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Abstract

 Human umbilical cord blood (hUCB) has been reported to contain haematopoietic 

stem cells and a rare “embryonic-like” non-haematopoietic stem cell population.  

Furthermore, mesenchymal stem cells can be isolated from Wharton’s jelly. These stem 

cell fractions may provide a valuable cell source for regenerative neurology applications. 

Thus, the aim of this study was to isolate, characterise, and differentiate umbilical stem cell 

fractions into neural-derived progenitors.  

 The data suggest that the Lin⁻CD45⁻ “embryonic-like” stem cells present in the cord 

blood represent a small heterogeneous population phenotypically characterised by the 

expression of CD34, Nestin, CXCR4 and transcripts typical of pluripotent cells, such as 

SOX2, OCT3/4, and NANOG. However, they were not able to proliferate in any of the stem 

cell growth culture media tested and, therefore, defining them as “embryonic-like” stem cell 

at this stage should be avoided. The results also suggest that the cord blood mononuclear 

cell fraction (CBMC) expresses neural antigens at basal level but is not able to generate 

neural progenitors in the xeno-free conditions tested. Finally, the data indicate that the 

umbilical cord mesenchymal stem cells (UC-MSCs) displayed an important expression of 

antigens, commonly found in human neural stem cells (hNSCs) but not exclusive, at basal 

and early differentiation levels. Furthermore, these cells were able to expand in xeno-free 

conditions containing neural factors known to grow hNSCs. However, although UC-MSCs 

expressed markers typical of hNSCs, they were unable to differentiate into mature-derived 

neurons compared to hNSCs.  

 In conclusion, this work suggests that the cord blood haematopoietic and non-

haematopoietic stem cell fractions are unable to generate neural progenitors, and should 

be avoided for neurotransplant therapy proposes at this stage. Moreover, the UC-MSC 

fraction appears to be the most plastic cell source in umbilical cord. However, the potential 

use of UC-MSCs for allogeneic therapy in regenerative neurology applications needs to be 

further investigated before attempting to translate these cells to the clinical practice.   
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Chapter 1: General Introduction

Neurological Diseases: magnitude of the problem 
          

 Neurological diseases are the most important cause of disability around the world.         

They have a major impact on patients’ lives, and are frequently not recognised by health or 

social services, and remain undiagnosed and untreated. In 2003, it was estimated that 10 

million people were living with some form of neurological disability in the UK (Neurological 

Alliance 2003; http://www.neural.org.uk/store/assets/files/20/original/NeuroNumbers.pdf). 

This number has been growing during the last few years as a consequence of improved 

survival rates (Neurological Alliance 2003). Furthermore, these conditions affect the ability 

of patients to manage their lives on a day-to-day basis  (Hofman et al., 2006). 

 Neurological diseases differ widely in their level of disability and onset of the disease.         

Therapeutic options have diverse efficacy at different stages of the disease, and result in 

distinct outcomes. The effectiveness of pharmacological or surgical treatments varies 

depending on the disease. For example, patients with Parkinson’s disease (PD) have a 

relatively normal life expectancy as several drugs are effective during the first years of the 

disease, and valuable treatments can be found during the advanced stages. In contrast, 

amyotrophic Lateral Sclerosis (ALS) has no effective treatment, and its progression is 

considerably faster, and causes a fatal outcome. Treatments for acute neurological 

conditions (such as brain and spinal cord traumas, and stroke) have different efficacies in 

preventing disability. 

Regenerative Neurology
          

 Despite recent advances in medical treatments, the ability to treat neurological         

diseases remains a major challenge in medicine. Current neurological treatments have 

helped to alleviate some of the symptoms, but a therapy with the ability to interfere with the 

progression of the disease is still needed (Harris, 2008, Sadan et al., 2009, Schwarz and 

Schwarz, 2010). Consequently, stem cell based therapies for neurological conditions have, 

over the last decades, gained acceptance as one of the most promising therapies to repair 

the central nervous system (CNS) (Park et al., 2010a).  

 Many protocols have been developed to differentiate stem cells into cells exhibiting         

neural characteristics (Kozubenko et al., 2010). However, very few approaches have been 

translated to the clinic  (Hyun et al., 2008, Goldring et al., 2011). The first clinical trials in 
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this field were performed in Sweden (Lindvall, 1989), and then in Mexico (Madrazo et al., 

1990), in patients with Parkinson’s disease (PD) who were transplanted with foetal 

midbrain tissue; since then patients, in several countries, were transplanted with foetal 

mesencephalic tissue (Spencer et al. N Engl J Med. 1992; Freed et al. N Engl J Med. 

1992; Widner et al. N Engl J Med. 1992, Peschanski et al. Brain. 1994, Barker, 2010). In 

these cases some cells engrafted and showed functional integration, giving a degree of 

symptomatic relief to the patients. However, engrafted cells contained Lewy bodies (the 

hallmark of PD) 11-15 years after transplantation, and the variability of functional outcome 

was high (Freed et al., 2001, Olanow et al., 2003, Lindvall and Kokaia, 2010, Mathews et 

al., 2008). In spite of variable clinical outcomes, these trials have generated a substantial 

amount of knowledge about the effect of transplanted cells in the CNS, and showed that 

the principle of replacement in PD patients was viable. Since then, stem cell therapy for 

neurological conditions has been one of the most active fields of regenerative medicine.  

 Stem cell research, in regenerative neurology, has the potential to have a major         

impact in neurological treatments through the elucidation of neurodegenerative 

pathogenesis, the acceleration of drug discovery, and therapies involving the direct 

application of stem cells into the nervous system (Chandran, 2008) (figure 1). 
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Figure 1. Potential impact of stem cells in regenerative neurology. Elucidation of 
neurodegenerative pathogenesis, the acceleration of drug discovery, and therapies involving the 
direct application of stem cells into the nervous system
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Stem cells sources for regenerative neurology
          

 Different sources of stem cells can be used for regenerative neurology (ReN)         

proposes. Stem cell sources include human Embryonic Stem Cells (hESC) (Li et al., 2008, 

Kozubenko et al., 2010), induced Pluripotent Stem cells (iPSC) (Kim et al., 2008a, Soldner 

et al., 2009), foetal neural stem cells (fNSCs) (Lindvall, 1989, Madrazo et al., 1990, Freed 

et al., 2001, Olanow et al., 2003, Rabinovich et al., 2003), adult neural stem cells (aNSCs) 

(Feng et al., 2009, Qu et al., 2001, Xuan et al., 2009), and non-neural somatic stem cells 

(Cogle et al., 2004, Buzanska et al., 2006, Ehnert et al., 2009, Jurga et al., 2009) (figure 

2).  
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Figure 2. Stem cell sources to generate neural progenitors and/or neural tissue in 
regenerative neurology. hESC= human embryonic stem cells; iPSC= induced pluripotent stem 
cells; hUCSCs= human umbilical cord stem cells; fNSCs= foetal neural stem cells; aNSCs= adult 
neural stem cells. 
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Biological and clinical features of stem cells for cellular 
therapy 
          

 Certain biological, clinical, and safety considerations must be taken into account         

before proceeding with any cellular therapy. These include:  

  - Pluripotency and plasticity. Pluripotency and differentiation capability needs to be         

assessed for any stem cell resource (Thomson, 1998, Goldring et al., 2011). These 

properties allow stem cells to be classified according to their level of pluripotency into 

totipotent, pluripotent, multipotent, and unipotent (Jaenisch and Young, 2008, Leeb et al., 

2009): 

 Totipotent cells are able to form all type of cells in the body, including the 

extraembryonic/placental cells. Pluripotent stem cells are considered to be highly plastic 

and to be able to differentiate into any kind of body cell, but not extraembryonic/placental 

cells. hESC and iPSC have high pluripotency and plasticity, however, hESC are not free 

from ethical controversies, and safety is an imperative problem to be solved due to 

formation of teratomas (Thomson, 1998). iPS cells have shown promise in in vitro 

research, however, the clinical use of these cells have yet a lot of concerns (Barker, 2012). 

 Multipotent stem cells are less plastic than totipotent and pluripotent cells but they 

are able to self-renew for long periods and generate specialised cells with specific 

functions (van de Ven et al., 2007). They can give rise to specific committed cell lines but 

have limited ability to differentiate into different cell lines (Beltrami et al., 2007a). Adult or 

somatic stem cells such as neural, haematopoietic, and mesenchymal stem cells are 

found in this group (Goldring et al., 2011). Somatic stem cells have shown promising 

results in regenerative medicine (Prasongchean and Ferretti, 2012, Joannides et al., 2003, 
Cogle et al., 2004). They can be re-programmed to increase pluripotency, such as iPS 

cells, or be directly differentiated to neural cells (Safford and Rice, 2005, Mareschi et al., 
2006, Sanberg et al., 2011). 

 Finally, unipotent stem cells have the ability to self-renew, some have unlimited self 

renewal potency, (Fuchs and Chen, 2012) and can or may give rise to a very specific cell 

line.  

�29



Chapter 1: General Introduction

 - Sources and ethical issues. Sources of stem cells have to be accessible, 
immunologically naïve, and free from ethical controversies (Ende and Ende, 1972, 
McGuckin and Forraz, 2008b). Neural-somatic stem cells such as fNSCs and aNSCs are 

less accessible and ethical controversies are still an issue. Other sources, such as non-

neural somatic stem cells are more accessible and have less ethical concerns surrounding 

the use of human embryos to derive hESC and fNSCs but factors such as low plasticity  

make them less suitable or effective for clinical use (Thomson, 1998, Goldring et al., 
2011). 

 - Safety and clinical efficacy. Safety and efficacy need to be measured before 
attempting any clinical use (Goldring et al., 2011). The characterisation of cells in situ, and 
after expanding and differentiating conditions, is needed in order to assess the frequency 
of chromosomal aberrations and to determine the heterogeneity of culture before any cell-
based therapy (Hyun et al., 2008, Goldring et al., 2011). Any stem cell therapy needs to 
have better efficacy than existing pharmacological and surgical managements (Lindvall 
and Kokaia, 2010).
 

- Histocompatibility. The Human Leucocyte Antigen (HLA) compatibility between 
donor and recipient should be determined (Herranz et al., 2010). The central nervous 
system (CNS) has been considered to be in an immunologically quiescent state (Das et 
al., 2009). The low/lack expression of major histocompatibility complex (MHC) molecules 
as well as the limited entry of infiltrating T cells into the CNS are considered to produce 
this “immune privilege state” (Das et al., 2009, Barker and Widner, 2004). However, 
following viruses infection, induction of both (innate and adaptive) immune responses 
occur within the CNS (Das et al., 2009). Furthermore, recognition of foreign MHC antigens 
on transplanted cells could be a crucial determinant for the immunological rejection of cell-
derived products (Johansson et al., 2008, Barker and Widner, 2004). 

-Accessory factors/cells. Whether or not growth factors and/or accessory cells 
should be included needs to be determined (Jiang et al., 2010a, Herranz et al., 2010, 
Sanberg et al., 2009). 
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 At present, there is no a specific stem cell source that meets all these characteristics,         

and different sources should be examined to determine their biological, clinical, and safety 

effects. However, there are some possible alternative cell sources that can be used in a 

relatively safe manner. Among them, cells derived from the bone marrow and umbilical 

cord could have some impact on the progression of some neurological conditions (Herranz 

et al., 2010, Sanberg et al., 2011, Dantuma et al., 2010). 
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Stem cell based therapy for regenerative neurology

 Although neurological disorders vary from each other, they share two common         

phenomena described during the neurological damage: inflammation and degeneration 

(Sadan et al., 2009, Sanberg et al., 2011). These two mechanisms produce cell death with 

corresponding lost of the tissue (figure 3), and manifest themselves clinically as neurologic 

disabilities. Stem cell-based neurotherapies could be used to: a) replace lost cells (Lindvall 

and Kokaia, 2010), b) protect existing cells (Hess and Borlongan, 2008), c) promote 

endogenous neurogenesis and angiogenesis (Liu et al., 2010, Kempermann, 2011), and d) 

regulate immunologically inflammation (Chen et al., 2005).  

 Replacement tissue. Stem cells could be transplanted into damaged regions to         

replace lost neurons, and likewise prevent disease progression. In addition, growth factors, 

neuroprotective compounds and/or antibodies could be infused to repair damage in the 

CNS (Lindvall and Kokaia, 2010).  

 Modification and modulation of the pathological microenvironment. Whereas         

current regenerative medicine approaches have mainly focused on replacing the damaged 

tissue, there is evidence that some cell therapies could work modulating and/or modifying 

the pathological environment instead (Vendrame et al., 2005, Nikolic et al., 2008, 

Garbuzova-Davis et al., 2009, Jiang et al., 2010b). The modification of the pathological 

microenvironment prior to stem cell-based replacement therapy could play a crucial role in 

the differentiation, survival, and function of both grafted and endogenous cells. Therefore, 

this effect would justify application of stem cells as a therapy in some specific fatal cases.  

 Endogenous neuroregeneration and neuroprotection. CNS has the most limited         

capability for regeneration and recovery (Hess and Borlongan, 2008). Besides, among 

mammals, neurogenesis is principally restricted to the subgranular zone-dentate gyrus of 

the hippocampus and the subventricular zone-olfactory bulb. A regenerative strategy 

would be to stimulate these zones to promote self-repair (Liu et al., 2010, Kempermann, 

2011). Current evidence suggests that stem cells could induce endogenous neurogenesis 

and angiogenesis in existing neural stem cells by promoting the secretion of growth factors 

(Chen et al., 2005) such as fibroblast growth factor-2 (FGF-2), neurotrophic growth factor 
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(NGF), or brain-derived neurotrophic factor (BDNF). Additionally, stem cells might induce 

neuroprotection in existing neurons (Hess and Borlongan, 2008).  

          

 

          

 ReN is a complex issue that requires the intervention of multiple disciplines with an         

interdisciplinary approach (Lindvall and Kokaia, 2010). Therefore, a much better 

understanding of the mechanisms of action, control of proliferation, differentiation, 

migration, and survival of stem cells would be required to transfer these novel therapies to 

the clinic (Lindvall and Kokaia, 2010, Goldring et al., 2011). 
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(B) 
Inflammation  
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Cell Death  

and  
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(D)  
Stem Cell-based Neurotherapy 

Figure 3. Common mechanisms of damages for chronic/acute neurological diseases and 
principle of stem cell-based neurotherapy for regenerative neurology. A) Neurons in a normal 
tissue before disease. B) Inflammation and degeneration as common conditions described during 
the nervous damage. C) Cell death with corresponding lost of tissue. D) Therapies based on stem 
cells, grow factors, and/or antibodies to modify the environment and/or replace lost cells.
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A therapeutic approach for the clinical translation of 
stem cells in regenerative neurology

  The time elapsed between the beginning of diseases and application of the therapy          

could be considered to classify neurological disorders into four categories (Hess and 

Borlongan, 2008); these categories must be pondered to determine the desired clinical 

effect before applying stem cell therapies (figure 4) (Hess and Borlongan, 2008, Herranz 

et al., 2010). 

 The first category are those with acute injuries such as spinal cord injury (SCI), 

stroke, traumatic brain injury, and hypoxia-ischemic encephalopathy (for neonatal, 

perinatal, or adult). Here, stem cells could be used to prevent and/or alleviate the cascade 

of injury peaks within the first 24-48 hours of the onset. Neuroprotective properties of stem 

cells could be used to achieve this aim. Neurorestorative treatment can commence later in 

order to have a realistic and early benefit for patients in this category. 

 The second category are diseases such as Parkinson’s, Alzheimer’s (AD), 

Huntington’s (HD) and amyotrophic lateral sclerosis, where timing of onset is commonly 

not known until the disease has clinically manifested. There is a period, when the 

pathogenesis is active but the disease is not clinically apparent. In this category, the 

pathological process of cell death is constant and slow. For these diseases, stem cells 

could be applied to promote both neuroprotection and neurorestoration through reducing 

the neuronal apoptosis and promoting neurogenesis when the disease is clinically 

manifested. In a less adverse environment, replacement therapy could be used as an 

alternative/complementary approach; this is for instance, theoretically feasible for 

Parkinson’s.   

 The third category is composed of chronic inflammatory and immunologically 

mediated conditions such as multiple sclerosis (MS). Here stem cells could be used to 

modulate chronic inflammation during the early onset of the disease and restorative 

approaches can be used to treat axonal degeneration at later stages. 

 Finally, the fourth category corresponds to genetic diseases. Genetically modified 

stem cells could play a very important role in some children’s disorders, such as inborn 

errors of metabolism and inherited myelin disorders, bringing the missing enzyme to 
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restore the normal storage of glycolipids or proteins in lysosomes. For these diseases, a 

combination of different approaches could be used in order to achieve more efficient 

clinical outcomes. 

 

 Figure 4. Clinical approach considering the time elapsed between the beginning of  
diseases and application of the therapy. Stem cells could be used to promote neuroprotection 
initially and to regenerate lost tissue in later stages. 
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Human umbilical cord stem cells

Umbilical cord blood

 Human umbilical cord blood (hUCB) contains mature, stem, and progenitor cells         

(Broxmeyer et al., 1989, Gluckman et al., 1989) (figure 5). hUCB is one of the biggest 

alternative stem cells source around the world (Spellman et al., 2011). Public banking of 

hUCB was initiated in 1992 at the New York Blood Center (Rubinstein et al., 1993, 

Spellman et al., 2011) and since then, there are over 600,000 cord blood units stored 

worldwide (Ballen et al., 2013). Cord blood stem cells are easily available and circumvent 

the ethical issue involved with hESC. Cord blood haematopoietic stem cells (HSCs) have 

been used to perform over 30,000 bone marrow transplants in the last two decades 

(Ballen et al., 2013). Children with malignant and non-malignant haematopoietic diseases, 

such as leukaemia, Fanconi’s anaemia, aplastic anaemia, hemoglobinopathies, β-

thalassemia, and sickle disease (Gluckman et al., 1989, Kelly et al., 1997, Rocha et al., 

2001, Locatelli et al., 2003, Fruchtman et al., 2004) have been treated with favourable 

outcome.  

 HSCs have also shown to improve the outcome of neurological diseases in different         

animal models such as Alzheimer’s disease (AD) (Ende et al., 2001), amyotrophic lateral 

sclerosis (ALS) (Ende et al., 2000, Garbuzova-Davis et al., 2003, Garbuzova-Davis et al., 

2012), Parkinson’s disease (PD) (Ende and Chen, 2002), stroke (Jiang et al., 2008, Jiang 

et al., 2010a), spinal cord injury (Chen et al., 2008, Chua et al., 2010), and Sanfilipo 

syndrome type B (Garbuzova-Davis et al., 2009) amongst others. 

 From cord blood, the total nucleated cell fraction (TNCs), containing different mature         

and stem cells subpopulations (Chen and Ende, 2000), appears to be the most beneficial 

population to be used for cell therapy. These subpopulations (figure 5) could be classified 

as follow: 
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Figure 5. Composition of umbilical cord blood. 
A) Red blood cells (Erythrocytes) and Platelets. CD235a and CD41a as specific markers 

respectively.  
B) Total nucleated cells fraction (Mature and stem cells)  
C) Multinucleated Cells (Granulocytes, CD45⁺) 
D) Cord blood mononuclear cells (Lymphocytes and haematopoietic stem cells, CD45⁺) 
E) Non-Haematopoietic stem cells. (CD45⁻) 
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 Accessory Nucleated Mature Cells (ANMC). ANMC fraction contains both         

multinuclear (granulocytes) and mononuclear cells (CBMC) (such as T cells, B cells, 

monocytes, natural killer (NK) cells, dendritic cells, and macrophages) (Chen and Ende, 

2000) (figure 6). They express CD45 (leukocyte common antigen, LCA) which it is a 

protein tyrosine phosphatase (PTP) detected in haematopoietic cells with the exception of 

erythrocytes and platelets, and is therefore expressed by ANMC and Haematopoietic Stem 

Cells (HSCs) (Gajkowska et al., 2006). The expression of CD45 and different specific 

haematopoietic lineage markers defines distinct cellular subsets (Jurga et al., 2012): T 

cells are CD45⁺CD3⁺ (Lu et al., 2010), CD2 is expressed on T cells and NK cells; CD14 on 

monocytes, macrophages, neutrophils, and eosinophils; CD16 on resting NK cells, 

macrophages, and neutrophils; CD19 and CD20 on B cells, and CD56 on activated and 

resting NK cells (Jurga et al., 2012). Finally it is possible to find progenitors for each 

subpopulation described above having a phenotype such as CD45, 1 or 2 of lineage 

markers, and stem cells markers positive (Gratama et al., 2003).   

 
Figure 6. The haematopoietic lineage cells. Expression of CD45 and of different specific 
haematopoietic lineage markers defines distinct cellular subsets.
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 Haematopoietic Stem Cells. HSCs can be characterised as a population lacking the         

expression of ANMC lineage markers (CD3, CD2, CD14, CD16, CD19, CD20, and CD56), 

that is CD45 and CD34/CD133 positive (Whitby et al., 2012). This Lineage negative (Lin-), 

CD45+, CD34+/CD133+ population (figure 7) is able to generate haematopoietic lineage 

cells in specific culture conditions, and to reconstitute haematopoietic tissues during bone 

marrow transplantation (Broxmeyer et al., 1989, Gluckman et al., 1989, Rubinstein et al., 

1995, Querol et al., 2000).  

 Although HSCs are multipotent, a subpopulation of them has been described to         

express transcripts typical of pluripotent cells, such as NANOG, OCT4, SΟΧ2, SSEA-3, 

and SSEA-4 (Chua et al., 2009). However, these findings have not been reproducible 

maybe due to the variability of the initial populations isolated in different studies (Chua et 

al., 2009). In fact, these pluripotent transcripts have been more frequently found in non-

haematopoietic cord blood stem cells (non-HSCs) that are phenotypically   

Lin⁻CD45⁻CD34+/CD133+. (Kucia et al., 2006a, McGuckin et al., 2006a, McGuckin et al., 

2008). 

 Non-Haematopoietic Cord Blood Stem Cells. These cells were first described in         

the murine bone marrow (BM) (Kucia et al., 2006b) and have been proposed by some 

groups as an alternative to hESC. One characteristic of this population is the lack of the 

general leukocyte antigen (CD45) expression (Zuba-Surma et al., 2010). Non-HSC 

population can be identified by their lack of Lin, CD45, and CD235a (erythrocyte marker; 

glycophorin A) expression, and variable expression of HSC markers such as CD133, 

CD34, and CXCR4, and transcript factors such as NANOG, OCT4, SSEA-3 and 4, and 

SOX2 (Kucia et al., 2006a, McGuckin et al., 2008, Zuba-Surma et al., 2010) (figure 7). 

Different populations have been described in the literature and have been assigned 

distinct names (Sovalat et al., 2011). Non-HSCs have been named very small embryonic-

like stem cells (VSELs) (Kucia et al., 2006a), cord blood-derived-embryonic-like stem cells 

(CBEs) (McGuckin et al., 2005), multipotent adult progenitor cells (MAPC) (Jiang et al., 

2002), marrow-isolated adult multilineage inducible (MIAMI) cells (D'Ippolito et al., 2004), 

multipotent adult stem cells, unrestricted somatic stem cells (USSC) (Beltrami et al., 2007), 

or endothelial precursor cells (Herranz et al., 2010, Sovalat et al., 2011). In addition, adult 

human circulating CD34⁻Lin⁻C45⁻CD133⁻ cells, considered to be adult hemangioblasts 

and expressing pluripotency markers, have recently been described to have the ability to 
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differentiate into haematopoietic and endothelial cells (Ciraci et al., 2011). At this time it is 

not clear what the relationship is between populations (Sovalat et al., 2011).  

 Recently, non-HSCs have now been isolated by a number of different groups using 

methods such as FACS sorting (Zuba-Surma et al., 2010) and magnetic bead isolation 

(McGuckin et al., 2008); and from sources such as BM (Shin et al., 2009), human umbilical 

cord blood (hUCB) (Zuba-Surma et al., 2010, McGuckin et al., 2008, Danova-Alt et al., 
2012), and peripheral blood (Paczkowska et al., 2009). More recent reports have 

described some common morphological characteristics such as: smaller size compared to 

HSCs, euchromatic chromatin, high density, and high nuclear/cytoplasmic ratio; as well as 

functional properties such as: differentiation into all three germ layers in vitro, unable to 

form teratomas in vivo, and paradoxically, maintaining a quiescent state (Shin et al., 2009).  
The uptake of the DNA stain Hoechst has been slightly contradictory as high, low, or null 

uptake has all been reported for these cells (Danova-Alt et al., 2012, Parte et al., 2011, 
Bhartiya et al., 2011). The relationship between murine cells and those seen in humans is 

as yet unclear. Additionally cells sharing the same phenotypical and morphological 

characteristics have been found in other tissues in humans and other mammals (Parte et 
al., 2011).   

 Non-HSCs have been described, by some groups, to posse several unique 
morphological characteristics; however, in contrast with this optimistic results, recent 
studies have concluded that the existence of these cells remains dubious (Miyanishi et al., 

2013) and more robust and rigorous evidence is needed to confirm their existence. 
Therefore, it will take some time for the controversy to end.
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Figure 7. Immunophenotype of umbilical cord blood stem cells in to the cord blood 
mononuclear fraction. Similar stem cell phenotype is found in both HSC and non-HSC. The 
difference is the presence or absence of CD45.  

�41



Chapter 1: General Introduction

Lumen of blood vessels cells
          
 Endothelial progenitor cells can be found inside of the lumen of blood vessels (figure         

8). They have been isolated from the umbilical vein and have been used in research for 

vascular cell biology. Umbilical endothelial progenitor cells are the most simple and 

available resource of vascular cells for biomedical research (Siow, 2012).  

Wharton’s Jelly cells

 Wharton’s Jelly (WJ), first described by Thomas Wharton in 1656 (Kim et al., 2013),         

is a mucous rich proteoglycan matrix. Mesenchymal stem cells (MSCs) can be isolated 

from WJ (figure 8) and be used as a clinical source for regenerative medicine. MSCs have 

been gained acceptance due to their plasticity and capacity for immunomodulation (Otte et 

al., 2013, Kim et al., 2013) and have became one of the main source for tissue 

engineering and regenerative medicine research. They have the capacity to differentiate 

into mesodermal lines displaying chondrogenic, osteogenic, and adipogenic characteristics 

(Batsali et al., 2013, Can and Balci, 2011). Along with mesodermal capacity, MSCs have 

been described to generate ectodermal and endodermal lines under specific conditions 

(Neirinckx et al., 2013) and have emerged as a novel alternative for stem cell therapy in 

ReN. Later in this chapter, a more extensive analysis of their properties and use in 

neurological treatments will be discussed. 
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Umbilical cord blood stem cells (UCBSCs) for 
regenerative neurology

 Sanchez-Ramos et al. (2001) were the first to describe that cord blood mononuclear         

cells (CBMC) expressed neural markers such as Musashi-1, βIII-tubulin (TUJ-1), and glial 

fibrillary acidic protein (GFAP) when they were treated with retinoic acid (RA) and nerve 

growth factor (NGF) (Sanchez-Ramos, 2001). McGuckin et al. demonstrated that non-

HSCs expand and differentiate into haematopoietic and neural progenitors when cultured 

with media supplemented with c-kit ligand, flt-3 ligand, and thrombopoietin (McGuckin et 

al., 2004). Furthermore, CBMC were found to express nestin, GFAP, MAP2, and TUJ-1 

when cultured only with DMEM (Garbuzova-Davis et al., 2006). Another study performed 

by Zigova et al. showed that 20% of CBMC treated with RA and NGF survived after 

transplantation into 1-day-old neonatal pup mice and expressed neural markers such as 

GFAP and βIII-tubulin (Tuj1) (Zigova et al., 2002). Finally, Tracy et al. have recently 

developed methods to isolate, expand and characterise oligodendrocyte-like cells from 

fresh and cryopreserved CBMC, expressing myelin markers such as O1 and O4 in more 

than 80% of the cultured cells  (Tracy et al., 2011). 

 In spite of the expression of several neural markers and the reduction of tissue/cell         

damage observed in animal models, CBMC have shown minimal or no capacity to replace 

lost tissues (Sanberg et al., 2011). The evidence suggests that CBMC promote cell 

survival through a paracrine mechanism  (Sanberg et al., 2011, Sanberg et al., 2005). 

          

 UCBSCs for stroke. Several studies performed with UCBSCs using stroke animal         

models have shown to reduce infarct size and improve functional outcome (Nystedt et al., 

2006, Sanberg et al., 2011). Intravenous (IV) or intra-arterial delivery showed limited entry 

of UCBSCs into the CNS, thus the mechanism of action is probably not due to cell 

replacement but modulation of inflammation, and promoting internal neurogenesis and 

angiogenesis. The transplanted cells found inside the brain were localised into the affected 

hemispheres, specifically to the cortex and the striatum, as well as the bone marrow, liver, 

lungs, muscle, heart and spleen (Chen et al., 2001). There was no difference observed in 

the first 24 hours after transplantation between IV and intra-arterial delivery, however, long-

term studies using IV delivery showed better outcome two months after transplant. 

 Consistent with this, in a study in mice, CD34+ cell therapy showed         

neovascularization in the damaged zone after an induced stroke  (Taguchi et al., 2004). 
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This beneficial effect was lost with the administration of anti-angiogenic agents, indicating 

a strong relationship between angiogenesis and neurogenesis in the regeneration of the 

ischemic brain. 

 UCBSCs for Spinal Cord Injury. Spinal cord injury (SCI) is characterised by focal         

and multifocal abnormalities with acute and chronic stages (Park et al., 2010b). Firstly, 

there is direct cell death and haemorrhage due to mechanical impact. Secondly, there is 

subsequent damage to neural cells through a number of different mechanisms. Cellular, 

biochemical, and vascular events contribute to deterioration of the neural tissue. Over the 

next days/weeks of progression, there is activation of several cell types such as astrocytes 

and microglia, along with migration of inflammatory cells from the blood (Park et al., 

2010b). Therefore, strategies to intervene against these inflammatory events are 

recommended to prevent cell death adjacent to damaged areas, and to promote the 

release of neurotrophic and angiotrophic factors.  

 In experimental models of SCI, UCBSCs have been shown to differentiate into         

neurons, astrocytes, and oligodendrocytes in moderately damaged areas (Dasari et al., 

2007b). In addition, UCBSCs were demonstrated to promote secretion of neurotrophic 

hormones such as neurotrofin-3 (NT3) and BDNF, improve functional recovery of injured 

mice, and to facilitate the process of re-myelinisation by assisting the production of myelin 

basic protein (MBP) and myelin proteolipid protein (PLP) at the site of injury (Dasari et al., 

2007b, Dasari et al., 2008, Veeravalli et al., 2009). 

 Zhao et al. showed that the CD34+ population from UCBSCs was more effective than         

stromal cells from adult bone marrow (BM) (Zhao et al., 2004); an intra-spinal implantation 

of umbilical-derived CD34+ cells was performed in adult mice with SCI and compared with 

mice treated with stromal cells from adult BM. The survival of mice treated with stem cells 

was improved in comparison to non-treated mice. Finally, mice treated with cord blood 

CD34+ cells showed a better functional score than those treated with adult stromal cells 

(Zhao et al., 2004).  

 In a clinical study, Rabinovich et al. transplanted nervous and haematopoietic foetal         

tissue in 15 patients with SCI. Patients showed little improvement in general, but six of 

them had improved motor and sensitive functions accompanied with magnetic resonance 

imaging changes (Rabinovich et al., 2003). 
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 UCBSCs for Neurodegenerative Diseases. PD, AD, ALS, and HD have poor         

therapeutic options. Generally these options tend to treat the symptoms and principally 

only during onset (PD and AD). Most stem cell-based therapeutic approaches have 

focused on replacement therapy using embryonic or foetal stem cells (Lindvall and Kokaia, 

2010, Lindvall, 1989, Olanow et al., 2009). However, some studies have demonstrated 

that CBMC might be used to treat these diseases by modifying the environment or by 

modulating inflammation (Vendrame et al., 2005, Nikolic et al., 2008, Jiang et al., 2010a, 

Park et al., 2010a).  

 Using CBMC in a PD mouse model, Ende et al. was able to show delayed onset of         

symptoms and better survival. The outcome was found to be better when using UCBSCs 

rather than bone marrow cells (Ende and Chen, 2002). The same group have successfully 

applied CBMC into different animal models of ALS, AD, and HD (Chen and Ende, 2000, 

Ende et al., 2001, Ende and Chen, 2001).  

 AD is characterised by inflammation due to activation of immune cells into the CNS         

caused by the deposits of amyloid β (Aβ) (Feng et al., 2009). Ende et al. have shown that 

massive doses of CBMC (110 million) prolonged the survival of AD transgenic mice 

(tg2576 mice) (Ende et al., 2001). Another study performed by Nikolic et al. testing multiple 

injections of 100,000 cells into two different mouse models (tg2576 and the double 

transgenic presenilin APP mouse), showed a substantial decrease of intra-cerebral Aβ 

(Nikolic et al., 2008). Intriguingly, this group did not find any UCBSCs in the brain, 

suggesting that the benefit observed was not necessarily the result of cells crossing the 

blood-brain barrier (BBB). 

