
the same donor. To this date, since the first transplantation, the patient has been free of HIV-1
infection by viral RNA load or proviral DNA in peripheral blood, gut, liver and brain tissue
samples, even though HAART was stopped during and after the first HSCT. The Berlin patient
achieved complete chimerism with homozygous CCR5-Δ32 genotype in his peripheral blood
monocytes after initial transplantation, and subsequently, after re-transplantation with the
same donor after leukemia relapse. With the absence of antiretroviral treatment for more than
8 years, viral RNA or proviral DNA has been undetectable in various tissues even with the
most sensitive techniques and has shown a complete clinical remission of HIV infection [76,
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86]. Although the case of the Berlin patient sheds light on one approach of curing HIV infection,
this result has not been easy to replicate on a large scale to date.

To expand on the success of the Berlin patient, Petz and Chow reasoned that the odds of finding
a 10/12 HLA A/B/C/DR/DP/DQ-matched adult donor who is also homozygous for the CCR5-
Δ32 genotype is several logs more difficult than the probability of a 4/12 HLA A/B/C/DR/DP/
DQ (matched for HLA A/B/DR loci only)-matched donor CB with the CCR5-Δ32/Δ32 geno-
type [87, 89, 90]. Starting in 2001, in collaboration with John Zaia, Joseph Rosenthal, John Rossi
and Stephen Forman of City of Hope, Chow and Petz started screening StemCyte's CB
inventory for the homozygous CCR5-Δ32/Δ32 and heterozygous CCR5-Δ32 genotypes. As
Hütter et al. commented in 2011 “…Chows’ group built a database with over 10,000 cord blood
units, genotyped for the CCR5-delta32 deletion [10].” By 2007, Chow, Petz and City of Hope
investigators started to plan for a clinical trial with Yvonne Bryson, Ron Mitsuyasu, Mary
Territo, Ted Moore and Tempe Chen from UCLA [90]. By 2009/2010, the CB inventory screening
process was expanded to include additional CB banks, and probability of finding matched CB
units at various HLA match level and cell doses was calculated with the assistance of the
National Marrow Donor Program [87]. By 2013, 180 CCR5-Δ32/Δ32 CB units have been
identified [89].

To demonstrate the feasibility of CCR5-Δ32/Δ32 CBT to prevent HIV infection in an in vitro
model, Petz et al. reported a case when a HIV-negative adult with acute myelogenous leukemia
received CCR5-Δ32/Δ32 CBT [87], who engrafted showing complete donor chimerism. In vitro
HIV infectivity tests were performed using the patient's engrafted CCR5-Δ32/Δ32 peripheral
blood mononuclear cells (PBMCs) challenged with both CCR5-tropic and CXCR4-tropic HIV
laboratory strains (BAL and NL4-3). Both viral strains showed no replication activities when
cultured with the patient's engrafted CCR5-Δ32/Δ32 PBMCs, but exhibited robust replication
with PBMC from control wild-type (WT) CCR5 or heterozygote CCR5/CCR5-Δ32 individuals,
thus demonstrating resistance to HIV-1 of CBT derived donor PBMCs. These in vitro results
further support the feasibility of curing HIV by CCR5-Δ32/Δ32 CBT.

Table 4 highlights the eight cases of using homozygous CCR5-Δ32/Δ32 donor HSCT per-
formed up to 2014, with five using adult donors and three using CB plus or minus a second
graft. Except for the two patients performed in Berlin (the Berlin patient and one patient with
yet unpublished outcome), all have expired [91]. In the three adult donor cases performed
outside of Berlin, one died from infection after 4 months and one from pneumonia shortly post-
transplantation. In the last case, CXCR4-tropic virus rebounded after transplantation [92] and
the patient expired from Non-Hodgkin's Lymphoma relapse after 12 months. Prior to trans-
plantation, the patient appeared to have mixtures of CCR5-tropic and CXCR4-tropic viruses,
though HAART therapy prior to transplantation caused a shift to predominantly CCR5-tropic
viruses. CXCR4-tropic viruses emerged as the dominant viral type after HSCT probably as a
result of the selection in the absence of functional CCR5 receptor. Though rebound occurred
with HIV with alternative tropism, this case confirms the effectiveness of the CCR5-Δ32/Δ32
blockade of CCR5-tropic virus cell entry. Moreover, the emergence of viruses using alternative
co-receptors does not negate the possibility of a sterilization cure using this approach of

Umbilical Cord Blood Banking for Clinical Application and Regenerative Medicine198



86]. Although the case of the Berlin patient sheds light on one approach of curing HIV infection,
this result has not been easy to replicate on a large scale to date.

To expand on the success of the Berlin patient, Petz and Chow reasoned that the odds of finding
a 10/12 HLA A/B/C/DR/DP/DQ-matched adult donor who is also homozygous for the CCR5-
Δ32 genotype is several logs more difficult than the probability of a 4/12 HLA A/B/C/DR/DP/
DQ (matched for HLA A/B/DR loci only)-matched donor CB with the CCR5-Δ32/Δ32 geno-
type [87, 89, 90]. Starting in 2001, in collaboration with John Zaia, Joseph Rosenthal, John Rossi
and Stephen Forman of City of Hope, Chow and Petz started screening StemCyte's CB
inventory for the homozygous CCR5-Δ32/Δ32 and heterozygous CCR5-Δ32 genotypes. As
Hütter et al. commented in 2011 “…Chows’ group built a database with over 10,000 cord blood
units, genotyped for the CCR5-delta32 deletion [10].” By 2007, Chow, Petz and City of Hope
investigators started to plan for a clinical trial with Yvonne Bryson, Ron Mitsuyasu, Mary
Territo, Ted Moore and Tempe Chen from UCLA [90]. By 2009/2010, the CB inventory screening
process was expanded to include additional CB banks, and probability of finding matched CB
units at various HLA match level and cell doses was calculated with the assistance of the
National Marrow Donor Program [87]. By 2013, 180 CCR5-Δ32/Δ32 CB units have been
identified [89].

To demonstrate the feasibility of CCR5-Δ32/Δ32 CBT to prevent HIV infection in an in vitro
model, Petz et al. reported a case when a HIV-negative adult with acute myelogenous leukemia
received CCR5-Δ32/Δ32 CBT [87], who engrafted showing complete donor chimerism. In vitro
HIV infectivity tests were performed using the patient's engrafted CCR5-Δ32/Δ32 peripheral
blood mononuclear cells (PBMCs) challenged with both CCR5-tropic and CXCR4-tropic HIV
laboratory strains (BAL and NL4-3). Both viral strains showed no replication activities when
cultured with the patient's engrafted CCR5-Δ32/Δ32 PBMCs, but exhibited robust replication
with PBMC from control wild-type (WT) CCR5 or heterozygote CCR5/CCR5-Δ32 individuals,
thus demonstrating resistance to HIV-1 of CBT derived donor PBMCs. These in vitro results
further support the feasibility of curing HIV by CCR5-Δ32/Δ32 CBT.

Table 4 highlights the eight cases of using homozygous CCR5-Δ32/Δ32 donor HSCT per-
formed up to 2014, with five using adult donors and three using CB plus or minus a second
graft. Except for the two patients performed in Berlin (the Berlin patient and one patient with
yet unpublished outcome), all have expired [91]. In the three adult donor cases performed
outside of Berlin, one died from infection after 4 months and one from pneumonia shortly post-
transplantation. In the last case, CXCR4-tropic virus rebounded after transplantation [92] and
the patient expired from Non-Hodgkin's Lymphoma relapse after 12 months. Prior to trans-
plantation, the patient appeared to have mixtures of CCR5-tropic and CXCR4-tropic viruses,
though HAART therapy prior to transplantation caused a shift to predominantly CCR5-tropic
viruses. CXCR4-tropic viruses emerged as the dominant viral type after HSCT probably as a
result of the selection in the absence of functional CCR5 receptor. Though rebound occurred
with HIV with alternative tropism, this case confirms the effectiveness of the CCR5-Δ32/Δ32
blockade of CCR5-tropic virus cell entry. Moreover, the emergence of viruses using alternative
co-receptors does not negate the possibility of a sterilization cure using this approach of

Umbilical Cord Blood Banking for Clinical Application and Regenerative Medicine198

patients infected predominantly with CCR5-tropic HIV, since it was the only case out of seven
with known outcome where viral tropism switch occurred.

Transplant center Adult donor graft

cases 

Patient

age

Concomitant

indication

Clinical outcome after transplantation

Berlin, Germany

2009

HLA-matched

unrelated

40 AML Alive after 8 years; no viral rebound without

ART [10, 75–76, 84–91]

Munster,

Germany

HLA-mismatched

unrelated

51 NHL Died from infection after 4 months [91]

Essen, Germany HLA-matched

unrelated

27 NHL HAART discontinued after HSCT. CXCR4-

tropic HIV–1 rebound, died from NHL relapse

after 12 months [91–94]

Santiago, Chile HLA-matched

related

46 NHL Died from pneumonia shortly post-transplant

[91]

Berlin, Germany

2015

NA NA NA NA [76, 91]

CB donor graft cases

Utrecht, the

Netherlands

CB + Haploidentical

graft

53 MDS HAART continued after HSCT. Died from

MDS relapse and pneumonia after 2 months

[91, 93, 94]

Minneapolis,

USA

CB Alone 12 ALL No viral rebound. Died from leukemia/GvHD

after 3 months [76, 91]

Barcelona, Spain CB + haploidentical

graft

37 NHL Died from relapse of non-Hodgin's lymphoma

after 3 months. No viral rebound prior to death

[91, 95–96]

CB = cord blood; AML = acute myelogenous leukemia; MDS = myelodysplastic syndrome; NHL = non-Hodgkin's
lymphoma; ALL = acute lymphoblastic leukemia; ART = anti-retroviral therapy; GvHD = graft-versus-host disease.
Note: One more CCR5-Δ32/Δ32 Donor HSCT was performed on a non-HIV-infected patient [87].

Table 4. CCR5-Δ32/Δ32 donor HSCT performed on HIV-infected patients up to 2014 [10, 75–76, 84–96].

In the three cases where CBT was employed with a CCR5-Δ32/Δ32 CB graft, one was a single
CBT, with this Minneapolis patient expiring from GvHD after 3 months [91]. In the other two
cases (the Barcelona and Dutch patients), both patients died from disease relapse prior to the
fourth month, with the Dutch patient also suffering from pneumonia [91, 93, 94].