 Finally Garbuza-Davis et al. showed that IV administration of CBMC into         

presymptomatic ALS mice delayed the onset of symptoms and increased survival 

(Garbuzova-Davis et al., 2003, Garbuzova-Davis et al., 2012). 
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Umbilical cord mesenchymal stem cells (UC-MSCs) for 
regenerative neurology 

          

 UC-MSCs are typically defined as fibroblast-like mesechymal stromal cell population         

(figure 9) phenotypically expressing surface markers commonly associated with 

mesenchymal stromal phenotype, such as CD90, CD73, and CD105 (Kim et al., 2013). 

They have been described to have some pluripotent properties (Guasti et al., 2012b, 

Prasongchean and Ferretti, 2012, Dalous et al., 2012), and have shown to possess some 

multipotent plasticity (Ma et al., 2011). UC-MSCs are also negative for MHC class II (HLA-

DR, -DQ, -DP) and positive for class I (HLA-A, -B, -C) at low levels (Carvalho et al., 2011, 

Hartmann et al., 2010), they produce IL-10, IL-6, vascular endothelial growth factor 

(VEGF) and TGF-β (Deuse et al., 2011, Kim et al., 2013). UC-MSCs express HLA-G, 

which is not expressed in bone marrow mesenchymal stem cells (BM-MSCs) and has an 

important function in the immune tolerance during pregnancy (Kim et al., 2013). Therefore, 

UC-MSCs seem to have high plasticity and several immunomodulatory properties.  
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Figure 9. Umbilical cord mesenchymal stem cells. A. Plastic adherence of UC-MSCs. (20x)  
B. Elliptical, speckled nucleus (white circles) surrounded by a branched cytoplasm (black arrows): 
fibroblast-like morphology. (40x)
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 Administration of naïve UC-MSCs to promote neuroregeneration and neuroprotection         

would be a logical approach for cell replacement therapy in ReN. However, they have only 

a limited capacity to differentiate into functional mature neurons despite expressing of 

several neural markers when induced to by in vitro neural protocols (Neirinckx et al., 

2013). In addition, the risk that they might differentiate into mesodermal cells once inside 

the nervous system needs to be further investigated. Thus, UC-MSCs with minimal 

manipulation and induced to early neural stage (neural-derived progenitors) might be a 

more practical approach  (Buzanska et al., 2006). 

 Following application of neural differentiation culture protocols, UC-MSCs have         

shown to express markers, at the protein and the transcription level, that are typically used 

to characterise neural cells at different developmental levels (Cho et al., 2012, Dalous et 

al., 2012, Divya et al., 2012). They have also been observed to adopt neural morphology 

(Liang et al., 2013). The importance of the expression of those markers needs still to be 

explained as only a small number of studies has provided evidence of electrophysiological 

function (Neirinckx et al., 2013).  

 To be successful, a neurological treatment based in UC-MSCs could require early         

neuronal differentiation to re-direct the cells from a mesodermal to an ectodermal fate  

(Wislet-Gendebien et al., 2004, Harris et al., 2012a, Harris et al., 2012b). Different 

protocols have been used on these cells to generate neural progenitors (Aly et al., 2012, 

Cho et al., 2012, Jung et al., 2008). However, most of the studies have focused only on 

the capability of the cells to form mature neural cells in vitro, as a final product. Stem cells 

used for neurological treatments must regenerate the missing tissue, however, very few 

reports have been successful (Neirinckx et al., 2013). 

 UC-MSCs have shown positive clinical effects in animal models for distinct         

neurological diseases (Neirinckx et al., 2013) such as stroke (Koh et al., 2008), AD (Lee et 

al., 2010a), PD (Shetty et al., 2013), SCI (Zhilai et al., 2012), ALS (Mazzini et al., 2009), 

and MS (Uccelli et al., 2011) amongst others. MSCs independently of their cell source 

have been currently used in clinical studies for different neurological diseases (Trzaska et 

al., 2008, Dalous et al., 2012, Liu et al., 2013a) with a positive outcome. Therefore, the use 

of UC-MSCs seems a promising option to treat patients with neurological pathologies.  
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 As mentioned previously, UC-MSCs, as well as cord blood, are normally discarded         

and could be a potential source for clinical support in regenerative medicine and ReN in 

particular (figure 10). 
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Figure 10. Mechanisms by which UC-MSCs might promote protection and regeneration in 
the nervous system. UC-MSCs are normally discarded and could be a potential source for 
clinical support in ReN.
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UC-MSCs for neurological diseases
         

 Most clinical studies with human MSCs have focused in autologous transplantation         

(Mazzini et al., 2006) of bone marrow MSCs (BM-MSCs), and studies in animal models 

have been performed mainly with BM-MSCs and adipose derived MSCs (ADMSCs). UC-

MSCs from Wharton’s Jelly has only gained acceptance recently and the lack of human 

studies does not allow to compare results with their counterpart BM-MSCs. However, 

some works have been done with UC-MSCs made in neurological animal models 

enhancing their positive effect (Neirinckx et al., 2013). 

 UC-MSCs for stroke. A study by Hsieh et al. demonstrated that UC-MSCs are a         

better source to promote in vivo neuroprotection, neurogenesis, and angiogenesis in a 

stroke model than BM-MSCs (Hsieh et al., 2013). The same group found also that MSCs 

from umbilical cord expressed more stemness and growth related genes. Zhang et al. 

demonstrated that UC-MSCs administrated intravenously were more effective than 

placebo in a rodent stroke model (Zhang et al., 2011); interestingly this study showed that 

even a delayed administration up to 30 days could improve the neurological functional 

recovery. McGuckin et al. have shown an important immunomodulation effect of UC-MSCs 

in a stroke model (McGuckin et al., 2013).  

 UC-MSCs for SCI. UC-MSCs are described as non-immunogenic and to secrete an         

extensive range of neuroprotective factors such as FGF2, SDF-1a, GDNF, BDNF, and 

NFG (Vawda and Fehlings, 2013), this is very important property to treat SCI. Zhang et al. 

showed that UC-MSCs could be transformed into neuroectodermal-like cells in vitro and in 

vivo, and when cells were transplanted to a SCI model there was indication of axonal 

regeneration (Zhang et al., 2009). The same group showed as well the benefit of 

administration of BDNF to promote surviving of the grafted cells. Liu et al. performed a 

clinical analysis using UC-MSCs to treat patients with SCI, the objective of this study was 

to observe the clinical effect and safety. They treated 22 patients by intrathecal injection of 

UC-MSCs and concluded that this therapy was safe and could improve the neurologic 

function in patients with incomplete SCI (Liu et al., 2013a). 
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 UC-MSCs for Parkinson’s disease. The main symptoms of PD are due to the loss         

dopaminergic neurons (Fu et al., 2006), consequently, replacement therapy has the 

potential to be particularly beneficial. Stem cell treatment for PD has a simple principle, 

which is to restore brain function through the transplant of new neurons that would replace 

those lost after damage (Arenas, 2010). Neural transplantation has been performed in PD 

during the last 20 years using a number of different cell sources (Lindvall and Björklund, 

2011). In the late 1980s transplantation of foetal midbrain neural progenitors had better 

results (Lindvall, 1989), compared to adrenal tissue previously used, and the evidence 

showed that dopaminergic neurons had en-grafted into the striatum (Lindvall and 

Björklund, 2011, Lindvall, 1989). Nonetheless, and in spite of these encouraging results, 

the clinical data from two different clinical trails did not show a significant difference 

between transplanted patients and controls (Freed et al., 2001, Olanow et al., 2003). 

    Although the clinical data did not demonstrate huge improvements, the presence of         

en-grafted tissue found in some patients suggested that the use of stem cells might still be 

feasible in PD patients. Hence, generation of dopaminergic progenitors from tissues 

different from foetal sources could be a similar option to treat this neurological condition.  

 UC-MSCs have been demonstrated to generate dopamine neurons in in vitro studies         

(Yan et al., 2013, Li et al., 2013). Yan et al. designed a neural differentiation protocol to 

generate dopamine neurons using Lmx1α and neurturin which have been described to 

play an important role in dopaminergic differentiation and neural-protection in the foetal 

midbrain. After the differentiating protocol, cells were found to express neuronal specific 

protein such as βIII-tubulin, NSE, Nestin, tyrosine hydroxylase (TH), and MAP2 (Yan et al., 

2013). Li et al. found that by using hepatocyte growth factor, UC-MSCs could differentiate 

into dopaminergic neurons (Li et al., 2013). Of note, however, functional studies were not 

performed in either of the studies mentioned above, to demonstrate the ability to produce 

dopamine in the differentiated cells, and TH expression was taken as the only evidence to 

define these cells as dopaminergic cells.  

 A study made by Xiong et al. showed that UC-MSCs combined with human VEGF         

conferred protection to the dopaminergic system (Xiong et al., 2011). Cells in this study 

were modified by transfected the VEGF gene into cells using an adenovirus vectored 
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method. This approach shows a different option for the use of UC-MSCs, that of stem cell 

engineering to improve neural transplantation in PD.  

 Li et al. using vein-derived UC-MSCs showed that these cells were also capable of         

differentiating into dopaminergic-like cells. The same study used nerve growth factor 

(NFG), following transplant of the dopaminergic-like derived cells into a rat model of PD, to 

promote the survival of transplanted cells; according to these results, NGF promoted the 

survival of the transplanted cells and PD rats had improved motor function compared to 

those rats receiving the cell therapy only (Li et al., 2010). 

 UC-MSCs for Alzheimer’s disease. Pathologically, Alzheimer’s disease (AD) is         

characterised by the presence of amyloid-β peptide (Aβ) in the form of amyloid plaques in 

the brain cortex (Kamphuis et al., 2014, Nikolic et al., 2008). Although the mechanism for 

neuronal loss remains still unclear, oxidative stress and glia activation has been implicated 

(Lee et al., 2010a). UC-MSCs could be theoretically used for AD either as replacement or 

immunomodulation therapy (Neirinckx et al., 2013).  

 In a study performed by Yang et al. tricyclodecan-9-yl-xanthogenate (D609) was         

found to induce UC-MSCs to neuron-like cells. These cells were transplanted into an AD 

mouse model and decreased Aβ deposition by modulating neuroinflammation  (Yang et al., 

2013). Similar results were shown by Kim et al. using an in vitro tissue model, The data 

suggesting that soluble intracellular adhesion molecule-1 (sICAM-1) derived from UC-

MSCs decreased Aβ plaques (Kim et al., 2012). Finally, other in vitro work performed by 

Lee et al. examined the effect of the co-culture of UC-MSCs with hippocampal neurons 

treated with Aβ. Their data suggest that glial activation, oxidative stress, and apoptosis 

level were decreased (Lee et al., 2010a).  

UC-MSCs for ALS. Amyotrophic lateral sclerosis (ALS) targets motor neurons in 

the spinal cord, the brain stem, and the primary motor cortex. Astrocytes interact with 

neurons to regulate the synapse’s glutamate transmission and protect them from 

environmental toxicity (Mazzini et al., 2012b). MSCs have shown the potential to modulate 

glial cell responses (such as astrocytes) to apoptosis and inflammation in ALS animal 

models (Sun et al., 2013); this probably due to the capability of immunomodulation. BM-

MSCs have been transplanted to measure safety in ALS patients and have been shown to 

be clinically safe (Mazzini et al., 2012a). However, autologous transplantation of BM-MSCs 
�51



Chapter 1: General Introduction

injected intraspinally needs further investigation with more rigorous controlled clinical trials 

(Mazzini et al., 2012b) to not only measure the safety but also to demonstrate a real 

clinical outcome in these patients.  

 !
 UC-MSCs for MS. BM-MSCs have been used as a traditional source for cell therapy         

in multiple sclerosis (MS) in an autologous setting (Harris et al., 2012a). They have 

demonstrated the improvement in MS animal models through a paracrine effect and by 

modulating the immune response (Uccelli et al., 2011). However the use of allogenic 

MSCs such as UC-MSCs have not been reported.  

 Fisher et al. used a autoimmune encephalomyelitis mouse model to test MSCs         

derived from human placenta. They showed that human placental MSCs decreased  the 

severity of the disease and increased the survival in this model (Fisher-Shoval et al., 

2012). UC-MSCs have been reported to be less immunogenic than BM-MSCs and 

therefore allogenic studies using different sources of MSCs including those derived from 

umbilical cord need to be investigated in MS to observe whether or not they could be an 

alternative to BM-MSCs.  
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Foetal neural stem cells as neural progenitor cell-
product for ReN 

          

 Human neural stem cells (hNSCs) are known to have the ability to give rise to         

different neural cells in the nervous system (De Filippis and Binda, 2012) such as  

neurons, astrocytes, and oligodendrocytes. Pollard et al. have recently isolated, expanded, 

and characterised NSCs from foetal and adult mouse forebrain (Pollard et al., 2006) 

showing the potential of cell self-renewal of these cells in vitro. Interestingly, the same 

group has also isolated, long-term expanded, and characterised foetal human neural stem 

cells (fNSCs) (Sun et al., 2008). Using a monolayer culture in the presence of epidermal 

growth factor (EFG) and FGF-2 Sun et al. have established an artificial culture 

environment to expand a unique population in vitro using xeno-free culture conditions.  

 Foetal spinal cord (figure 11) and brain have been described to contain neural         

progenitor cells (Sun et al., 2008) and as previously mentioned, fNSCs used to treat PD in 

the past (Freed et al., 2001, Madrazo et al., 1990, Olanow et al., 2003) have shown 

capacity to engraft.   

 Foetal neural stem cells are neural progenitors for use in either clinical use or in vitro         

modeling disease (figures 12-15). Their “tri-potent” capability to generate neural cells make 

them a potential resource for ReN. However, they have shown slow-dividing capacity, loss 

self-renewal and differentiation capacity in long term (moderate scalability) in vitro cultures 

(Sun et al., 2008).  
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Figure 11. Foetal spinal cord showing in situ human neural stem cells expressing the neural 
marker SOX2. SOX2 (red) is expressed in the neural stem cells into the foetal spinal cord (foetal 
CNS).  
Picture kindly proportioned by Kin Pong from Institute of Child Health, University College London.
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Figure 12. Foetal human neural stem cells after isolation and expanded in vitro expressing 
the transcript factor SOX2 and the neural protein MAP2. MAP2 is slightly expressed (green), 
as MAP2 is mature neuronal marker; SOX2 (red) is expressed in the neural stem cells isolated 
from the foetal CNS.  
Picture kindly proportioned by Kin Pong from Institute of Child Health, University College London.
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Figure 14. Foetal human neural stem cells after isolation and expanded in vitro expressing 
the neural proteins Tuj1 (βIII-tubulin) and Nestin. Tuj1 (βIII-tubulin; green) and Nestin (red) are 
expressed in the neural stem cells isolated from the foetal CNS.  
Picture kindly proportioned by Kin Pong from Institute of Child Health, University College London.

Figure 13. Foetal human neural stem cells after isolation and expanded in vitro expressing 
the neural proteins NeuN and NF200. NeuN (green) and NF200 (red) are expressed in the 
neural stem cells isolated from the foetal CNS.  
Picture kindly proportioned by Kin Pong from Institute of Child Health, University College London. 
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For more information about the hNSCs used in this work, go to appendixes 2 and 3. 
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Figure 15. Foetal neural stem cells in culture with spontaneous differentiation to astrocytes. 
In vitro expanding of foetal neural stem cells with spontaneous differentiation to glia cells 
(astrocytes).   
Picture kindly proportioned by Barbora Vagaska from Institute of Child Health, University College 
London. 
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Neural-derived progenitors as cell-based therapy for 
regenerative neurology

   Neural-derived progenitors from hESC. As very immature hESC are highly risky 

due to their tumorigenic potential, many protocols to differentiate neural progenitors from 

particular cell subtypes during the last decades have been developed (Perrier et al., 2004, 

Yan et al., 2005, Sonntag et al., 2007, Pruszak et al., 2007). Generation of neural-derived 

progenitors could be an option to translate hESC safely to the clinic (Kamiya et al., 2011). 

It has been reported that hESC are capable to differentiate, in vitro, into neural progenitors 

(NP) (Pruszak et al., 2007). However, until now it has not been possible to generate cell 

populations as similar as those seen in normal development. 

 Neural progenitors from foetal tissue. As previously mentioned, it has been 

demonstrated that minimally manipulated foetal-derived neural dopaminergic stem cells 

(foetal neural progenitors) transplanted into adult CNS have the capacity to engraft (Freed 

et al., 2001, Olanow et al., 2003, Rabinovich et al., 2003), and improve tissue damage 

through replacement and tissue protection (figure 16).  

  Neural-derived progenitors from somatic stem cells. Neurological disease 

modelling has the potential to have a valuable impact on ReN. Direct conversion of 

somatic stem cells to functional neurons, by using a set of neurodevelopmental factors 

such as  Ascl1, Brn2 (Pou3f2) and Myt1l, provides a new approach in this complex area 

(Caiazzo et al., 2011, Pang et al., 2011, Karow et al., 2012, Chanda et al., 2014). These 

protocols facilitate the reprogramming of human somatic stem cells into neural cells 

avoiding a pluripotent state (Barker, 2012, Nourbakhsh et al., 2011, Zhang et al., 2009). 

Therefore, direct induction of somatic stem cells to neural-derived progenitors could be a 

better approach for clinical use in ReN (Walczak et al., 2004). Additionally, methods to 

generate minimally manipulated neural-derived progenitors in xeno-free conditions are 

needed to produce cell-based therapy products suitable for clinical use. 

�57



Chapter 1: General Introduction

 

�58

However, which cell subtype to be used for cell-based neurotherapy still needs to be 

identified. Several groups used different enrichment protocols to generate neural cells 

in vitro (cell isolations of CMBC, Lineage negative, CD133+, CD34+, and CD45- frac-

tions) and tested these cells in distinctive neurologic animal models. However, in spite 

of great efforts to generate the most appropriate model, either in vitro or in vivo, for 

hUCBCs-based neurotherapy, these approaches have still yet to be translated in clinic.

The CBMC fraction contains AMC, HSC, and Non-HSC. In theory, AMC are not able 

to differentiate into neural progenitors, however some of them such as monocytes, 

" 36

Figure 12. Sources for neural progenitors and new hypothesis 

1) Neural Progenitor derived from hESC. a.  Undifferentiated cells into expanding culture; b. differentiation into neural pro-

genitors; c. hESC derived neural progenitors; and 1d. mature cells derived from progenitors. 2) Foetal neural progenitors. a. 

Foetal neural progenitors minimally manipulated during short time expanding; and b. mature neural cells generated in vivo after 

transplantation. 3) Hypothesis with minimally manipulated neural progenitors generated from hUCBCs. a.  HSC/non-HSC, 

HSC, and Non-HSC into expanding and differentiation medium; 3b. UCC-derived neural progenitors 3c. UCC-derived neural 

progenitors protecting existent cells and modulating inflammatory respond during diseases, and generating neural cells in vivo.  

Figure 16. Sources of cells to generate neural and neural-derived progenitors. 
1) Neural Progenitor derived from hESC.  

1a. undifferentiated cells into expanding culture. 
1b. differentiation into neural-derived progenitors. 
1c. hESC derived neural progenitors. 
1d. mature cells generated from neural-derived progenitors.  

2) Foetal neural progenitors.  
2a. Foetal neural progenitors minimally manipulated during short time expanding. 
2b. mature neural cells generated in vivo after transplantation.  

3) Hypothesis with minimally manipulated neural-derived progenitors generated from 
umbilical cord stem cells in xeno-free protocols.  

3a. HSC, non-HSC, and UC-MSCs into expansion/neural-induction medium.  
3b. Umbilical neural-derived progenitors.  
3c. Umbilical neural-derived progenitors protecting existent cells and modulating 
inflammatory respond and generating neural cells in vivo.
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 Neural-derived progenitors from UCBSCs. A number of different studies have 

investigated the capacity of UCBSCs to differentiate in vitro into neural progenitors (Song 

and Sanchez-Ramos, 2002, Song and Sanchez-Ramos, 2008b, Walczak et al., 2004, 

Sanberg et al., 2011). However, the cell subtype to be used to generate neural-derived 

progenitors still needs to be identified. Several groups used different enrichment protocols 

to generate neural cells in vitro (cell isolations of CMBC, haematopoietic lineage negative, 

CD133⁺, CD34⁺, and CD45⁻ fractions; table 1) and tested these cell fractions in distinctive 

neurologic animal models (Sanberg et al., 2005, Nikolic et al., 2008, Nystedt et al., 2006, 

McGuckin et al., 2008).  

Study Fraction Final Product

(McGuckin et al., 2004) Lin⁻ Neuroglial progenitors

(Buzanska et al., 2006) CD34⁻ Neurospheres

(McGuckin et al., 2008) Lin⁻CD45⁻ embryonic-like 
stem cells

Neural progenitors and all 
neural cell lines

(Chua et al., 2009) Lin⁻ Neural progenitors and 
oligodendrocytes

(Domanska-Janik et al., 2008) Mononuclear cell fraction Neurospheres and all neural 
cell lines

(Zaibak et al., 2009) Human umbilical cord blood-
derived unrestricted somatic 
stem cells (USSCs) 

Neurospheres
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Table 1. Generation of neural-derived progenitors from umbilical cord blood stem cells 
described in the literature. 
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 Neural-derived progenitors from UC-MSCs. Zhang et al. have shown that UC-

MSCs derived from Wharton’s jelly were able to differentiate into neurospheres expressing 

neuronal markers such as MAP2 and βIII-tubulin (also known as Tuj1) (Zhang et al., 

2009). This group has used BDNF as a main neuronal supplement. Apart from the above 

mentioned study, there are currently no other reported studies with Wharton’s jelly cells 

and specific differentiation to neural-derived progenitors. Most of the studies showed only 

the potential plasticity of UC-MSCs to generate the three germ layer cells instead. 

 The majority of studies have focused on BM-MSCs. Groups working in this line  of 

research have described the potential of these cells to become neural stem cell-like 

(Hermann, 2004, Ma et al., 2011, Harris et al., 2012a). Currently there is only one clinical 

study in patients with cerebral palsy using these neural stem cell-like derived from BM-

MSCs (Chen et al., 2013). However, functional essays are needed to clarify the real 

benefit of these cells after to have been transplanted. 

 The lack of in vitro and in vivo studies with UC-MSCs derived from Wharton’s Jelly 

does not allow, at the moment, us to know the potential of these cells to generate neural-

derived progenitors. Therefore, further studies, in xeno-free conditions, are needed to 

know the real potential of these cells to generate cell-based products suitable for the 

clinical treatment of neurological disorders.   

 Is this neural induction of umbilical cord stem cells (from both cord blood and 
UC-MSCs) real or an artefact?  

 There are many peer reviewed studies, including those shown in this work, that 

have claimed to generate neural cells from UCSCs and have been used to justify cell 

therapy clinical trials in ReN. These conclusions are mostly based in phenotypic and 

genotypic profiling of markers considered “neuronal”. However, the lack of appropriate 

controls and functional assays such as, electrophysiology and transplantation tests, is a 

common observation. Transplantation tests are important to measure the integration into 

the CNS and the synaptic and metabolic activity in vivo (Croft & Przyborski, 2006). 

Changes in cell morphology and genotypic/phenotypic profiling do not provide a reliable 

indicator of neural differentiation. Therefore, definitive evidence of neural trans-

differentiation requires assessment of neurological properties such as neuronal polarity, 

synapse formation, and electrophysiological characterisation (Croft & Przyborski, 2006). 
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Human umbilical cord plasma (hUCP) as replacement of 
animal sera 

  

 The most extensively used technique for growing mesenchymal stem cells (MSCs) 

requires the utilisation of foetal bovine serum (FBS) as a supplement in culture medium. 

However, this is a xenobiotic material containing xenogeneic proteins and unknown 

cytotoxic factors that could be pernicious for humans (Ding et al., 2013). Hence, a xeno-

free substitute to expand and manipulate human MSCs is needed as alternative for clinical 

use. Currently, some serum-free and human-originated substitutes have been studied, 

such as serum-free culture mediums (Ang et al., 2011), human adult platelet-rich plasma 

(Wasterlain et al., 2012), and human umbilical cord plasma (Ding et al., 2013, Ang et al., 

2011).  

 Human umbilical cord plasma (hUCP) has shown to be a rich source of growth 

factors, nutrients, and proteins that can be used for the long time proliferation of UC-MSCs 

(Dormer and France, 1973, Yoon et al., 2006, Ding et al., 2013, Lin et al., 2012). hUCP 

has been used clinically to treat the dry eye syndrome (Yoon et al., 2006) and acute ocular 

chemical burns (Sharma et al., 2011), and to culture UC-MSCs (Ding et al., 2013) and 

epithelial cells (Ang et al., 2011). Thus, the use of hUCP as a supplement to cultivate UC-

MSCs could be an alternative source for clinical use because of the reduction of risk for 

animal disease transmission and xeno-graft rejection using FBS.  

 It is hypothesised that hUCP contains more growth factors than its counterpart adult 

plasma (Ang et al., 2011). hUCP has shown to contain Vitamin A, EFG, and FGF2 (Yoon et 

al., 2006) that are very important for neuronal induction in neuronal differentiation 

protocols for stem cells. It, also, has been found to have better clinical efficacy than 

autologous serum to treat ocular chemical burns (Sharma et al., 2011). However, some 

disadvantages must be considered before any clinical use, such as the risk of transmitted 

organism like HIV, HBV, and HCV, allergies to some of the contents, and ethical/legal 

issues when using it as a therapy (Sharma et al., 2011).  
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Hypothesis 
  

 Are different sub-populations of stem cells in the umbilical cord able to 
generate neural-derived progenitors?  

 It has been explained previously that non-neural somatic stem cells, such as 

umbilical cord stem cells, could give rise to neural-derived progenitors. These neural-

derived progenitors could be used to treat neurological diseases. Thus, it is considered 

that stem cells from umbilical cord could be used to generate neural-derived progenitors in 

vitro using xeno-free conditions. Whether a specific population has more plasticity or better 

capability than other to generate these derived neural progenitors needs to be investigated 

and it is the basis of this thesis. 

 As previously mentioned, different human umbilical cord stem cells populations 

have shown the ability to generate neural cells and improve different animal models for 

neurological diseases. Therefore, my hypothesis is that different sources of stem cells in 

the umbilical cord have the capability to generate minimal manipulated neural-derived 

progenitors in xeno-free conditions protocols in vitro. Specifically, this work has tested the 

ability to generate neural-derived progenitors from a modified cord blood mononuclear cell 

fraction (M-CMBC containing HSCs and non-HSCs), the non-HSC “embryonic-like” 

fraction, and the umbilical cord mesenchymal stem cell fraction found in the Wharton’s 

jelly.  
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Aims 

The general aim of this work was: 

 To generate neural-derived progenitors in vitro, using xeno-free conditions, from 

different sources of stem cells in the human umbilical cord.  

The specific objectives were: 

- To isolate, expand, and further characterise the non-HSC fraction, normally known 

as “embryonic-like” stem cells, from coord blood to generate neural-derived 

progenitors in xeno-free conditions.  

- To isolate and characterise cord blood mononuclear cells (including in this fraction 

HSC and non-HSC populations) to generate neural-derived progenitors in xeno-

free conditions. 

- To isolate and characterise mesenchymal stem cells from Wharton’s jelly to 

generate neural-derived progenitors in xeno-free conditions.  

- To further characterise the human foetal neural stem cell line cultured in xeno-free 

conditions by using flow cytometric analysis.  

- To compare the capability of the different umbilical cord stem cell populations to 

generate neural-derived progenitors in xeno-free conditions. 
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CHAPTER 2 

General materials and methods used in this thesis are 
described in this chapter

GENERAL MATERIALS AND 
METHODS

Description of specific techniques relevant for each 
chapter are described in the pertinent chapters

�64



Chapter 2: General Material and Methods

Table 2. List of materials and reagents used in this thesis

Name Company Cat Number Country Web Page 

Mouse mAb to CD34 abcam ab6330 UK http://www.abcam.com/cd34-antibody-
bi-3c5-ab6330.html

Biotin Mouse Anti-
Human CD61

AbD Serotec MCA728B UK http://www.abdserotec.com/product/
pm6-13-anti-cd61-antibody-
mca728b.html

Sterile Water Baxter UKF7114 UK http://www.ecomm.baxter.com

BD Matrigelᵀᴹ BD Bioscience 354277 USA http://www.bdbiosciences.com/
ptProduct.jsp?
prodId=669884&catyId=775674&page=
product

Cell Strainer 70µm 
Nylon

BD Bioscience 352350 USA http://www.bdbiosciences.com/
external_files/dl/doc/tds/live/
web_enabled/tds_lsr00159.pdf

Perm/Wash Buffer I 
(Phosflow)

BD Bioscience 557885 USA http://www.bdbiosciences.com/
external_files/pm/doc/tds/cell_bio/live/
web_enabled/557885.pdf

5ml Polystyrene 
Round-Bottom Tube 
(BD Falcon)

BD Bioscience 352052 USA http://www.bdbiosciences.com/
ptProduct.jsp?ccn=352052

BD Blunt Fill Needle BD Bioscience 305180 USA http://catalog.bd.com/bdCat/
viewProduct.doCustomer?
productNumber=305180

BD Pharma Lyse BD Bioscience 555899 USA http://www.bdbiosciences.com/
ptProduct.jsp?ccn=555899

PE Mouse Anti-Nestin BD Pharmingen 561230 USA http://www.bdbiosciences.com/
external_files/pm/doc/tds/stem_cell/
live/web_enabled/561230.pdf

FITC Mouse Anti-
Human CD90

BD Pharmingen 555595 USA http://www.bdbiosciences.com/
external_files/pm/doc/tds/human/live/
web_enabled/33084A_555595.pdf

Alexa Flour 488 
Mouse Anti-Sox2

BD Pharmingen 560301 USA http://www.bdbiosciences.com/
external_files/pm/doc/tds/stem_cell/
live/web_enabled/560301.pdf

FITC Mouse Anti-
SSEA-4

BD Pharmingen 560126 USA http://www.bdbiosciences.com/
external_files/pm/doc/tds/stem_cell/
live/web_enabled/560126.pdf

APC Mouse Anti-
Human CD34

BD Pharmingen 555824 USA http://www.bdbiosciences.com/
external_files/pm/doc/tds/human/live/
web_enabled/34379X_555824.pdf

PE Mouse Anti-Human 
Vimentin

BD Pharmingen 562337 USA http://www.bdbiosciences.com/
ptProduct.jsp?
prodId=1297872&catyId=745945&page
=product

PerCP-Cy 5.5 Mouse 
Anti-Oct3/4

BD Pharmingen 560794 USA http://www.bdbiosciences.com/
external_files/pm/doc/tds/stem_cell/
live/web_enabled/560794.pdf

PE CD140a (PDGFRα) BD Pharmingen 556002 USA http://www.bdbiosciences.com/
ptProduct.jsp?ccn=556002
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Alexa Flour 488 
Mouse Anti-MAP2B

BD Pharmingen 560399 USA http://www.bdbiosciences.com/
ptProduct.jsp?prodId=697312

Alexa Flour 488 
Mouse Anti-βIII 
Tubulin

BD Pharmingen 560381 USA http://www.bdbiosciences.com/
ptProduct.jsp?ccn=560381

PE Mouse Anti-human 
CD184 (CXCR4) 

BD Pharmingen 555974 USA http://www.bdbiosciences.com/
ptProduct.jsp?ccn=555974

PE Mouse Anti-Human 
SSEA-4

BD Pharmingen 560128 USA http://www.bdbiosciences.com/
ptProduct.jsp?
prodId=684210&catyId=745959&page=
product

PE Mouse Anti-Human 
CD105

BD Pharmingen 560839 USA http://www.bdbiosciences.com/
external_files/pm/doc/tds/stem_cell/
live/web_enabled/560839.pdf

FITC Mouse Anti-
Human CD10

BD Pharmingen 332710 USA http://www.bdbiosciences.com/
external_files/is/doc/msds/live/
web_enabled/347503-MSDS-
USAEN.pdf

PE Mouse Anti-Human 
CD13

BD Pharmingen 347406 USA http://www.bdbiosciences.com/
external_files/is/doc/msds/live/
web_enabled/347837-MSDS-
USAEN.pdf

FITC Mouse Anti-
Human CD14

BD Pharmingen 345784 USA http://www.bdbiosciences.com/
external_files/is/doc/msds/live/
web_enabled/347493-MSDS-
USAEN.pdf

PE Mouse Anti-Human 
CD29

BD Pharmingen 555443 USA http://www.bdbiosciences.com/
external_files/pm/doc/tds/human/live/
web_enabled/30865X_555443.pdf

FITC Mouse Anti-
Human CD31

BD Pharmingen 555445 USA http://www.bdbiosciences.com/
external_files/pm/doc/msds/live/
web_enabled/555445-MSDS.00.pdf

PE Mouse Anti-Human 
CD44

BD Pharmingen 550989 USA http://www.bdbiosciences.com/
external_files/pm/doc/msds/live/
web_enabled/550989-MSDS.00.pdf

PE Mouse Anti-Human 
CD117

BD Pharmingen 332785 USA http://www.bdbiosciences.com/
external_files/is/doc/msds/live/
web_enabled/340867-MSDS-
USAEN.pdf

PE Mouse Anti-Human 
CD166

BD Pharmingen 559263 USA http://www.bdbiosciences.com/
external_files/pm/doc/msds/live/
web_enabled/559263-MSDS.00.pdf

PE Mouse Anti-Human 
CD73

BD Pharmingen 550257 USA http://www.bdbiosciences.com/
external_files/pm/doc/msds/live/
web_enabled/550257-MSDS.00.pdf

APC Mouse Anti-
Human CD34

BD Pharmingen 555824 USA http://www.bdbiosciences.com/
ptProduct.jsp?prodId=14151

PE Mouse Anti-Human 
HLA A,B,C

BD Pharmingen 555553 USA http://www.bdbiosciences.com/
ptProduct.jsp?ccn=555553

FITC Mouse Anti-
Human HLA-DR, DP, 
DQ

BD Pharmingen 555558 USA http://www.bdbiosciences.com/
ptProduct.jsp?ccn=555558
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FITC Mouse Anti-
Human IgG2a, K 
Isytope Control

BD Pharmingen 555573 USA http://www.bdbiosciences.com/
ptProduct.jsp?ccn=555573

FITC Mouse Anti-
Human IgG2b, k 
Isotype Control

BD Pharmingen 555742 USA http://www.bdbiosciences.com/
ptProduct.jsp?ccn=555742

FITC Mouse Anti-
Human IgG1, k 
Isotype Control

BD Pharmingen 555748 USA http://www.bdbiosciences.com/
ptProduct.jsp?ccn=555748

PE Mouse Anti-Human 
IgG1, k Isotype 
Control

BD Pharmingen 555749 USA http://www.bdbiosciences.com/
ptProduct.jsp?ccn=555749

FITC Mouse Anti-
Human SSEA-4

BD Pharmingen 560126 USA http://www.bdbiosciences.com/
external_files/pm/doc/tds/stem_cell/
live/web_enabled/560126.pdf

FITC Mouse Anti-
Human CD41a

BD Pharmingen 555466 USA http://www.bdbiosciences.com/
ptProduct.jsp?ccn=555466

APC Mouse Anti-
Human CD41a

BD Pharmingen 559777 USA http://www.bdbiosciences.com/
ptProduct.jsp?ccn=559777

FITC Mouse Anti-
Human CD90

BD Pharmingen 555595 USA http://www.bdbiosciences.com/
ptProduct.jsp?prodId=14816

PE Mouse Anti-GFAP BD Pharmingen 561483 USA http://www.bdbiosciences.com/
ptProduct.jsp?ccn=561483

Alexa Flour 488 
Mouse Anti-Sox2

BD Pharmingen 560301 USA http://www.bdbiosciences.com/
ptProduct.jsp?ccn=560301

Citiflour (Glycerol/
PBS solution)

Citiflour Ltd. AF1 (100ml) USA http://www.emsdiasum.com/
microscopy/technical/datasheet/
17970.aspx

Biotin Conjugated 
Anti-Human CD11b

eBioscience 13-0118-80 USA http://www.ebioscience.com/human-
cd11b-antibody-biotin-icrf44.htm

Human Hematopoietic 
Lineage Flow

eBioscience 22-7778-72 USA http://www.ebioscience.com/human-
hematopoietic-lineage-antibody-fitc-
cocktail.htm

FITC Mouse Anti-
Human Hematopoietic 
Lineage

eBioscience 22-7778-72 USA http://www.ebioscience.com/human-
hematopoietic-lineage-antibody-fitc-
cocktail.htm

Biotin Conjugated 
Anti-Human CD45

eBioscience 13-0459-82 USA http://www.ebioscience.com/human-
cd45-antibody-biotin-hi30.htm

Biotin Conjugated 
Anti-Human CD235a

eBioscience 13-9987-82 USA http://www.ebioscience.com/human-
cd235a-antibody-biotin-hir2.htm

Biotin Conjugated 
Anti-Human CD123

eBioscience 13-1239-82 USA http://www.ebioscience.com/human-
cd123-antibody-biotin-6h6.htm

N2 Supplement 100x GE Healthcare/
PAA

F005-004 USA http://www.paa.com/techinfo/
protocolforuse/reagenst_msds0/
n2_supplement_pfu.html

Neuronal Stem Cell 
Supplement (B27) 50x

GE Healthcare/
PAA

F01-005 USA http://www.paa.com/techinfo/
protocolforuse/reagenst_msds0/
neuronalstemcellsupplement2.html

Stem Pro® Accutase® GIBCO A11105-01 UK http://products.invitrogen.com/ivgn/
product/A1110501
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0.25% Trypsin-EDTA 
1x

GIBCO 25200 UK http://products.invitrogen.com/ivgn/
product/25200056

0.5M EDTA, PH 8.0 GIBCO 15575-020 UK http://products.invitrogen.com/ivgn/
product/15575020

Anti-Anti 100x GIBCO by Life 
Technologies

15240-062 UK http://products.invitrogen.com/ivgn/
product/15240062

DMEM/F-12 (1:1)(1x) GIBCO/Life 
Technologies

31330-038 UK https://products.invitrogen.com/ivgn/
product/31330038?
ICID=search-31330038

DMEM (1x) + 
GlutaMax I L-D-
glucose

GIBCO/Life 
Technologies

21885-025 UK https://products.invitrogen.com/ivgn/
product/21885025?
ICID=search-21885025

Mouse Anti-MAP2 Invitrogen 13-1500 USA http://products.invitrogen.com/ivgn/
product/131500

Mouse Anti-SSEA-4 Invitrogen 41-4000 USA http://products.invitrogen.com/ivgn/
product/414000

Alexa Flour 568 
Donkey anti Mouse 
(IgG)

Invotrogen A10037 USA http://products.invitrogen.com/ivgn/
product/A10037

Goat Anti-Mouse IgG 
Alexa Flour 488

Life Technologies A-11001 USA http://products.invitrogen.com/ivgn/
product/A11001

Goat Anti-Rabbit IgG 
Alexa Flour 488

Life Technologies A-11008 USA http://products.invitrogen.com/ivgn/
product/A11008

Goat Anti-Rabbit IgG 
Alexa Flour 594

Life Technologies A-11037 USA http://products.invitrogen.com/ivgn/
product/A11012

MAP2 Mouse mAb 
(M13)

Life Technologies 13-1500 USA https://products.invitrogen.com/ivgn/
product/131500?ICID=search-131500

AccuGENEᵀᴹ 10x PBS Lonza 51226 Switzerland http://www.lonza.com

RPMI 1640 with L-
Glutamine

Lonza BE12-702F Switzerland http://www.lonza.com

Fetal Bovine Sera 
(FBS)

Lonza DE14-801 F Switzerland http://www.lonza.com/products-
services/bio-research/cell-culture-
products/animal-and-human-sera.aspx

PEN-STREP Lonza DE17-602E Switzerland http://www.lonza.com

12mmØ Microscope 
Cover Glasses

Marlenfeld GmbH 
Co. K6

111520 Germany http://www.marienfeld-superior.com/
index.php/cover-glasses.html

Mouse Anti-Neuronal 
Nuclei (NeuN)

Millipore MAB377 USA http://www.millipore.com/catalogue/
item/mab377

Anti-Nestin, Human 
(Rabbit polyclonal)

Millipore ABD69 USA http://www.millipore.com/catalogue/
item/abd69

Nestin Rabbit 
Polyclonal 

Millipore ABD69 USA http://www.millipore.com/catalogue/
item/ABD69?cid=BIOS-A-
BIOC-1235-1205-RC

GFAP Rabbit 
Polyclonal

Millipore AB1540 USA http://www.millipore.com/catalogue/
item/ab5804

NeuN Mouse 
Monoclonal 

Millipore MAB377 USA http://www.millipore.com/catalogue/
item/mab377
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Anti-Biotin 
MicroBeads

Miltenyi Biotec 130-090-485 USA https://www.miltenyibiotec.com/~/
media/Images/Products/Import/
0001200/IM0001202.ashx

Human FGF-4 Miltenyi Biotec 130-093-845 USA https://www.miltenyibiotec.com/~/
media/Images/Products/Import/
0001600/IM0001604.ashx

Human FGF-2 Miltenyi Biotec 130-093-838 USA https://www.miltenyibiotec.com/~/
media/Images/Products/Import/
0001600/IM0001616.ashx

PerCP CD45 Mouse 
Anti-Human

Miltenyi Biotec 130-094-975 USA https://www.miltenyibiotec.com/~/
media/Images/Products/Import/
0001500/IM0001527.ashx

Human SCF Miltenyi Biotec 130-093-991 USA https://www.miltenyibiotec.com/~/
media/Images/Products/Import/
0001600/IM0001608.ashx

Human Flt3-Ligand Miltenyi Biotec 130-093-854 USA https://www.miltenyibiotec.com/~/
media/Images/Products/Import/
0001600/IM0001600.ashx

Lineage Cell Depletion 
Kit Human

Miltenyi Biotec 130-092-211 USA https://www.miltenyibiotec.com/~/
media/Images/Products/Import/
0001300/IM0001354.ashx

MACS Mixᵀᴹ Tube 
Rotator

Miltenyi Biotec 130-090-753 USA https://www.miltenyibiotec.com/
Products-and-Services/MACS-Sample-
Preparation/Sample-mixing.aspx

FITC CD271 (LNGFR) Miltenyi Biotec 130-091-917 USA https://www.miltenyibiotec.com/~/
media/Images/Products/Import/
0001300/IM0001396.ashx

Pure Mouse Anti-
Human CD133

Miltenyi Biotec 130-090-422 USA https://www.miltenyibiotec.com/~/
media/Images/Products/Import/
0001500/IM0001504.ashx

PE Mouse Anti-Human 
CD133

Miltenyi Biotec 130-080-801 USA https://www.miltenyibiotec.com/~/
media/Images/Products/Import/
0001500/IM0001504.ashx

APC Mouse Anti-CD15 
(SSEA-1)

Miltenyi Biotec 130-091-371 USA https://www.miltenyibiotec.com/~/
media/Images/Products/Import/
0001200/IM0001225.ashx

FITC Mouse Anti-
Human CD45

Miltenyi Biotec 130-080-202 USA http://www.miltenyibiotec.com/~/media/
Images/Products/Import/0001500/
IM0001527.ashx

APC Mouse Anti-
Human CD45

Miltenyi Biotec 130-091-230 USA http://www.miltenyibiotec.com/~/media/
Images/Products/Import/0001500/
IM0001527.ashx

PE Mouse Anti-Human 
CD45

Miltenyi Biotec 130-080-201 USA http://www.miltenyibiotec.com/~/media/
Images/Products/Import/0001500/
IM0001527.ashx

PerCP Mouse Anti-
Human CD45

Miltenyi Biotec 130-094-975 USA http://www.miltenyibiotec.com/~/media/
Images/Products/Import/0001500/
IM0001527.ashx

APC CD45 Mouse 
Anti-human

Miltenyi Biotec 130-091-230 USA https://www.miltenyibiotec.com/~/
media/Images/Products/Import/
0001500/IM0001527.ashx
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FACS Plate NUNC

SANYO CO2 Incubator Panasonic USA http://us.sanyo.com/Biomedical-
Incubation-CO2-Incubators

Human EGF PeproTech AF-100-15 USA http://www.peprotech.com/Lists/MSDS/
Animal-Free%20Cytokines/
AF-100-15%20Human%20EGF.pdf

Human GDNF PeproTech 450-10 USA http://www.peprotech.com/Lists/MSDS/
Neurotrophins/450-10%20Human
%20GDNF.pdf

Recombinant Human 
β-NGF

PeproTech 450-01 "B" 
100μg

USA http://www.peprotech.com/Lists/MSDS/
Neurotrophins/450-01%20Human
%20beta-NGF.pdf

Human FGF-basic PeproTech 100-18B USA http://www.peprotech.com/en-US/
Pages/Product/100-18B

Human BDNF PeproTech 450-02 USA http://www.peprotech.com/Lists/MSDS/
Neurotrophins/450-02%20Human
%20BDNF.pdf

Anti-βIII Tubulin mAb Promega G712A USA http://www.promega.co.uk/~/media/
files/resources/msds/g7000/g7121.pdf?
la=en-GB

Mouse Monoclonal βIII 
Tubulin

Promega G7121 USA http://www.promega.co.uk/~/media/
files/resources/msds/g7000/g7121.pdf?
la=en-GB

PE Mouse Anti-O4 
(IgM)

R&D Systems FAB1326P USA http://www.rndsystems.com/Products/
FAB1326P

Tissue Culture 24-well 
Plate (Flat bottom with 
Lid)

SARSTEDT 83.1836 Germany http://www.sarstedt.com/php/main.php

Tissue Culture 6-well 
Plate (Flat bottom with 
Lid)

SARSTEDT 83.181 Germany http://www.sarstedt.com/php/main.php

Tissue Culture 25 
Flask

SARSTEDT 83.181 Germany http://www.sarstedt.com/php/main.php

Tissue Culture 75 
Flask

SARSTEDT 83.1813 Germany http://www.sarstedt.com/php/main.php

Hyaluronidase, from 
sheep testes

Sigma H2126-100mg Germany http://www.sigmaaldrich.com/catalog/
product/sigma/h2126?
lang=en&region=GB

Anti-Neurofilament 
200, rabbit

Sigma N4142-.5ml Germany http://www.sigmaaldrich.com/catalog/
product/sigma/n4142?
lang=en&region=GB

Laminin from 
Engelbreth-Holm-
Swarm murine 
sarcoma basement 
membrane

Sigma L2020 Germany http://www.sigmaaldrich.com/catalog/
product/sigma/l2020?
lang=en&region=GB

Albumin, from bovine 
serum

Sigma A9418-500mg Germany http://www.sigmaaldrich.com/catalog/
product/sigma/a9418?
lang=en&region=GB
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Gelatin from Bovine 
Skin, Type B

Sigma G9391 
-100mg

Germany http://www.sigmaaldrich.com/catalog/
product/sigma/g9391?
lang=en&region=GB

Tryptan Blue Solution 
(0.4%)

Sigma T8154 Germany http://www.sigmaaldrich.com/catalog/
product/sigma/t8154?
lang=en&region=GB

NF200 Rabbit 
Polyclonal 

Sigma N4142 Germany http://www.sigmaaldrich.com/catalog/
product/sigma/n4142?
lang=en&region=GB

Hoechst 33258 Sigma-Aldrich 861405-100m
g

UK http://www.sigmaaldrich.com/catalog/
product/sial/861405?
lang=en&region=GB

Collagenase From 
Clostridium 
Histolyticum 

Sigma-Aldrich C2674 
-500mg

Germany http://www.sigmaaldrich.com/catalog/
product/sigma/c2674?
lang=en&region=GB

Trypsin 10x Sigma-Aldrich 59418C-100m
l

Germany http://www.sigmaaldrich.com/catalog/
product/sigma/59418c?
lang=en&region=GB

RHB-A® Stem Cells Inc. SCS-SF-
NB-01

UK http://www.stemcellsinc.com/Tools-and-
Technologies_SC-Proven-Product-
Catalog/RHB-A

Stem Spanᵀᴹ SFEM STEMCELL 
TECHNOLOGIE

S

9600 Canada http://www.stemcell.com/en/Products/
All-Products/StemSpan-SFEM.aspx

Ammonium Chloride 
Solution

STEMCELL 
TECHNOLOGIE

S

7850 Canada http://www.stemcell.com/en/Products/
All-Products/Ammonium-Chloride-
Solution.aspx

Super Premium 
Microscope Slides 
1,2mm

VWR 631-0906 UK https://uk.vwr.com/app/catalog/
Product?article_number=631-0116

�71



Chapter 2: General Material and Methods

Solutions

Phosphate buffered saline (PBS) 

1x PBS solution was prepared by diluting one volume of AccuGeneᵀᴹ 10x PBS in nine 

volumes of distilled water (dH₂O). 

 FACS buffer 

FACS buffer for cell surface labelling was prepared by diluting 2.5% Foetal Bovine 

Serum (FBS) into 1x PBS solution. To prepare 50 millilitres (ml) of FACS buffer, 1.5ml of 

FBS was added to 48.5ml of 1x PBS solution.  

 Perm/wash 
For intracellular staining antibodies were diluted in 1x Perm/Wash Buffer I (BD). 1x 

Perm/Wash buffer was prepared following manufacturer’s instruction.  

 MACS buffer 

MACS buffer is composed by 1% of Bovine Serum Albumin (BSA) and 2mM EDTA in 

1x PBS.  

For 200ml of MACS buffer:  

Add 2g of Bovine Serum Albumin (BSA) and 800µl of EDTA 500mM to 100ml of 1x 

PBS.  

Mix completely and add 1x PBS until complete 200ml. 

Sterile filter with 0.2um filter. 

 Transport Media  

Transport Media is composed by 0.05µM β Mercaptoetanol, 0.63% Tri-sodium Citrate, 

and RPMI.  

To do 500ml of Transport Media:  

Add 500µl of β mercaptoetanol (50mM stock) and 9.6ml of 33% trisodium citrate 

(previously filtered) in 490ml of RPMI.  
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 Paraformaldehyde (PFA) 

PFA was prepared as a 4% solution and used as a fixative for cells in both flow 

cytometry and immunocytochemistry. To prepare 4% PFA:  

- Fill a 2000ml Beaker with about 400ml H₂O, Heat and put a thermometer.  

- Heat the desired final volume of RNAse free 1x PBS to 62-64ºC. 

- Stir the PFA that will make 4% solution and add some drops of 2 N NaOH (pH should 

be around 7.3).  

  The fixative will be clear gradually. 

- Remove fixative and cool down to room temperature. 

- Filter fixative.  

- Aliquot fixative and store at −20ºC.  

 Permeabilizing and blocking solution for immunocytochemistry 

For immunocytochemistry, blocking solution containing 10% FBS and 3% BSA in 1x 

PBS was used. For permeabilizing Triton-X (BDH) was added to the blocking solution and 

mixed well before use. 

 Enzyme digesting solution 

! Composed by 0.5mg/ml of Hyaluronidase (Sigma), 0.5mg/mL of Collagenase 

(Sigma), and 0.125% Trypsin (Sigma).   
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Cell Sources

Umbilical Cord Blood

 Whole umbilical cord blood (UCB) from non-clinical standard units was supplied by 

the Anthony Nolan Cell Therapy Centre (http://www.anthonynolan.org/Healthcare-professionals/Cord-blood-

services.aspx) from consented mothers with healthy full-term pregnancies.  

Umbilical Cord Tissue

 Human Umbilical Cord Mesenchymal Stem Cells (UC-MSC) isolated from umbilical 

cord (UC) tissue (Wharton’s jelly). The tissue was collected from the Obstetrics 

Department of the Royal Free Hospital, London, UK and supplied by Anthony Nolan Cell 

Therapy Centre (http://www.anthonynolan.org/Healthcare-professionals/Cord-blood-services.aspx) from 

consented mothers with healthy full-term pregnancies. Tissue samples were handled using 

aseptic techniques, were stored in 1x PBS at 4ºC and processed in a Type II Biological 

Safety Cabinet within 4-6 hrs after collection. 

 Human Neural Stem Cells 

 Human Neural Stem Cell lines were kindly supplied by Kin Pong and Barbora 

Vagaska from Institute of Child Health (ICH), University College London (UCL); London, 

United Kingdom. These cells were used as positive controls for some experiments. All 

cells were cultured and processed at ICH. 

For more information about the hNSCs used in this work, go to appendixes 2 and 3. 
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General methods used in this thesis

Protocols to isolate total nucleated cells from cord 
blood

Total nucleated cells (TNCs) were prepared by using two different protocols:  

Lysing red blood cells 

hUCB was centrifuged at 1000g (to remove the cord plasma and bring down the light 

density mononuclear cells) following the next protocol: 

Protocol for the removal of red blood cells using lysis buffer 
- Divide the blood from a cord in 20 ml aliquots/50 ml Falcon tube.  

- Centrifuge at 1000g for 10 mins at room temperature (RT). 

- Remove the serum supernatant. 

- Fill each tube with lysis buffer (1:5 dilution; BD Pharm Lyse) and incubate for 15 

minutes at RT. 

- Centrifuge at 1000g for 10 mins at RT. 

- Discard the supernatant. 

- Add 1-2 ml of phosphate buffered saline (PBS AccuGENE® Lonza) to re-suspend 

the pellets and combine the samples in a 50 ml Falcon tube. 

- Fill the tube with PBS (50ml) for washing.  

- Centrifuge at 1000g for 10 mins at RT and remove the supernatant  

- Do a second washing. 

- Discard the supernatant and re-suspend the pellet in the desired volume of PBS for 

cell counting. 

- Cell count (10µl sample + 10µl Turks/tryptan blue). 
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Gradient centrifugation 
Cord blood mononuclear cells (CBMC) were isolated from the interphase after gradient 

centrifugation (at 840g) over Ficoll-PaqueTM PREMIUM (GE healthcare) according to 

manufacturer’s instructions and treated with lysing buffer once if necessary following the 

next protocol:  

Protocol for the removal of red cells using Ficoll (figure 17) 
- Dilute the cord blood with Transport Media (50/50). 

- Add ficoll first and then layer the cord blood sample – do not mix, create an 

interface.  Use 1/3 ficoll (15ml) at 37°C + 2/3 (35ml) Cord blood. 

- Centrifuge at 840g for 30 mins at 18-20°C (NO BREAK). 

- Using a pasteur pipette transfer the monocyte layer to a universal tube –slow and 

careful -, add about 10ml/tube of the mononuclear cells.  

Top up the falcon tube with RPMI (37°C) up to 50 ml (or more). 

- Centrifuge at 1000g for 10 mins at 18-20°C (w/break).  

- Discard supernatant and re-suspend pellet in RPMI (37°C) in the volume desire for 

the sample. 

- Cell count (10µl sample + 10µl Turks/tryptan blue).
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Figure 17. Gradient centrifugation Ficoll-Paque.  

A) Adding ficoll first and then layer the cord blood sample.  

B) Use 1/3 ficoll (15ml) at 37°C + 2/3 (35ml) Cord blood. 

C)  Create an interface. 

D)  Interphase after gradient centrifugation (at 840g). 

E) CBMC white monolayer in the interface. 

F) Transfer the CBMC layer to a universal tube to wash with RPMI. 
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Magnetic Cell Isolation 

 Depletion of CD235a, CD123, CD11b, and CD61 cells to enrich the M-CBMC  
(modified cord blood mononuclear cell) fraction  

To separate from TNC fraction remaining red cells, platelets, granulocytes, 

monocytes, and activated NK and T cells, a magnetic cell isolation protocol was 

performed. A modified CBMC (M-CBMC) fraction containing only the lymphocyte, HSC and 

non-HSC fractions was obtained from this protocol:  

 TNCs were re-suspended in a desired volume of MACS buffer at 4ºC following the 

next protocol:  

- Add 400 µls of MACS buffer per each 20 million cells.  

- Add αCD235a biotin, 1µl per each 30 million cells. 

- Add αCD123 biotin, 1µl per each 30 million cells. 

- Add αCD11b biotin, 0.5 µl per each 30 million cells. 

- Add αCD61 biotin, 3 µls per each 30 million cells. 

- Incubate 10 mins at 4°C in the dark. 

- Centrifuge 1000g 10 mins at 4°C. 

- Add MACS buffer 80 µls for each 10 million of cells. 

- Add micro-beads αbiotin, 20µl for each 10 million of cells. 

- Incubate 15 mins at 4°C in the dark. 

- Add 1-2ml of MACS buffer for each 10 millions of cells (washing process). 

- Centrifuge 1000g 10 mins at 4°C. (Prepare columns). 

- Discard and re-suspend into MACS buffer (1-2 ml) and split suspensions into 2-4. 

- Proceed to magnetic separation with LD magnetic columns according to manufacturing 

indications: 

✴ Place LD column in the magnetic field of a suitable MACS separator. 

✴ Prepare de column by rising with 2ml of buffer. 

✴ Apply cell suspension onto the column. 

✴ Finally collect the negative fraction (-F): Collect unlabeled cells that pass through 

and wash columns with 2x1ml of MACS buffer. Collect total effluent; this is unlabeled 

cell fraction. 

Information, use, and concentration of BIOTINS are described in the pertinent 
chapter. 
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Depletion of CD235a, CD123, CD11b, CD61, and CD45 cells to enrich the Lin-CD45- 
“embryonic-like” stem cell fraction 

 After removing the erythrocytes using either the lysis buffer or the gradient 

centrifugation method, TNCs were centrifuged at 1000g for 10 mins the pellet 

resuspended in MACS buffer (PBS 1x, 2mM EDTA, and 1% BSA) at 4ºC, and cells 

incubated for 10 mins at 4ºC in the dark following biotin-conjugated antibodies:  

- Add 400 µls of MACS buffer per each 20 million cells.  

- Add αCD235a biotin, 1µl per each 30 million cells. 

- Add αCD123 biotin, 1µl per each 30 million cells. 

- Add αCD11b biotin, 0.5 µl per each 30 million cells. 

- Add αCD45 biotin,  1 µl per each 30 million cells.   

- Add αCD61 biotin, 3 µls per each 30 million cells.    

- Incubate 10 mins at 4°C in the dark.  

- Centrifuge 1000g 10 mins at 4°C. 

- Add MACS buffer 80 µls for each 10 million of cells.  

- Add micro-beads αbiotin, 20µl for each 10 million of cells.  

- Incubate 15 mins at 4°C in the dark.  

- Add 1-2ml of MACS buffer for each 10 millions of cells (washing process).  

- Centrifuge 1000g 10 mins at 4°C. (Prepare columns) 

- Discard and re-suspend into MACS buffer (1-2 ml) and split suspensions into 2-4 

- Proceed to magnetic separation with LD magnetic columns according to manufacturing 

indications: 

✴ Place LD column in the magnetic field of a suitable MACS separator. 

✴ Prepare de column by rising with 2ml of buffer. 

✴ Apply cell suspension onto the column.  

✴ Finally collect the negative fraction (-F): Collect unlabeled cells that pass through 

and wash columns with 2x1ml of MACS buffer. Collect total effluent; this is 

unlabeled cell fraction.  

Information, use, and concentration of BIOTINS are described in the pertinent 
chapter.
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Isolation of UC-MSCs from Wharton’s jelly
  

 Cell lines of Mesenchymal Stem Cells (UC-MSC) from Wharton’s jelly were 

generated using a modified protocol described previously by Weiss et al. (2006) 

Protocol to isolate UC-MSCs from Wharton’s jelly 

- Manipulate the cord in a sterile 10 cm petri dish.  

- Rinse the cord several times with 1x PBS to remove as much blood as possible.  

- Cut the 10cm long cord piece into 2-3 cm pieces.  

- Carefully remove blood vessels.  

- Once blood vessels have been removed, cut the cord tissue into small pieces (3-5mm3) 

and place into a 50-ml falcon tube containing 10ml of enzyme solution (composed of 

0.5mg/mL of Hyaluronidase [Sigma] and 0.5mg/ml of Collagenase [Sigma]). These 

concentrations have been optimised for a 10cm cord piece.  

- Place the 50-ml falcon tube in a MACS MixTM Tube Rotator (Miltenyi) and incubate at 

37ºC for 1 hr.  

- Remove the falcon tube with tissue and add Trypsin (Sigma) at a final concentration of 

0.125%. 

- Re-place the 50-ml falcon tube with tissue in the tube rotator to finally be incubated at 

37ºC for 30 mins.  

- Pass final product through a 70µm cell strainer (BD Bioscience).  

- Wash with PBS, and centrifuged at 300g for 5 mins at RT.  

- Treat the pellet with ammonium chloride solution (STEMCELL TECHNOLOGIES) for 5 

minutes to lyse remaining RBC,  

- Wash with PBS, centrifuged at 300g for 5 mins at RT, and re-suspended in appropriate 

culture media.  

- Maintain at 100% humidity, 5% CO2 at 37ºC for 12-24 hrs. Afterwards, remove the old 

media and wash gently with PBS to remove all non-adherent cells.  

Expand MSC at 100% humidity, 5% CO2 at 37ºC in appropriate culture media.  
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Cell Cultures

Passage of mesenchymal stem cells 

Mesenchymal Stem Cell (MSC) cultures were maintained in a humidified atmosphere 

with 5% CO₂ at 37ºC . Once cultures had reached approximately 80% confluence, they 

were washed twice with PBS 1x and incubated with 0.5x Trypsin/EDTA at 37ºC, 5% CO2 

for 3-5 mins. Once the adherent cells were dislodged, appropriate cell medium was added 

to inactivate the trypsin; after inactivation centrifuge at 1000 rpm at room temperature (RT) 

for 5 mins. Supernatant was carefully removed not to disrupt the cell pellet, cells were 

resuspended in the appropriate culture medium and replated in a T25/T75 flask. 

 Passage of human neural stem cells  
Human Neural Stem Cells (hNSC) were maintained in an incubator at 100% humidity , 

5% CO2 and at 37ºC. Once cultures had reached approximately 80% confluence, the 

medium was carefully aspirated and pre-warmed RHB-A medium (single, without factors) 

was added for washing. The RHB-A medium was carefully aspirated to remove floating 

dead cells and residual medium. The cells were then treated with Accutase (Gibco) for 

5-10 mins at 37ºC. Following the incubation, the cells were washed using fresh expansion 

medium and centrifuged at 1000rpm for 5 mins at RT. Finally, the supernatant was 

carefully aspirated without disturbing the pellet and the cells re-suspended in fresh growth 

medium and split 1:2 or 1:3 into Laminin coated culture flask.   

 Colony Forming Units (CFUs) for haematopoietic stem cells (HSC) 
Cells were seeded, as required (see chapter 3), into 3-ml aliquot methylcellulose and 

growth factors (Methocult GF H4434, Stemcell Technologies) and Iscove’s modified 

Dulbecco’s medium (Stemcell Technologies; 0.3 ml). Following mixing, duplicate 1-mL 

aliquots were transfered, using 1 ml syringe and blunt fill needle, to 35-mm tissue culture 

plates (Stemcell Technologies). 35mm-tissue culture plates were put inside of 90-60-mm 

culture plate, and extra 35-mm tissue culture plate filled with 5ml of water was added, to 

maintain the humidity. The Cells were incubated at 37ºC, 5% CO2 for 14 days after which 

the colonies were counted.  
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Cryopreservation and thawing of MSCs and hNSCs 

For MSC, freezing medium (10% Dimethylsulfoxide [DMSO] in FBS) was used to 

cryopreserve cells at a density of 1 x106 cells/ml 1 ml inta cryovial. Cryovials were placed 

into a styrofoam box (CoolCell®) and stored overnight at −80ºC, to freeze at a rate of 

100C/hr before transferring to liquid nitrogen tank long-term storage. 

Thawing 
 A vial of frozen cells was removed from liquid nitrogen and transfered to a 37ºC 

water bath until a slurry was observed. The cell suspension was transferred to a 50 ml 

falcon tube and 5-10 ml of appropriate medium (previously warmed to 37ºC) was added. 

The cells were collect by centrifugation at 1000 rpm at RT and resuspended in proliferation 

medium. Cells were finally re-plated in a T25 flask in a density of 3,000-5,000 cells per 

cm².  

 For hNSC, cells were cryopreserved and thawed by Kin Pong and Barbora Vagaska 

at ICH, UCL. For the present work only expansion experiments were performed. 
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Flow cytometry 

Surface staining Protocol

Cells were re-suspended in blocking solution and transfer to a FACS plate at desired 

density. After, the protocol below was applied: 

1.   Add 100µl of blocking solution and incubate at room temperature for 5-10 min. 
2.  Centrifuge 550g for 4 mins at 4ºC. 

2.  Discard supernatant carefully and add antibodies as required (50µl). 

3.  Incubate 10 mins at 4ºC in the dark.  

4.  Centrifuge 550g for 4 mins at 4ºC.  

  

 (When secondary antibody is used the next 3 steps are required, otherwise skip to 

step 5) 

- Discard supernatant carefully and add secondary antibody.  

- Incubate 15 mins at 4ºC in the dark.  

- Centrifuge 550g for 4 mins at 4ºC.  

5.  Carefully discard the supernatant carefully and add 100µl of FACS buffer 

(washing). 

6.  Centrifuge 550g for 4 mins at 4ºC. 

7.  Discard supernatant carefully and add 100µl of FACS buffer and transfer to a FACS 

tube.  