The Barcelona case was a 37-year-old HIV-1-infected patient with aggressive lymphoma who
failed after five rounds of radiochemotherapy and an autologous HSCT. In the absence of a
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matched sibling donor, the patient received an allogeneic 4/6 HLA A/B/DR-matched unrelated
donor CCR5-Δ32/Δ32 CB product from the StemCyte inventory, supplemented with purified
CD34+ cells from a haploidentical sibling [95, 96]. By genotypic and phenotypic analysis, the
Barcelona patient's HIV strain was CCR5-tropic, with 2.1 copies of replication competent HIV
per 107 CD4 T cells and 303 copies per ml enumerated by single copy assay. After HSCT with
CCR5-Δ32/Δ32 CB and haploidentical sibling donor purified CD34+ cells, plasma HIV DNA
load was confirmed to be undetectable using ultrasensitive analysis. Upon reaching full
chimerism with the CB donor, the patient's engrafted CCR5-Δ32/Δ32 CD4 T cells responded
to proliferation and activation stimuli in vitro but was resistant to infection by the patient's
viral isolate and laboratory strains. Unfortunately, death related to lymphoma progression
prevented long-term monitoring of the patient's status; however, this case shows the potential
promise and utility of CCR5-Δ32/Δ32 CBT in curing HIV if the patient was infected with CCR5-
tropic virus [96].

Despite incredible worldwide attention and many attempts to replicate the success of the Berlin
patient, why has there been no other successful cured long-term survivors reported to date?
For one, HSCT is a highly risky procedure, with expected worse survival in advanced cases of
malignancies. Malignancy is a feature which all of these seven cases share [91]. Four of the six
cases expired because of or partially due to relapses from their malignant conditions. The other
cases died from infection or pneumonia—all common causes of post-transplant mortalities.
Only one case out of eight reported viral rebound, albeit with virus of a different tropism which
already existed in the patient prior to transplantation, perhaps indicating that viral rebound
through tropism switch is not as easy as one might hypothesize [92].

Currently, the most important barrier to having a large CCR5-Δ32/Δ32 adult donor or CB
inventory is the expense and logistical difficulties of screening millions of adult donors or
hundreds of thousands of CB archival samples. The 26,000 StemCyte CB units, 10,000 CB units
from the M.D. Anderson bank and 8000 adult donors tested in the German Red Cross Donor
Registry represent the largest repositories screened for CCR5-Δ32/Δ32 genotypes to date. As
such, the current availability of HLA-matched CCR5-Δ32/Δ32 homozygous donors is still
extremely limited. The frequency of homozygous CCR5-Δ32 is around 1% in Caucasians, even
less in the Middle East and 0% or almost 0 in Africa and in Asian countries like Taiwan, China
and Japan [75, 87]. The requirement for rigorous co-selection of both suitable HLA matches
and CCR5-Δ32/Δ32 genotypes leads to difficulties in finding appropriate adult donors to treat
HIV infection with hematopoietic stem cells from adult donors. Cord blood, however, can
tolerate 1 or 2 HLA A/B/DR mismatches and does not necessarily need HLA matches for HLA
C/DP/DQ loci; therefore, a CCR5-Δ32/Δ32 CB inventory gives rise to a higher probability of
finding a suitable CCR5-Δ32/Δ32 CB unit for individual patients [87, 97]. Instead of needing
to find a 10/12 HLA A/B/C/DR/DP/DQ match for homozygous CCR5-Δ32/Δ32 adult donors,
the chances of a 4/12 A/B/C/DR/DP/DQ homozygous CCR5-Δ32/Δ32 CB donor unit are several
logs easier, despite the cell dose limitations of CB products and the smaller sizes of CB
inventories compared to bone marrow registries worldwide. In fact, the difficulties in the
logistics and incredible cost barriers of screening tens of millions of adult donors for the CCR5-
Δ32/Δ32 genotype cannot be over-emphasized. In contrast, with readily available archived
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samples and smaller inventories to screen, screening CB banks’ products is an easier and less
expensive proposition. Moreover, the fact that CB banks are cryopreserved physical invento-
ries instead of a virtual database allows for easier construction of large banks of genotyped
and infectious and genetic disease-screened samples, perpetually available for immediate
shipping and transplantation with no possibility of donor refusal.

To explore the potential of CB stem cells as a more accessible source for curing HIV through
HSCT, starting in 2001, working with City of Hope, Chow and Petz started screening for CCR5-
Δ32/Δ32 genotypes of ∼18,000 Caucasian and ∼8000 Asian CB units and identified 134
Caucasian and 0 Asian CB units with the CCR5-Δ32/Δ32 genotype from StemCyte Interna-
tional Cord Blood Center [87]. During the last few years, additional CB inventories from other
cooperating CB banks are being tested, and the CCR5-Δ32/Δ32 unit number has grown to ∼180
by 2013 [89] with the hope of increasing the inventory to at least 300 CCR5-Δ32/Δ32 CB units
[87]. Studies have shown that the engraftment and survival of CBT recipient are highly
dependent on the number of nucleated and CD34+ cells. The most commonly accepted
threshold for TNC dose is 2.5 × 107 nucleated cells/kg recipient body weight, but this number
may not be achieved by all CB units collected, especially for adult patients. Delayed engraft-
ment and immune reconstitution are observed with CBT due to the low progenitor cell
numbers in CB products. With a theoretical inventory of over 300 CCR5-Δ32/Δ32 cryopre-
served units, working with the NMDP bioinformatics team, it has been predicted that the ≥4/6
HLA match rate would be 73.6% for Caucasian pediatric patients (younger than age of 16) at
the minimal TNC dose of 2.5 × 107 nucleated cells/kg recipient body weight. Far lower rates at
≥ 4/6 HLA match are found for adult patients (16 years or older) of all race groups at this
minimal TNC dose of 2.5×107 nucleated cells/kg recipient body weight – 27.9% for Caucasian,
2.7% for Chinese-American, 9.9% for African-American, and 14% for Mexican American. To
overcome the problems of insufficient cell dose with CBT, double and sequential CBT methods
have been developed to overcome this restraint, expand the access of CBT to patients and
improve transplantation outcomes [98–100]. With the option of double CBT, the minimum
number of nucleated cells necessary for successful transplant drops to a minimal TNC of 1.0 
× 107 nucleated cells/kg for each CB unit and 2.5 × 107 nucleated cells/kg for the combined cell
dose, thus allowing more patients, especially adult and heavier pediatric patients, to have the
access to suitable CB donors [100]. According to Petz et al., the rate of finding 4/6 HLA-matched
units can reach 85.6% for Caucasian pediatric patients and 82.1% for Caucasian adults, when
only 1.0 × 107 nucleated cells/kg is applied as the selection criteria [87].

Unfortunately, the possibility of finding two 4/6 HLA-matched CB products for double CBT
for a single HIV-infected patient out of a small 300 CCR5-Δ32/Δ32 CB unit inventory is also
remote. Since that probability approximates zero, to reach a combined TNC of 2.5 × 107

nucleated cells/kg is essentially the same as just using a single CB unit with TNC of 2.5 × 107

nucleated cells/kg. As you can see from Table 5, as such, the chances of a double CBT with
both CB units being homozygous for the CCR5-Δ32 mutation and with combined TNC ≥2.5 
× 107 are expected to be similar to the probability of finding a single homozygous CCR5-Δ32/
Δ32 CB unit with TNC ≥2.5 × 107 projected by Petz et al. [87].
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Double CCR5‐Δ32/Δ32 CBT CCR5‐Δ32/Δ32 CBT + WT CCR5 OR CCR5/
CCR5‐Δ32 CBT OR Haploidentical Adult
Donor Transplant

Adult patients @
combined CCR5‐
Δ32/Δ32 CB TNC
≥2.5 × 107

Pediatric patients @
combined CCR5‐
Δ32/Δ32 CB TNC
≥2.5 × 107

Adult patients @
CCR5‐Δ32/Δ32 CB
TNC ≥1.0 × 107

Pediatric patients @
CCR5‐Δ32/Δ32 CB
TNC ≥1.0 × 107

Caucasians

6/6 HLA A/B/DR matches  ∼0.01% ∼0.01% 0.09% 1.01%

≥5/6 HLA A/B/DR matches ∼4.5% ∼10.6% 10.7% 10.8%

≥4/6 HLA A/B/DR matches ∼27.9% ∼73.6% 82.1% 85.6%

Chinese American 

≥4/6 HLA A/B/DR matches ∼2.7% ∼12.3% 13.9% 15.7%

African American 

≥4/6 HLA A/B/DR matches ∼9.9% ∼28.6% 31.6% 34.1%

Mexican American 

≥4/6 HLA A/B/DR matches ∼14% ∼44.1% 48.9% 52.5%

Adapted from Petz et al. [87].

Table 5. Projected match rate with an inventory of 300 CCR5-Δ32/Δ32 cord blood units using double CCR5-Δ32/Δ32
cord blood transplantation strategy versus the CCR5-Δ32/Δ32 Cord blood + bridging CCR5 or CCR5/CCR5-Δ32 cord
blood or haploidentical donor strategy.

Instead of homozygous CCR5-Δ32/Δ32 double CBT, we and others have proposed alternative
“bridging” strategies. If a single CCR5-Δ32/Δ32 CB unit does not meet the ideal 2.5 × 107

nucleated cells/kg recipient body weight cell dose threshold, a second CB unit with either wild-
type (WT) CCR5 or heterozygous CCR5/CCR5-Δ32 donor may be used in a double CB
transplant (“the CCR5-Δ32/Δ32 CB + CCR5 CB OR CCR5-Δ32/Δ32 CB + CCR5/CCR5-Δ32 CB
double CBT strategy”). Alternatively, it is possible to combine the first homozygous CCR5-
Δ32/Δ32 CB product with a bridging haploidentical adult donor with wild-type CCR5 or
heterozygote CCR5/CCR5-Δ32 genotype as a second graft to “bridge” the patient until the
homozygous CCR5-Δ32/Δ32 CB unit has engrafted (“the CCR5-Δ32/Δ32 CB + haploidentical
CCR5 donor OR CCR5-Δ32/Δ32 CB + CCR5/CCR5-Δ32 haploidentical adult donor strategy”)
[76, 91, 94, 101]. This was the strategy tried for the Barcelona and Dutch patients [93, 94, 96].
The hope is that the survival advantage of CCR5-Δ32/Δ32 CB against HIV infection and lysis
of wild-type CCR5 or heterozygote cells would enable the homozygous CCR5-Δ32/Δ32 donor
CB to prevail over the wild-type CCR5 or heterozygous CCR5/CCR5-Δ32 CB or haploidentical
adult graft eventually. Since wild-type CCR5 or heterozygote CCR5 donors are readily
available, this strategy will yield far higher probability of finding a match since only TNC ≥1.0 
× 107 /kg is required for the first homozygous CCR5-Δ32/Δ32 CB product. As seen in Table 5,
the effect of just requiring TNC ≥1.0 × 107/kg for the first homozygous CCR5-Δ32/Δ32 cord
blood product resulted in a much higher match rate for adult patients—27.9 to 82.1% for
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Caucasians, 2.7 to 13.9% for Chinese Americans, 9.9 to 31.6% for African Americans and 14 to
48.9% for Mexican Americans. Moreover, if this strategy is combined with Chow's MaxCell
CB processing technologies and no-wash direct infusion strategy, then the probability of
finding a CCR5-Δ32/Δ32 CB product with higher cell dose further increases [1, 8].