For negative controls cells were stained using their respective isotypes or FACS buffer 
only. 
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Intracellular staining Protocol

Cells were resuspended in blocking solution and transfer to a FACS plate at desired 

density. After, the protocol below was applied: 

1.  Centrifuge 550g for 4 mins at 4ºC. 

2.  Add 100µl of blocking solution and incubate at room temperature for 5-10 mins.  

3.  Discard supernatant carefully and add cell surface antibodies as required (50µl). 

4.  Incubate 10 mins at 4ºC in the dark.  

5.  Centrifuge 550g for 4 mins at 4ºC.  

 (When secondary antibody is used the next 3 steps are required, otherwise skip to 

step 6) 

-  Discard supernatant carefully and add secondary antibody if necessary.  

-  Incubate 15 mins at 4ºC in the dark.  

-  Centrifuge  550g for 4 mins at 4ºC.  

6.  Discard supernatant carefully and re-suspend in 50µl of fix buffer (4% PFA).  

7.  Incubate 20 mins at 4ºC in the dark.  

8.  Centrifuge 550g for 4 mins at 4ºC.  

9.  Discard supernatant carefully and re-suspend in 100µl of Perm buffer I (BD, stock 

is 10x, dilute in sterile water to a final 1x concentration). 

10. Incubate 5 mins at room temperature. 

11. Centrifuge 550g for 4 mins at 4ºC.  

12. Discard supernatant carefully and add intracellular antibodies as required (50µl) (all 

made in 1x perm buffer I). 

13. Incubate 30 mins at room temperature in the dark 

14. Discard supernatant carefully and add 100µl of FACS buffer (washing). 

15. Centrifuge 550g for 4 mins at 4ºC. 

16. Discard supernatant carefully and add 100µl of FACS buffer and transfer to a FACS 

tube. 

For negative controls cells were stained using FACS buffer only.  
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Flow cytometry analysis

 Flow cytometry analysis was carried out with a BD FACSCalibur TM. When possible 

a number of at least 100,000 events was analysed.  

 Data analysis was performed using FlowJo 6.4.7 software (Tree Start, Inc. 
1997-2006).  

Information, use, and concentration of ANTIBODIES are described in the pertinent 
chapter. 
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Immunocytochemistry

Staining of non-adherent cells 

For non-adherent cells (Lin⁻CD45⁻ cells from UCB), cell suspensions (from the 

negative fraction, see chapter 3) were used to make cell smears; After smearing, cells 

were fixed with 4% PFA for 10 mins, washed twice with PBS, and air-dried. After 

incubation for 10 mins with the blocking buffer, cells were stained with primary antibodies 

(diluted in blocking solution) to surface antigens. Bound antibodies were detected using 

secondary antibody. Negative controls were incubated only with the secondary antibody. 

Nuclei were counterstained with Hoechst 33258 (Sigma-Aldrich).  

Staining of adherent cells 
For adherent cells, cell monolayers were grown on coverslips (coated previously with 

Laminin and/or Matrigel). Briefly, monolayer cells were washed with 1x PBS and fixed in 

4% PFA at room temperature (RT) for 20 mins. Following fixation, they were blocked and 

permeabilised in 3% BSA, 10% FBS, and 0.2% Triton-X in PBS for 30 mins. Cells were 

incubated with primary antibodies (diluted in blocking solution) for 2 hours and washed 3 

times with 1x PBS afterwards. Bound antibodies were detected using secondary antibody 

incubated for 30 mins at RT. Negative controls were incubated only with the secondary 

antibody. Nuclei were counterstained with Hoechst 33258 (Sigma-Aldrich).  

Information, use, and concentration of PRIMARY AND SECONDARY ANTIBODIES 
are described in the pertinent chapter. 

Mounting medium and coverslip-sealing medium
Coverslips were mounted on slides using Citifluor® solution as mounting medium. Nail 

polish was used to seal the edge of square glass coverslips. 

Image analysis and microscopy
All samples were viewed and imaged using Axiovert 135 fluorescent microscope with a 

C14 digital camera (Jenoptik). Image collection and analysis was performed using 

Openlab, Volocity (Improvision) and ImageJ 1.44o software (Schneider et al., 2012). 
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RT-PCR and qPCR

RNA extraction 

For non-adherent cells, a total of 3 cords were pooled for magnetic cell isolations, while 

a number of 300,000-500,000 adherent cells were used. Total RNA was isolated from the 

cell pellet using RNeasy Mini Kit (Qiagen) according to manufacturer’s instructions.   

RT-PCR 

cDNA was prepared using D6N random hexamer (Applied Biosystem) annealed at 80°C 

for 10 mins followed by reverse transcription using MMLV-Ez (200U/µl) (Promega), MLV-

RT buffer (5X) (Promega), dNTP (0.2mM) (Bioline), RNasin Ribonuclease Inhibitor 

(2500U/µl) (Promega) and RNase free water. cDNA was amplified in a Veriti thermal cycler 

(Applied Biosystems, Foster City, CA) with GoTaq (Promega).  

RT-qPCR 

Real-time quantitative polymerase chain reaction (qPCR) was performed with an ABI 

Prism 7500 sequence detection system (Applied Biosystems) and the QuantiTect SYBR 

Green PCR Kit (Qiagen) according to the manufacturer’s instructions. PCR reactions were 

set up in triplicates in 96 well plates. The housekeeping gene GAPDH was used as an 

internal control to normalise expression levels and data were analysed using the 2 -∆∆CT 

method. 

Table 3. List of PCR Primers 

(Primers designed by Kin Pong U with exception of OCT4 and NANOG; OCT4 detects the two isoforms) 
Annealing Temperature for all primers: 56ºC; for a total of 30-35 cycles.

Gene Forward Reverse Size (bp)

GAPDH CCTTCATTGACCTCAACTACATGGT CTAAGCAGTTGGTGGTGCAGGA 356

CD133 CAGAGTACAACGCCAAACCA AAATCACGATGAGGGTCAGC 245

SOX2 GCCGAGTGGAAACTTTTGTGC GCAGCGTGTACTTATCCTTCTT 154

Nestin CAGCGTTGGAACAGAGGTTGG TGGCACAGGTGTCTCAAGGGTAG 389

GFAP GAAGCTCCAGGATGAAACCA ACCTCCTCCTCGTGGATCTT 165

NSE CTGATGCTGGAGTTGGATGG CCATTGATCACGTTGAAGGC 188

EAG1 TGGATTTTGCAAGCTGTCTG GAGTCTTTGGTGCCTCTTGC 467

OCT4 GTACTCCTCGGTCCCTTTCC CAAAAACCCTGGCACAAACT --

NANOG GGATGGTCTCGATCTCCTGA CCTCCCAATCCCAAACAATA --
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Preparation of low enriched cord plasma 

 Low enriched cord plasma (CP) was prepared using the next protocol: 

- Centrifuge hUCB at 1000g for 10 mins at room temperature (RT).  

- Remove the serum supernatant (this is the cord plasma fraction). 

- Put the supernatant in a 50ml falcon tube.  

- Store immediately at -80ºC for at least 3 days or until further use.  

- After 3 days of storing, thaw at 37ºC to promote cell disruption.  

- After thawing, inactivate with heating at 56ºC for 30 mins.  

- Centrifuge at 1000g for 10 mins at RT to spin down all the macro and micro particles. 

- Remove supernatant (cord plasma) and put in a new 50ml falcon tube.  

Now cord plasma could be used or stored at -20ºC until use. 
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CHAPTER 3

Lin⁻CD45⁻ non-HSC fraction:

Cord Blood Lin⁻CD45⁻ Embryonic-Like 
Stem Cells Are a Heterogeneous 

Population That Lack Self-Renewal 
Capacity

This chapter is based on the following article (Appendix 1): 

Cesar!Alvarez+Gonzalez,!Richard!Duggleby,!Barbora!Vagaska,!Sergio!Querol,!Susana!G!Gomez,!Patrizia!
Ferretti,!and!Alejandro!Madrigal.!!2013.!Cord%Blood%Lin(,)CD45(,)%Embryonic,Like%Stem%Cells%Are%a%
Heterogeneous%Population%That%Lack%Self,Renewal%Capacity.!PLoS!ONE,!8(6),!p.e67968.! 
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Introduction
 Human umbilical cord blood stem cells (hUCBSCs) are potentially a very important 

source of stem cells for tissue repair, as their use would circumvent the ethical issues 

involved with embryonic stem cells. Furthermore, hUCBSCs have shown to be safe and 

have already been extensively used for treating many haematological related disorders 

(Sanberg et al., 2005, Gonzalez et al., 2009). Whereas there are a number of reports 

suggesting the human umbilical cord blood (hUCB) can give raise to different lineages, the 

issue of their origin and of the existence of a truly pluripotent population with the hUCB 

has been a matter of debate. Recently, much work has focused on the characterisation of 

hUCBSCs and their potential to differentiate into different lineages, including neural cell 

types (Sanberg et al., 2005). From the studies aimed at characterising population(s) of 

putative stem cells present in the hUCB, the population of stem cells lacking expression of 

CD45/leukocyte common antigen (LCA) is of particular interest (McGuckin et al., 2008, 

Zuba-Surma et al., 2010, Bhartiya et al.). 

 Relatively little information on this CD45 negative (CD45⁻) population is currently 

available. This population was reported to lack expression of mature lineage (Lin) markers 

(CD2, CD3, CD14, CD16, CD19, and CD56), but to express several stem cell markers, 

such as CD34, CD133, and CXCR4 (Kucia et al., 2006b). In addition, it has been reported 

to express transcripts typical of pluripotent stem cells, such as SOX2, OCT3/4, and 

NANOG (Zuba-Surma et al.). CD45⁻ populations have been isolated from bone marrow 

and hUCB using a range of different protocols, characterised using different parameters 

and the resulting cells have been assigned several different names (Kucia et al., 2006b, 

McGuckin et al., 2006b, Jiang et al., 2002, Sauerzweig et al., 2009, D'Ippolito et al., 2004, 

Beltrami et al., 2007b, Goodell et al., 1996, Kogler, 2004)  (Table 4). These include: very 

small embryonic-like stem cells (VSELs) (Kucia et al., 2006b), cord-blood-derived 

embryonic-like stem cells (CBEs) (McGuckin et al., 2006b), multipotent adult progenitor 

cells (MAPC) (Jiang et al., 2002), serum deprivation-induced bone marrow stem cells (SD-

BMSC) (Sauerzweig et al., 2009), marrow-isolated adult multi-lineage inducible (MIAMI) 

cells (D'Ippolito et al., 2004), multipotent adult stem cells (Beltrami et al., 2007b), and 

unrestricted somatic stem cells (USSCs) (Kogler, 2004). While some of the features of the 

CD45⁻ population in hUCB reported by the different groups are the same, others differ, 

and the properties, function, and plasticity of this cell population remain unclear.  
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Table 4. Comparison of different  Lin⁻CD45⁻ embryonic-like stem cells in the literature 

 The CBMC fraction contains ANMCs, HSCs, and Non-HSCs. In theory, ANMCs are 

not able to differentiate into neural-derived progenitors. In contrast to ANMCs and HSCs, 

non-HSCs are theorised to be a better source for generating neural-derived progenitors, 

as previous works have demonstrated (Taguchi et al., 2004, Zhao et al., 2004, Nystedt et 

al., 2006, McGuckin et al., 2006a, McGuckin et al., 2008, Buzanska et al., 2006, Chua et 

al., 2009). 

Name Immunophenotype Isolation Morphology Growth  
and  

Plurypotency

Specie(s)/ 
Tissue

Possible  
Function

Reference

Very small  
embryonic- like  
stem cells  
(VSELs)

CD34, CD133, CXCR4,  
SSEA-4, SOX2, Oct4,  
Nanog, CD31, 
 Hoescht (low / - / + ).

L y s i s , 
Magnet ic 
Columns, 
F A C S 
Sorting

3-7 microns, High  
nuclear/ 
Cytoplasmic  
ratio

- / + Murine Bone  
Marrow,  
Human Bone  
Marrow,  
Human Cord  
Blood,  
Other Human  
Tissues. 

Quiescent, 
Long-term 
repopulation

(Zuba-Surma et al., 2010, Danova-Alt et al., 2012, Bhartiya et al., 2011)

Cord-blood-derived  
embryonic-like  
stem cells (CBEs) 

SSEA-4, SOX2, 
 Oct4,  

Nanog.

Ficoll density, 
Magnet ic 
Selection. 

3-6 microns + Human Cord 
Blood

Not reported (McGuckin et al., 2008)

Multipotent adult  
progenitor cells  
(MAPC) 

CD13, Flk1dim, Oct4. Magnet ic 
Selection

Fibroblast + Murine Bone 
Marrow 

Embryonic 
Stem Cells 
Remnants

(Jiang et al., 2002)

Serum deprivation 
induced bone  
marrow stem cells  
(SD-BMSC)

Nestin, Oct4, SOX2 Cell culture 
selection.

Large, lattened 
c e l l s o r 
e l o n g a t e d , 
fibroblast-like cells

+ Rat’s bone 
marrow

Pluripotent 
adult cell

(Sauerzweig et al., 2009)

Marrow-isolated  
adult multilineage  
inducible (MIAMI)  
cells

CD29,  CD63,  CD81,  
CD122,  CD164, cMet, 
BMPR1B, NTRK3, 
Oct4, and Rex-1

Cell culture 
selection.

Reduced  
cytoplasm,  
7-10 microns

+ H u m a n 
cadaveric bone 
marrow

Multipotent 
adult cells

(D'Ippolito et al., 2004)

Human multipotent  
adult stem cells  
(hMASCs)

CD13, CD49b, CD90, 
CD73, CD44, HLA-
ABC, CD29, CD105, 
KDR, Oct4, Nanog, 
and Rex-1.

Collagenase  
digestion,  
Ficoll, and  
Cell culture  
selection.

<30 microns + Human heart, 
liver, and bone 
marrow

Multipotent 
adult cells

(Beltrami et al., 2007a)

Hoechst Side  
Population

Lin-/low, Sca-1, FACS sorting ----- + for HSC Murine bone 
marrow 

Quiescent, 
Long-term 
repopulation

(Goodell et al., 1996)
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Chapter aims

 The main aims of this chapter were:  

- To characterise and isolate the Lin⁻CD45⁻ population present in the hUCB. 

- To clarify the discrepancies in the literature with regards to the features of this 

population. 

- To assess the plasticity of the Lin⁻CD45⁻ population. 

  

 The specific objectives of the chapter were:  

- To characterise the Lin⁻CD45⁻ population present in the TNCs fraction.  

- To isolate the Lin⁻CD45⁻ population using a cell magnetic isolation method.  

- To characterise the Lin⁻CD45⁻ population after isolation method.  

- To assess pluripotency and plasticity of the Lin⁻CD45⁻ population by applying different 

stem and neural stem cell culture conditions.
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Materials and Methods

Cell Sources 
 Whole cord blood from non-clinical standard units was supplied by the Anthony 

Nolan Cell Therapy Centre (http://www.anthonynolan.org/Healthcare-professionals/Cord-

blood-services.aspx) from consented mothers with healthy full-term pregnancies.  

 Total nucleated cells (TNCs) were prepared using two different protocols. The first 

protocol involved lysis of red blood cells using lysing buffer (BD Pharm Lyse). Briefly, 

hUCB was centrifuged at 1000g to remove the cord plasma as reported by Bhartiya, D., et 

al. (Bhartiya et al.). The pellet containing red blood cells (RBCs) and TNCs was treated 

with lysing buffer (dilution 1:5) for 15 mins at room temperature (RT), in accordance with 

manufacturer instructions, and centrifuged at 1000g for 10 mins at RT (for detailed 

protocol, see chapter 2). Cells were washed twice with 1x phosphate buffer saline (PBS, 

AccuGENE®).  

 The second protocol involved the use of density gradient centrifugation over Ficoll-

PaqueTM PREMIUM (GE healthcare). Cord blood mononuclear Cells (CBMCs) were 

isolated from the interphase after gradient centrifugation (at 840g) over Ficoll-PaqueTM 

PREMIUM and treated once with lysis buffer due to residual RBCs. The pellet was washed 

twice with PBS, resuspended, and centrifuged at 1000g to isolate the light-density 

mononuclear cells.  

Human Neural Stem Cells 
 A Human Neural Stem Cell (hNSC) line that was generated as previously described 

(Sun et al., 2008) (kindly proportioned by Kin Pong U and Barbora Vagaska from Institute 

of Child Health, University College London) was used as a positive control for Nestin, 

CD133, and SOX2.  

For more information about the hNSCs used in this work, go to appendixes 2 and 3. 

Human Mesenchymal Stem Cells 

 Different lines of Mesenchymal Stem Cells (UC-MSC) from Wharton’s jelly were 

generated using a modified protocol described previously by Weiss et al. (Weiss et al., 

2006)(a detailed protocol could be seen in chapter 2 and 5). These cells were used as a 

controls for Nestin and CD133. 
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Flow cytometry 

For cell surface labelling, cells were incubated with antibodies diluted in FACS 

buffer (2.5% FBS in PBS 1x) for 10-15 mins at 4ºC (with the exception of CXCR4 where 

the incubation was for 30 mins) and then washed twice with FACS buffer for 3-4 mins. For 

intracellular staining, cells were fixed with 4% paraformaldehyde for 20 mins at 4ºC, 

permeabilized with 1x Perm/Wash Buffer I (BD) for 5 mins at RT, and stained with SOX2, 

OCT3/4, or Nestin for 30 mins and washed twice for 3-4 mins with FACS buffer. For 

negative controls cells were stained using FACS buffer only.

Flow cytometry analysis was carried out with a BD FACSCalibur TM (detailed 

protocol in chapter 2). Data analysis was performed using FlowJo 6.4.7 software (Tree 

Start, Inc. 1997-2006). The monoclonal antibodies used are listed in the next table:  

Table 5. Antibodies used for flow cytometry analysis in chapter 3.  
Name Fluorochromo Clone Isotype Dilution Company Cat Number Country 

Anti-Nestin PE 25/
NESTIN

IgG1, k 1:20 BD Pharmingen 561230 USA

Anti-Oct3/4 PerCP-Cy 5.5 40/Oct-3 IgG1, k 1:20 BD Pharmingen 560794 USA

Anti-Sox2 Alexa Flour 488 245610 IgG2a 1:20 BD Pharmingen 560301 USA

CD133 PE AC133 IgG1 1:100 Miltenyi Biotec 130-080-801 USA

CD184 (CXCR4) PE 12G5 IgG2a, k 1:5 BD Pharmingen 555974 USA

CD34 APC 581 IgG1, k 1:50 BD Pharmingen 555824 USA

CD41a APC HIP8 IgG1, k 1:5 BD Pharmingen 559777 USA

CD41a FITC HIP8 IgG1, k 1:5 BD Pharmingen 555466 USA

CD45 APC 5B1 IgG2a 1:10 Miltenyi Biotec 130-091-230 USA

CD45 FITC 5B1 IgG2a 1:10 Miltenyi Biotec 130-080-202 USA

CD45 PE 5B1 IgG2a 1:100 Miltenyi Biotec 130-080-201 USA

CD45 PerCP 5B1 IgG2a 1:20 Miltenyi Biotec 130-094-975 USA

Hematopoietic 
Lineage  (CD2,CD3, 
CD14, CD16, CD19, 

CD56, CD235a )

FITC CD2 
(RPA-2.1
0) CD3 
(OKT3) 
CD14 
(61D3) 
CD16 

(CB16)  
CD19 

(HIB19) 
CD56 

(CB56) 
CD235a 
(HIR2)

-- 1:10 eBioscience 22-7778-72 USA

SSEA-4 FITC MC813-7
0

IgG3 1:5 BD Pharmingen 560126 USA

SSEA-4 PE MC813-7
0

IgG3 1:5 BD Pharmingen 560128 USA
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Magnetic Cell Isolation 
 After removing the erythrocytes using either the lysis buffer or the gradient 

centrifugation method, TNCs were centrifuged at 1000g for 10 mins the pellet 

resuspended in MACS buffer (PBS 1x, 2mM EDTA, and 1% BSA) at 4ºC, and cells 

incubated for 10 mins at 4ºC in the dark with the following biotin-conjugated antibodies: 

CD235a (HIR2), CD11b (ICRF44), CD123 (6H6), CD45 (HI30), and CD61 (PM6/13). Anti-

Biotin MicroBead-conjugated antibodies (Miltenyi Biotec) were then added and incubated 

for 15 mins at 4ºC in the dark. Finally the cells were passed through LD magnetic columns 

(Miltenyi Biotec) according to the manufacturer instructions and the negative fraction (-F) 

collected (figure 18). A detailed protocol is given in chapter 2.  

Table 6. Biotin-antibodies used for magnetic cell isolation in chapter 3 

 

Name Fluorochromo Clone Isotype Dilution Company Cat 
Number

Country 

CD11b BIOTIN ICRF44 IgG1, k 1:500 / 
1:1000

eBioscience 13-0118-80 USA

CD123 BIOTIN 6H6 IgG1, k 1:500 / 
1:1000

eBioscience 13-1239-82 USA

CD235a BIOTIN HIR2 
(also 

GA-R2)

IgG2b, k 1:500 / 
1:1000

eBioscience 13-9987-82 USA

CD45 BIOTIN HI30 IgG1, k 1:500 / 
1:1000

eBioscience 13-0459-82 USA

CD61 BIOTIN PM6/13 IgG1, k 1:500 / 
1:1000

AbD Serotec MCA728B UK
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Figure 18. Magnetic column 
isolation of Lin⁻CD45⁻ 

“embryonic-like” stem cells 
through a negative selection. 

A) Magnetic column isolation of 
Lin⁻CD45⁻ cells. The -F fraction 
is collected (falcon tube) while 
the +F fract ion, containing 
remaining red cells, platelets, and 
the haematopoietic fraction, is 
retained in the magnetic column. 

B) -F and +F after isolation. 
Picture shows macroscopically 
the presence of remaining red 
cells in the +F fraction. The -F 
fraction is macroscopically free of 
remaining red cells. 
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RT-PCR 

Three cords were pooled for magnetic cell isolation of the Lin⁻CD45⁻ fraction. Total 

RNA was isolated from the cell pellet using RNeasy Mini Kit (Qiagen) according to 

manufacturer’s instructions. cDNA was prepared using D6N random hexamer (Applied 

Biosystem) annealed at 80°C for 10 mins followed by reverse transcription using MMLV-Ez 

(200U/µl) (Promega), MLV-RT buffer (5X) (Promega), dNTP (0.2mM) (Bioline), RNasin 

Ribonuclease Inhibitor (2500U/µl) (Promega) and RNase free water. cDNA was amplified 

in a Veriti thermal cycler (Applied Biosystems, Foster City, CA) with GoTaq (Promega) 

using primers and conditions previously described by Guasti et al. (Guasti et al., 2012a). 

qPCR 
 Real-time quantitative polymerase chain reaction (qPCR) was performed with an 

ABI Prism 7500 sequence detection system (Applied Biosystems) and the QuantiTect 

SYBR Green PCR Kit (Qiagen) according to the manufacturer’s instructions. PCR 

reactions were set up in triplicates in 96 well plates. The housekeeping gene GAPDH was 

used as an internal control to normalise expression levels and data were analysed using 

the 2 -∆∆CT method. 

Table 7. List of PCR primers in chapter 3 

(Primers designed by Kin Pong U with exception of OCT4 and NANOG; OCT4 detects the two isoforms) 
Annealing Temperature for all primers: 56ºC; for a total of 35 cycles. 

Gene Forward Reverse Size (bp)
GAPDH CCTTCATTGACCTCAACTACATGGT CTAAGCAGTTGGTGGTGCAGGA 356
CD133 CAGAGTACAACGCCAAACCA AAATCACGATGAGGGTCAGC 245
SOX2 GCCGAGTGGAAACTTTTGTGC GCAGCGTGTACTTATCCTTCTT 154
Nestin CAGCGTTGGAACAGAGGTTGG TGGCACAGGTGTCTCAAGGGTAG 389
OCT4 GTACTCCTCGGTCCCTTTCC CAAAAACCCTGGCACAAACT --

NANOG GGATGGTCTCGATCTCCTGA CCTCCCAATCCCAAACAATA --
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Immunocytochemistry

 Cell suspensions from the Lin⁻CD45⁻ fraction (-F) were used to make cell smears 

for immunocytochemistry. After smearing, cells were fixed with 4% paraformaldehyde for 

10 mins, washed twice with PBS, and air-dried. After incubation with the blocking buffer 

cells were stained with the following primary antibodies to surface antigens: mouse anti-

SSEA-4 (Invitrogen; 1:100), mouse antihuman CD133 (Miltenyi Biotec; 1:10) and mouse 

anti-human CD34 (abcam; 1:100) with cells previously blocked. Bound antibodies were 

detected using secondary donkey anti-mouse antibody conjugated with Alexa Flour 568 

(Invitrogen). Negative controls were incubated only with the secondary antibody. Nuclei 

were counterstained with Hoechst 33258 (Sigma-Aldrich). All samples were viewed and 

imaged using Axiovert 135 fluorescent microscope with a C14 digital camera (Jenoptik). 

Image collection and analysis was performed using Openlab, Volocity (Improvision) and 

ImageJ 1.44o software (Schneider et al., 2012).  

Table 8. List of primary antibodies used for immunocytochemistry in chapter 3 

Table 9. List of secondary antibodies used for immunocytochemistry in chapter 3 

Name Clone Isotype Specie Reactivity Dilution Company Cat 
Number

Country 

CD133 AC133 IgG1 Mouse Human 1:10 Miltenyi 
Biotec

130-090-4
22

USA

CD34 BI-3C5 
(M)

IgG1, k Mouse Human 1:100 abcam ab6330 UK

SSEA-4 MC813
-70

IgG3 Mouse Human 1:500 Invitrogen 41-4000 USA

Name Clone Isotype Specie Reactivity Dilution Company Cat 
Number

Country 

Alexa 
Flour 568

-- Target: 
IgG

Donkey Mouse 1:400 Invotrogen A10037 USA

Hoechst 
33258

-- -- -- -- 1:400 Sigma-
Aldrich

861405 Germany
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Cell Culture 

For colony-forming unit (CFU) assessment, all Lin⁻CD45⁻ cells recovered from –F 

were re-suspended in 100µl of 1x PBS and plated in Methylcellulose medium 

supplemented with recombinant cytokines (see chapter 2 for detailed protocol) as 

previously described (Duggleby et al., 2012) and haematopoietic colonies scored after 14 

days. One million TNCs (containing approximately 1000-2000 HSC) from positive fraction 

(+F) were plated as a control. 

 Absolute counts of both Lin⁻CD45⁻CD34⁺ and Lin⁻CD45dimCD34⁺ cells were 

performed using BD trucount tubes (BD) following the manufacture’s instructions, and as 

described previously (Duggleby et al., 2012), in the –F fraction to estimate the number of 

HSC contaminants plated. 

 For cell survival and growth studies cells were plated either on Matrigel (BD 

Matrigel TM hESC-qualified Matrix) or laminin (SIGMA). Five different culture media (A-E) 

were used, and their composition is shown in table 10.  

Table 10. Culture conditions used to expand the Lin⁻CD45⁻ cells from cord blood 

 

�98



Chapter 3: “Embryonic-like” stem cells

 The components were DMEM/F-12 (1:1) (GIBCO), RHB-A® (StemCells Inc.), 

StemSpan® SFEM (STEMCELL TECHNOLOGIES) MethoCult® GF H84434 (STEMCELL 

TECHNOLOGIES); B27 and N2 neuronal supplements (PAA); FGF-2 (PeproTech or 

Miltenyi Biotec), EGF (PeproTech), Stem cell Factor (Miltenyi Biotec), Flt3-Ligand (Miltenyi 

Biotec). The medium was changed every 3-4 days and cells monitored for up to one 

month. 

Statistical Analysis 

All data are represented as mean ± standard errors of the mean (SEM) and analyzed 

by unpaired t test and plotted using Prism version 5.0 (GraphPad Software, Inc.); p values 

<0.05 was taken to be significant. A minimum number of 4 samples were used for each 

experiment.
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Results
 Recovery of the Lin⁻CD45⁻ fraction from cord blood total nucleated cells 
(TNCs) using either Lysis or Ficoll 
 This work assessed whether recovery of the Lin⁻CD45⁻ fraction differed when either 

lysing buffer or Ficoll density centrifugation was used to prepare the TNCs. As shown in 

figure 19A, the percentage of Lin⁻CD45⁻ fraction recovered was significantly lower 

(p=0.0025) after cell isolation with Ficoll (21.79 ± 4.475 N=4) than with lysis buffer (60.42 ± 

6.044 N=10). With both procedures the main contaminants consisted of platelets, other 

mature cells, and to, a minimal extent, of Lin⁻CD45dimCD34⁺ cells. To assess the viability 

of cells (on day 0) prepared with lysis buffer, 7AAD staining followed by flow cytometry 

analysis was performed. More than 80% of cells within the Lin⁻CD45⁻ population were 

negative for 7AAD (85.90 ± 3.453 N=5) indicating that the majority of the cells were not 

apoptotic/necrotic (figure 19B).  

*  

Figure 19. Recovery and viability of Lin⁻CD45⁻ population. A) The box plots show the 
percentage of cells recovered after magnetic isolation using lysing buffer (Ly) or Ficoll gradient 
centrifugation (F) (*p=0.0306). B) The box plots show the percentage of Lin⁻CD45⁻ CXCR4⁺/ 
CD34⁺/ Nestin⁺ viable (7AAD negative) and dead (7AAD positive) cells using lysing buffer: note 
that the percentage of viable cells is significantly higher than that of dead cells (n=5; *p=0.0001); 
and the plot shows and example 7AAD negative Lin⁻CD45⁻CD34⁺ gate.
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 Immunophenotypic analysis of TNCs 
 The TNCs antigenic phenotype was characterised by flow cytometry focusing on 

the Lin⁻CD45⁻ cell fraction. Standard flow cytometry-based protocols for HSC usually 

exclude events smaller than 6µm as this fraction is mainly composed of erythrocytes, 

platelets, and cellular debris (Sutherland et al., 1996b, Sutherland et al., 2009). As 

previous reports suggested that Lin⁻CD45⁻ cells are smaller than HSC, with a size 

between 2-7µm (McGuckin et al., 2008, Zuba-Surma et al., 2010, Bhartiya et al.), a log 

scale was applied to the forward scatter to including events smaller than 6µm using beads 

as size markers. When events starting from 3µm were included (Figure 20A), cells positive 

for Lin and CD41a, a specific platelet marker, were excluded by gating (Figure 20B); 

expression of CD45, CD133, CD34, CXCR4 and Nestin was assessed in the Lin⁻ gate, in 

separate samples (Fig 20C-F). The Lin⁻CD45⁻ population expressed CD34, CXCR4, and 

Nestin, but not CD133 (Fluorochromo is decribed in table 5). 
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Figure 20. Characterization of total nucleated cells (TNC) isolated using the lysis protocol.  
A) Debris is excluded from the whole TNC in an open scale using beads as a size marker (4.2µm 
and 6µm). B) Gate set to exclude Lin⁺/CD41a⁺ cells. C) CXCR4⁺ is detected in the Lin⁻CD45⁻ 
fraction. D) CD34⁺ is detected in the Lin⁻CD45⁻ and Lin⁻CD45dim fractions. E) Nestin is detected 
in the Lin⁻CD45⁻ fraction. F) Lin⁻CD45dimCD133⁺ is detected but CD133⁺ is not detected in the 
Lin⁻CD45⁻. Events analysed: >100,000  

Figure as published in PLOS ONE: doi:10.1371/journal.pone.0067968.g002
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Lin⁻CD45⁻ cell fraction characterisation 

 Following negative selection by magnetic bead selection (-F), the Lin⁻CD45⁻ 
population was further characterised by flow cytometry (figure 21), immunocytochemistry  

and RT-PCR and qPCR.  

 Characterisation of Lin⁻CD45⁻ fraction using flow cytometry. Flow cytometry 

showed following selection/enrichment, the CD34, CXCR4, and Nestin positive cells were 

detected in all cell preparations (n=4; figure 21 C-E); in contrast, detection of CD133 was a 

rare event and most samples were negative (<0.03%, n=4; figure 21 F).   

Figure 21. Characterisation of the Lin⁻CD45⁻ population after isolation with magnetic 
columns. A) Debris (<1µm) is excluded from the negative fraction. B) Gate shows the exclusion of 
Lin⁺/CD41a⁺ cells as main contaminants and the gating of Lin⁻CD45⁻ population. C, D, E) CD34⁺, 
CXCR4⁺ and Nestin⁺ are detected in the Lin⁻CD45⁻ fraction. F) CD133⁺ is not detected in the 
Lin⁻CD45⁻fraction. (C, D, E, and F percentages represent the mean from 4 different samples). 
Events analysed: >100,000. 