Instead of having HIV-infected patients search for matched donor CCR5-Δ32/Δ32 CB, the more
efficient strategy may be for the limited CCR5-Δ32/Δ32 donor inventory to find matched HIV
patients who have concomitant transplant indications [1]. In this scenario, instead of having
HIV-infected patients searching for CCR5-Δ32/Δ32 donors, it is possible to reverse the process
and have the HLA type CCR5-Δ32/Δ32 CB or adult donors database, look for HIV-infected
individuals with transplant indications who have suitable HLA matches among the CCR5-
Δ32/Δ32 inventory. The math of a patient looking for a graft and a graft looking for a patient
is the same, just in the opposite directions; however, this allows targeted CCR5 genotype
screening of HIV patients who are in need of a HSCT [1].

Overall, HSCT has the potential to accomplish functional or sterilization cure of HIV patients
and would be especially valuable to HIV patients with hematological malignancy, which may
cure both indications with the same HSCT. Cord blood could be a more accessible alternative
to HLA-matched adult donor for curing HIV infection through HSCT, even though more
clinical trials on HIV patients would be necessary to establish the efficacy in eradicating HIV
infection for both adult donor HSCT and CBT. Due to the difficulties of co-selecting for units
with ≥4/6 HLA A/B/DR matches, suitable nucleated or CD34+ cell doses and the CCR5-Δ32/
Δ32 genotype, innovative strategies such as (1) double grafts combining a homozygous CCR5-
Δ32/Δ32 CB with either another wild-type or CCR5/CCR5-Δ32 heterozygote graft, (2) com-
bined with MaxCell CB processing and thawing technologies that yield higher cell doses and
(3) the employment of the reverse strategy of looking for matched HIV patients in need of
HSCT, can be helpful in expanding the utility of the CCR5/CCR5-Δ32 CB inventory for viable
transplantation. Actively screening for more CCR5-Δ32 homozygous CB units, establishment
of more comprehensive HIV-infected patient HLA type database and the application of double
CBT or bridging strategies would eventually allow more HIV-infected patients find suitable
units for transplantation.

7. Cure of autoimmune diseases by cord blood transplantation

Although many patients with autoimmune diseases (AD) can have a relatively normal life
expectancy with treatment, some patients with severe, progressive and therapy-refractory
autoimmunity require more than medication. Patients with systemic sclerosis (SSc), for
example, have shown disappointing results in prospective randomized trials of almost all
therapeutic agents reported [102]; therefore, HSCT, both autologous and allogeneic, has been
proposed as an effective potential treatment for such patients.

The basis for autologous HSCT for AD is the immune system reset by the generation of fresh
self-tolerant lymphocytes after chemotherapy-induced elimination of self or auto-reactive
lymphocytes. Elimination of auto-reactive T-effector cells, long-living plasma cells and
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antigen-presenting cells as well as increased T-regulatory cells, restoration of thymic function,
normalization of T-receptor repertoire, reduced auto-antibodies and long-lasting lymphopenia
are the intended effects of autologous HSCT for AD [103]. Autologous HSCT carries the risk
that if the basic defect of the AD is in the stem cell, the autoimmunity will probably recur after
autologous HSCT; however, if the primary defect is an aberrant immune response to an
acquired, for example, viral antigen, or self-antigen, there is a theoretical possibility that
tolerance may be acquired in the newly reconstituted autologous immune system—assuming
ablation of the offending memory cells.

Autologous HSCT has been applied to treat severe autoimmune diseases (SAD) since 1996
[104], when some of the first autologous transplants specifically for AD were performed by
Tyndall and colleagues [105]. Autologous HSCT for AD is based on the elimination of auto-
reactive effectors through potent immunosuppressive conditioning followed by subsequent
regeneration of self-tolerated lymphocytes capable of “resetting” the immune system. This
approach has been recognized to induce remission for some patients with various AD,
including SSc, systemic lupus erythematosus (SLE), multiple sclerosis (MS), rheumatoid
arthritis (RA), adjuvant arthritis and severe Crohn's disease [104–112]. Multiple sclerosis has
been the main indication for autologous HSCT, along with SLE, therapy-refractory Crohn's,
vasculitis, autoimmune cytopenia, diabetes mellitus type 1, polyarthritis, adults with rheu-
matoid arthritis and children with juvenile idiopathic arthritis; however, RA relapse is
frequent [103]. According to the data from European Group for Blood and Marrow Trans-
plantation (EBMT) registry from 1996 to 2007, the 5-year OS was 85% among the 900 patients
who underwent autologous HSCT for AD; however, the 5-year progression-free survival (PFS)
was only 43% [104]. Even lower values, 33% for 5-year PFS (78% for 5-year OS), were reported
by the British Society of Blood and Marrow Transplantation (BSBMT) data registry for 1997–
2009 [113]. Although these studies proved the relative safety of autologous HSCT, the fact that
more than half of the patients suffered from disease relapse is unsatisfactory. This was
especially problematic for patients with RA, with a 3-year PFS of only 23% despite its high 3-
year OS of 98% [104]. This tendency to relapse was also confirmed in the report from Snowden
et al. [111]. With data from both EBMT and Autologous Blood and Marrow Transplant Registry
(ABMTR), Snowden suggested that the majority of RA patients experienced a reactivation of
the disease eventually and required the re-introduction of immunosuppressive drugs. Though
somewhat better than RA, autologous HSCT for other ADs is also hampered by disease
progression or relapse, showing unimpressive 3-year PFS ranging from 34 to 63% [104]. Illei
and colleagues suggested that the reactivation of lupus is a major contributing factor to the
deaths of SLE patients after autologous HSCT treatment [114]. Similar association between
autologous HSCT and relapse was also identified with SSc patients [115]. T cell depletion has
been proposed to be a relapse-preventing strategy in several clinical trials; however, no
significant improvement in either OS or PFS has been observed [104]. The unavoidable high
recurrence rate, together with the elevated risks of stem collection procedures on AD patients
themselves, lead to increased adverse events or even mortality of patients.

Compared to autologous HSCT, which only produces sustained responses in 30–40% patients,
allogeneic HSCT can achieve sustained response in 60–70% patients [113]. Allogeneic HSCT,
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which does not need stem cell collection from the patient and is less prone to disease relapse,
is therefore considered higher GvHD and TRM risk, but may produce more favorable long-
term results with AD relapse. In fact, evidence for the potential of HSCT to cure or ameliorate
AD comes from many cases when patients undergo allogeneic HSCT for another indication
with coincident AD, such as RA, psoriasis, psoriatic arthritis and ulcerative colitis, with the
AD often in remission post-transplant. Moreover, the converse observation has also been
reported, that is, passive transfer of AD from the donor graft through allogeneic HSCT,
including myasthenia gravis, Graves’ disease and autoimmune diabetes mellitus.

In all but one of the cases reporting the use of allogeneic HSCT for concomitant AD, the donor
was an HLA-identical sibling. Therefore, one possible explanation for recurrence of the AD
may be the presence of shared genetic factors between the related donors and recipients.
Another possible explanation is the persistence of host immune cells resulting in recurrence
of disease activity. These case reports, although small in number, were important in establish-
ing our understanding of the potential role of allogeneic HSCT for treatment of patients with
severe autoimmune diseases.

The failure of autologous HSCT to cure spontaneous-onset AD and to maintain long-term
regression could be due to the incomplete elimination of self-responsive memory T cells and
B cells. While the conditioning regimes through chemotherapy or irradiation are unable to
eradicate every single memory lymphocyte, complete immune ablation can be achieved by
allogeneic HSCT via combined effects of immune system replacement and graft-versus-
autoimmunity (GVA) effect [116]. In allogeneic HSCT, the host auto-reactive immune system
is replaced by the donors’ non-auto-reactive, but potentially alloreactive cells. Therefore,
alloreactive donor lymphocytes can undergo a GVA process similar to the graft-versus-
leukemia (GVL) effect or GvHD and attack the residual self-reactive host effectors [116, 117].
Thus, the biggest problem with allogeneic adult donor HSCT for AD is GvHD. In fact, several
cases of complete donor chimerism after adult donor HSCT cured the patients’ AD, but were
accompanied by severe acute or chronic GvHD post-transplant [118, 119]. In contrast, cases of
mixed chimerism, which sometimes occurs with reduced intensity or non-myeloablative
conditioning regimens, often exhibit mild and sometimes no GvHD [120–122]. Despite the
differences in the conditioning regimen used by the different groups, many patients treated
with allogeneic HSCT have shown sustained remission to AD and amelioration of symptoms,
and among patients with severe treatment-refractory ADs, the response rate was higher than
75% [123]. With reduced intensity conditioning, the adverse effects and treatment toxicity
observed in myeloablative autologous HSCT could be reduced [107]. However, relatively high
transplant-related mortality (22.1% at 2 years and 33.7% at 5 years) and GvHD remain as the
biggest challenges to allogeneic HSCT for AD [123]; yet, the 5-year OS for allogeneic HSCT is
not significantly different than the 78% 5-year OS for autologous HSCT reported by the
BSBMT [113], but appears to be lower than the 85% OS for autologous HSCT reported by the
EMBT [104].

To minimize the risks of GvHD with allogeneic HSCT for AD, there are emerging interests in
using CB as the alternative source of stem cells to the traditionally used (or simply “tradition-
al”) adult stem cell sources of bone marrow (BM) and peripheral blood (PB). While tolerating
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far greater degrees of HLA mismatch, CBT is still associated with lower incidences and severity
of acute and chronic GvHD than HSCT from adult donors [124]. According to the recent study
of 143 patients in 2010, the rate of grade II or higher GvHD is only 9% among HLA-matched
(n = 60) and 50% among HLA-mismatched (n = 18) patients [125]. Being less mature than stem
cells from adult grafts, CB stem cells show lower alloreactivity and immunogenicity without
increasing long-term relapse incidences [126]. Moreover, CB has other advantages including
low contamination rate, easy storage and immediate accessibility via cryopreservation [125].

Together with its relatively lenient requirement for HLA matching, CB has been used com-
monly as an alternative source for transplantation. Indeed, one of the first cases to treat AD
with CBT was performed due to lack of HLA-matched, appropriate adult stem cell source
[127]. Raetz and colleagues performed myeloablative conditioning HSCT on a 5-year-old boy
with severe Evans syndrome, which consists of immune thrombocytopenia and Coombs-
positive hemolytic anemia. The graft was a CB from an HLA-matched sibling with 3.85 × 107

nucleated cells/kg patient and 0.96 × 105 CD34+ cells/kg patient infused, leading to complete
remission. Acute GvHD prophylaxis regimen was with cyclosporine, with G-CSF initiated on
day +1. The patient engrafted with an absolute neutrophil count (ANC) greater than 0.5 × 109/
l on day +16. The following day, he developed symptoms of acute GvHD, with temperatures
of up to 40°C, skin rash that on biopsy was consistent with GvHD and severe pulmonary
insufficiency. He was intubated for 2 days and treated with high-dose steroids, with rapid
resolution of symptoms. Platelet engraftment was delayed, with sustained platelets greater
than 30 × 109/l by day +170. He was platelet independent from day +240 and RBC independent
from day +210. Reevaluation of his RBC antibody status revealed a DAT that was only
microscopically positive by day +20 and negative on day +286. Anti-platelet antibodies were
negative on day +115 and day +176. He had no evidence of response with cyclosporine pre-
transplant and no evidence of disease recurrence 2 months after discontinuation of cyclospor-
ine and 4 months after discontinuation of prednisone. At the time of death, the patient was off
all immunosuppression and had complete resolution of his autoimmune disease. However,
the patient died unexpectedly from acute hepatic failure 9 months after transplantation [127].

Itamura et al. reported another case for a 48-year-old female patient with RA [128], who was
subsequently diagnosed as having autoimmune hemolytic anemia (AIHA). Four months after
the diagnosis of AIHA, she suddenly developed hemophagocytic syndrome (HPS) with
disseminated intravascular coagulation (DIC) and Staphylococcus aureus bacteremia. Her HPS
transiently improved after treatment, but relapsed 3 weeks later. Without an immediately
available related adult donor, an unrelated donor CB graft was used for HSCT. The patient had
HLA antibodies against multiple HLA class I antigens; however, the CB unit did not express
HLA antigens reactive to her HLA antibodies and contained sufficient cell dose. HLA type of
the CB graft was A*02:06/A*11:01, B*40:06/B*67:01, DRB1*09:01/DRB1*16:02 and that of the
recipient was A*11:01/A*26:02, B*40:06/B*67:01, DRB1*09:01/DRB1*16:02. Four months after
the onset of HPS, she received a CBT following a conditioning regimen of melphalan (40 
mg/m2/day 2 days), fludarabine (25 mg/m2/day 5 days) and total-body irradiation. Tacrolimus
was used for the prophylaxis of GvHD. Engraftment of neutrophils ANC500 and platelets 20K
occurred on days 14 and 32, respectively. Bone marrow examination on day 60 showed
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complete donor-type chimerism by short tandem repeat-polymerase chain reaction and no
evidence of HPS. EBV-DNA load was under the detectable limit. Post-transplant, the patient
was not only cured for HPS, but also showed marked amelioration of preexisting RA and
AIHA [128].

Others have performed unrelated donor CBT for AD, including at least two pediatric cases of
scleroderma and systemic sclerosis where MaxCell CB products were provided by the
StemCyte CB bank founded by the corresponding author. Both cases were performed at the
same transplant center; however, the attending transplant physician relocated to a different
hospital subsequently and both cases were lost to follow-up [R. Chow, unpublished data].
These CBT cases suggest that allogeneic CBT can potentially be a powerful tool for curing AD
without significant GvHD provided that the cell dose and HLA match is adequate.

In summary, by optimizing transplant conditions and maximizing cell dose through the use
of products manufactured by the MaxCell CB processing technologies, use of double CBT and
direct infusion without post-thaw wash, unrelated CBT has been shown in the largest patient
series of its kind to be capable of producing outstanding clinical outcome for thalassemia major,
with excellent long-term TRM, OS and DFS that rivals or approaches that of related CBT. Such
strategies may be employed to optimize unrelated donor CBT for other nonmalignant
conditions, such as HIV infection or AD. For HIV infection, optimization of cell dose may make
the difference between a HIV-resistant CB graft being eligible for HSCT, especially if in
combination with other grafts. Similarly, cell dose maximization will minimize graft failure
and TRM for CBT of AD. After the establishment of large racially and ethnically diverse CB
banks with MaxCell CB products, further CBT studies of more unrelated patients with
thalassemia, HIV infection and AD will be needed to see whether these hypotheses can be
validated and the strategies can be widely applicable.
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Abstract

Tissue Engineering (TE) is  emerging as an effective way of  curing different  tissue
oriented disorders and new tissue regeneration. Here, it has been attempted to show
that biocompatible graphene oxide nanoplatelets (GOnPs)-polymer nanocomposites
are novel materials for the fabrication of TE scaffolds for myoblast differentiation of
human umbilical cord blood derived mesenchymal stem cells (CB-hMSCs). Addition of
GOnPs in bioactive polymers like PCL (poly-caprolactone) and GO-PLGA (poly lactic
co-glycolic acid) enhances electrical conductivity and biocompatibility of the electro-
spun composite scaffolds. CB-hMSCs were used for the direct differentiation to skeletal
muscle cells (hSkMCs) on the electrospun GOnPs–PCL and GOnPs-PLGA nanocom-
posite  scaffolds.  These  scaffolds  exhibited  admirable  myoblast  differentiation,
proliferation and also promoted self-aligned myotubes formation. Moreover, IGF-1 cell
signaling pathway study carried out on GOnPs-PCL composite scaffold meshes also
showed  their  potentiality  for  excellent  myoblast  differentiation  and  proliferation.
Structural,  mechanical,  microstructural  and  vibration  spectroscopic  studies  were
carried out to characterize the scaffold materials. Significantly enhanced values of both
conductivity and dielectric constant provided favorable cues for the increase of cells-
scaffold interaction and biocompatibility of GOnPs based polymer composite scaffolds.
Present  study  confirmed  GOnPs-polymer  composite  scaffolds  as  the  potential
candidates for the myoblast differentiation of CB-hMSCs for skeletal muscle or other
tissues repair and regenerations.

Keywords: umbilical cord blood, mesenchymal stem cells, myoblast differentiation,
graphene oxide, polymer nanocomposite, electrospinning
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1. Introduction

Fabricated artificial scaffolds using suitable biomimetic substrates were found to control the
cellular behaviour and deliver appropriate cues for the differentiation and proliferation of
different  cell  types  for  tissue  engineering  (TE)  applications.  Ideal  scaffolds  directly  or
indirectly help the growth of cells because they interact with the cells. Excellent biocompati-
bility, antibacterial property and mechanical stability of the scaffolds are necessary to provide
adequate  environment  for  cell  growth  and  proliferation.  Over  the  last  decade,  various
nanomaterials (nanodiamond, graphene and carbon nanotubes) have been used along with
suitable polymer to meet the requirements of the desired scaffold materials [1].Among the
various techniques used for the fabrications of scaffolds, electrospinning drew worldwide
attention as  a  simple and effective method [2]  of  preparing scaffold meshes of  different
biocompatible polymers like poly-caprolactone (PCL), polyvinyl alcohol (PVA) and poly(lac-
tic-co-glycolic acid (PLGA)). These polymers have extensively been used for TE and biomed-
ical applications [3–5] because of their appropriate biocompatibility, biodegradability and
good solubility in different organic solvents. However, as the values of both conductivity (σ ~
10−9 S/m) and dielectric permittivity (ε < 10) of most of these bioactive polymers are extremely
small and also highly biodegradable; these polymers alone are not very suitable for many
electronic as well as biomedical applications. Conducting polymers like polyaniline (PANi)
and other solid materials blended with insulating polymers (such as PCL and PLGA PVA)
were found to enhance biocompatibility, biodegradability and better cell scaffolds constructs
[5, 6]. Interestingly, addition of very small amount (~0.3–0.5 wt%) of graphene oxide (GO)
nanoplatelets (GOnPs) in different polymers like poly(methyl methacrylate) (PMMA) [7] and
polyvinyl alcohol (PVA) [8] were reported to enhance both ε and σ values of the resulting
composites  by  2–3  orders  of  magnitudes  along  with  enhancement  of  thermomechanical
stability [8]. Conductivity enhancement of the scaffolds was also reported to provide important
cues for myoblast differentiation [9].

Graphene oxide (GO) or reduced graphene oxide (rGO) are the oxidized forms of graphene.
These oxides possess many oxygen-containing functional groups, such as hydroxyl, carboxyl
and epoxy groups, and they can also adsorb small molecular weight chemical [10] which favour
cell-scaffold interaction and cell viability. Therefore, graphene oxides might be considered as
suitable biocompatible filler materials for making polymer composites for different biomedical
and clinical applications. Moreover, chemically synthesized GO and rGO have also attracted
more interest instead of graphene, in some respects, due to their extraordinary physicochem-
ical properties, ease of synthesis in pure form and fabrication for applications in drug delivery
[11], cancer therapies [12] and TE [13, 14].