Figure as published in PLOS ONE: doi:10.1371/journal.pone.0067968.g003
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 Interestingly, Nestin+ and CD34⁺ cells were different in size from CXCR4 cells, as 

assessed by SSC and FSC (figure 22 A). In double-staining experiments it was found that 

cells positive for CXCR4 were negative for CD34 (figure 23 C), while approximately 21% of 

Nestin positive cells were also positive for CD34 (20.97 ± 7.242 N=4; figure 22 D). Finally, 

of note, a high proportion of events were either very small, on the edge of the 2µm 

threshold (80%), or not stained by any antibody used; these could represent cellular 

debris. The Lin⁻CD45⁻ populations were separately back-gated for SSC and FSC to 

compare them with the Lin⁻CD45dimCD34⁺ population using beads as size markers. The 

Lin⁻CD45⁻ cells were found to be smaller than Lin⁻CD45dimCD34⁺ cells by SSC and FSC 

(figure 22 A).  
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Figure 22. Heterogeneity of the Lin⁻CD45⁻ population. A) SSC and FSC back gate show 
CXCR4⁺, CD34⁺, and Nestin⁺ subpopulations compared to specific size beads of 6µm and the 
Lin⁻CD45dimCD34⁺ (black); they have the same range of size in FSC but are allocated differently 
in SSC. (B) The box plot shows the percentage of CD34⁺, CXCR4⁺ and Nestin⁺ cells; note that 
Nestin⁺ cells are the larger population within the Lin⁻CD45⁻ cell fraction. (n=4; *p<0.05 / 
**p<0.005). (C) Gate shows that CXCR4⁺ cells are negative for CD34 (D) Gate shows Nestin⁺ 
CD34⁻ and Nestin⁺ CD34⁺ cells. (C and D percentages represent the mean from 4 different 
samples).  

Figure as published in PLOS ONE: doi:10.1371/journal.pone.0067968.g004



Chapter 3: “Embryonic-like” stem cells

 Expression of the pluripotent markers, SSEA-4, SOX2, and OCT3/4, in the 

Lin⁻CD45⁻ fraction was investigated by using flow cytomery. SSEA-4 was expressed in 

2±0.3498% (N=5) of the cells and Oct3/4 in less than 1% (figure 23 B-C). SOX2 was not 

found expressed by flow cytometry (figure 23 A). Of note, the SSEA-4 positive cells were 

negative for CD34 and CD133. These positive cells, when back-gated, were similar in size 

(by SSC and FSC) to the Nestin⁺ cells, as shown in (figure 23 D). 

 

*  

Figure 23. Expression of transcripts typical of pluripotent cells in the Lin⁻CD45⁻ 
population. A-C) Expression of the embryonic stem cell markers, SSEA-4 and OCT3/4 but not of 
SOX2 are detected by flow cytometry (percentage represents the mean from 5 different samples). 
D) SSC and FSC back gate shows SSEA-4⁺ and OCT3/4⁺ subpopulations compared to specific 
size beads of 6µm and the Lin⁻CD45dimCD34⁺ (black); they are in the same size range both in 
FSC or SSC. 
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 Characterisation of Lin⁻CD45⁻ fraction using RT-PCR/qPCR. Expression of 

transcripts for the pluripotent markers, SOX2, OCT3/4, and NANOG, was assessed by RT-

PCR. The Lin⁻CD45⁻ fraction expressed SOX2, OCT3/4 and weakly NANOG (figure 24 A). 

Expression of the stem cell markers, CD133 and Nestin, was assessed by RT-qPCR. 

Consistent with the flow cytometry results, the CD133 transcript, which was highly 

expressed in hNSC, was undetectable in the Lin⁻CD45⁻ fraction. Nestin, however, was 

detected (figure 24 B-C). Nestin expression in Lin⁻CD45⁻ cells was higher than in UC-

MSC, but much lower than in hNSC. 

*  

Figure 24. RT-PCR and qPCR analysis of Lin-CD45- fraction. 
A) SOX2, OCT3/4 and NANOG transcripts are detected by RT-PCR. B and C) Expression of 
Nestin and CD133 markers by qPCR in human neural (hNSC), in the Lin⁻CD45⁻ fraction, 
and mesenchymal (MSC) stem cells. Nestin is expressed in both Lin⁻CD45⁻ cells and MSCs 
cells though at a much lower level than in hNSC. Note that CD133 mRNA is not detected in 
the Lin⁻CD45⁻ fraction. 
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 Characterisation of Lin⁻CD45⁻ fraction using ICC. Immunocytochemistry was 

used to visualise the expression of CD34, CD133 and SSEA-4 in Lin⁻CD45⁻ cells (figure 

25 A-C). Staining for CXCR4 was not performed as it is also expressed in most 

haematopoietic cells and, therefore, its presence might be partly due contaminating cells. 

CD34⁺ cells were present in all the samples examined (figure 25 A-B). No CD133⁺ cell 

was observed, consistent with the flow cytometry and RT-qPCR data. Only two cells 

positive for SSEA-4 were detected in the 5 samples analysed (figure 25 C). Lin⁻CD45⁻ 
stem cells showed high nuclear/cytoplasm ratio and a size between 6 to 10 microns (figure 

25 A-C). Cell debris, consistent with the flow cytometry results, was present in the cell 

fraction, as indicated by Hoechst nuclear staining, (figure 26 B). 

*  

Figure 25. Lin⁻CD45⁻ cells show a high nuclear/cytoplasm ratio. A) Immunocytochemistry 
shows small cells (≦10µm) with high nuclear (blue)/cytoplasm ratio positive for CD34 (red). B) 
Note one CD34-positive and one CD34-negative cell and an example of cell debris present in 
the sample (arrow). C) Rare SSEA-4 –positive cell. Scale bars= 10µm (A-B) and 5µm (C).  

Figure as published in PLOS ONE: doi:10.1371/journal.pone.0067968.g006 
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Survival and growth of Lin⁻CD45⁻ cells 

 The clonogenic potential of Lin⁻CD45⁻ cells was tested and compared with the 

CD45⁺CD34/CD133⁺ cells present in the +F fraction using the CFU assay. The number of 

colonies was significantly higher in TNCs from +F (101.0 ± 15.76 N=5) than in Lin⁻CD45⁻ 
cell cultures (8.800 ± 4.375 N=5), p=0.0005. Colonies originating from the Lin⁻CD45⁻ 
fraction could be attributed to contaminating cells with a Lin⁻CD45dimCD34⁺ phenotype 

(figure 26).   

*  

Figure 26. Clonogenic potential of the Lin⁻CD45⁻ population.  
CFUs=Colony Forming Units.  (–F)=negative fraction. (+F)=positive fraction.
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A) The box plots show the number of 
colonies formed by cells isolated using 
lysis buffer after 14 days in culture (n=5; 
*p=0.0005).  

B) Absolute count of both Lin⁻CD45⁻CD34⁺ 
and Lin⁻CD45dimCD34⁺ cells plated in 
CFUs. 
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 The ability of Lin⁻CD45⁻ cells to survive and grow was tested in different media 

known to be suitable for the expansion/differentiation of embryonic-like stem cells 

(McGuckin et al., 2008, McGuckin and Forraz, 2008b), HUCBSC (Duggleby et al., 2012, 

Chua et al., 2009), and hNSC (Sun et al., 2008) and on different substrates. Proliferation 

was not observed under any of the culture conditions tested (A-E; table 10). In culture 

conditions A, B, and C all cells were dead within 15 days in culture, whereas viable 

remaining cells were still present under condition D, a medium that supports expansion of 

neural stem cells and E, a medium that supports expansion of human haematopoietic 

cells. The surviving cells in these cultures were characterized at 2-3 weeks in culture by 

flow cytometry (N=3). As summarized in table 15 different expression profiles were 

observed in these cultures, with culture condition E containing a higher percentage of 

CD34-, CD133- and CD45-positive cells. 

Table 11. Summary of Lin⁻CD45⁻ stem cell markers found on cells present after 2 weeks in 
the culture conditions shown.

Markers were assessed by flow cytometry and given as percentage of positive cells; *n=3 

Marker Culture condition D* Culture condition E*
SSEA-4 7.94% ± 1.52 6.34% ± 0.7543
CD34 1.35% ± 0.4572 4.65% ± 0.9699

CD133 1.19% ± 0.3960 10.04% ± 2.452
CD45 1.85% ± 0.6015 12.42% ± 1.774
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Discussion
 Heterogeneity of CD45⁻Lin⁻ fraction. Here has been shown that the CD45⁻Lin⁻ 
hUCB population is heterogeneous and includes a Nestin⁺ subpopulation not previously 

described (table 12).   

Table 12. Summary of cell populations with  “embryonic-like stem cell” features reported in 
the hUCB Lin⁻CD45⁻ fraction 

 The Lin⁻CD45⁻fraction that has been isolated expresses several stem cell markers. 

Whereas CD34 was found within this fraction, CD133 expression could not be detected 

either by flow cytometry, RT-qPCR or immunocytochemistry. However, when 

Lin⁻CD45⁻cells were cultured for 2-3 weeks, a small CD133 remaining population was 

detected which could possibly have been attributed to the contaminants with 

Lin⁻CD45dimCD133⁺ cells. Whether the difference between these and other author 

findings is due to different handling of the cells, or differences between murine and human 

Lin⁻CD45⁻ populations is currently unclear. Lin⁻CD45⁻ cells expressing the stem cell 

markers CD34 and CD133, and the chemokine receptor CXCR4 were initially described in 

murine bone marrow (Kucia et al., 2006b). Subsequently, Lin⁻CD45⁻ cells have been 

isolated by a number of different groups from several animal and human sources including 

bone marrow (Kucia et al., 2006b), cord blood (McGuckin et al., 2008, Zuba-Surma et al., 

2010, Bhartiya et al., Danova-Alt et al., 2012), peripheral blood after severe damage, such 

as stroke (Paczkowska et al., 2009b), and mammalian ovary (Parte et al., 2011).  

Name Immunophenotype 
and transcripts

Isolation Morphology Survival 
and 

Growth

Specie(s)
/Tissue

Possible 
Function

Reference

hUCB 
Lin⁻CD45⁻ 
population 
(non-HSC)

Lin⁻CD45⁻CD34⁺, 
Lin⁻CD45⁻CXCR4⁺, 
Lin⁻CD45⁻Nestin⁺, 

SSEA-4, SOX2, 
OCT4, NANOG, 

Hoescht +.

Lysis, 
Magnetic 
Columns.

6-10 microns, 
High nuclear/
cytoplasmic 

ratio

- Human 
Cord 

Blood.

Quiescent. This study

Very Small 
Embryonic
-like stem 

cells 
(VSELs)

CD34, CD133, 
CXCR4, SSEA-4, 

SOX2, OCT4, 
NANOG, CD31, 

Hoescht (low/-/+).

Lysis, 
Magnetic 
Columns, 

FACS 
Sorting

3-7 microns, 
High nuclear/
cytoplasmic 

ratio

- / + Human 
Cord 

Blood. 

Quiescent, Long-
term repopulation.

(Zuba-Surma et 
a l . , 2 0 1 0 , 
Danova-Alt et al., 
2012, Bhartiya et 
al., 2011)

Cord-
blood-
derived 

embryonic-
like stem 

cells 
(CBEs)

SSEA-4, SOX2, 
OCT4, NANOG.

Ficoll 
density, 

Magnetic 
Selection. 

3-6 microns + Human 
Cord 
Blood

Not reported (McGuckin et al., 
2008)
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 The Lin⁻CD45⁻ isolated fraction was composed of a heterogeneous population 

expressing different stem cell markers (CD34, CXCR4, and Nestin). With the exception of 

CD133, the present analysis showed that the Lin⁻CD45⁻ population consistently 

expressed a phenotype associated with stem cells. However, this is not a homogenous 

population; the CD34⁺ and CXCR4⁺ populations are different to each other and do not 

share mutual immunophenotype. Added to these differences, further flow cytometric 

analysis has shown a third, Nestin⁺, population that is also negative for CXCR4. 

Aproximately 20% of the Nestin positive cells were also positive for CD34. A CD45⁻Nestin⁺ 
population has been described in the bone marrow by Mendez-Ferrer, et al. (Méndez-

Ferrer et al., 2010) and could correspond to that described by Sauerzweig, et al.  

(Sauerzweig et al., 2009) as small-sized nestin-positive bone marrow stem cell (SD-

BMSC). The presence of mesenchymal progenitors could account for the presence of 

pluripotency markers whose expression has been reported in mesenchymal stem cells 

(Guasti et al., 2012a). However, more studies are needed to clarify the relation between 

them. 

 Viability of CD45⁻Lin⁻ fraction. Despite of the fact that more than 80% of 

Lin⁻CD45⁻ cells were 7AAD negative, it was not possible to determine whether these cells 

were in an early apoptotic stage. Lin⁻CD45⁻ cells have been reported to bind Annexin V 

following red blood cell lysis, though they do not subsequently undergo apoptosis (Liu et 

al., 2009). Nonetheless, the presence of haematopoietic colonies in CFUs either in –F or 

+F fractions and of surviving cells in culture condition E could be taken as a rough 

indicator that cell viability was not severely affected by lysis. 

 Pluripotency and plasticity of CD45⁻Lin⁻ fraction. Several groups have reported 

the presence of pluripotent markers in this Lin⁻CD45⁻ stem cell population. In this work, 

results show the expression of SOX2, OCT4, and NANOG using RT-PCR, which are 

similar to reports by Zuba-Surma, et al. and Bhartiya, et al. (Zuba-Surma et al., Bhartiya et 

al.). However, the expression of the surface SSEA-4 marker using flow cytometry was 

found in only a low percentage (2%) of cells in contrast to the results reported by Ali et al. 

(Ali et al., 2012) using a very similar isolation method. Nevertheless, the same group has 

also reported the expression of pluripotent markers by using RT-PCR.  
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 Morphology and size of CD45⁻Lin⁻ fraction. The Lin⁻CD45⁻ fraction isolated 

here consists of a population of small cells with a high nuclear/cytoplasmic ratio. The 

observations under the fluorescent microscope showed the cells having a high nuclear/

cytoplasmic ratio but their size was slightly bigger than determined by flow cytometry 

(6-10µm). This is consistent with some previous findings (McGuckin et al., 2008, Parte et 

al., 2011, Kucia et al., 2007). However, unlike in some studies, where this fraction did not 

seem to incorporate the DNA stain Hoechst (Bhartiya et al., Danova-Alt et al., 2012, Parte 

et al., 2011), in the study shown here, all nuclei of the cells isolated were found to be 

Hoechst-positive. Bhartiya et al. suggested that the lack of Hoechst labelling in quiescent 

cells was a consequence of these cells containing euchromatin. However, this explanation 

to explain this phenomenon still needs to be investigated as other groups have described 

the labelling by Hoechst in quiescent populations using immunohistochemistry (Vieyra et 

al., 2009). Storms, et al. reported a Hoechst dye negative population of high pluripotency 

and used flow cytometric sorting to select a small quiescent population (which they named 

“side population”) from bone marrow and cord blood (Storms et al., 2000). It will have to be 

established whether differences in Hoechst binding to the DNA of Lin⁻CD45⁻ reflects a true 

difference between the populations isolated in different laboratories, or is due to 

differences in the handling of the cells. 

 Function and nature of CD45⁻Lin⁻ fraction. Recently, Danova-Alt et al. have 

reported a Lin⁻CD45⁻CXCR4⁺ population from hUCB that lacks stem cell characteristics 

and displays an aneuploid karyotype (Danova-Alt et al., 2012). These results are in stark 

contrast to previous reports (McGuckin et al., 2008, McGuckin et al., 2006a, McGuckin and 

Forraz, 2008b), but similar to the findings presented in this study, that provides a novel and 

comprehensive approach to defining the function and nature of these cells. Danova-Alt et 

al. however, have mostly focused on the Lin⁻CD45⁻CXCR4⁺/CD34⁺ populations, and 

neglected the Hoechst negative population within the flow cytometry sorted cells 

previously described by other groups (Kucia et al., 2006b, Goodell et al., 1996, Storms et 

al., 2000). In this study, haematopoietic stem and mature cells were excluded using an 

anti-biotin selection antibodies. Using this approach a population of small Lin⁻CD45⁻ cells 

with the lower possible number of haematopoietic contaminants could be isolated, with the 

main contaminant being platelets. These events are normally excluded using flow 

cytometry-based protocols for HSC (Zuba-Surma et al., 2010, Sutherland et al., 1996a, 

Sutherland et al., 2009). Therefore, during the analysis here a gating strategy based on 
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that proposed by Zuba-Surma et al. (2010) was employed. This resulted in a similar 

population as reported by Zuba-Surma et al. with the exception that CD133⁺ cells were 

undetectable. This is, however, consistent with the report by Danova-Alt et al. (Danova-Alt 

et al., 2012). 

 Previous studies have classified these cells based on their phenotypical properties, 

including “embryonic-like stem cells” (Zuba-Surma et al., 2010, Bhartiya et al., McGuckin 

et al., 2006b, Danova-Alt et al., 2012). This work highlight the difficulties in expanding the 

Lin⁻CD45⁻ stem cell population. These results are not unprecedented, as other groups 

have also reported similar problems with the expansion of this population (McGuckin et al., 

2008, Zuba-Surma et al., 2010). This study has shown that even using different conditions 

this fraction was not able to expand at all. In fact, the presence of a few cells that were 

able to expand in the Methylcellulose medium with recombinant cytokines and of a few 

cells surviving long-term in StemSpan® SFEM could be attributed to the presence of 

contaminants such as Lin⁻CD45dimCD34/133⁺cells. This result contrasts with most of the 

previous reports but is consistent with the findings of Danova-Alt et al. (Danova-Alt et al., 

2012). The presence and origin of pluripotent markers, as well as the functional role of 

these cells, should be investigated before attempting to classify them as embryonic-like 

cells. Currently, the definition of non-Haematopoietic stem cells (non-HSC) seems prudent 

until further studies elucidate their origin, function and possible use in regenerative 

medicine.  

  

 Discrepancies in the literature. Human umbilical cord blood has both HSC and 

non-HSC as several groups have demonstrated before (Zuba-Surma et al., 2010, Bhartiya 

et al., McGuckin et al., 2006a, Danova-Alt et al., 2012, Heider et al., 2012). Results have 

shown here that the presence of a heterogeneous population lacking the expression of 

LCA and other mature haematopoietic markers, but expressing stem cell markers such as 

CD34 and CXCR4, and the tissue-committed stem cell marker Nestin, could explain the 

discrepancies in the literature. These differences could be due to the fact that diverse 

methods of isolation lead to the sorting of different populations. 
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Conclusion 
 In summary, the Lin⁻CD45⁻ population in this chapter was isolated using a magnetic 

cell isolation method modified from McGuckin et al. (McGuckin et al., 2008) from the cord 

blood nucleated cell fraction purified either by red blood cell lysis or by density gradient 

centrifugation. This excluded most of the haematopoietic population including the 

Haematopoietic Stem Cells (HSCs; CD45dimCD34⁺ cells). Analysis of the Lin⁻CD45⁻ 
population demonstrated the presence of different subpopulations both in regard to cell 

size and stem cell marker expression. Furthermore, although expression of markers of 

pluripotency, such SOX2, OCT3/4, and NANOG, was detected, no proliferation of these 

cells occurred under any of the culture conditions tested. Therefore, the embryonic stem 

cell-like molecular phenotype is not mirrored by self-renewing capability. 

 In conclusion, this work has described three different cell subpopulations including 

Lin⁻CD45⁻ Nestin⁺, which has not been previously reported (table 12) by any of the groups 

working with hUCB-derived “embryonic-like cells” (Zuba-Surma et al., 2010, Bhartiya et al., 

McGuckin et al., 2006a, Danova-Alt et al., 2012, Heider et al., 2012). However more 

research will be needed to establish the relationship between these populations and those 

previously described. A better understanding of the origin and function of this 

heterogeneous Lin⁻CD45⁻ stem cell population (non-HSC) is required before considering 

their potential use in regenerative medicine applications. 
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Cord blood mononuclear cells:

Cord blood mononuclear cells expressed neural 
antigens at basal state but were not able to generate 
neural-derived progenitors after to have been exposed 
to neural conditions
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Introduction

The Cord blood mononuclear cell (CBMC) fraction is a mixture of cells with different 

subpopulations composed by lymphocytic and monocytic blood lines, HSCs, and non-

HSCs  (Querol et al., 2000, Kassmer and Krause, 2013, McGuckin and Forraz, 2008a, 

Walczak et al., 2004). CBMC have shown, in vitro, to generate neural cells and neural 

progenitor cells (Sanchez-Ramos, 2001) when exposed to neural specific culture 

conditions. However, it is uncertain whether the HSCs or non-HSCs present in this fraction 

are directly associated with this phenomenon.  

Lin⁻CD45⁻ non-HSCs have been isolated from bone marrow and hUCB using different 

protocols, characterised using different parameters and the resulting cells have been 

assigned several different names (Kucia et al., 2006b, McGuckin et al., 2006b, Jiang et al., 

2002, Sauerzweig et al., 2009, D'Ippolito et al., 2004, Beltrami et al., 2007b, Goodell et al., 

1996, Kogler, 2004). A number of researchers have described that using a gradient 

centrifugation over ficoll-paque method, can lead to an important loss of non-HSCs (Zuba-

Surma et al., 2010, Bhartiya et al., 2011). Consequently, a method to recover the highest 

number of both HSCs and non-HSCs is desired. An alternative to ficoll is the lysis of red 

blood cells to isolate the TNC fraction. Zuba-Surma et al. demonstrated that this method 

could be better than its counterpart gradient centrifugation ficoll at recovering pluripotent, 

non-HSCs (Zuba-Surma et al., 2010). Nonetheless, concerns regarding to viability of cells 

after lysing remain a concern (Liu et al., 2009).  

Administrations of CBMC have been shown to improve a number of different animal 

models of neurological diseases (Sanberg et al., 2011) such as PD, AD, and ALS; and 

have also been used in clinical studies with positive outcomes in children with acquired 

neurologic disorders (Sun et al., 2010). Nevertheless, they have not shown to replace lost 

tissue (Sanberg et al., 2005) and the precise mechanism through which they act has to yet 

be determined. Finally, neural characterisation of CBMC at basal state has not been 

further described previously and, therefore most of the studies have focused in the 

expression of neural antigens after cells have been exposed to neural conditions (Zigova 

et al., 2002, Sanberg et al., 2011). 
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Most of the protocols used to differentiate umbilical cord stem cells are performed 

using animal products such as foetal bovine (FBS) or horse sera (Song and Sanchez-

Ramos, 2008b). Therefore, the work described in this chapter aimed to isolate and 

characterise a modified cord blood mononuclear cell fraction (M-CBMC) containing both 

HSCs and non-HSCs with the purpose of generating neural-derived progenitors in xeno-

free conditions in vitro.  

The CBMC fraction obtained through the ficoll method has been described in lacking 

an important percentage of non-HSCs (this is described in detail in chapter 3), the M-

CMBC fraction, isolated from lysed TNC, was compared to a M-CMBC fraction obtained 

through a gradient centrifugation ficoll-paque method.  
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Chapter aims

! !

! The main aims of this chapter were:  

+ To characterise and isolate a modified CBMC (M-CBMC) population containing HSCs 

and non-HSCs present in the hUCB.  

+ To generate neural-derived progenitors using xeno-free conditions media.  

 The specific objectives of the chapter were:  

- To characterise the M-CBMC population present in the TNCs fraction.  

- To isolate the M-CBMC population using a cell magnetic isolation method.  

- To characterise the M-CBMC population after isolation method. 

- To generate neural-derived progenitors by applying xeno-free neural differentiation 

conditions.   
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Material and Methods

Cell Sources 

Human umbilical cord blood. Whole hUCB from non-clinical standard units was 

supplied by the Anthony Nolan Cell Therapy Centre (http://www.anthonynolan.org/

Healthcare-professionals/Cord-blood-services.aspx) from mothers with healthy full-term 

pregnancies. Informed consent had been obtained. TNCs were prepared using two 

different protocols (figure 27):  

In the first protocol TNCs were prepared from cord blood using BD Pharm Lyse. 

Briefly, UCB was centrifuged at 1000g to remove the cord plasma and cord plasma was 

stored at -80˚C. The pellet was treated with 1x lysing buffer (dilution 1:5) for 15 mins at 

room temperature (RT) and centrifuged at 1000g for 10 mins at RT. Cells were washed 

twice with 1x PBS and re-suspended in desired volume of PBS. The second protocol 

involved the use of density gradient centrifugation over Ficoll-PaqueTM PREMIUM (GE 

healthcare). CBMCs were isolated from the interphase after gradient centrifugation (at 

840g) over Ficoll-PaqueTM PREMIUM and treated once with lysis buffer due to residual 

RBCs. The pellet was washed twice with PBS, resuspended, and centrifuged at 1000g to 

isolate the light-density mononuclear cells. Detailed instructions for both protocols can be 

found in chapter 2.
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Figure 27. Preparation of TNCs.  
A. Whole human umbilical cord blood (hUCB) from non-clinical standard units was supplied by the 

Anthony Nolan Cell Therapy Centre.  
B. Removing red cells through Lysing or Ficoll-Paque protocols.  
C. Enrichment of TNCs to prepare M-CBMC with a magnetic negative selection. 

http://www.anthonynolan.org/Healthcare-professionals/Cord-blood-services.aspx
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Magnetic Cell Isolation 

 Depletion of CD235a, CD123, CD11b, and CD61 cells to enrich the M-CBMC 
fraction 
 In order to obtain the M-CBMC fraction free of contaminants such as red cells, 

platelets, granulocytes, monocytes, and activated NK and T cells, a magnetic cell isolation 

protocol was performed (figure 28). A modified CBMC (M-CBMC) fraction containing only 

the lymphocyte, HSC, and non-HSC fractions was obtained from this protocol. Briefly, 

TNCs were centrifuged at 1000g for 10 mins the pellet resuspended in MACS buffer (PBS 

1x, 2mM EDTA, and 1% BSA) at 4ºC, and cells incubated for 10 mins at 4ºC in the dark 

with the following biotin-conjugated antibodies: CD235a (HIR2), CD11b (ICRF44), CD123 

(6H6), and CD61 (PM6/13). Anti-Biotin MicroBead-conjugated antibodies (Miltenyi Biotec) 

were then added and incubated for 15 mins at 4ºC in the dark. Finally the cells were 

passed through LD magnetic columns (Miltenyi Biotec) according to the manufacturer 

instructions and the negative fraction (-F) collected (for a detailed protocol, see chapter 2). 

Table 13. List of biotin antibodies used for magnetic cell isolation in chapter 4 

Name Fluorochromo Clone Isotype Dilution Company Cat 
Number

Country 

CD11b BIOTIN ICRF44 IgG1, k 1:500 / 
1:1000

eBioscience 13-0118-80 USA

CD123 BIOTIN 6H6 IgG1, k 1:500 / 
1:1000

eBioscience 13-1239-8
2

USA

CD235a BIOTIN HIR2 
(also 

GA-R2)

IgG2b, k 1:500 / 
1:1000

eBioscience 13-9987-8
2

USA

CD61 BIOTIN PM6/13 IgG1, k 1:500 / 
1:1000

AbD Serotec MCA728B UK
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Figure 28. Magnetic cell isolation protocol to enrich the M-CBMC fraction from hUCB. A 
modified CBMC (M-CBMC) fraction containing only the lymphocyte, HSC, and non-HSC fractions 
was obtained from a negative magnetic selection.
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Flow Cytometry 

  

 Flow cytometry analysis was performed using a BD FACSCalibur TM. The data was 

analysed using FlowJo 6.4.7 software (Tree Start, Inc. 1997-2006). Antibodies used are 

listed in table 14. Cell surface labelling was described previously in general materials 

methods (chapter 2), in brief cells were incubated with antibodies (diluted in FACS buffer; 

2.5% FBS in PBS) for 10 mins at 4ºC (with the exception of anti-O4 where the incubation 

was for 20 minutes) and then washed twice with FACS buffer for 3-4 mins. For intracellular 

staining, cells previously labelled with cell surface antibody were fixed with 4% 

paraformaldehyde for 20 mins at 4ºC, permeabilized with 1x Perm/Wash Buffer I (BD) for 5 

mins at RT, and stained with appropriated antibody for 30 mins at RT. Finally the cells were 

then washed twice for 3-4 mins with FACS buffer. For negative controls cells were stained 

using FACS buffer only.  

Table 14. List of antibodies used for flow cytometry in chapter 4
Name Fluorochromo Clone Isotype Specie Reactivity Dilution Application Company Cat 

Number
Anti-GFAP PE 1B4 IgG2b Mouse Human 1:20 FC BD 

Pharmingen 
561483

Anti-
Nestin

PE 25/
NESTIN

IgG1, k Mouse Human 1:20 FC BD 
Pharmingen

561230

Anti-Sox2 Alexa Flour 488 245610 IgG2a Mouse Human 1:20 FC BD 
Pharmingen

560301

Anti-O4 PE O4 IgM Mouse Human 1:10 FC R&D 
Systems

FAB1326
P

CD133 PE AC133 IgG1 Mouse Human 1:100 FC Miltenyi 
Biotec

130-080-
801

CD140a 
(PDGFRα)

PE αR1 IgG2a, k Mouse Human 1:5 FC BD 
Pharmingen

556002

CD271 
(LNGFR)

FITC ME20.4-1.

H4

IgG1 Mouse Human 1:10 FC Miltenyi 
Biotec

130-091-
917

CD34 APC 581 IgG1, k Mouse Human 1:50 FC BD 
Pharmingen

555824

CD41a APC HIP8 IgG1, k Mouse Human 1:5 FC BD 
Pharmingen

559777

CD41a FITC HIP8 IgG1, k Mouse Human 1:5 FC BD 
Pharmingen

555466

CD45 APC 5B1 IgG2a Mouse Human 1:10 FC Miltenyi 
Biotec

130-091-
230

CD45 FITC 5B1 IgG2a Mouse Human 1:10 FC Miltenyi 
Biotec

130-080-
202

CD45 PE 5B1 IgG2a Mouse Human 1:100 FC Miltenyi 
Biotec

130-080-
201

CD45 PerCP 5B1 IgG2a Mouse Human 1:20 FC Miltenyi 
Biotec

130-094-
975

Hematopoi
etic 

Lineage  
(CD2,CD3, 

CD14, 
CD16, 
CD19, 
CD56, 

CD235a )

FITC CD2 
(RPA-2.10

) CD3 
(OKT3) 
CD14 
(61D3) 
CD16 

(CB16)  
CD19 

(HIB19) 
CD56 

(CB56) 
CD235a 
(HIR2)

-- Mouse Human 1:10 FC eBioscience 22-7778-
72
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Preparation of low enriched cord plasma 
 Whole umbilical cord blood was centrifuged at 1000g for 10 mins at RT to remove 

cord plasma (CP). CP was then immediately stored at -80˚C for at least 3-4 days or until 

further use. Low enriched cord plasma (LECP) was prepared by following a protocol 

modified from Chieregato et al (Chieregato et al., 2011). Briefly, CP was thawed at 37˚C to 

promote cell disruption. After thawing, CP was heating inactivated at 56˚C for 30 mins, 

centrifuged at 1000g for 10 mins at RT to spin down all the particles, and finally the CP 

supernatant removed and stored at -20˚C until use (for a detailed protocol see chapter 2). 

Cell Culture 
 Xeno-free conditions used to differentiate M-CBMCs into neural-derived progenitors 

are described in table 15. Once the medium was prepared, it was sterile filtered with 

0.2µm filter before adding to the cells. Protocol and conditions were modified from 

commonly used neural differentiation protocols (Sanchez-Ramos, 2001, McGuckin et al., 

2008, Hou et al., 2003). Cells were plated into a single well from a 48-well plate (1 million 

per well) and cultured at 37˚C in 5.0% CO2 humidified incubator. The medium was 

changed every 2-3 days and cells monitored. After 10 days of culture, cells were analysed, 

by using flow cytometry, to observe the expression of early neural markers (figure 29).   

SSEA-4 FITC MC813-70 IgG3 Mouse Human 1:5 FC BD 
Pharmingen

560126

SSEA-4 PE MC813-70 IgG3 Mouse Human 1:5 FC BD 
Pharmingen

560128

Vimentin PE RV202 IgG1 Mouse Human 1:20 FC BD 
Pharmingen

562337

Name Fluorochromo Clone Isotype Specie Reactivity Dilution Application Company Cat 
Number
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*  

Medium Starting 
population

DMEM/F-12 DMEM/F-12 DMEM/F-12 DMEM/F-12

FGF2
EGF

BDNF
GDNF
B27
N2

L-Glut
P/S

Heparin Sulfate
Substrate

Cord Plasma

Time

-- 20ng/ml 20ng/ml 20ng/ml 20ng/ml
-- 20ng/ml 20ng/ml 20ng/ml 20ng/ml
-- -- -- -- 10ng/ml
-- -- -- -- 10ng/ml
-- -- 1:50 -- 1:50
-- -- 1:100 -- 1:100
-- 1:100 1:100 1:100 1:100
-- 1:100 1:100 1:100 1:100
-- 10mcg/ml 10mcg/ml 10mcg/ml 10mcg/ml
-- Matrigel Matrigel Matrigel Matrigel
-- 10% Free 10% Free
--
-- 3 days 7 days 3 days 7 days

Neural Progenitor induction conditions used for M-CBMC

A B C
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Table 15. Conditions used to generate neural progenitors from isolated M-CBMC and CBMC

Figure 29. Protocols to generate neural-derived progenitors.  
A) Common protocols used to differentiate pluripotent stem cells to neural-derived progenitors.  
B) common protocols used to differentiate multipotent stem cells to neural-derived progenitors.  
C) Proposed protocol to generate neural-derived progenitors from M-CBMC with reduced 

manipulation in xeno-free conditions. Time point analysis was done at day 10.  
   