Other than scaffolds, another important issue of tissue engineering is the availability of
constant supply of stem cells which are mostly procured from bone marrow (BM), adipose
tissue, etc. It is rather difficult to obtain these stem cells requiring sophisticated surgical
procedures. Moreover, there are also problems to find appropriate donors. However, it has
already been established that human umbilical cord blood, considered to be a biological waste,

Umbilical Cord Blood Banking for Clinical Application and Regenerative Medicine222



1. Introduction

Fabricated artificial scaffolds using suitable biomimetic substrates were found to control the
cellular behaviour and deliver appropriate cues for the differentiation and proliferation of
different  cell  types  for  tissue  engineering  (TE)  applications.  Ideal  scaffolds  directly  or
indirectly help the growth of cells because they interact with the cells. Excellent biocompati-
bility, antibacterial property and mechanical stability of the scaffolds are necessary to provide
adequate  environment  for  cell  growth  and  proliferation.  Over  the  last  decade,  various
nanomaterials (nanodiamond, graphene and carbon nanotubes) have been used along with
suitable polymer to meet the requirements of the desired scaffold materials [1].Among the
various techniques used for the fabrications of scaffolds, electrospinning drew worldwide
attention as  a  simple and effective method [2]  of  preparing scaffold meshes of  different
biocompatible polymers like poly-caprolactone (PCL), polyvinyl alcohol (PVA) and poly(lac-
tic-co-glycolic acid (PLGA)). These polymers have extensively been used for TE and biomed-
ical applications [3–5] because of their appropriate biocompatibility, biodegradability and
good solubility in different organic solvents. However, as the values of both conductivity (σ ~
10−9 S/m) and dielectric permittivity (ε < 10) of most of these bioactive polymers are extremely
small and also highly biodegradable; these polymers alone are not very suitable for many
electronic as well as biomedical applications. Conducting polymers like polyaniline (PANi)
and other solid materials blended with insulating polymers (such as PCL and PLGA PVA)
were found to enhance biocompatibility, biodegradability and better cell scaffolds constructs
[5, 6]. Interestingly, addition of very small amount (~0.3–0.5 wt%) of graphene oxide (GO)
nanoplatelets (GOnPs) in different polymers like poly(methyl methacrylate) (PMMA) [7] and
polyvinyl alcohol (PVA) [8] were reported to enhance both ε and σ values of the resulting
composites  by  2–3  orders  of  magnitudes  along  with  enhancement  of  thermomechanical
stability [8]. Conductivity enhancement of the scaffolds was also reported to provide important
cues for myoblast differentiation [9].

Graphene oxide (GO) or reduced graphene oxide (rGO) are the oxidized forms of graphene.
These oxides possess many oxygen-containing functional groups, such as hydroxyl, carboxyl
and epoxy groups, and they can also adsorb small molecular weight chemical [10] which favour
cell-scaffold interaction and cell viability. Therefore, graphene oxides might be considered as
suitable biocompatible filler materials for making polymer composites for different biomedical
and clinical applications. Moreover, chemically synthesized GO and rGO have also attracted
more interest instead of graphene, in some respects, due to their extraordinary physicochem-
ical properties, ease of synthesis in pure form and fabrication for applications in drug delivery
[11], cancer therapies [12] and TE [13, 14].

Other than scaffolds, another important issue of tissue engineering is the availability of
constant supply of stem cells which are mostly procured from bone marrow (BM), adipose
tissue, etc. It is rather difficult to obtain these stem cells requiring sophisticated surgical
procedures. Moreover, there are also problems to find appropriate donors. However, it has
already been established that human umbilical cord blood, considered to be a biological waste,

Umbilical Cord Blood Banking for Clinical Application and Regenerative Medicine222

is an import and cost effective source of mesenchymal stem cells (MSCs) and there is immense
scope of utilizing such MSCs for TE and other clinical applications.

In this investigation, GOnPs-impregnated biomimetic PCL and PLGA matrices were prepared
with GO concentration within nontoxicity limit for human cells (≤50/ml [15]) for the fabrication
of fibrous scaffolds by electrospinning technique. The widely used PCL and PLGA were
chosen as the polymer matrices because of their low percolation threshold limit (fc ~ 0.80 wt%
GO) forming homogeneous composites with GOnPs as filler [16]. So far, very little work [6,
10] has been done for the direct differentiation and proliferation of human umbilical cord blood
derived mesenchymal stem cells (CB-hMSCs) on pure biopolymer scaffolds or graphene oxide
(GO)-polymer based composites scaffolds. The use of such biocompatible GO-PCL or GO-
PLGA composite meshes for the myoblast differentiation of CB-hMSCs and oriented myotube
formations are novel and challenging with immense future prospects of in-vivo tissue
regeneration. The confirmation of myoblast differentiation of CB-hMSCs and oriented
myotubes formation on GO-polymer electrospun meshes would also be advantageous for the
next generation TE applications using such antibacterial biocompatible GO-polymer meshes.
Since both PCL and PLGA-graphene oxide nonocomposite meshes exhibited excellent
myoblast differentiation potential, in the present chapter, we shall mainly concentrate our
discussion on the GOnPs-PCl composite system.

2. Synthesis of graphene oxide polymer composites for electrospinning

Graphenene oxide (GO) nanoplatelets (GOnPs), prepared from graphite powder [6], from
homogeneous composites with many bioactive polymers like PVA, PCL, PLGA, chitosan, etc.
[16] in DMSO, chloroform and many other solvents. Electrospinning is a unique technique for
the preparation polymer nanofibres with diameters several micrometres to less than 50 nm.
The electrospun scaffolds for the present study were prepared with GOnPs concentration 30
μg/ml solution as graphene oxide is non-toxic for human cell for its concentration below 50
μg/ml [15]. The electrospinning voltage was kept between 25 and 30 kV.

3. Characterization of GOnPs-polymer composite electrospun scaffold
meshes

Electrospun GO-polymer (like PCL, PLGA or PVA) composite scaffolds showed enhance-
ment of conductivity (σ) dielectric constant (ε) with their threshold values around 0.85
and 0.75wt% of GOnPs , respectively ,  for the case of GO-PCL (Figure 1) and GO-PLGA.

Figure 2a showed the well dispersed GOnPs solution, spin-coated GO film and sheet (prepared
from pure GOnPs water solution). Figure 2b showed the characteristic GO peak appearing at
2θ = 11.1°, corresponding to a lattice d-spacing of 0.78 nm. For the GO-PCL or GO-PLGA
meshes, an XRD peak (Figure 2c) appeared at 21.65° representing the crystalline phase of the
polymer with no peak for GO around 2θ = 11.1°. The absence of GO peak was also reported
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earlier in case of GO-PVA composite [17] which indicated disappearance of the regular and
periodic structure of graphene oxide, the formation of fully exfoliated structures, and the
homogeneous distribution of GOnPs in the polymer matrix [18].

Figure 1. Dependence of (a) effective dielectric constant (ε) and (b) conductivity (σ) of the GO-PCL composite on GO
concentration fGO.

Figure 2. (a) Well dispersed GO-PCL solution (1), a free standing bendable tin GO sheet composed of GOnPs prepared
by solution casting (2) which can be dispersed in water and spin coated GO sheet on cover glass (3) produced from GO
solution. (b) The X-ray diffraction patterns of GO and pristine graphite powder, (c) GO-PCL and PCL, respectively.

The SEM micrograph of a GO sheet surface shown in Figure 3a indicated uniformly rough
surface morphology. Inset of Figure 3a also presented FESEM micrograph showing the surface
morphology of thin GO sheet which indicated wrinkles stacked in multiple GOnPs layers
which favoured cell proliferation.

Figure 3b represented the SEM micrograph of the electrospun fibrous meshes and the selected
area electron diffraction (SAED) pattern (inset of Figure 3b) with (average fibre diameter of
490 ±125 nm and porosity ~80–85%. Figure 3c presented the FESEM micrograph showing
morphology of the broken edge of a GO sheet and inset of Figure 3c showed the HR TEM
image of a single layer of the GOnPs film.
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Figure 3. (a) SEM micrograph showing surface morphology of thin GO sheet (inset shows the FESEM micrographs of a
particular portion the surface). (b) SEM micrograph of the GO-PCL electrospun meshes (inset shows the HRTEM im-
age of GO present in GO-PCL along with the selected area electron diffraction (SAED) image). (c) FESEM micrographs
of a broken edge of thin GO sheet (inset shows the HRTEM image of a single layer GO film). (d) FTIR spectra of GO
sheets and pristine graphite powder (inset) distinguishing the behaviour of graphene and graphite powder. In GO in-
tense bond around 3438 cm−1 corresponding to O–H band of CO–H is observed [6].

Raman is the vibration spectroscopic technique used to characterize GOnPs and identify the
presence of GO in GO-PCL composite. Raman spectra of GO sheet as shown in Figure 4a,
indicated the characteristic feature of GO peaks at frequencies around 1345 and 1597 cm−1,
respectively, for the G and D band usually assigned to the E2g phonon of Csp2 atoms and a
phonon breathing mode of symmetry A1g.Far infra-red (FTIR) spectra of GO and pristine
graphite powder were shown in Figure 4b. The intense band at 3438 cm−1 is attributed to the
O–H band of CO–H. The band at 1639 cm−1 is associated with the stretching of the C═O bond
of carbonyl and carboxyl group.

Figure 4. (a) Raman spectra of GO and GO-PCL composite meshes. (b) FTIR spectra of PCL and GO-PCL mesh distin-
guishing the behaviour of the two spectra. The spectra of GO-PCL if different from those of PCL and GO indicating
strong coupling of GO and the PCL polymer. GO-PCL showed absorption bands at 1727 cm−1 indicating carbonyl
stretching [20].
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Deformation of the C–O bans is observed at the band present at 1070 cm−1. FTIR spectra
(Figure 4b) of GO-PCL showed absorption bands at 1727 cm−1 indicating carbonyl stretch-
ing. The bands appearing at 1295 and 1240 cm−1 represented the C–O and C–C stretching
bonds [19]. The bands at 1239 and 1175 cm−1 were comparable with the asymmetric C–O–C
stretching bonds indicating characteristic absorption [6] of PCL and strong interaction be-
tween GOnPs and polymer matrises.

Figure 5 indicates electrospun GO-PCL composite meshes which degrade up to ~16% in PBS
(phosphate buffer saline) solution whereas electrospun PCL meshes degrade ~9% after 30 days
of time interval. GO-PCL composite mesh showed optimized degradability rate that is suitable
for cellular growth. Hydrophilicity of the GO sheet and GO-PCL composites were measured
by contact angle measurement. Wetting (CAw) and dewetting (CAdw) contact angles of thin GO
sheet and GO-PCL mesh films are shown in Figure 5 (inset). In case of thin GO sheets, CAw

was found to be around ~58.7° with hysteresis (CAw−CAdw) of ~4° which might be a measure
of the solid-liquid interaction [6, 20].

Figure 5. In-vitro degradation pattern of electrospun PCL and GO-PCL composite scaffolds in PBS(phosphate-buffer
solution) for 30 days. Inset shows contact angle analysis (in degrees) representing both advancing (wetting) and reced-
ing (dewetting) water sessile drop on GO sheets, GO-PCL and PCL meshes. Error bars present standard deviation.

The stress-strain curves of GO sheets and GO-PCL meshes were shown in Figure 6. The tensile
strength of PCL (~1.88 ± 0.25 MPa) was found to increase significantly with addition of GO
(~4.8 ± 0.25 MPa). The tensile strength is also known to increase with increasing GO concen-
tration. Favourable mechanical property supported GO-PCL and GO-PLGA meshes for tissue
engineering applications.
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Figure 6. The stress-strain curve of the GO sheet and GO-PCL meshes carried out at RT with GO concentration within
the non-toxic limit (~20 μg/ml) [6].

As shown in Figure 7, GO added PCL (GO-PCL composite) exhibited appreciably large
increase of both ε (~300 for GO-PCL and only ~25 for PCL) and σ (>2 orders of magnitude
higher in GO-PCL compared to that of GO sheet). Similar enhancement of σ and ε was also
observed in GO-polyvinyl alcohol (PVA) and other GO-polymer composites [6, 17].

Figure 7. (a) Room temperature (RT) dielectric constant (ε) and (b) conductivity (σ) data of GO-PCL meshes before
(0 days) and after immersion in PBS solution for up to 7 days. RT ε (c) and σ (d) data of PCL meshes before (indicated
by the 0 days) and after immersion in PBS solution (all measurements were performed 1 kHz).
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Similar conductivity and dielectric constant behaviour (shown in Figure 7) was also observed
in case of GOnPs-PLGA meshes soaked in PBS solution. In this case, enhancement of conduc-
tivity is little lower than those of GOnPs-PCL scaffold meshes indicating little lower biocom-
patibility of the GOnPs-PLGA composite.

4. In-vitro cell culture study

4.1. Isolation and culture of mononuclear cells from UCB

The mononuclear stem cells (MNCs) were isolated from UCB (Figure 8a). Morphology of
MNCs was initially round shaped (after 48 h of culture) shown in Figure 10b via phase contrast
microscope.

Figure 8. (a) Mononuclear cells (MNCs) layer (middle) and red blood cells (RBCs) precipitated at the bottom in a 50 ml
culture tube. (b) Isolation of MNCs being cultured in a cell culture plate.

Figure 9. Gradual morphological changes of umbilical cord blood derived mesenchymal stem cells (MSCs). After fifth
passaging fibroblast like morphology (d) of the cultured cells were observed under phase contrast microscope. Scale
bar: 50 μm.
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Figure 10. Morphology of MSCs analysed using phase contrast microscope (a) and (b) cytoskeleton staining of actin
filaments along with nuclei counterstained with DAPI (fluorescence image).

4.2. Isolation of UCB-derived MNCs

UCB samples were diluted with DMEM media in the ratio of 4:1 before use. The mononuclear
cells (MNCs) were isolated [20] using the Ficoll Hypaque (Histopaque-1077; Sigma, MO, USA)
density gradient centrifugation (with swinging-bucket rotor) at 450 g for 30 min. The eryth-
rocytes were lyzed by incubating with 1% lysis buffer for 10 min and spinning at 200 g for 10
min. The pellet thus obtained was washed twice with phosphate-buffer saline (PBS) by
centrifuging at 200 g for 10 min. Finally, the pellet obtained were culture in DMEM, 10% foetal
bovine serum, 1% antibiotic with addition of 10 ng/ml basic fibroblast growth factor (bFGF).
Initial media was changed after one day to remove the RBC and cell derbies after that media
change after 3-day interval. Cells were then cultured for up to fifth passage.

4.3. Characterization of UCB-derived MSCs by flow cytometry

Cells were analysed by fluorescence-activated cell sorting (FACS) method. In brief, cells were
trypsinized and washed with fluorescence activated cell sorting (BDFACS) buffer. After
centrifugation at 200 g for 5 min at 4°C, cells were suspended in PBS at a concentration of 1 ×
105 cells/ml and repeatedly washed to remove phenol red contained in the media. The cells
were finally suspended in 100 μl of FACS buffer. Cells were then labelled with CD90-FITC,
CD73-PE, CD105-APC, CD45-PE, CD34-FITC and HLA DR-APC monoclonal antibodies at 4°C
for 30 min in the dark. The labelled cells were then analysed by flow cytometry (BDFACS
Fortessa II) with at least 10,000 cells being acquired and analysed.

4.4. Morphological characterization of CB-hMSCs

The morphological variation in the cultured cells was studied by phase contrast microscopic
images (Figure 9). After initial culture, cells were round/spherical shaped during the initial
days of culture and became elongated as spindle fibroblastic shape gradually (Figure 9a–d)
after fifth passage.

The morphology of cells was also analysed using cytoskeleton staining of actin filaments
(Figure 10). Cells (stained with FITC-phalloidin) were observed under a Zeiss Axivert 40 CFL
fluorescence microscope.
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4.5. Immunophenotypic characterization of CB-hMSCs

The immunophenotypic characterizations are shown (Figure 11) to be positive for CD90
(99.2%), CD73(98.5%), CD105 (98%) and negligible for hematopoietic markers like CD45
(1.5%), CD45 (0.5%) and HLA-DR (1.0%) indicating mesenchymal stem cells phenotype.
Similar behaviour was also exhibited by the GO-PLGA meshes [20].

Figure 11. The immunophenotypic analysis was found to be positive for CD90 (99.2%), CD73 (98.5%), CD105 (98%)
and negative for CD45 (1.5%), CD34 (0.5%) and HLA-DR (1.0%) indicating mesenchymal stem cells phenotype.

4.6. Cell metabolic activity

WST-8 assay was used to study the metabolic activity of the MSCs on the prepared scaffolds
on various time intervals. The cellular viability of metabolic activity of the cultured MSCs on

Figure 12. WST-8 assay of CB-hMSCs grown on GO sheet, GO-PCL and control (tissue culture plate) substrates after 3,
7 and 11 days of culture. Superior cellular metabolic activity has been observed on GO-PCL-based composite meshes.
Results presented as the means ± SD. * indicates significant difference (n = 5; p < 0.05). Metabolic activity was increased
with time with the scaffolds showing the trend GO-PCL > GO > control substrate.
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the prepared GO-based scaffold was further evaluated quantitatively by WST-8 assay as shown
in Figure 12.

4.7. Cell proliferation assay (via DNA quantification)

The proliferation of MSCs on the prepared scaffolds was evaluated by DNA quantification
assay. Figure 13 shows an increasing rate in DNA content of MSCs with time as observed in
different GO-based substrates prepared for investigation.

Figure 13. Cell proliferation represented in terms of DNA quantification on GO sheet, GO-PCL mesh and control (tis-
sue culture plate) substrates. An increased trend in DNA content is observed on all the GO-based matrixes. Results
represented as mean ± SD, * indicates significant difference (n = 5; p < 0.05).Proliferation of MSCs were increased with
time with the scaffolds showing the trend GO-PCL > GO > control substrate.

The corresponding DNA contents of hMSCs cultured on tissue culture plate (TCP) was taken
as control, GO sheet and GO-PCL composite meshes on 3–11 days of culture are ~50 to ~285,
~58 to ~375 and ~65 to ~430 ng/ml, respectively.

4.8. MSCs seeding, attachment and spreading

After seeding of MSCs (by static seeding method with ~2×104 cells/ml), attachment and
spreading of these cells was evaluated by scanning electron microscopic (SEM) micrographs
on increasing time interval (Figure 14). Cellular attachment and spreading rate also indicates
their compatibility to the scaffold environment.
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Figure 14. Attachment and spreading of CB-hMSCs on GO-PCL composite scaffolds on days 3 (a), 5 (b) and 7 (c) of
culture. The MSCs are well visualized from the micrographs.

4.9. Differentiation potential of CB-hMSCs on GO-PCL composite meshes

4.9.1. Myoblast differentiation potential

After confirming viability and proliferation of cord blood derived mesenchymal stem cells
(CB-hMSCs or simply MSCs) onto the novel GO-PCL composite scaffolds, MSCs were further
allowed for myoblast differentiation on these substrates. Along with differentiation of MSCs,
elongated bipolar morphology of myoblasts have been observed as seen from FESEM micro-
graphs (Figure 15a and b).

Figure 15. Morphology of CB-MSCs (a) changes towards bipolar structure (b), same as myoblasts, on GO-PCL electro-
spun composite scaffold that indicates differentiation of MSCs to myoblast cells (morphology wise).

4.9.2. Myoblast viability and proliferation

4.9.2.1. Cell viability and proliferation assay

The vastly used methyl thiazolyl diphenyl-tetrazolium bromide (MTT) assay which is a typical
nontoxicity assay may not correctly predict the toxicity of GO because of the mild reaction of
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MTT salt with GO resulting in an incorrect positive signal. Therefore, we used, alternatively,
a water soluble tetrazolium salt (WST-8) assay. Cell viability and proliferation on GO/PCL
composite meshes, thin GO sheet and controls were measured by water-soluble tetrazolium
salt (WST-8) assay after 3, 7and 11 days of cell seeding in 96-well culture plate. Ten microlitre
of cell proliferation reagent (WST-8) was added into each well containing sample with 100 μl
of culture medium and incubated for 4 h at 37°C. Absorbance (OD) of the solution was then
measured at 450 nm by a microplate reader (Varioskan Flash, Thermo Scientific). The cells
seeded on collagen scaffolds were evaluated as control. WST-8 was reduced by dehydrogenase
activities of living cells that give rise yellow-colour formazan dye. The amount of formazan
dye generated (by the activities of dehydrogenases) was directly proportional to the number
of living cells.