“A, B, and C in this figure are not equivalent to A, B, and C in table 15.”
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Statistical Analysis 

 All data are represented as mean ± standard errors of the mean (SEM) and analysed         

by unpaired t test and plotted using Prism version 5.0 (GraphPad Software, Inc.); p values 

<0.05 was taken to be significant. A minimum number of 3 samples were used for each 

experiment. 
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Results
Characterisation of TNCs after red cell lysing 
TNC fraction in cord blood is composed of multinucleated cells (granulocytes) and 

mononuclear cells (lymphocytes, monocytes, and HSCs and non-HSCs) (Sanberg et al., 
2009, Kucia et al., 2006a) (figure 32). Standard flow cytometry-based protocols for HSC 

usually exclude events smaller than 6µm as this fraction is mainly composed of 

erythrocytes, platelets, and cellular debris (Sutherland et al., 1996a). As “embryonic-like” 

stem cells are smaller than HSCs (Kucia et al., 2007), a log scale was applied to the 

forward scatter to including events smaller than 6µm using beads as size markers. When 

events starting from 3µm were included, cells positive for haematopoietic lineage and 

CD41a, a specific platelet marker, were excluded by gating (Figure 30). 
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Figure 30. TNC fraction after lysis buffer and before magnetic isolation.  
A) Different subpopulations identified by SCC and FSC in a log scale.  
B) Lineage positive cells and platelets (right). Lineage negative cells into TNC fraction (left). 
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Enrichment of M-CBMC after lysis 
Multinucleated cells, as well as red cells and platelets, need to be removed to enrich 

the CBMC fraction. The standard method to enrich the CBMC fraction is the gradient 

centrifugation over ficoll-paque (Bhartiya et al.). However it has been described that by 

using ficoll-paque, an important amount of small non-HSCs (called “embryonic-like” cells) 

is lost during the process (Bhartiya et al.). Therefore, a magnetic cell isolation was used to 

enrich for a modified mononuclear cell (M-CBMC) fraction composed of lymphocytes, 

HSCs, and non-HSCs (figure 31 A-B). The same magnetic isolation protocol allowed also 

the depletion of remaining red cells, granulocytes, monocytes, and activated NK and T 

cells, and platelets by using specific markers against these fractions (CD235a, CD11b, 

CD123, and CD61). 
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Figure 31. M-CBMC fraction after magnetic isolation. 
A) Different subpopulations identified by SCC and FSC in a log scale. Events smaller than 6µm 

are included.
B) Lineage negative cells into M-CBMC fraction (left). Cells positive for haematopoietic lineage 

and CD41a are excluded by gating (right). 
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Composition and Haematopoietic phenotype of M-CBMC after lysis 

 The population was enriched for lymphocytes, HSCs and non-HSCs. After magnetic      

columns, the remaining red cells (figure 32 A and B) and most of platelets have been 

removed by using CD235a and CD61 biotins; nevertheless a significant number of 

platelets were found in some samples. As shown in figure 32 following magnetic depletion, 

events starting from 3µm were included, cells positive for Lin and CD41a, a specific 

platelet marker, were excluded by gating; expression of CD45, CD133, and CD34 was 

assessed in the Lin⁻ gate separately in samples. The next phenotypes were found in the 

isolated M-CBMC fraction: CD45⁺Lin⁺ cells composed by lymphocytes and progenitor 

haematopoietic cells (figure 34 C), CD41a⁺cells (figure 32 C) as remaining platelets 

(contaminants), Lin⁻CD45dimCD34⁺ and Lin⁻CD45dimCD133⁺ cells that correspond to 

HSCs (figure 34 D and E), Lin⁻CD45⁻CD34⁺ cells as non-HSCs (figure 32 D). Of note, is 

that the Lin⁻CD45⁻CD133⁺ cells, previously described in the literature (Zuba-Surma et al., 

2010, Ratajczak et al., 2013) were not detected at any samples (N=6). 
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Figure 32. Composition and haematopoietic phenotype of M-CBMC.  
A) Picture shows +F and -F after magnetic columns. It is noted that -F has no remaining red cells. 
Gates taken from -F show different phenotypes. B) removing debris. C) Lin⁺ and Lin⁻ populations. 
D) Lin⁻CD45dimCD34⁺ population and Lin⁻CD45⁻CD34⁺ population. E) Lin⁻CD45dimCD133⁺ 
population. Of note that Lin⁻CD45⁻CD133⁺ fraction is not detected. 
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Haematopoietic phenotype of lysed M-CBMC after neural conditions 

Haematopoietic markers were analysed by using flow cytometry at basal state (starting 

population, A in table 19) and after to have exposed the cells into two different neural 

conditions (B and C from table 19). Theoretically, the neural phenotype should emerge 

whilst the basal haematopoietic antigens should disappear, once the differentiation 

process is started. However, the results showed only slight modifications in both 

phenotypes present, after ten days in two different neural conditions (figure 33). The 

expression of haematopoietic lineage antigens (CD2, CD3, CD14, CD16, CD19, CD56, 

and CD235a) decreased in after culture (98.45 ±0.31% positive at basal state, 54.52 

±2.91%, and 56.1 ±3.48% following culture in conditions B and C respectively; N=6), 

however no change was observed in the expression of CD45 88.32 ±5.1% at basal state, 

86.15 ±3.18% for condition B, and 86.78 ±2.7% for condition C; N=6). Finally, there was no 

statistically significance change in the expression of CD34 at all levels (figure 34).  
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Figure 33. Determination of haematopoietic lineage antigens.  
A) Expression at the basal level (starting population).  B) Expression after 10 days in neural stem 
cell media (NSCm). C) Expression after 10 days in neural stem cell media + brain derived 
neurotrophic factor/glial derived neurotrophic factor (NSCBNm). Plots: grey plots = negative 
control; black plots = sample. Percentages represent the mean from 6 different samples and are 
represented in the bar graph. Events analysed: >20,000. 
Graph shows statistic comparison of haematopoietic lineage antigens expression.
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�129

Figure 34. Determination of CD45 and CD34 antigens.  
A) Expression at the basal level (starting population).  B) Expression after 10 days in neural stem 
cell media (NSCm). C) Expression after 10 days in neural stem cell media + brain derived 
neurotrophic factor/glial derived neurotrophic factor (NSCBNm).  
Plots: grey plots = negative control; black plots = sample. Percentages represent the mean from 6 
different samples and are represented in the bar graph. Events analysed: >20,000. Graphs show 
statistic comparison of CD45 and CD34 expression.
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Expression of neural antigens 

To explore the potential of M-CBMC to generate neural progenitors, the expression of 

neural markers was examined. Cells were labelled with specific antigens commonly found 

in neural progenitor cells (Pollard et al., 2006) such as SOX2, Nestin, Vimentin, P75, O4, 

PDGFRα, GFAP, and CD133 and the percentage of cells was determined by using flow 

cytometry. A hNSC line was used as positive control for some neural antigens as shown in 

figure 35. More detailed analysis of the characterisation of hNSCs is given in chapter 5. 
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Figure 35. Determination of neural antigens in hNSCs used as a positive control.  
SOX2, Nestin, Vimentin, GFAP, CD133, and CD271 were detected in hNSCs. PDGFRα and O4 
were negative in hNSCs. 
Plots: grey plots = negative control; black plots = sample. Events analysed: >20,000.
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M-CBMC express SOX2 in basal state but it is decreased after neural induction-
expansion conditioning. Expression of neural markers was determined at two different 

time points: basal and after (10 days) neural induction protocol. Two different xeno-free 

neural induction protocols were used as listed in table 19 B and C (A corresponds to the 

basal level or starting population after isolation). 
Surprisingly, M-CBMC were found to express SOX2 in a basal state (60.97 ±12.54%; 

N=6) but SOX2 expression decreased after 10 days in cultures (figure 36). 
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Figure 36. Determination of SOX2.  
A) Expression at the basal level (starting population).  B) Expression after 10 days in neural stem 
cell media (NSCm). C) Expression after 10 days in neural stem cell media + brain derived 
neurotrophic factor/glial derived neurotrophic factor (NSCBNm).  
Plots: grey plots = negative control; black plots = sample. Percentages represent the mean from 6 
different samples and are represented in the bar graph. Events analysed: >20,000. Graph shows 
statistic comparison of SOX2 expression.
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M-CBMC express Nestin at basal state but it is decreased after neural induction-
expansion mediums. As shown with SOX2, Nestin was also detected at the basal state 

(93.37 ±1.78%; N=6) but the number of expressing cells decreased after 10 days of 

cultures (figure 37).  
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Figure 37. Determination of Nestin.  
A) Expression at the basal level (starting population).  B) Expression after 10 days in neural stem 
cell media (NSCm). C) Expression after 10 days in neural stem cell media + brain derived 
neurotrophic factor/glial derived neurotrophic factor (NSCBNm).  
Plots: grey plots = negative control; black plots = sample. Percentages represent the mean from 6 
different samples and are represented in the bar graph. Events analysed: >20,000. Graph shows 
statistic comparison of Nestin expression.
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Vimentin expression was found at basal state. Vimentin was found expressed by 

cells at the basal state (71.90 ±2.57%; N=6). As its expression was present at the basal 

level (figure 38), it was decided to include markers that were found negative since the 

beginning; as down/up regulation of vimentin after 10 days would not add any extra 

relevant information.  
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Figure 38. Determination of Vimentin.  
A) Expression at the basal level (starting population).  B) Expression after 10 days in neural stem 
cell media (NSCm). C) Expression after 10 days in neural stem cell media + brain derived 
neurotrophic factor/glial derived neurotrophic factor (NSCBNm).  
Plots: grey plots = negative control; black plots = sample. Percentages represent the mean from 6 
different samples. Events analysed: >20,000. N/P=Non performed. 
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 Glial fibrillary acidic protein (GFAP) was hardly detectable in M-CBMC at both, 
basal level and after neural induction process. GFAP is an intermediate protein found 

mainly in mature astrocytes (Kamphuis et al., 2014) as well as early neural progenitors 

(Sun et al., 2008). Its expression in M-CBMC was hardly detectable at all levels; only 0.97 

±0.22%, 0.78 ±0.035%, and 0.69 ±0.07% (N=6) of cells with basal, and the neural culture 

conditions B, and C, respectively (figure 39).  
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Figure 39. Determination of GFAP.  
A) Expression at the basal level (starting population).  B) Expression after 10 days in neural stem 
cell media (NSCm). C) Expression after 10 days in neural stem cell media + brain derived 
neurotrophic factor/glial derived neurotrophic factor (NSCBNm).  
Plots: grey plots = negative control; black plots = sample. Percentages represent the mean from 6 
different samples and are represented in the bar graph. Events analysed: >20,000. Graph shows 
statistic comparison of GFAP expression.
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PDGFRα is absent in M-CBMC at both, basal and after differentiation, levels. 
Platelet-derived growth factor receptor alpha (PDGFRα) is a potent mitogen for all stem 

cells (McGowan and McCoy, 2013) and a marker for oligodendrocytes progenitor cells 

(Grade et al., 2013). These oligodendrocytes progenitors cells have been described to 

express PDGFRα and O4 (Grade et al., 2013). In the present study the expression of 

PDGFRα was practically absent at all levels: 0.33 ±0.09%, 0.45 ±0.04%, and 0.39 ±0.03% 

of cells (N=6) for the basal state (A), condition B, and condition C respectively (figure 40).  
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Figure 40. Determination of PDGFRα.  
A) Expression at the basal level (starting population).  B) Expression after 10 days in neural stem 
cell media (NSCm). C) Expression after 10 days in neural stem cell media + brain derived 
neurotrophic factor/glial derived neurotrophic factor (NSCBNm).  
Plots: grey plots = negative control; black plots = sample. Percentages represent the mean from 6 
different samples and are represented in the bar graph. Events analysed: >20,000. Graph shows 
statistic comparison of PDGFRα expression.
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 O4 increased in M-CBMC after exposed to neural conditions. Oligodendrocyte 

marker O4 is a surface marker expressed in oligodendrocytes progenitors commonly used 

to identify cells in the oligodendrogial lineage (Grade et al., 2013). Interestingly, M-CBMC 

showed a small, but well defined O4⁺ population after 10 days of culture. Percentage of 

cells (figure 41) expressing O4 in the basal state was 0.52± 0.21% compared to 1.82± 

0.21% and 2.08± 0.16% (N=6) for conditions A and B respectively. The difference between 

these two conditions and the basal state was statistically significant (p=0.0016 for B, and 

p=0.0002 for C) but not between each other (p=0.3588).  
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Figure 41. Determination of O4.  
A) Expression at the basal level (starting population).  B) Expression after 10 days in neural stem 
cell media (NSCm). C) Expression after 10 days in neural stem cell media + brain derived 
neurotrophic factor/glial derived neurotrophic factor (NSCBNm).  
Plots: grey plots = negative control; black plots = sample. Percentages represent the mean from 6 
different samples and are represented in the bar graph. Events analysed: >20,000. Graph shows 
statistic comparison of O4 expression.
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 The number of CD133⁺ cells increased in M-CBMC after exposed to neural 

conditioning. CD133 is expressed by endothelial progenitors cells (António et al., 2014), 

heamatopoietic stem cells (Untergasser et al., 2006), glioblastoma cells (Stieber et al., 

2014), neural progenitor cells (Sun et al., 2009), and neuronal and glial cells (Sun et al., 

2008, Stieber et al., 2014). The numbers of CD133⁺ cells were slightly increased after 10 

days of culture in neural culture conditioning media (figure 42). The percentage of CD133⁺ 
cells was 0.25 ±0.03% at basal levels, 0.95 ±0.15% for condition B, and 0.74 ±0.07% for 

condition C (N=6). However, when back gating on CD45⁺ cells, all cells were found to be 

CD45dimCD133⁺, corresponding to a haematopoietic stem cell phenotype (figure 43). 

Therefore, the small increase could be due to expansion or surviving of HSCs instead of 

neural differentiation.  
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Figure 42. Determination of CD133.  
A) Expression at the basal level (starting population).  B) Expression after 10 days in neural stem 
cell media (NSCm). C) Expression after 10 days in neural stem cell media + brain derived 
neurotrophic factor/glial derived neurotrophic factor (NSCBNm).  
Plots: grey plots = negative control; black plots = sample. Percentages represent the mean from 6 
different samples and are represented in the bar graph. Events analysed: >20,000. Graph shows 
statistic comparison of CD133 expression. (*p= 0.0015 and **p= 0.0001)
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Figure 43. Back gating on CD45dimCD133⁺ cells. 
Cells were found CD45dimCD133⁺ (arrows), corresponding to a haematopoietic stem cell 
phenotype. 
 B) Expression after 10 days in neural stem cell media (NSCm). C) Expression after 10 days in 
neural stem cell media + brain derived neurotrophic factor/glial derived neurotrophic factor 
(NSCBNm). Shown one representative from 6 different samples. Events analysed: >20,000. 



Chapter 4: CBMC

Small numbers of CD271⁺ (LNGFR⁺: low-affinity nerve growth factor receptor) 

cells are present at the basal level but decreasing after culture. CD271 expression, 

also known as LNGFR (low-affinity nerve growth factor receptor) or p75 NTR (neurotrophin 

receptor), has been described in oligodendrocytes (Grade et al., 2013), schwann cells 

(Wang et al., 2011), neural crest stem cells (Watson et al., 2013), Mesenchymal stromal/

stem cells (Watson et al., 2013), and follicular dendritic cells (Maeda et al., 2002). In this 

study, a very low percentage of CD271⁺ cells were found at the basal level (4.18 ±0.82%; 

N=6) but the expression number of expressing cells decreased after 10 days of culture 

(3.1 ±0.27% and 2.80 ±0.28% after condition A and B respectively (figure 44); (N=6). 

When all these cells were back gated for, they were also positive for CD45. Expression of 

CD45 and CD271 is a phenotype that could correspond to follicular dendritic cells (FDCs); 

therefore, CD271 expression could indicate a surviving population of FDCs.
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Figure 44. Determination of CD271 (LNGFR or p75 NTR).  
A) Expression at the basal level (starting population).  B) Expression after 10 days in neural stem 
cell media (NSCm). C) Expression after 10 days in neural stem cell media + brain derived 
neurotrophic factor/glial derived neurotrophic factor (NSCBNm).  
Plots: grey plots = negative control; black plots = sample. Percentages represent the mean from 6 
different samples and are represented in the bar graph. Events analysed: >20,000. Graph show 
statistic comparison of CD271expression.
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Enriched M-CBMC using gradient centrifugation ficoll-paque after exposed to 
neural condition “B” was not able to generate neural-derived progenitors either. 

 Finally the M-CBMC fraction was isolated by using ficoll-paque [M-CBMC(F)] and 

compared with that enriched by the use of lysis buffer. Using this control, in theory, the 

viability is increased but the number of events of non-HSCs decreased. The M-CBMC(F) 

fraction isolated was cultured in culture condition “B” (NSCm) to generate neural-derived 

progenitors. After 10 days the cells were analysed for the expression of the markers 

SOX2, Nestin, CD45, and CD34 using flow cytrometry.  

 As M-CBMC, isolated by lysing buffer and magnetic selection, have shown to 

express SOX2 and Nestin in the basal state and to loose this expression after exposure to 

neural conditioning, it was decided to use only these two markers to follow changes in 

neural phenotype expression. Additionally, CD45 and CD34 expression were measured to 

follow changes in the haematopoietic phenotype.   

 The results have shown that SOX2 and Nestin expression was higher starting with 

M-CBMC(F) (8.62 ±1.86% and 11.84 ±2.37% positive respectively; N=5) than with M-

CBMC (2.61 ±0.24% and 4.17 ±0.53%; N=6) after 10 days in condition “B”. However, the 

number CD45⁺ cells present was higher, as shown in figure 45 (88.58 ±4.88% for M-

CBMC(F) and 86.15 ±3.18% for M-CBMC) and CD34 numbers were not significant 

changed. Therefore, no important or significant changes were found between fractions and 

it seemed that neural antigens expressed at basal level decreased with exposition to 

neural conditions keeping the expression of the haematopoietic marker CD45.  
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M-CBMC 
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Figure 45. Detection of neural and haematopoietic antigens in M-CBMC(F) and M-CBMC 
after exposed to neural condition B.  
Of note that only SOX2 and Nestin are higher in M-CBMC isolated with ficoll-paque [M-CBMC(F)] 
than those isolated using lysis.  

M-CBMC(F)
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Discussion

Phenotype of M-CBMC fraction. By using flow cytometry it was found that the 

isolated M-CBMC fraction consisted mostly of haematopoietic committed cells 

characterised by the expression of CD45 (88%). The main contaminant was the platelet 

fraction. Two main stem cell populations were identified; HSCs, characterised by the 

expression of CD45, CD34, and CD133, and non-HSCs, characterised by the lacking of 

expression of CD45 and expressing CD34; in opposition to some results described by 

other groups (Zuba-Surma et al., 2010), CD133 was not found in the CD45⁻ fraction. 

Therefore, the isolated M-CBMC fraction contained a stem cell pool that theoretically had 

the capability of differentiating into neural progenitors as previously reported (Walczak et 

al., 2004, Song and Sanchez-Ramos, 2008a, Jurga et al., 2012). However, here the M-

CBMC fraction was not able to generate neural progenitors with the xeno-free conditions 

used. The CBMC fraction was also isolated by using the most common method: gradient 

centrifugation ficoll-paque. This fraction also showed down-regulation of neural markers 

and no modification in the haematopoietic CD45 markers after neural differentiating 

protocols, similar to that isolated by using lysis. Therefore, no difference was found 

between fractions. 

Viability of M-CBMC fraction. Early experiments showed that whole TNC fraction, 

isolated using lysis buffer, failed to survive after isolation using different non-

haematopoietic culture conditions (data not shown; N=5). Then, concerns about the 

viability of the cells after lysing might be a major issue; nonetheless, the fact that cells in 

this M-CBMC fraction were able to survive after 10 days (compared to whole TNC isolated 

in early experiments) in proliferative/differentiating media could be taken as a rough 

indicator of cell viability. The depletion of the CD11b, CD123, CD235a, and CD61 fractions 

showed to improve the surviving of CBMC and stem cells when cultured in conditions 

different from haematopoietic conditions.  

Expression of early neural-antigens in the M-CBMC fraction. The M-CBMC fraction 

isolated from hUCB expressed neural antigens at basal level but this fraction was not able 

to generate neural progenitors in vitro using xeno-free conditions. Different studies have 

shown the capacity of CBMC to generate neural cells in vitro  (Basford et al., 2010) 

however, the results in this chapter did not show any evidence of neural differentiation. 
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Interestingly, CBMC fraction expressed neural antigens at basal level but this expression 

was down-regulated during the neural differentiating process. 

Most studies testing the capability of cord blood stem cells to generate neural cells are 

based on the presence of markers considered characteristic for neural cell lines. These 

antigens are considered “specific” for neural committed cells. However, recent studies 

have shown that these “neural proteins”, such as Nestin, Vimentin, PDGFRα, CD133, and 

SOX2 could be found in non-neural stem cell lines  (Walczak et al., 2004). The expression 

of these antigens in non-neural lines need to be further investigated before attempting to 

use these markers as specific indicators of success neural performance of stem cells. The 

M-CBMC fraction isolated in this work has shown a high expression of early neural 

markers, such as SOX2, Nestin, and Vimentin, at basal level, nevertheless, when this 

fraction was exposed to proliferative/differentiating neural factors the neural antigens were 

down-regulated. In addition, results have demonstrated no changes in the expression of 

haematopoietic markers in the CBMC fraction exposed to neural factors. 

SOX2 is a transcription factor commonly found in pluripotent and neural stem cells 

(Andreu-Agullo et al., 2011, Brafman et al., 2013). Its expression in mononuclear cells 

could have a number of different explanations: 1) naïve state of CBMC compared to adult 

mononuclear cells (Sarkar and Hochedlinger, 2013), 2) cross-reactivity of the Ab with other 

SOX family members of transcription factors (Sarkar and Hochedlinger, 2013), and 3) non-

specific binding of the antibody (Buchwalow et al., 2011). Nestin is an intermediate 

filament protein widely used as a marker of early neural cells and consequently, is 

commonly found in multipotent neural stem cells (Sun et al., 2009). To elucidate whether 

or not its expression at the basal state is due to cross-reactivity with others filament 

proteins needs to be further investigated. The absence of GFAP expression does not 

mean neuronal differentiation failed completely (Cho et al., 2012). However, it is an 

important marker to follow for glial cell differentiation (Pardal et al., 2007), and the absence 

in this study could indicate poor neural-progenitor differentiation with the conditions used. 

The lack of the expression of PDGFRα in M-CBMC after neural culturing conditions could 

denote the absence of either proliferation or neural differentiation activity. 
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CD133 and O4 were slightly increased after ten days of exposure to neural 

differentiating mediums. However, the fact that CD133 cells were also positive for CD45 

did not confirm a neural-commitment; this could be explained as the surviving/expansion of 

HSCs in these culture conditions. O4 did demonstrate some up regulation following culture 

in the differentiating media. CBMC have been reported to generate oligodendrocyte-like 

cells and have been used in clinical studies on patients with leukodystrophies  (Kurtzberg, 

2009, Tracy et al., 2011). This oligodendrocyte marker has yet to be further investigated as 

its presence has been described previously in cord blood cells (Hall et al., 2004) and 

hence, its expression could not be explained totally for exposing CBMC to a neural 

conditioning. 

M-CBMC fraction for Regenerative Neurology. Monocytes, macrophages, B cells, 

and Tregs have shown some neural protection properties (Sanberg et al., 2009, Vendrame 

et al., 2005), and therefore could be used for cell-based immunotherapy (as accessory 

cells) to neurological diseases with the aim to modify the microenvironment, and protect 

local and/or transplanted cells. The immunomodulation capacity has also yet to be 

investigated which is another potential use of these cells for neural therapy. 
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Conclusion

In conclusion, the CBMC fraction is a heterogenous population composed of 

lymphocytic and monocytic subpopulations, and a stem cell “pool”. This fraction was 

observed to contain populations of stem cells that could be classified into HSCs and non-

HSCs, based on the expression of the general leukocyte antigen, CD45. Whether a 

specific stem cell subpopulation could have pluripotent capacity, therefore, remains still 

uncertain. 

Are M-CBMC able to generate neural-derived progenitor in xeno-free neural 
conditions? Sanchez-Ramos et al. have shown previously the capacity of this CBMC 

fraction to generate neural-derived progenitors (Song and Sanchez-Ramos, 2008a), 

however the culture conditions described in their work contained horse and bovine sera 

during the expansion and differentiation process. This is the biggest difference between 

the protocol described here and that reported by Sanchez-Ramos (2008a), as the 

objective in this work was to observe the capacity of CBMC to generate neural-derived 

progenitors in xeno-free conditions, animal sera was avoided. Whether or not cord plasma 

could promote neural differentiation in the CBMC fraction remains unknown and needs to 

be investigated. Therefore, this work does not support the hypothesis, with the neural 

conditions used, that M-CBMC could generate neural derived progenitors and different 

approach must be used to translate this source to a translational clinical therapy. 

Unsubstantiated conclusions, as those described by Sanchez-Ramos and others, have 

opened the door to all private stem cell clinics, however, the work described in this chapter, 

with the CMBC fraction, does not offer any evidence of neural differentiation and could be 

used to highlight the importance of negative results. Negative results are very important 

and indeed might reflect the reality, rather than a failure to reproduce solid results. 
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CHAPTERS 5 and 6

Umbilical cord mesenchymal stem cells:

Umbilical cord mesenchymal stem cells (UC-MSCs) 
displayed an important expression of neural antigens at 
basal and differentiation levels, were able to expand in 
xeno-free conditions containing neural factors, but were 
less able to differentiate into mature-derived neurons 
compared to human neural stem cells

Data from these chapters were used to generate the next manuscripts: 

New S.E.P*, Alvarez C*, Vagaska B, Gomez S.G, Bulstrode N.W, Madrigal A, Ferretti P. A matter 
of identity – phenotype and differentiation potential of human somatic stem cells. *Joint first 
authors, shared contribution (Submitted). 

1Vagaska B, 1New S.E.P, 2Alvarez-Gonzalez C, 3D'Acquisto F, 4Gomez S.G, 5Bulstrode N.W, 
2Madrigal A, 1Ferretti P. A novel population of human neural stem cells expresses MHC class 
II molecules during development in an IFN-gamma-independent fashion. (Submitted). 
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Introduction 

Mesenchymal stem cells (MSCs) have multipotent capabilities to undergo mesodermal 

differentiation (Kim et al., 2008b). As a normally discarded material, the umbilical cord has 

the potential to be an extremely useful source of mesenchymal stem cells. In fact, UC-

MSCs circumvent much of the ethical issues associated with other stem cell sources, such 

as hESC and foetal stem cells. They could be banked and used for autologous 

transplantation to avoid immunological issues as well as represent a potent source of cells 

for allograft tissue engineering. 

UC-MSCs have been shown to express neural markers after exposure to neural 

differentiating media (Aly et al., 2012). However, their real capacity to generate functional 

neuronal cells possessing neuron-specific electrophysiological features is as yet unclear. 

Furthermore, UC-MSCs have also been shown to ameliorate the pathology of a number of 

different neurological animal models, such as AD (Lee et al., 2012), PD (Li et al., 2010), 

ALS (Sun et al., 2013), MS (Harris et al., 2012a), SCI (Dasari et al., 2007a) and stroke 

(Zhang et al., 2011). UC-MSCs have also been reported to promote neuroprotection 

through a paracrine mechanism (Zhang et al., 2009, Yang et al., 2013, Lee et al., 2011). 

In addition to MSCs isolated from cord blood, it is also possible to derive UC-MSCs 

from Wharton’s jelly. As previously mentioned in chapter 1, the capacity of UC-MSCs to 

generate neural-derived progenitors cells remains unknown due to the lack of in vitro 

studies. Therefore, more research is needed to show the therapeutic benefits of these 

cells to treat neurological disorders. 

In chapters 5 and 6, it is hypothesised that UC-MSCs could be re-directed to an early 

neural stage during the proliferation process and then differentiated into a neural-derived 

progenitor cell using neural factors commonly used to generate neural progenitors from 

hESC and iPS cells. In addition, it is important that all protocols were performed in xeno-

free conditions to aid translation of the techniques to clinical practice. 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Chapter aims

The main aims of this chapter were:  

+ to isolate, characterise, and expand the mesenchymal stem cell population (UC-MSCs) 

present in Wharton’s jelly; as well as to further characterise the human neural stem cell 

line (hNSCs). 

+ to compare the profiling of UC-MSCs and hNSCs.  

  

The specific objectives of the chapter were: 

- to isolate the MSCs from Wharton’s jelly (UC-MSCs). 

- to expand and characterise the UC-MSCs in FBS-based media. 

- to expand and characterise the UC-MSCs in CP(cord plasma)-based media. 

- to compare at basal level the expression of proteins considered specific for 

mesenchymal-lineage in UC-MSCs and hNSCs.  

- to compare at basal level the expression of proteins considered specific for neural-

lineage in UC-MSCs and hNSCs.   
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Material and Methods
  

 Cell Sources 

 Human umbilical cord tissue. Umbilical cord tissue (UCT) was supplied by the 

Anthony Nolan Cell Therapy Centre (http://www.anthonynolan.org/Healthcare-

professionals/Cord-blood-services.aspx) from informed consent mothers with healthy full-

term pregnancies. UCT was handled in an aseptic mode, kept in 1x phosphate buffer 

saline (PBS, AccuGENE® Lonza), and stored at 4ºC until use. UCT was processed in a 

Type II Biological Safety Cabinet within 6 hrs of birth.  

 Cell lines of Mesenchymal Stem Cells (UC-MSC) from Wharton’s jelly were 

generated using a modified protocol described previously by Weiss et al. (Weiss et al., 

2006) (figure 46). In brief, the cord, manipulated in a sterile 10 cm petri dish, was rinsed 

several times with 1x PBS to remove as much blood as possible and, a 10 cm cord piece 

was cut into 3 cm pieces and blood vessels removed. Cord tissue was then cut into small 

pieces (3-5mm3) and placed into a 50-ml falcon tube containing 10ml of enzyme solution 

(composed by 0.5mg/ml of Hyaluronidase [Sigma] and 0.5mg/ml of Collagenase [Sigma]). 

The 50-ml falcon tube was placed in a MACS MixTM Tube Rotator (Miltenyi) and incubated 

at 37˚C for 1 hr. After a desired volume of Trypsin (Sigma) was added to make a 0.125% 

final concentration and the 50-ml falcon tube with tissue re-placed in the tube rotator to 

finally be incubated at 37˚C for 30 mins. The final product was passed through 70µm cell 

strainer (BD Bioscience), washed with 1x PBS, and centrifuged at 300g for 5 mins at RT. 

Finally the pellet was treated with ammonium chloride solution (STEMCELL 

TECHNOLOGIES) for 5 mins to lyse remaining RBC, washed with 1x PBS, centrifuged at 

300g for 5 mins at RT, and re-suspended in appropriate culture media.  
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Human Neural Stem Cells. Human Neural Stem Cell lines were generated as 

previously described  (Sun et al., 2008), and kindly proportioned by Kin Pong U and 

Barbora Vagaska from ICH at UCL. Cells were, at all times, expanded at ICH and used as 

positive controls in this study. 

For more information about the hNSCs used in this work, go to appendixes 2 and 3. 
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Figure 46. Isolation of UC-MSC from Wharton’s Jelly.  

A) Manipulation of the cord in a sterile 10 cm petri dish.  
B) The cord piece cut into 2-3 cm pieces.  
C) Removed blood vessels.  
D) The cord tissue chopped up into 2-3mm3 pieces. 
E) The 50-mL falcon tube with tissue and enzyme solution placed in a MACS MixTM Tube Rotator 

(Miltenyi) and incubated at 37ºC.  
F) Final digested product is passed through a 70µm cell strainer.  
G) Cells cultured at 100% humidity, 5% CO2 at 37ºC for 24 hrs in a flask previously coated with 

0.1% gelatine. Non-adherent cells removed.  
H) Expansion of adherent MSCs in a FBS-based expanding culture media.
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Cell Culture 
 Expansion of UC-MSCs using FBS-based media. Once UC-MSC were isolated 

and re-suspended in MSC expanding medium (20% FBS in DMEM[1x] Glutamax-I/L-D-

glucose [Gibco] and 1x Anti-Anti [Gibco]; Table 16-A), they were then plated into a 25-cm2 

tissue culture flask (previously coated with 0.1% Gelatine) and cultured at 37ºC in 5.0% 

CO₂, 100% humidity incubator. After 24 hrs non-adherent cells were removed and the 

medium replaced with fresh MSC expanding medium. When cells had reached 80% 

confluence, UC-MSCs were detached by using 0.25% trypsin (Sigma) and re-plated in a 

concentration of 3000-5000 cells for cm2. The medium was changed every 2-3 days and 

cells monitored daily.  