4.9.2.2. Evaluation of myotubes formation

For immunostaining analysis, human skeletal myoblast cells (hSkMCs) grown after 5 days of
culture on different substrates (i.e. collagen and glass controls, GO sheets and GO-PCL meshes)
were analysed for the expression of myogenin, an early myogenic differentiation marker.
Briefly, to detect myogenin, cells were fixed and incubated with primary antibody (1:100) at
4°C overnight and after washed with PBS, again incubated with secondary antibody DyLight
488-conjugated goat anti-mouse IgG (1:100) at RT for 1 h. before viewing. On 11 days of culture,
cells were analysed for further expression of muscle specific antigens such as myosin heavy
chain (MHC) and dystrophin. Cells were fixed with 4% paraformaldehyde, permeabilized with

Figure 16. Viability and proliferation of myoblasts observed bytetrazolium salt (WST-8) assay. Superior viability of cells
has been found on GO-PCL composite meshes compare to GO sheet and other controls (collagen and tissue culture
plate) indicating better myoblast differentiation potential and hence biocompatibility. Results presented as the means ±
standard deviation). * indicates significant difference (n = 5; p < 0.05).
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0.1% Triton X-100, and then incubated in goat polyclonal anti-MHC (1:100) and rabbit poly-
clonal anti-dystrophin (1:100) as primary antibodies for 1 h. Next, after washing with PBS, a
FITC conjugate rabbit anti-goat secondary antibody (1:500) was used to detect MHC, while
Texas Red conjugated goat anti-rabbit secondary antibody (1:150) was also employed to detect
dystrophin. Both MHC and Dystrophin are myotubes-specific markers. The samples stained
without primary antibody served as negative controls. Nuclei were counterstained with 4ʹ,6-
diamidino-2-phenylindole (DAPI). Substrates with cells were then mounted for fluorescence
microscopic studies using a Zeiss Axivert 40 CFL fluorescence microscope.

Figure 16 shows viability and proliferation of myoblast cells on GO sheets, GO-PCL mesh and
controls. Cell viability (from WST-8 assay analysis) was found to increase significantly for GO
sheets and GO-PCL meshes compared to the control surfaces (*p < 0.05).

This was ascribed to be due to the better myogenic differential potential contributed by the
favourable physicochemical properties of graphene oxide. This result implied that GO sheets
and GO-PCL meshes were cytocompatible and supported cell viability that increased the
biocompatibility of GO-PCL composite scaffolds.

Figure 17. Myoblast cells viability and proliferation observed by tetrazolium salt (WST-8) assay. Results presented as
mean ± standard deviation. * indicates significant difference (n = 5, p < 0.05). Viability was found to increase with time
on the samples showing the trend of GO-PLGA > GO > control substrate (tissue culture plate).

The viability of myoblast cells on GO-PLGA composite scaffolds were also analysed by
WST-8 assay. Figure 17 showed the viability of GO-PLGA mesh along with control and GO
sheet (for comparison). Cell viability was found to increase significantly on GO sheets and
GO-PLGA meshes compared to that on the control surfaces (*p < 0.05). This result implies
that GO-PLGA mesh is cytocompatible and supported myoblast proliferation as in the case
of GO-PCL composite meshes. It is thus seen that electrospun GO-polymer meshes with low
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GO concentration (not toxic to human cells) provided favourable circumstance for the
growth and proliferation of myoblast cells.

4.9.3. Immunophenotypic characterization of myoblast cells

Flow cytometric analysis of cells adhered on thin GO sheets and GO-PCL meshes was
performed to confirm the positive expression of myogenic markers CD56 and desmin indi-
cating skeletal muscle cell phenotype (Figure 18).

Figure 18. FACS analysis of trypsinized hSkMCs from GO-PCL meshes and GO sheets after 7 days of culture. Cells
were highly expressed for skeletal muscle markers CD56 and desmin indicating myoblast cells phenotype.

4.9.4. Aspect ratio analysis

After 3 days of culture, the aspect ratios measured on GO-PCL meshes, GO sheets and controls
were found to be ~6.6, ~5.4 and (~4.7 for collagen mesh and ~4.3 for tissue culture plate (TCP)),
respectively (Figure 19).

Figure 19. Analysis of cytoskeleton development of hSkMCs grown on (a) control (tissue culture plate (TCP)), (b) colla-
gen mesh, (c) GO sheets, (d) GO-PCL meshes. (e) Cell aspect ratio quantification from (a) to (d) after 3 days of culture.
Increased aspect ratio indicates better elongation of these cells on GO-based substrates.
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4.9.5. Formation of myotubes

The myoblast cells were bipolar at the initial stage (Figure 20a and b) and they were fused
together on extended time interval (day 11) under proper condition and formed myotubes that
were further clarified by FESEM micrograph (Figure 20c) as well as immunostaining assay
(Figure 20d–l). These figures showed improved myoblasts cell proliferation, differentiation
and formation of myotubes onto GO-PCL meshes compared to GO-sheet and control.

Figure 20. FESEM micrographs of GO-PCL electrospun scaffolds representing cells attachment as well as spreading at
increasing time interval (day 3 (a)–day 7 (b)) and also formation of myotubes at extended time of differentiation (day
11 (c)). For better comparison, immunostaining (with desmin-FITC and MHC-FITC conjugated) images of the corre-
sponding FESEM images have also been shown alongside (d–l) with GO sheet and control (tissue culture plate (TCP))
substrate [6, 19].

4.9.6. Immunohistochemical characterization

This process has widely been used for the detection of cells specific antigens (proteins, e.g.
desmin, MyoD, Myosin Heavy Chain, Dystrophin, etc.) to verify the presence of specific cells/
tissues. Immunohistochemical analysis (Figure 21a–l), along with FESEM analysis of the
corresponding samples (Figure 21m–p), confirmed differentiation of CB-hMSCs to myoblasts
via early expression of myogenin-positive nuclei on controls, GO sheet and GO-PCL mesh
(Figure 21a–d).

Moreover, muscle-specific antigens like myosin heavy chain (MHC) shown in Figure 22e–h
and dystrophin (Figure 21i–l) were expressed more intensely on GO-PCL meshes compared
to those on thin GO sheets or control substrates. Myotubes formed on GO sheets and GO-PCL
meshes were found to be more aligned compared to those on the control substrates. Quanti-
tative analysis of the percentage of myogenin-positive nuclei showed in Figure 21 that
myogenin expression increased more on thin GO sheets and GO-PCL meshes compared to
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that on control substrates (collagen mesh and tissue culture plate), which also indicated a better
differentiation potential of the GO-based substrates. Importantly, GO-PCL meshes showed the
highest percentage of myogenin positive nuclei (~19%) (Figure 21). Significantly higher
expression of early myogenic marker (myogenin) indicated superior myogenic differentiation
potential of GO-PCL electrospun meshes compared to GO sheets and controls.

Figure 21. Expression of the early myogenic differentiation marker myogenin-positive nuclei (green) on controls (a and
b), GO sheets (c) and GO-PCL meshes (d). Immunostaining of MHC (green), respectively, on controls (collagen and
tissue culture plate) (e and f), GO sheets (g) and GO-PCL meshes (h) and dystrophin (red) similarly on controls (i and
j), GO sheets (k) and GO-PCL meshes (l). Nuclei were counterstained with DAPI.FESEM micrographs (m–p) of the cor-
responding samples were also shown for better demonstration (q). Quantitative analysis of percentage myogenin-posi-
tive nuclei (cells cultured in differentiation medium for 5 days before staining). * represents significant difference (p <
0.05) compare to collagen mesh and tissue culture plate (TCP) taken as controls [6].

Similar to the GO-PCL composite meshes, immunohistochemical study has also been per-
formed with myoblasts grown on electrospun GO-PLGA meshes. The experimental results
confirmed the differentiation of CB-hMSCs into skeletal myoblasts by the expressions of
desmin and MyoD, and formation of myotubes by the expression of MHC on GO-PLGA
composite meshes and control (tissue culture plate) (Figure 22). Immunostaining of desmin
and MyoD after 3–7 days of culture expressed almost similar on both control and GO-PLGA
substrates. But, formation of MHC on GO-PLGA mesh was much better compare to control.

Formation of myotubes was also more aligned, similar to natural orientation. This indicates
better myotubes formation hence better myogenic maturation potential of GO-PLGA mesh.
But, GO-PCL composite meshes showed even superior myoblast proliferation as well as
differentiation potential compare to GO-PLGA meshes. This might be due to the fact that PLGA
released acidic byproducts upon its degradation that hamper cellular interaction. Moreover,
conductivity of GO-PCL was also higher than that made GO-PLGA mesh that also makes GO-
PCL more suitable for electro-responsive skeletal muscle tissue regeneration.
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Figure 22. Immunostaining of desmin, MyoD and MHC (myosin heavy chain) on control (a–c) and GO-PLGA electro-
spun composite mesh (d–i). Corresponding FESEM micrographs (j–l) of these samples were shown for better demon-
stration. It is revealed that though GO-PLGA showed better myoblast differentiation compared to that on GO sheet.
GO-PCL exhibit superior myoblast differentiation and myotube formation compared to the GO-PLGA meshes [20].

5. Expression of myogenic protein and IGF-1 cell signalling pathway
analysis

The ability of cells to correctly respond to their microenvironment is the basis of tissue repair
and development [21, 22]. Here, myogenic protein expression on GO sheet and electrospun
GO-PCL scaffolds and cell signalling pathway (insulin-like growth factor-1 (IGF-1)) analysis
have been investigated. Better myogenic protein expression was observed on GO-based
polymer composite representing superior myogenic differential potential. It was also observed
that late myogenic protein, myosin heavy chain (MHC) related to the formation of myotubes,
expressed more on GO-PCL composite scaffolds compare to GO sheet and control (tissue
culture plate). Myogenic gene (desmin, MyoD and MHC) expression was also found to be
better on GO based polymer composite substrate. In addition, IGF-1 pathway, important for
skeletal muscle cells growth and maturation [23, 24], was also studied with various intermedi-
ate proteins (IRS-1/PI(3)K/Akt/MyoD) expression. Inhibition of Akt was investigated to
examine the variation of the expression of myogenic protein MyoD, involved in skeletal muscle
differentiation [24, 25]. The expression of MyoD was observed to reduce along with the
inhibition of Akt that indicated effectiveness of IGF-1 pathway for skeletal muscle cells
differentiation and maturation.
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5.1. Expression of myogenic proteins

Expressions of myogenic proteins such as desmin, MyoD and MHC were assessed on GO-PCL
meshes, GO sheet and control (tissue culture plate) using Western blot analysis. Figure 25
showed expressions of desmin and MyoD on these substrates after 5 days of culture. Both of
these proteins expressed well on GO-based substrates. The electroconducting GO-PCL
composite mesh showed the highest expression due to better interconnectivity that enhanced
cellular growth and hence their protein expressions.