  
 Expansion-Induction of UC-MSCs using CP-based media. Once UC-MSC were 

isolated and re-suspended in MSC expanding medium (20% FBS in DMEM[1x] Glutamax-

I/L-D-glucose [Gibco] and 1x Anti-Anti [Gibco]), they were plated into a single well of a 6-

well plate (previously coated with 0.1% Gelatine) and cultured at 37ºC in 5.0% CO₂ 
humidified incubator. After 24 hours non-adherent cells were removed by washing with 

pre-warmed 1x PBS. Old medium was replaced by Expansion-Induction CP-based media 

(10% CP in DMEM[1x] Glutamax-I/L-D-glucose [Gibco], 10ng/ml of FGF2, 10ng/ml of EGF, 

and 1x Anti-Anti [Gibco]; Table 16-B). When cells had reached 80% confluence, UC-MSCs 

were detached by using 0.25% trypsin (Sigma) and re-plated in a concentration of 

3000-5000 cells for cm2. The medium was changed every 2-3 days and cells monitored 

daily. 

 hNSCs culture. Human neural stem cells (hNSCs) were plated into laminin coated 

culture flasks or plates and expanded with Neural Stem Cell growth medium (NSCm) 

(Table 16-C). NSCm was composed by RHB-A (Stem cell sciences) or DMEM/F-12 

medium, BSA (10µg/ml) (Sigma), 1% N2 supplement (PAA), 2% B27 supplement (PAA), 

10ng/µl FGF2 (Peprotech), 10ng/ul EGF (Peprotech), 5µg/ml Heparin (Sigma), 1% Pen/

strep (Gibco) and 1% L-Glutamine (Gibco) as described by Pollard et al.  (Pollard et al., 

2006, Sun et al., 2008).  
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Table 16. Expansion and expansion-induction medium 

A= Common Expansion media with 20% FBS (FBS-based media); B= Expansion-Induction 
media with 10% low enriched cord plasma (CP-based media); C= neural stem cell growth medium 
(NSCm). 

FBS-based media  
(A)

CP-based media 
(B)

NSC medium 
(C)

Medium DMEM[1x] Glutamax-I/L-D-
glucose

DMEM[1x] Glutamax-I/L-D-
glucose

DMEM/F-12 (1:1)(1x) 
or  

RHB-A
FBS 20% -- --

Cord Plasma -- 10% --
Supplements

FGF2 FGF2 10ng/ml FGF2 20ng/ml
EGF EGF   10ng/ml EGF 20ng/ml

BDNF (5ng/ml)
GDNF(5ng/ml)

B27 (1:50) ✓
N2 (1:100) ✓

L-Glut (1:100) ✓
Anti-Anti (1:100) ✓ ✓ ✓
Heparin Sulfate 

(10mcg/ml)
✓

Substrate
Laminin ✓

Gelatin (0.1%) ✓ ✓
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Flow Cytometry 

  

 Flow cytometry analysis was carried out using a BD FACSCalibur TM. FlowJo 6.4.7 

software (Tree Start, Inc. 1997-2006) was used to analyse the resulted data.  

 To perform cell surface labelling, cells, previously treated with blocking solution (5% 

FBS+3%BSA in 1x PBS), were incubated with antibodies diluted in FACS buffer for 10 

mins at 4ºC (with the exception of anti-O4 where the incubation was for 20 mins) and then 

washed twice with FACS buffer for 3-4 mins. For intracellular staining, cells previously 

labelled with cell surface antibody were fixed with 4% paraformaldehyde for 20 mins at 

4ºC, permeabilised with 1x Perm/Wash Buffer I (BD) for 5 minutes at RT, and stained with 

appropriated antibody for 30 mins at RT. Finally cells were then washed twice for 3-4 mins 

with FACS buffer. For negative controls cells were stained with mouse isotype controls or 

using FACS buffer only. 
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Table 17. List of antibodies used for flow cytometry in chapter 5

Name Fluorochromo Clone Isotype Specie Reactivity Dilution Company Cat 
Number

Anti-GFAP PE 1B4 IgG2b Mouse Human 1:20 BD 
Pharmingen 

561483

Anti-MAP2B Alexa Flour 488 18/

MAP2B

IgG1, k Mouse Human 1:20 BD 
Pharmingen

560399

Anti-Nestin PE 25/
NESTIN

IgG1, k Mouse Human 1:20 BD 
Pharmingen

561230

Anti-O4 PE O4 IgM Mouse Human 1:10 R&D Systems FAB1326
P

Anti-Oct3/4 PerCP-Cy 5.5 40/Oct-3 IgG1, k Mouse Human 1:20 BD 
Pharmingen

560794

Anti-Sox2 Alexa Flour 488 245610 IgG2a Mouse Human 1:20 BD 
Pharmingen

560301

Anti-βIII 
Tubulin

Alexa Flour 488 TUJ1 IgG2a Mouse Human 1:20 BD 
Pharmingen

560381

CD10 FITC HI10a IgG1, k Mouse Human 1:5 BD 
Pharmingen

332775

CD105 PE 266 IgG1, k Mouse Human 1:20 BD 
Pharmingen

560839

CD117 PE 104D2 IgG1, k Mouse Human 1:5 BD 
Pharmingen

332785

CD13 PE L138 IgG1, k Mouse Human 1:5 BD 
Pharmingen

347406

CD133 PE AC133 IgG1 Mouse Human 1:100 Miltenyi Biotec 130-080-8
01

CD14 FITC MφP9 IgG2b, k Mouse Human 1:5 BD 
Pharmingen

345784

CD140a 
(PDGFRα)

PE αR1 IgG2a, k Mouse Human 1:5 BD 
Pharmingen

556002

CD15 
(SSEA-1)

APC VIMC6 IgM Mouse Human 1:10 Miltenyi Biotec 130-091-3
71

CD166 PE 3A6 IgG1, k Mouse Human 1:5 BD 
Pharmingen

559263

CD184 
(CXCR4)

PE 12G5 IgG2a, k Mouse Human 1:5 BD 
Pharmingen

555974

CD271 
(LNGFR)

FITC  

ME20.4-

1.H4

IgG1 Mouse Human 1:10 Miltenyi Biotec 130-091-9
17

CD29 PE MAR4 IgG1, k Mouse Human 1:5 BD 
Pharmingen

555443

CD31 FITC WM59 IgG1, k Mouse Human 1:5 BD 
Pharmingen

555445

CD34 APC 581 IgG1, k Mouse Human 1:50 BD 
Pharmingen

555824

CD44 PE 515 IgG1, k Mouse Human 1:5 BD 
Pharmingen

550989

CD45 FITC 5B1 IgG2a Mouse Human 1:10 Miltenyi Biotec 130-080-2
02

CD73 PE AD2 IgG1, k Mouse Human 1:5 BD 
Pharmingen

550257

CD90 FITC 5E+10 IgG1, k Mouse Human 1:100 BD 
Pharmingen

555595

HLA-A,-B,-C PE G46-2.6 IgG1, k Mouse Human 1:5 BD 
Pharmingen

555553

Name
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 Preparation of low enriched cord plasma 
  

 UCB was centrifuged at 1000g for 10 mins at RT to remove cord plasma (CP). CP 

was then immediately stored at -80ºC for at least 3-4 days or until further use. Low 

enriched cord plasma (LECP) was prepared by following a protocol modified from 

Chieregato et al (Chieregato et al., 2011). Briefly, CP was thawed at 37ºC to promote cell 

disruption. After thawing, CP was heating inactivated at 56ºC for 30 mins, centrifuged at 

1000g for 10 mins at RT to spin down all the particles, and finally the CP supernatant 

removed and stored at -20ºC until use. 
  

 Statistical Analysis 

          

 All data are represented as mean ± standard errors of the mean (SEM) and analyzed         

by unpaired t test and plotted using Prism version 5.0 (GraphPad Software, Inc.); p values 

<0.05 was taken to be significant. A minimum number of triplicate samples were used for 

each experiment. 

HLA-DR, DP, 
DQ

FITC Tu39 IgG2a, k Mouse Human 1:5 BD 
Pharmingen

555558

IgG1, k 
Isotype 
Control

FITC MOPC-2
1

IgG1, k Mouse Human 1:5 BD 
Pharmingen

555748

IgG1, k 
Isotype 
Control

PE MOPC-2
1

IgG1, k Mouse Human 1:5 BD 
Pharmingen

555749

IgG2a, k 
Isotype 
Control

FITC G155-17
8

IgG2a, k Mouse Human 1:5 BD 
Pharmingen

555573

IgG2b, k 
Isotype 
Control

FITC 27-35 IgG2b, k Mouse Human 1:5 BD 
Pharmingen

555742

SSEA-4 FITC MC813-
70

IgG3 Mouse Human 1:5 BD 
Pharmingen

560126

SSEA-4 PE MC813-
70

IgG3 Mouse Human 1:5 BD 
Pharmingen

560128

Vimentin PE RV202 IgG1 Mouse Human 1:20 BD 
Pharmingen

562337

Fluorochromo Clone Isotype Specie Reactivity Dilution Company Cat 
Number

Name
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Results
 Recovery and Immunophenotypic analysis of UC-MSCs cultured in FBS-
based media 
 To recover UC-MSCs from Wharton’s jelly, umbilical cord was primarily minced into 

small fragments and incubated in enzyme cocktail to dissociate MSCs from umbilical 

matrix and connective tissue. The digested tissue was passed through a 70µm filter to 

obtain MSCs suspension. Once cell suspension was obtained, cells were treated with lysis 

buffer to remove as much red cells as possible and then re-suspended in FBS-based 

media. Cells were plated into a gelatine-coated flask and after 24 hrs incubation at 37ºC, 

non-adherent cells were removed and old media replaced. Having removed non-adherent 

cells, MSCs could be observed as a plastic adherent cells with fibroblastic-like morphology 

as shown in figure 47.  

 UC-MSCs were expanded and then characterised using flow cytometry; mouse 

isotypic antibodies were used as negative controls. Flow cytometric analysis indicated that 

UC-MSCs expressed similar high levels (figure 48 and 50) of CD13 (alanyl 

aminopeptidase), CD29 (integrin β1), CD44 (hyaluronic acid receptor), CD73 (ecto-5’-

nucleotidase), CD90 (Thy1), CD105 (endoglin; figure 55), CD166 (activated leukocyte cell 

adhesion molecule)  and HLA-A, -B, -C (MHC class I). UC-MSCs expressed similar low 

levels (figure 49 and 50) of CD14 (monocyte differentiation antigen), CD31 (platelet 

endothelial cell adhesion molecule-1), CD45 (leukocyte common antigen), CD117 (c-kit), 

CD34 (haematopoietic progenitor cell antigen), and the immune activation marker HLA-

DR, -DP, -DQ (MHC class II) with 0.57 ±0.26%, 0.50 ±0.14%, 0.34 ±0.12%, 3.69 ±1.41%, 
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Figure 47. MSCs after having removed non-adherent cells.  
Adherent plastic property and fibroblastic-like morphology of UC-MSCs after 5 days in expanding 
FBS-based medium. 
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and 1.43 ±0.75% respectively. Of note that CD10 (Neprilysin) was slightly positive 

(23.50%) in one of the cell lines that was growth with different batch of FBS (embryonic 

stem cell-qualified fetal bovine serum: ES-FBS; Invitrogen, Carlsbad, CA); the other three 

lines, however, were negative for CD10 and the mean of positive cells for all the four lines 

was 6.08 ±5.80%.  
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Figure 48. Detection of MSCs surface antigens growth in FBS-based medium by flow 
cytometric analysis.  
Histograms: grey line (-) = isotype negative control; black line (-) = sample. Shown one 
representative out of four independent experiments. Number= % of cells represented as mean.  
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Figure 49. Detection of MSCs surface antigens growth in FBS-based medium by flow 
cytometric analysis.  
Histograms: grey line (-) = isotype negative control; black line (-) = sample. Shown one 
representative out of four independent experiments. Number= % of cells represented as mean. 



Chapter 5: UC-MSCs

 

 

�160

MSCs growth in FBS-based media 
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Figure 50. Phenotypic characterisation of UC-MSCs cultured in FBS-based media.  
Results from 4 different experiments. Each experiment was performed from an individually 
generated cell line. 
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 Recovery and Immunophenotypic analysis of UC-MSCs cultured in 
Expansion-Induction CP-based media 

  

 Generation of neural progenitors from multipotent stem cells could be an alternative 

to improve the outcome of cell transplantation for cell replacement therapy. UC-MSCs can 

differentiate into cell types of mesodermal origin (Ishige et al., 2009, Hass et al., 2011) but 

transplantation of these cells into environments different from mesodermal origin could 

result highly risked for patients (Pan et al., 2013). Thus, a cell product with minimal 

manipulation, produced in xeno/serum-free conditions, and with effective outcome, is 

needed in regenerative neurology.  

 As this chapter aimed to generate neural-derived progenitors from UC-MSC in a 

xeno-free conditions with reduction of manipulation, the first step was to find an alternative 

product to replace FBS. Adult and cord plasma have been described as alternatives to 

culture MSCs (Ding et al., 2013, Murphy et al., 2012). Here FBS-based medium was 

replaced by a medium composed by low enriched cord plasma and the growth factors 

FGF2 and EFG. These mitotic factors, commonly described to induce embryonic/

pluripotent stem cells to neural-derived progenitors, were used to generate a xeno-free 

expansion-induction medium.  

 Once UC-MSCs were isolated, re-suspended in FBS-based media, and incubated 

for 24 hours at 37ºC 5% CO₂, 100% humidity, non-adherent cells were removed and 

plastic adherent UC-MSCs washed with pre-warmed 1x PBS. Old medium was replaced 

with expansion-induction CP-based media and cells monitored.  

 UC-MSCs were characterised using flow cytometry. Flow cytometric analysis 

showed that UC-MSCs expressed high levels of the mesenchymal markers CD13 (99.93 

±0.06%), CD29 (99.97 ±0.03%), CD44 (99.95 ±0.05%), CD73 (99.93 ±0.06%), CD90 

(99.95 ±0.05%), CD105 (98.28 ±0.31%), CD166 (99.67 ±0.31%) and HLA-A, -B, -C (98.48 

±0.67%). CD10 was highly expressed (82.32 ±14.85%) in these cells compared to those 

cultured with FBS-based media. Haematopoietic markers were negative or hardly detected 

in UC-MSCs; CD31 (2.17 ±1.90%), CD34 (0.86 ±0.22%), and CD45 (0.53 ±0.12), as well 

as CD14 (0.34 ±0.21%), CD117 (1.26 ±0.87%), and HLA-DR, -DP, -DQ (0.41 ±0.14%) 

(figures 51 and 52). 

�161



Chapter 5: UC-MSCs

 

  

 As shown in the figure 51, with the exception of CD10, expanding UC-MSCs in CP-

based medium with growth factors did not change the basic immunophenotype compared 

to those cultivated in FBS-based medium. Therefore, xeno-free medium has not affected 

the differentiation of UC-MSCs. 
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UC-MSCs in expansion-induction CP-based medium
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Figure 51. Phenotypic characterisation of UC-MSCs cultivated in Expansion-Induction CP-
based media.  
Results from 6 different experiments with exception of CD105 with 4 experiments. Each 
experiment was performed from an individually generated cell line. 

Figure 52. Characterisation of UC-MSCs. The mesenchymal surface markers CD44, CD90, and 
CD105 are expressed on UC-MSCs grown in expansion-induction CP-based media. Bar scale= 
100µm
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Comparative immunophenotypic analysis of hNSCs and UC-MSC

 Human NSC lines have been shown to be capable of generating the three neural 

cell lines  (See appendix 2 and 3): neurons, oligodendrocytes, and astrocytes (Sun et al., 

2009). Consequently, three hNSC lines were used as positive control in this study because 

the objective was to generate a product with similar properties.  

 During the present study, it was observed that UC-MSCs and hNSCs share some 

characteristics, such as plastic adherence and morphology (to some extent; figure 53). 

Therefore, the same panel of mesenchymal surface markers was performed and 

compared in UC-MSCs and hNSCs (3 separate cell lines for each one).  

 

 Interestingly, hNSCs  and UC-MSCs expressed similar high levels of mesenchymal 

markers. hNSCs were nearly 100% positive for CD29, CD44, CD73, CD166, and HLA-A,   

-B, -C, and negative for CD10, CD14, and CD45. Expression of CD31 was slightly positive 

in one of the cell lines (14.50%) but totally negative in the other two; the mean from the 

three lines was 4.94 ±4.77 (figure 54). Percentage of CD90 was also variable with a mean 

of 67.13 ±24.65 but, as well as CD31, low expressed in one of cell lines (17.9%). 

Expression of CD13 was less variable with a mean of 82.07 ±9.53. CD117 was slightly 

positive (10 ±7.75) with little variation between lines. Interestingly and opposite to their 

counterpart UC-MSCs (cultured either in FBS or CP), hNSCs were positive for CD34 and 

MHC class II antigen (HLA-DR, -DP, -DQ); 94.1 ±2.04% and 42.03 ±15.8% respectively 

(figures 55 and 56).   

 In summary, hNSCs share some properties with UC-MSCs such as plastic 

adherence and a variable immunophenotypic expression (figures 53-56). 
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Figure 53. hNSCs (A) and UC-MSCs (B) in culture. Of note the plastic adherence and fusiform 
morphology of both populations. A=10x, B=20x. Bar scale= 100µm
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Figure 54. Comparative flow cytometric analysis of UC-MSCs and hNSCs.  
A) UC-MSCs cultured in FBS-based media. B) UC-MSCs cultured in CP-based media.  
C) hNSCs cultured in neural stem cell media.  
Histograms: grey line (-) = isotype negative control; black line (-) = sample. Shown one 
representative out of ≥3 independent experiments. Number= % of cells represented as mean. 
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Figure 55. Comparative flow cytometric analysis of UC-MSCs and hNSCs.  
A) UC-MSCs cultured in FBS-based media. B) UC-MSCs cultured in CP-based media.  
C) hNSCs cultured in neural stem cell media.  
Histograms: grey line (-) = isotype negative control; black line (-) = sample. Shown one 
representative out of ≥3 independent experiments. Number= % of cells represented as mean. N/
P= not performed. 
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Figure 56. Comparative flow cytometric analysis of UC-MSCs and hNSCs.  
A) UC-MSCs cultured in FBS-based media. B) UC-MSCs cultured in CP-based media.  
C) hNSCs cultured in neural stem cell media.  
Histograms: grey line (-) = isotype negative control; black line (-) = sample. Shown one 
representative out of ≥3 independent experiments. Number= % of cells represented as mean.
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hNSC Phenotypic Characterisation
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Figure 57. Phenotypic characterisation of hNSCs cultivated in neural stem cell growth 
media (NSCm).  
Results from 3 different experiments with exception of CD105 with 2 experiments. Each 
experiment was performed from an individually generated cell line. 
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Basal neural immunophenotype of UC-MSCs and hNSC: a comparative flow 
cytometric analysis 
 The expression of antigens considered neural lineage-specific was examined by 

flow cytometry in both UC-MSC and hNSC.   

 SOX2 is up regulated in UC-MSCs expanded in CP-based media with growth 
factors. Expression of SOX2 was detected in 9.7 ±4.5% of UC-MSCs cultured in FBS-

based media but this expression was up regulated (48 ±4.43%) when cells were cultured 

in CP-based expanding-induction media (figure 58). As expected, hNSCs were nearly 

100% positive.  
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Figure 58. Basal SOX2 flow cytometric analysis of UC-MSCs and hNSCs.  
Histograms/Plots: grey line (-)/plots = negative control; black line (-)/plots = sample. Dot plot gate: 
positive/negative threshold. Shown one representative out of ≥3 independent experiments. 
Number= % of cells represented as mean. Graph shows statistic comparison of SOX2 expression. 
hNSCs were used as a positive control. *p=0.0006; **p=0.0002. 
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 Nestin is present in UC-MSCs. Nestin was detected in nearly 100% of the UC-

MSCs cultured either in FBS- or CP-based media. Nestin was present in hNSCs as 

expected. No statistic significance difference was found between the culture conditions 

(figure 59).   
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PFigure 59. Basal Nestin flow cytometric analysis of UC-MSCs and hNSCs.  

Histograms: grey line (-) = isotype negative control; black line (-) = sample. Shown one 
representative out of ≥3 independent experiments. Number= % of cells represented as mean. 
Graph shows statistic comparison of Nestin expression. hNSCs were used as a positive control.



Chapter 5: UC-MSCs

 Vimentin is up-regulated in UC-MSCs expanded in CP-based media with 
growth factors. The basal percentage of UC-MSCs, grown in FBS-based media, 

expressing vimentin was 64.9 ±11.9. Nonetheless, when the cells were grown in 

Expansion-Induction CP-based media, vimentin was up-regulated to nearly 100%. hNSCs 

were also nearly 100% as expected (figure 60).  
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Figure 60. Basal Vimentin flow cytometric analysis of UC-MSCs and hNSCs.  
Histograms: grey line (-) = isotype negative control; black line (-) = sample. Shown one 
representative out of ≥3 independent experiments. Number= % of cells represented as mean. 
Graph shows statistic comparison of Vimentin expression. hNSCs were used as a positive control. 
*p=0.0149



Chapter 5: UC-MSCs

 GFAP is present in very low percentage in UC-MSCs. GFAP was present at a 

very low percentage in UC-MSCs cultured in either FBS- or CP-based media. The 

percentage of GFAP present of hNSCs was 66.4 ±3.8 (figure 61).  
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Figure 61. Basal GFAP flow cytometric analysis of UC-MSCs and hNSCs.  
Histograms: grey line (-) = isotype negative control; black line (-) = sample. Shown one 
representative out of ≥3 independent experiments. Number= % of cells represented as mean. 
Graph shows statistic comparison of GFAP expression. hNSCs were used as a positive control.



Chapter 5: UC-MSCs

 PDGFRα is detected in UC-MSCs but not in hNSCs. PDGFRα was detected in 

UC-MSCs. The highest percentage of positive cells was found with UC-MSCs cultivated in 

CP-based media (77.3 ±11.3) while cells cultured in FBS media expressed 24 ±21.5 

percentage. Interestingly, hNSCs were not found to express this marker (figure 62).  
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Figure 62. Basal PDGFRα flow cytometric analysis of UC-MSCs and hNSCs.  
Histograms: grey line (-) = isotype negative control; black line (-) = sample. Shown one 
representative out of ≥3 independent experiments. Number= % of cells represented as mean. 
Graph shows statistic comparison of PDGFRα expression. hNSCs were used as a positive control. 



Chapter 5: UC-MSCs

 O4 was neither detected in UC-MSCs nor in hNSCs. The O4 oligodendrocyte 

marker was not found in any of the cell populations analysed (figure 63). Interestingly, O4 

was not detected in hNSCs despite the fact that they have been found to differentiate into 

oligodendrocytes  (Sun et al., 2009).  
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Figure 63. Basal O4 flow cytometric analysis of UC-MSCs and hNSCs.  
Histograms: grey line (-) = isotype negative control; black line (-) = sample. Shown one 
representative out of ≥3 independent experiments. Number= % of cells represented as mean. 
Graph shows statistic comparison of O4 expression. hNSCs were used as a positive control. 



Chapter 5: UC-MSCs

 CD133 (prominin) was not detected in UC-MSCs but was found expressed in 
hNSCs. CD133, as well as CD34, was not detected in UC-MSCs but found expressed in 

hNSCs (72.4 ±10.25 percentage), as expected (figure 64).  
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Figure 64. Basal CD133 flow cytometric analysis of UC-MSCs and hNSCs.  
Histograms: grey line (-) = isotype negative control; black line (-) = sample. Shown one 
representative out of ≥3 independent experiments. Number= % of cells represented as mean. 
Graph shows statistic comparison of CD133 expression. hNSCs were used as a positive control. 



Chapter 5: UC-MSCs

 p75NGFR (CD271) was hardly detected in UC-MSCs but was found slightly 
expressed in hNSCs. The percentage of p75NGFR in hNSCs was about 12.4 ±4.4 while 

UC-MSCs were found negative for this antigen (figure 65).  
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Figure 65. Basal p75NGFR (CD271) flow cytometric analysis of UC-MSCs and hNSCs.  
Histograms: grey line (-) = isotype negative control; black line (-) = sample. Shown one 
representative out of ≥3 independent experiments. Number= % of cells represented as mean. 
Graph shows statistic comparison of p75NGFR expression. hNSCs were used as a positive 
control. 



Chapter 5: UC-MSCs

 βIII-tubulin (TUJ1) is present in UC-MSCs and hNSCs but MAP2 was only 
detected in hNSCs (figure 66).  TUJ1 was detected in both UC-MSCs and hNSCs while 

MAP2 was found only in hNSCs (87.1 ±0.3%). UC-MSCs cultured in FBS-based media 

were not included in this experiment.  
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Figure 66. Basal βIII tubulin (TUJ1) and MAP2  flow cytometric analysis of UC-MSCs and 
hNSCs.  
Histograms: grey line (-) = isotype negative control; black line (-) = sample. Shown one 
representative out of ≥3 independent experiments. Number= % of cells represented as mean. 
Graphs show statistic comparison of both TUJ1 and MAP2 expression. hNSCs were used as a 
positive control.



Chapter 5: UC-MSCs

Pluripotency of UC-MSCs treated with expansion/induction CP-based media 
 As shown previously, SOX2 was up-regulated in UC-MSCs grown in Induction-

Expansion CP-based media with growth factors. SOX2, a transcription factor commonly 

seen in pluripotent stem cells (Kim et al., 2008a), is also found in neural stem cells. Hence 

it was important to know whether or not more pluripotent markers were present.  

 CXCR4, a migration stem cell marker (also known as CD184), was included within 

the analysis of pluripotent markers SSEA-4, SSEA-1, and OCT3/4 because its expression 

has been found in neural stem progenitor cells during the early development (Ratajczak et 

al., 2003).  

 The flow cytometric analysis showed that only SSEA-4 and OCT3/4 were found 

slightly positive with 5.83 ±4.2 and 5.9 ±4.02 respectively (N=4) (figure 67). Indeed, only 

one line from the four tested appeared to express these markers at all. Expression of 

SSEA-1 and CXCR4 were not detected in any experiments. There was no statistic 

significance between groups during the analysis. 
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Discussion

 Immunophenotype of UC-MSC and hNSCs. A variety of reported studies use 

different methods of isolation, expansion, and characterisation, and consequently, there is 

no an standard criteria defining MSCs (Wegmeyer et al., 2013). However, a minimal 

proposed criteria to define human MSCs has been established by the Mesenchymal and 

Tissue Stem Cell Committee of the International Society Therapy (Dominici et al., 2006). 

These include, firstly that MSCs must be plastic adherent when expanding in standard 

culture conditions. Second, that they must express CD90, CD73, and CD105, and lack the 

expression of CD45, CD34, CD14, or CD11b, CD79α or CD19 and MHC class II surface 

antigens. Finally, MSCs must differentiate to osteoblast, chondroblasts, and adipocytes in 

vitro.  

 In this work, UC-MSCs grown in FBS have showed the absence of haematopoietic 

markers such as CD45, CD34, and CD14, as well as CD10, CD31, CD117, and MCH 

class II; expression of mesenchymal markers such as CD13, CD29, CD44, CD73, CD90, 

and CD166, as well as MCH class I was found positive. They have also met the plastic 

adherent criteria (Wagner et al., 2005, La Rocca et al., 2009, Liu et al., 2012). Thus, the 

UC-MSCs displayed a similar phenotype to those described previously in the literature 

(Wagner et al., 2005, Lu et al., 2006, Shetty et al., 2007, Carvalho et al., 2011, Singh et al., 

2013). Finally, Dr Sophie New (ICH), as part of different project, performed mesodermal 

differentiation of these cells (see appendix 4). UC-MSCs showed to generate osteoblast, 

chondroblast, and adipocytes.  

 UC-MSCs cultured in cord plasma and mitotic factors demonstrated similar 

immunophenotype to those grown in FBS-based medium. These cells were negative for 

CD14, CD45, CD31, CD34, CD117, and MCH class II and positive for mesenchymal 

markers such as CD13, CD29, CD44, CD73, CD90, CD105, CD166, and MHC class I. Of 

note was that CD10 was up regulated with cord plasma and mitotic factors. Whether these 

cells should be CD10⁺ or not has been a matter of debate as its presence has been found 

positive and/or negative depending of the FBS batch used and/or the use of growth factors  

(Farias et al., 2011, Mariotti et al., 2008). Additionally, expression of CD10 has varied 

between MSCs isolated from different sources (Mariotti et al., 2008).  
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 Some reports have shown the up-regulation of MHC class II in BM-MSCs and skin 

fibroblasts grown in FGF-2 (Bocelli-Tyndall et al., 2010). In the present study, UC-MSCs 

did not show expression of MHC class II with concentrations of 10ng/ml of FGF-2. More 

work, however, is needed to clarify whether other factors used here, such as the use of 

cord plasma, have kept its expression negative. An alternative explanation could be that 

UC-MSCs have been reported to express HLA-G, which it is an important factor for the 

immune tolerance during pregnancy  (Kim et al., 2013).  

 In this work, hNSCs were used as positive control, thus a mesenchymal 

immunophenotype characterisation was performed, using flow cytometry, to identify 

differences and similarities with UC-MSCs. They displayed a similar phenotype compared 

to UC-MSCs. hNSCs were negative for the haematopoietic markers CD14 and CD45, they 

were also negative for CD10 and had variable expression of CD31, CD90, CD117, and 

CD105. They were also, as with their counterpart MSCs, found to be positive for CD29, 

CD44, CD73, CD166, and MHC class I. Interestingly, expression of CD34 was found 

positive in more than 90% of these cells. MCH class II expression in hNSCs will be 

discussed in chapter 6.    

 CD133 is widely used to identify neural precursor cells in the brain (Sun et al., 

2009), however Sun et al. (2009) have been found that hNSCs are a heterogenous 

population with subpopulations lacking the expression of CD133 but retaining the neural 

potential. The data in this chapter have shown the expression of the surface markers 

CD29, CD44, CD73, CD166, and MHC class I in hNSCs; whether or not these markers 

could be used in future characterisation works with these hNSC lines need to be further 

investigated.  

    

 Pluripotent markers in UC-MSCs grown with CP-based medium. The presence 

of SOX2 and the absence of other pluripotent markers such as SSEA-4, SSEA-1, and 

OCT3/4, as well as CXCR4 migration marker, in UC-MSCs treated with the xeno-free 

condition medium “B” (CP-based medium) could be partially explained because of the 

presence of mitotic factors to expand/induce this population. It is well known that FGF-2 

and EGF are important mitotic factors for neural induction protocols in pluripotent stem 

cells (Joannides et al., 2004, Chua et al., 2009, Liu et al., 2013b), therefore, its presence 

in the CP-based medium could have induced UC-MSCs to an early neural stage. 
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 Whether or not the influence of cord plasma affected the down/up regulation of 

these pluripotent markers remains unknown as this work did not include more culture 

condition controls such as FBS without growth factors, FBS with growth factors, CP 

without growth factors, and growth factors without FBS or CP. Nonetheless, most of the 

protocols not included here have almost entirely been reported in the literature (Chieregato 

et al., 2011). More studies are needed to clarify the benefits and limits of CP and its roll 

during expansion-differentiation protocols.  

 Basal neural immunophenotype of UC-MSCs and hNSCs. UC-MSCs have been 

reported to express neural markers after neural differentiation protocols at either protein or 

transcription level (Cho et al., 2012, Dalous et al., 2012, Divya et al., 2012). However, little 

is known about the expression of these markers, commonly used to characterise neural 

cells, at basal stage (Tondreau et al., 2013). This work has shown that some neural 

markers are expressed in UC-MSCs at basal stage, at the protein level. Similar results 

were observed by Datta et al. with BM-MSCs and UC-MSCs (Datta et al., 2011). The 

importance of the expression of these markers needs still to be explained as only a small 

number of studies have provided evidence of electrophysiological function (Neirinckx et al., 
2013).  

 This work has also compared the expression of neural markers at basal level in UC-

MSCs (grown either in FBS- or CP-based medium) with hNSCs grown in xeno-free 

conditions. It was found that expression of SOX2 was importantly up-regulated when UC-

MSCs were expanded-induced with CP-based medium and in the presence of FGF-2 and 

EGF. This SOX2 up-regulation could indicate that UC-MSCs were induced to an early 

neural fate without the need of expanding first in FBS-based medium as common 

protocols had widely described in the literature. It was noted that UC-MSCs, in this CP-

based+mitotic-factors condition, have grown faster than UC-MSCs grown in FBS-based 

medium.  