Figure 23. Expression of myogenic protein desmin and MyoD (left) and expression of fold change on GO-PCL mesh,
GO sheet and control (tissue culture plate) (right) for the corresponding proteins. * indicates significant difference com-
pare to control (p < 0.05).

From the present observation (Figure 23), the expression levels of desmin and MyoD proteins
were found to be enhanced on grapheme-based scaffolds, compared with to that of control as
follows: 2.4-fold on GO, 4-fold on GO-PCL for desmin and 1.8-fold on GO, 3.1-fold for GO-
PCL for MyoD. Data reported as fold change from control (means ± SE). *indicates significant
differences (n = 5; p < 0.05).

Figure 24. Expression of myogenic protein (MHC) (left) and expression of fold change on control, GO and GO-PCL
substrates (right). * indicates significant difference from control (p < 0.05).
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After 11 days of culture on the same substrates, expression of MHC (a late myogenic marker)
was assessed using Western blot analysis (Figure 24). Expression of MHC, related to formation
of myotubes was found to be better on GO and GO-PCL meshes compared to control substrate.
Here, better expression of this protein in GO-PCL mesh also indicates better myotube forma-
tion on this substrate as described earlier (Figure 23).

The expression levels of MHC protein were found to enhance on GO-PCL composite and GO
sheet compared with that of control: 1.6-fold on GO and 2.5-fold on GO-PCL mesh. Data were
reported as fold change from control (means ± SE).

Figure 25. Expression of myogenic genes (desmin, MyoD and MHC) in myoblasts grown on electrospun GO-PCL
mesh, GO sheet and control (tissue culture plate) substrates. * indicates significant difference from control (p < 0.05).

5.2. Myogenic gene expression

Real-time RT-PCR was used to analyse the expression level of MyoD, desmin and MHC on
GO sheet, GO-PCL scaffolds and control. It was found, similar to protein expression, that these
myogenic genes expressed better on GO-PCL composite and GO sheet.

Highest expression was found on myoblast cells grown on GO-PCL meshes. Quantitative RT-
PCR analysis was performed after differentiation for 5 days for desmin and MyoD and 11 days
for MHC (as MHC express late). As shown in Figure 25, the expression levels of all of the tested
genes were enhanced on graphene derivative and GO-polymer composites, compared with
that of the control as 1.60-fold on GO and 1.98-fold on GO-PCL for desmin; 1.48-fold on GO
and 1.88-fold on GO-PCL for MyoD; 1.86-fold on GO and 2.33-fold on GO-PCL for MHC. *
denotes a significant difference compared to control substrate.

Significant up-regulation of myogenic gene expression indicated that the GO-based substrates
enhanced both early and late stages of myogenic differentiation, subsequently stimulating the
formation of myotubes. In addition, higher expression of myogenic proteins and genes on GO-
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PCL substrates again confirmed its superiority perhaps due to its higher conductivity and
dielectric constant associated with GO surface charge.

5.3. Cell signalling pathway analysis

5.3.1. Insulin-like growth factor 1 (IGF-1) pathway study

IGF-1 is one of the most important pathways that have been studied extensively in the field of
muscle growth [23, 24]. Researchers studied IGF-1/IRS-1/PI(3)K/Akt/MyoD pathway and
concluded its importance for skeletal muscle differentiation and maturation [23–27]. In the
present study, it was attempted to verify this pathway using the novel graphene based
composite scaffolds (Figure 26). IGF-1 is one of the primary mediators of the effects of growth
hormone (GH) in body that stimulates growth via growth promoting effects on almost every
cell, especially muscle cells present in the body. IGF-1 is also capable of regulating cellular
growth and development. In addition, IGF-1/PI3K/Akt pathway prevents expression of muscle
atrophy, very much important for proper development of muscle tissue [24, 28]. So, skeletal
muscle healing is associated with IGF-1.

Figure 26. A schematic representation of IGF-1 cell signalling pathway that is involved in skeletal muscle differentia-
tion and maturation.

5.3.2. Protein expression for IGF pathway

To study IGF pathway, expression of IRS-1/PI(3)K/Akt/MyoD proteins is important. Initially,
the expression of IRS-1/PI(3)K/Akt/MyoD proteins on GO, GO-PCL and control (tissue culture
plate) substrates (Figure 27) was analysed. All of these proteins expressed better on GO and
GO-PCL, while the expression was highest for GO-PCL. This indicates that the GO-PCL
substrate is the most suitable candidate for myoblast differentiation of CB-hMSCs.
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To evaluate IGF-1 pathway, Akt is the most important protein that regulates skeletal muscle
differentiation and hypertrophy. It was also reported that IGF-1 dependent Akt-phosphorali-
zation increased along with higher rate of myogenic differentiation. Properties of MyoD,
responsible for skeletal muscle differentiation, are controlled by Akt and blockage of Akt
prevents formation of skeletal muscle transcriptosome [24–26]. The present investigation
demonstrates that the investigated pathway proteins expressed better on GO-PCL composite
meshes than those on GO sheet or control (tissue culture plate). Up-regulation of such pathway
proteins on GO-PCL further emphasize the IGF-1 pathway which is related to skeletal muscle
development. Thus, it reveals the importance GO-PCL composite meshes for skeletal muscle
tissue engineering applications.

Figure 27. Expression of PI(3)k, Akt, pAkt, IRS-1 (a) and expression of fold change for these corresponding signalling
proteins (b) on control (tissue culture plate), GO sheet and GO-PCL meshes. * indicates significant difference (p < 0.05).

5.3.3. Effect of Akt inhibition on MyoD expression

As mentioned above, Akt is a major component that regulates IGF-1 pathway. Inhibition of
Akt deters IGF-I-stimulated nuclear translocation of Akt and also suppresses the growth of
various cells. Akt is a vital component of the cell survival pathway as it functions by resisting
apoptosis via improving communication between cells that are damaged [26, 27]. Inhibition
of Akt results in much higher rate of apoptosis and a decrease in IGF-1 cell signalling. Inhibition
of Akt was done using 10-DEBC hydrochloride, a selective and precise cell permeable Akt
phosphorylation inhibitor that shows no activity at PDK1, SGK1 or PI 3-kinase [27, 28]. In the
present experiment, the expression of MyoD, a vital myogenic protein that helps in myogenic
differentiation has been studied by pre- and post-Akt inhibition. The results showed (Figure
28) that after inhibition of Akt, the expression of MyoD intensity decreased rapidly. Akt
inhibitor inhibits IGF-I-stimulated nuclear translocation of Akt that results in much reduction
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of MyoD protein assessed by Western blotting. This finding indicates the importance of IGF-1/
IRS-1/PI(3)K/Akt/MyoD cell signalling pathway for the system of present investigation.

Figure 28. Expression of MyoD (a) and the corresponding relative intensity (b) indicating pre- and post-inhibition of
Akt. * indicates significant difference from post Akt inhibition (p < 0.05).

The expressions of myogenic proteins on graphene oxide-based substrates (GO sheet and GO-
PCL scaffold) have been assessed. It has been demonstrated that myogenic proteins expressed
better on the GO-PCL composite meshes than GO sheet and the control (tissue culture plate).
This highlighted the superiority of grapheme-based substrates for myoblast differentiation.
Favourable physicochemical and biological properties established these scaffolds as potential
platforms for myogenic differentiation and maturation for tissue engineering and other
biomedical applications. In addition, we have also shown preliminary study of IGF-1 pathway
that is important for skeletal muscle differentiation and maturation as well. This pathway
proteins (IRS-1/PI(3)K/Akt/MyoD) also expressed better on graphene based substrates,
particularly on GO-PCL scaffolds. Moreover, selective inhibition of Akt has reduced the
expression level of MyoD, a myogenic protein important for skeletal muscle differentiation.

Hence, it was noticed that lower expression of MyoD along with Akt inhibition indicated the
importance of the IGF-1 cell signalling pathway observed from this preliminary investigation.
Further elaborate study seems to be more interesting.

6. Conclusion

ElectrospunGOnPs-PCL and GOnPs-PLGA composite scaffolds showed enhanced conduc-
tivity and dielectric permittivity due to quantum tunnelling between the graphene oxide
nanoflakes. Improved conductivity of the scaffold enhanced biocompatibility of the GOnPs-
polymer composite fibrous meshes compared to those of pure polymers like PCL and PLGA.
As a consequence, the composite scaffolds showed excellent myoblast differentiation of
umbilical cord blood derived mesenchymal stem cells. Increased biocompatibility of GO and
GO-polymer composites were attributed to the surface charge and nanoflake structure of
graphene oxide. Compared to GOnPs-PLGA, GonPs-PCL composite scaffold meshes exhibited
better myoblast differentiation capability which is attributed to the more conducting behaviour
of the GOnPs-PCL composite. IGF-1 cell signalling pathway study carried out on the composite
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scaffold meshes also showed potentiality for excellent myoblast differentiation and prolifera-
tion of cord blood stem cells (CB-hMSCs).Therefore, in demand of cell specific substrates, the
use of GO-based polymer composite meshes might be considered as the most potential
substrates for the next generation tissue engineering and other biomedical applications.
Moreover, it is also worthwhile to mention that cost effective and easily available umbilical
cord blood is an important and abundant source of human stem cells for the differentiation of
skeletal muscle tissues or other lineages.
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Umbilical cord blood (UCB) and, more recently, umbilical cord tissue (UCT) have been 
stored cryopreserved in private and public cord blood and tissue banks worldwide, 

since the umbilical cord blood was used for the first time in a child with Fanconi 
anemia with his HLA-identical sibling, following strict guidelines that imply high-

quality standards and total rastreability of these units. The hematopoietic stem 
cells (HSCs) are clinically used in hematopoietic treatments for blood disorders and 

hemato-oncological diseases. Also, the mesenchymal stem cells (MSCs) isolated 
from the UCT and UCB, nowadays, can be used as coadjuvants of hematopoietic 

transplants. In the near future, these stem cells will have a crucial role in regenerative 
medicine. For this reason, these cells have been tested in several clinical trials and 

compassive treatments in children and adults, concerning a wide range of pathologies 
and diseases, for instance, for the treatment of cerebral paralysis. Considering the 
worldwide availability of UCB and UCT units and the absence of ethical concerns 

will probably become the best sources for cell-based therapies for hematological and 
nonhematological pathologies. The UCB will also have a crucial role in neonatology-

predictive analysis in the near future.
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