 Nestin and βIII-tubulin were both found positive at basal stage, while vimentin was 

up-regulated when CP and mitotic factors were used. Interestingly, PDGFRα, an early 

oligodendrocyte progenitor marker, was importantly up-regulated with CP and mitotic 

factors in UC-MSCs but was not found in hNSCs. O4, other early oligodendrocyte marker, 

was negative either on UC-MSCs and hNSCs. hNSCs have shown to generate 

oligodendrocyte cells in vitro (Sun et al., 2009), however, future work is needed to know 
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the capacity of UC-MSCs to generate oligodendrocytes; as seen previously with hNSCs, 

the absence of early oligodendrocyte progenitor markers does not traduce incapability to 

generate these cells (see appendix 2 and 3). 

 GFAP, CD133, p75NGFR, and MAP2 were found expressed in some 

subpopulations of hNSCs. In contrast to hNSCs, these markers were found slightly 

expressed or completely negative in UC-MSCs and could be considered as following-up 

markers in future works using UC-MSCs. However, the findings of these neural antigens 

must be interpreted carefully because their expression could not determinate the failing or 

successful of neural differentiation.  

 More studies are needed to clarify the importance of absence/expression of these 

neural markers at the basal level, and most importantly, future works must consider 

functional tests to provide evidence of electrophysiological function after differentiation. 
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Conclusion 
  

 In summary, the work in this chapter has shown that UC-MSCs displayed a similar 

phenotype to those described previously in the literature. UC-MSCs cultured in cord 

plasma and growth factors did not modify this phenotype and they did not express 

pluripotent markers such as SSEA-4, SSEA-1, and OCT3/4. Furthermore, UC-MSCs and 

hNSCs have been shown to express similar levels of ‘mesenchymal markers’ such as 

CD29, CD73, CD166 and MHC class I and neural markers, such as Nestin, βIII-tubulin 

and vimentin at basal level.  

 In conclusion,  UC-MSCs and hNSCs were found to have similar expression levels 

of some mesenchymal and neural markers at basal level. Therefore, those neural markers 

absent in UC-MSCs, such as GFAP, CD133, p75NGFR, and MAP2 could be used as 

following-up markers in future neural differentiation protocols. These findings at protein 

level, however, must be carefully interpreted and electrophysiological functional tests must 

be considered to provide more evidence. 
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Umbilical cord mesenchymal stem cells: 

generation of neural-derived progenitors
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Chapter 6: UC-MSCs-derived NP

Chapter aims

The main aims of this chapter were:  

+ to generate neural-derived progenitors from UC-MSCs. 

+ to in vitro differentiate the derived neural progenitors and the hNSCs into neurons.  

  

The specific objectives of the chapter were: 

- to in vitro differentiate UC-MSCs into neural-derived progenitor cells, in xeno-free 

conditions.  

- to in vitro differentiate the neural-derived progenitor into neurons. 

- to in vitro differentiate hNSCs into neurons.  

- to compare the capacity of the neural-derived progenitors and the hNSCs to generate 

neurons in vitro. 
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Material and Methods 
  

 Cell sources, low enriched cord plasma, expansion cell culture, and flow cytometry 

as described previously.  

 Generation of neural-derived progenitors 

! The capacity of UC-MSCs to generate neural-derived progenitors was assessed by 

five modified differentiation protocols shown in table 18.  

! Neural progenitor differentiating media. For early neural differentiation, UC-

MSCs in expansion-Induction CP-based media were dislodged (normally at passage 2-3) 

using 0.125% trypsin and re-plated either on Matrigel (BD Matrigel TM hESC-qualified 

Matrix) or/and laminin (SIGMA) coated 6-well plate. Culture mediums used and their 

composition are shown in table 18 (C-G; yellow cells). The medium was changed every 

2-3 days and cells monitored daily. After 10 days, cells were dislodged by using 0.125% 

trypsin (sigma) and analysed using flow cytometry to observe expression of neural 

antigens. 
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Table 18. Expansion (blue cells) and neural progenitor differentiation mediums (yellow cells) 

A= Common Expansion media with 20% FBS (FBS-based media); B= Expansion-Induction 
CP-based media; C= neural stem cell growth medium (NSCm); D= NSCm with 2% cord plasma 
(NSCm/CP2%); E= NSCm with 5% cord plasma (NSCm/CP5%); F= NSCm with brain derived 
neurotrophic factor and glial derived neurotrophic factor but without cord plasma (NSCm/BDGD); 
G= NSCm with brain derived neurotrophic factor and glial derived neurotrophic factor but with 5% 
cord plasma (NSCm/BDGD/CP5%). 

A B C D E F G

Medium DMEM[1x] 
Glutamax-I/L-

D-glucose

DMEM[1x] 
Glutamax-I/L-D-

glucose

DMEM/
F-12 (1:1)

(1x)

DMEM/F-12 
(1:1)(1x)

DMEM/F-12 
(1:1)(1x)

DMEM/F-12 
(1:1)(1x)

DMEM/
F-12 (1:1)

(1x)

FBS 20% -- -- -- -- -- --
Cord Plasma -- 10% -- 2% 5% -- 5%
Supplements

FGF2 FGF2 10ng/ml FGF2 
20ng/ml

FGF2 20ng/
ml

FGF2 20ng/
ml

FGF2 20ng/
ml

FGF2    
20ng/ml

EGF EGF   10ng/ml EGF 20ng/
ml

EGF   20ng/
ml

EGF   20ng/
ml

EGF   20ng/
ml

EGF      
20ng/ml

BDNF (5ng/ml) ✓ ✓
GDNF(5ng/ml) ✓ ✓

B27 (1:50) ✓ ✓ ✓ ✓ ✓
N2 (1:100) ✓ ✓ ✓ ✓ ✓

L-Glut (1:100) ✓ ✓ ✓ ✓ ✓
Anti-Anti (1:100) ✓ ✓ ✓ ✓ ✓ ✓ ✓
Heparin Sulfate 

(10mcg/ml)
✓ ✓ ✓ ✓ ✓

Substrate

Laminin ✓
Matrigel ✓ ✓ ✓ ✓ ✓

Gelatin (0.1%) ✓ ✓
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Neuronal differentiation protocol(s). 
  

 The capacity of neural-derived progenitors and/or hNSCs to generate neurons was 

assessed by two neuronal differentiation protocols shown in tables 19 and 20. Cells were 

monitored and medium changed every 2-3 days. 

Table 19. Neuronal differentiation protocol 1 
70% 

Confluence
7 days 7 days 7 days

 Expansion-
Induction  

 (B)

Early 
Differentiation 

(C)

Late 
Differentiation  

(LDM)

Mature 
Differentiation 

(MDM)
Medium DMEM/F-12 

Low Glucose
DMEM/F-12 DMEM/F-12 DMEM/F-12

Cord Plasma 10% --- --- ---
Supplements

FGF2 10ng/mL 20ng/mL 10ng/mL ---
EGF 10ng/mL 20ng/mL --- ---

BDNF --- --- 10ng/mL 10ng/mL
NGF --- --- 10ng/mL 10ng/mL
B27 --- 1:50 1:50 1:50
N2 --- 1:100 1:100 1:100

L-Glut --- 1:100 1:100 1:100
Anti-Anti 1:100 1:100 1:100 1:100

BSA 10mcg/mL 10mcg/mL 10mcg/mL
Heparin 
Sulfate 

10mcg/mL 10mcg/mL ---

Substrate
Laminin ✓ ✓ ✓
Matrigel ✓ ✓ ✓

Gelatin (0.1%) ✓ --- --- ---
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Table 20. Neuronal differentiation protocol 2 

 Immunocytochemistry 

  

 Cells were plated onto coated microscope coverslips prior to immunocytochemistry 

(ICC) protein detection. Cells were fixed with 4% paraformaldehyde for 20 mins at RT and 

washed twice with PBS. After incubation with the blocking/permeabilizing buffer (10% FBS, 

3% BSA, and 0.5% Triton-X100 in PBS) cells were stained with primary antibody (table 21) 

for 2 hrs at RT. Cells were then washed 3 times with 1x PBS and incubated for 1 hr with 

secondary antibody along with Hoechst 33258 (Sigma-Aldrich) at RT. Negative controls 

were incubated only with the secondary antibody (table 22). All samples were viewed and 

imaged using Axiovert 135 fluorescent microscope with a C14 digital camera (Jenoptik). 

Image collection and analysis was performed using Openlab, Volocity (Improvision) and 

ImageJ 1.44o software (Schneider et al., 2012). 

70% 
Confluence

7 days 7 days 7 days

 Expansion-
Induction  

(B)

Early 
Differentiation 

(D)

Late 
Differentiation 

(LDM)

Mature 
Differentiation 

(MDM)
Medium DMEM/F-12 

Low 
Glucose

DMEM/F-12 DMEM/F-12 DMEM/F-12

Cord Plasma 10% 2% --- ---
Supplements

FGF2 10ng/mL 20ng/mL 10ng/mL ---
EGF 10ng/mL 20ng/mL --- ---

BDNF --- --- 10ng/mL 10ng/mL
GDNF --- --- 10ng/mL 10ng/mL
B27 --- 1:50 1:50 1:50
N2 --- 1:100 1:100 1:100

L-Glut --- 1:100 1:100 1:100
Anti-Anti 1:100 1:100 1:100 1:100

BSA 10mcg/mL 10mcg/mL 10mcg/mL
Heparin 
Sulfate 

10mcg/mL 10mcg/mL ---

Substrate
Laminin ✓ ✓ ✓
Matrigel ✓ ✓ ✓

Gelatin (0.1%) ✓ --- --- ---
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Table 21. List of primary antibodies used for ICC 

Table 22. List of secondary antibodies used for ICC 

RT-qPRC 

 RT-qPCR was performed as previously described in chapters 2 and 3 using primers 

shown in table 23. Annealing Temperature for all primers: 56ºC; for a total of 35 cycles.  

Table 23. List of primers used for qPCR

(Primers designed by Kin Pong U; qPCR was kindly performed by Barbora Vagaska) 

 Statistical Analysis 

 All data are represented as mean ± standard errors of the mean (SEM) and analyzed         

by unpaired t test and plotted using Prism version 5.0 (GraphPad Software, Inc.); p values 

<0.05 was taken to be significant. A minimum number of triplicate samples were used for 

each experiment. 

Name Clone Isotype Specie Reactivity Dilution Company Cat 
Number

HLA-DR, DP, 
DQ 

(Conjugated 
FITC)

Tu39 IgG2a, k Mouse Human 1:5 BD 
Pharmingen

555558

Anti-βIII 
Tubulin

5G8 IgG1 Mouse Human 1:5000 Promega G7121

GFAP IHC2078 IgG1 Rabbit Human 1:1000 Millipore AB1540

MAP2 M13 IgG1, k Mouse Human 1:500 Life 
Technologies

13-1500

Nestin -- IgG1 Rabbit Human 1:500 Millipore ABD69

NeuN A60 IgG1 Mouse Human 1:100 Millipore MAB377

NF200 -- IgG Rabbit Human 1:000 Sigma N4142

Doublecortin -- IgG Rabbit Human 1:200 Invitrogen 48-1200

Tyrosine 
hydroxylase

-- Sheep Human 1:100 Millipore AB1542

Name Isotype Specie Reactivity Dilution Company Cat Number

Hoechst 33258 -- -- -- 1:400 Sigma-Aldrich 861405

Alexa Flour 488 Target: IgG Goat Rabbit 1:400 Life Technologies A-11008

Alexa Flour 488 Target: IgG Goat Rabbit 1:400 Life Technologies A-11001

Alexa Flour 568 Target: IgG Donkey Mouse 1:400 Invotrogen A10037

Alexa Flour 594 Target: IgG Goat Rabbit 1:400 Life Technologies A-11037

Gene Forward Reverse Size 
(bp)

GAPDH CCTTCATTGACCTCAACTACATGGT CTAAGCAGTTGGTGGTGCAGGA 356

Nestin CAGCGTTGGAACAGAGGTTGG TGGCACAGGTGTCTCAAGGGTAG 389

GFAP GAAGCTCCAGGATGAAACCA ACCTCCTCCTCGTGGATCTT 165

NSE CTGATGCTGGAGTTGGATGG CCATTGATCACGTTGAAGGC 188

EAG1 TGGATTTTGCAAGCTGTCTG GAGTCTTTGGTGCCTCTTGC 467
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Results

 Generation of Neural-derived progenitor cells from UC-MSC in xeno-free 
conditions 

 Having isolated, characterised, expanded, and compared (to hNSCs) UC-MSCs, it 

was decided to generate neural-derived progenitors cells using xeno-free conditions. Thus, 

five different early neural induction protocols were performed (C, D, E, F, and G in table 

18). Once the UC-MSCs had reached 80% confluence, the cells were washed with 1x PBS 

and then dislodged with 0.125% trypsin. Following this, the cells were re-suspended in 

appropriate condition media (C-F in table 18) and re-plated in pre-coated Matrigel/Laminin 

6 well plates. After 10 days, flow cytometric analysis was performed to observe early and 

mature neural markers. hNSCs, expanded in NSCm, were used as a positive control.  

 SOX2 in UC-MSCs was found less expressed in conditions cultured in cord 
plasma (D, E, and G) than those cultured without cord plasma (C and F); figure 68. 
The expression of the neural stem cell marker SOX2 was greater in hNSCs (98.23 

±0.86%) than UC-MSCs as expected. However, the UC-MSCs cultured in condition “C” 

expressed more SOX2 (84.20 ± 6.50%; p not significant between condition “C” and 

hNSCs) than those cultured in conditions D, E, G, and F. The addition of brain derived 

neurotrophic factor (BDNT) and glial derived neurotrophic factor (GDNF) in condition F 

decreased the expression of SOX2 (61.23 ±11.92%; N=3) compared to condition C (84.20 

±6.50%; N=3).    
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Figure 68. Percentage of SOX2 expression in UC-MSCs at different time points and culture 
conditions.  
Dot Plots show positive/negative threshold. Grey plots = negative control; black plots = sample. 
Number= percentage represented as mean ±SME. 
A and B= Expansion/Induction mediums. C-G= Early neural differentiation mediums. hNSCs= 
positive control. Capped line when p<0.05. 
**When hNSCs were taken as positive control for the statistical analysis and compared to 
conditions A, B and D-G, p was <0.05. There was no significant difference between UC-MSCs 
cultured in condition “C” and hNSCs.  

A minimum number of triplicate samples were used for each experiment. 

**

 

A B C D E F G hNSCs

Mean 9.748 48.04 84.20 44.93 34.17 61.23 26.77 98.23

SD ±4.576 ±4.43 ±6.50 ±10.35 ±18.01 ±11.92 ±15.78 ±0.86
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Figure 68. Percentage of SOX2 expression in UC-MSCs at different time points and culture 
conditions. A and B= Expansion/Induction mediums. C-G= Early neural differentiation mediums. 
hNSCs= positive control. Capped line when p<0.05. Table with percentages represented as a 
mean. 
**When hNSCs were taken as positive control for the statistical analysis and compared to 
conditions A, B and D-G, p was <0.05. There was no significant difference between UC-MSCs 
cultured in condition “C” and hNSCs. 

A minimum number of triplicate samples were used for each experiment.
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 Nestin was detected in UC-MSCs at all time points. All UC-MSCs were positive 

for Nestin and there was no statistical significance between the conditions applied (figure 

69).   
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Figure 69. Percentage of Nestin expression in UC-MSCs at different time points and culture 
conditions.  
Dot Plots show positive/negative threshold. Grey plots = negative control; black plots = sample. 
Number= percentage represented as mean ±SME. 
A and B= Expansion/Induction mediums. C-G= Early neural differentiation mediums. hNSCs= 
positive control. Capped line when p<0.05.  

A minimum number of triplicate samples were used for each experiment.
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 Vimentin is up-regulated in UC-MSCs expanded in CP-based media with 
growth factors. As shown in figure 70, vimentin was detected at all time points including 

the basal expression.  
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Figure 70. Percentage of Vimentin expression in UC-MSCs at different time points and 
culture conditions.  
Dot Plots show positive/negative threshold. Grey plots = negative control; black plots = sample. 
Number= percentage represented as mean ±SME. 
A and B= Expansion/Induction mediums. C-G= Early neural differentiation mediums. hNSCs= 
positive control. Capped line when p<0.05. 

A minimum number of triplicate samples were used for each experiment.
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 GFAP was slightly up regulated in UC-MSCs after to be exposed in neural 
conditions. There was a small amount (from 10.95 to 24.01% for C to G) of GFAP up 

regulation in UC-MSCs exposed to neural conditions, especially those exposed to BDNF, 

GDNF, and/or cord plasma (conditions E, F, and G). However, the differences were 

variable as no statistical difference was found between groups (figure 71).  
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Figure 71. Percentage of GFAP expression in UC-MSCs at different time points and culture 
conditions.  
Dot Plots show positive/negative threshold. Grey plots = negative control; black plots = sample. 
Number= percentage represented as mean ±SME. 
A and B= Expansion/Induction mediums. C-G= Early neural differentiation mediums. hNSCs= 
positive control. Capped line when p<0.05. 
**When hNSCs were taken as positive control for the statistical analysis and compared to 
conditions A-G, p was <0.05. 

A minimum number of triplicate samples were used for each experiment.

**
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Figure 68. Percentage of SOX2 expression in UC-MSCs at different time points and culture 
conditions. A and B= Expansion/Induction mediums. C-G= Early neural differentiation mediums. 
hNSCs= positive control. Capped line when p<0.05. Table with percentages represented as a 
mean. 
**When hNSCs were taken as positive control for the statistical analysis and compared to 
conditions A, B and D-G, p was <0.05. There was no significant difference between UC-MSCs 
cultured in condition “C” and hNSCs. 

A minimum number of triplicate samples were used for each experiment.
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Chapter 6: UC-MSCs-derived NP

 PDGFRα is up regulated when UC-MSCs are exposed to CP-based mediums. 
As shown in the figure below, PDGFRα was mainly detected in UC-MSCs exposed to CP, 

with only a little expressed in the presence of FBS. It was found to be absent in hNSCs 

(figure 72).  

 

�195

PDGFRα

UC-M
SC FBS-ba

se
d (

A)

UC-M
SC C

P-ba
se

d (
B)

UC-M
SC N

SCm (C
)

UC-M
SC N

SCm/C
P2%

 (D
)

UC-M
SC N

SCm/C
P5%

 (E
)

UC-M
SC N

SCm/B
DGD (F

)

UC-M
SC N

SCm/B
DGD/C

P5%
 (G

)
hN

SC
0

20

40

60

80

100

%
 o

f c
el

ls
 e

xp
re

ss
in

g 
PD

G
FR
α

CD133

UC-M
SC FBS-ba

se
d (

A)

UC-M
SC C

P-ba
se

d (
B)

UC-M
SC N

SCm (C
)

UC-M
SC N

SCm/C
P2%

 (D
)

UC-M
SC N

SCm/C
P5%

 (E
)

UC-M
SC N

SCm/B
DGD (F

)

UC-M
SC N

SCm/B
DGD/C

P5%
 (G

)
hN

SC
0
2
4
6
8

10
20
40
60
80

100

%
 o

f c
el

ls
 e

xp
re

ss
in

g 
C

D
13

3

O4

UC-M
SC FBS-ba

se
d (

A)

UC-M
SC C

P-ba
se

d (
B)

UC-M
SC N

SCm (C
)

UC-M
SC N

SCm/C
P2%

 (D
)

UC-M
SC N

SCm/C
P5%

 (E
)

UC-M
SC N

SCm/B
DGD (F

)

UC-M
SC N

SCm/B
DGD/C

P5%
 (G

)
hN

SC
0

1

2

3

20
40
60
80

100

%
 o

f c
el

ls
 e

xp
re

ss
in

g 
O

4

 p75NGFR (CD271)

UC-M
SC FBS-ba

se
d (

A)

UC-M
SC C

P-ba
se

d (
B)

UC-M
SC N

SCm (C
)

UC-M
SC N

SCm/C
P2%

 (D
)

UC-M
SC N

SCm/C
P5%

 (E
)

UC-M
SC N

SCm/B
DGD (F

)

UC-M
SC N

SCm/B
DGD/C

P5%
 (G

)
hN

SC
0
5

10
15
20
80
85
90
95

100

%
 o

f c
el

ls
 e

xp
re

ss
in

g 
p7

5N
G

FR

Figure 72. Percentage of PDGFRα expression in UC-MSCs at different time points and 
culture conditions.  
Dot Plots show positive/negative threshold. Grey plots = negative control; black plots = sample. 
Number= percentage represented as mean ±SME. 
A and B= Expansion/Induction mediums. C-G= Early neural differentiation mediums. hNSCs= 
positive control. Capped line when p<0.05. 

A minimum number of triplicate samples were used for each experiment. 



Chapter 6: UC-MSCs-derived NP

 O4 was not detected in both UC-MSCs and hNSCs. O4 was detected in less 

than 1% of cells either in UC-MSCs or hNSCs. This percentage was not significantly 

different between populations studied (figure 73).  
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Figure 73. Percentage of O4 expression in UC-MSCs at different time points and culture 
conditions.  
Dot Plots show positive/negative threshold. Grey plots = negative control; black plots = sample. 
Number= percentage represented as mean ±SME. 
A and B= Expansion/Induction mediums. C-G= Early neural differentiation mediums. hNSCs= 
positive control. Capped line when p<0.05.  

A minimum number of triplicate samples were used for each experiment. 



Chapter 6: UC-MSCs-derived NP

 CD133, expression was low in the all the conditions tested. UC-MSCs are 

normally negative for CD133 (Wagner et al., 2005, La Rocca et al., 2009, Liu et al., 2012), 

hence up regulation of CD133 could be an important biomarker to observe neural 

differentiation fate in these cells. However, only a small amount of up regulation of CD133 

was observed (condition C) and this was not significant between the groups. By contrast, 

figure 74 shows that hNSCs were mostly positive for CD133 (72.43 ±10.25; N=3).   
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Figure 74. Percentage of CD133 expression in UC-MSCs at different time points and culture 
conditions.  
Dot Plots show positive/negative threshold. Grey plots = negative control; black plots = sample. 
Number= percentage represented as mean ±SME. 
A and B= Expansion/Induction mediums. C-G= Early neural differentiation mediums. hNSCs= 
positive control. Capped line when p<0.05. 
**When hNSCs were taken as positive control for the statistical analysis and compared to 
conditions A-G, p was <0.05. 

A minimum number of triplicate samples were used for each experiment.

**
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Figure 68. Percentage of SOX2 expression in UC-MSCs at different time points and culture 
conditions. A and B= Expansion/Induction mediums. C-G= Early neural differentiation mediums. 
hNSCs= positive control. Capped line when p<0.05. Table with percentages represented as a 
mean. 
**When hNSCs were taken as positive control for the statistical analysis and compared to 
conditions A, B and D-G, p was <0.05. There was no significant difference between UC-MSCs 
cultured in condition “C” and hNSCs. 

A minimum number of triplicate samples were used for each experiment.
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Chapter 6: UC-MSCs-derived NP

 There is a trend of p75NGFR (CD271) up regulation in UC-MSCs cultured in 
neural differentiation mediums. Surprisingly P75NGFR was not detected in UC-MSCs at 

basal level as it has been considered a marker for stromal mesenchymal cells (Watson et 

al., 2013). Here, however, it was found that there was some up regulation when cells were 

exposed to neural differentiation mediums (figure 75 C-G).  
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Figure 75. Percentage of p75NGFR expression in UC-MSCs at different time points and 
culture conditions.  
Dot Plots show positive/negative threshold. Grey plots = negative control; black plots = sample. 
Number= percentage represented as mean ±SME. 
A and B= Expansion/Induction mediums. C-G= Early neural differentiation mediums. hNSCs= 
positive control. Capped line when p<0.05. 

A minimum number of triplicate samples were used for each experiment. 



Chapter 6: UC-MSCs-derived NP

Generation of neural-derived progenitors in the xeno/serum-free condition “C” 

 Having tested five different culture conditions to generate neural-derived 

progenitors, it was observed that cells cultured in condition C were more similar to their 

counterpart hNSCs. In fact, cells in this condition were highly positive for SOX2, an 

important marker to preserve during cell expansion. Additionally, Nestin and Vimentin were 

also positive, and with moderate PDGFRα expression. Finally GFAP and CD133 were 

slightly up regulated in these conditions (figure 76).  

  

 

 Whilst expression of neural antigens was important to achieve, other properties of 

neural progenitors must be seen before these cells might be called “neural-derived 

progenitors”; properties such as the capability to self maintain and to differentiate to 

neurons were investigated in order to observe their plasticity. 
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Figure 76. Neural immunophenotype comparison between UC-MSCs cultured in condition 
“C” with hNSCs. 



Chapter 6: UC-MSCs-derived NP

 Proliferation capacity of UC-MSCs-derived neural progenitors grown in 
condition C. UC-MSCs grown in CP-based media (Condition B) were taken and 

maintained in culture condition “C” (neural medium) in pre-coated matrigel/laminin flask 

culture (N=3). Cells were kept expanding until they reached 80% confluence (after around 

3-5 days). Once at 80% confluence, cells were detached using 0.125% trypsin and re-

placed in a fresh pre-coated flask culture with fresh neural medium (condition “C”) 

(3000-5000 cells/cm²). After 3-5 days of the first passage and with 40-50% confluence, the 

cells were observed to stop growing and started to die (no pictures were taken). By the 

end of the first week, after passage one, only a small number of remaining cells were alive. 

 Capability of UC-MSCs-derived neural progenitors grown in condition C to 
generate neurons. In order to observe the cells capacity to generate neurons (See 

neuronal differentiation protocol in table 19), UC-MSCs were grown in expansion/Induction 

CP-based media were plated onto coated 24-well plate. After 50% confluence, the medium 

was changed to a media condition “C” for 7 days to generate the neural-derived 

progenitors. Subsequently, the medium was removed and replaced with late differentiation 

media (LDM in neuronal differentiation protocol 1; table 19)  for 7 days, and finally cells 

were exposed to a mature differentiation media (MDM in neuronal differentiation protocol 

1; table 19) for 7 days and immunocytochemistry was performed. hNSC were used as 

positive control.  

 Nestin, βIII-tubulin (TUJ1), and GFAP are present before the differentiation protocol 

in both UC-MSCs and hNSCs. After three weeks Nestin expression, in hNSCs, is 

decreased, whilst remaining in UC-MSCs. βIII-tubulin and GFAP are up regulated in 

hNSCs after differentiation, whilst they are either down regulated or no change was 

observed in UC-MSC (figures 77-78). MAP2 and double cortin (DCX) are up regulated 

after the differentiation protocol in hNSCs, however UC-MSCs did not show any important 

change. Tyrosine hydroxylase (TH) was negative at all stages for both hNSCs and UC-

MSCs (figure 78).  

 Interestingly, HLA class II was present in hNSCs at the basal state and highly up 

regulated after neuronal differentiation (figure 79) whilst UC-MSCs were negative at all 

stages.  
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Figure 77. Nestin, βIII-tubulin, and GFAP expression during neuronal differentiation 
protocol 1.  
A) UC-MSCs before differentiation 
B) UC-MSCs after 3 weeks differentiation. 
A’) hNSCs before differentiation. 
B’) hNSCs after 3 weeks differentiation.  

Bar scale= 100µm 
Differentiation and immunocytochemistry performed by Barbora Vagaska
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Figure 78. MAP2, DCX, and TH expression during neuronal differentiation protocol 1.  
A) UC-MSCs before differentiation 
B) UC-MSCs after 3 weeks differentiation. 
A’) hNSCs before differentiation. 
B’) hNSCs after 3 weeks differentiation.  

Bar scale= 100µm; DCX= Doublecortin; TH= Tyrosine Hydroxylase.  

Differentiation and immunocytochemistry performed by Barbora Vagaska
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Figure 79. HLA class II expression during neuronal differentiation protocol 1.  
A) Cells before differentiation 
B) Cells after 3 weeks differentiation. 

Bar scale= 100µm 
Differentiation and immunocytochemistry performed by Barbora Vagaska
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 Confirmatory qPCR was performed with one cell line of UC-MSCs and hNSCs. The 

results showed that Nestin is expressed before and after differentiation while GFAP is up 

regulated only in hNSCs. Surprisingly, neuron specific enolase (NSE) and Ether-à-go-go 

(EAG) channel 1 were present in UC-MSCs before differentiation but down-regulated after 

3 weeks of neuronal differentiation medium 1 (figure 80). 
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before differeniation 
NSCs  UCMSCs NSCs UCMSCs 

nestin 1.000 0.173 0.818 0.027 
GFAP 1.000 0.426 98.262 0.038 
NSE 1.000 11.279 2.846 0.488 
EAG1 1.000 81.861 2.528 0.813 

Figure 80. qPCR relative expression of hNSCs and UC-MSCs before and after neuronal 
differentiation protocol 1.   
One cell line per population in duplicates. Table shows relative expression of each marker.  

Differentiation and qPCR performed by Barbora Vagaska
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Generation of neural-derived progenitors grown in culture condition “D” 

  

 Proliferation capacity of UC-MSCs-derived neural progenitors grown in 
condition D. UC-MSCs were expanded in culture condition B (Expansion-Induction CP-

based media) and dislodged (using 0.125% trypsin) after they had reached 80% 

confluence. Cells were then re-plated in a pre-coated culture flask and expanded by using 

culture condition “D”. After 3 days the cells reached 80% confluence and were dislodged 

with 0.125% trypsin, after which they were re-plated and monitored. By contrast to cells 

expanded in culture condition “C”, UC-MSCs (N=3 different cells lines) plated in neural 

stem cell media + CP 2% were able to grow for 3 passages (15 days). TUJ1 (βIII-tubulin) 

and MAP2 markers were then added to the flow cytometry assessment and as shown in 

figure 81 βIII-tubulin was found positive in UC-MSCs grown with CP-based media 

(condition B) as well as cells expanded in condition “D”. However, MAP2 was found to less 

well expressed in both populations. Human NSCs were found nearly 100% positive for 

βIII-tubulin and almost 90% for MAP2.  
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Figure 81. Percentage of TUJ1 and MAP2 expression in UC-MSCs at different time points and culture 
conditions. Dot Plots show positive/negative threshold. Grey plots = negative control; black plots = sample. 
Number= percentage represented as mean ±SME. 
B= Expansion/Induction medium. D= Early neural differentiation medium. hNSCs= positive control. Capped 
line when p<0.05. Table with percentages represented as a mean.  
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 Capability of UC-MSCs-derived neural progenitors grown in condition D to 
generate neurons. Neural-derived progenitor cells expanded in culture condition “D” were 

plated on a coated microscope coverslip to perform a neuronal differentiation protocol 

(See neuronal differentiation protocol 2 in table 20). The cells were expanded in culture 

condition D. Once cells had reached 70% confluence, the medium was replaced by fresh, 

later differentiation, media (LDM in neuronal differentiation protocol 2; table 20) for 7 days, 

and finally the cells were exposed to a mature differentiation media ( MDM in neuronal 

differentiation protocol 2; table 20) for 7 days after which immunocytochemistry was 

performed (negative controls are presented in figure 82). 

 Results showed that nestin, NF200, and βΙΙΙ-tubulin were present in UC-MSCs 

expanded in condition “B” and “D”, and after differentiation (figures 83-85). NeuN was 

negative at all stages (figure 84). GFAP was slightly up regulated with condition “D” and 

after differentiation while MAP2 was only little up-regulated only after 3 weeks with the 

differentiation protocol (figure 85). 
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Figure 82. Negative controls during neuronal differentiation protocol 2. 
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Figure 83. Nestin and βIII tubulin expression during neuronal differentiation protocol 2. Of 
note the change of morphology with neural differentiation protocols.  
Bar scale= 200µm 
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Figure 84. NF200 and NeuN expression during neuronal differentiation protocol 2. Samples 
were assessed for the change in morphology with neural differentiation protocols and the up 
regulation of NF200.  
Bar scale= 200µm
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Figure 85. GFAP and MAP2 expression during neuronal differentiation protocol 2. Shown is 
up regulation of GFAP and MAP2 with neural differentiation mediums.  
Bar scale= 200µm 
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Discussion
  
 Neural-derived progenitors generated from UC-MSCs. The standard culture 

conditions to expand and manipulate UC-MSCs include foetal bovine serum (FBS), which 

is generally not approved for clinical use  (Ding et al., 2013, Shetty et al., 2007). It is also 

known that protocols to generate neural cells from multipotent stem cells include several 

steps (Liang et al., 2013, Jurga et al., 2012), such as: isolation, expansion, induction, early 

differentiation and mature differentiation. These protocols require an average of 3-4 weeks 

and are generally used to assess the ectodermal capability of multipotent stem cells  

(Rebelatto et al., 2008a). Therefore, alternative approaches involving minimal manipulation 

are required to utilise UC-MSCs for future clinical use in regenerative and transplant 

medicine.  

One of the advantages of modifying the current protocols reported in the literature 

was to reduce the culture time of these umbilical mesenchymal stem cells (figure 86). Time 

has been reduced at least 10 days compared to common protocols (Tu et al., 2009, Ma et 
al., 2011, Cho et al., 2012). With UC-MSCs lines generated in CP-based medium “B”, the 

first passage was normally performed by the second week (beginning of) and there was a 

large amount of expanded-induced cells to start neural differentiation protocols.  
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Figure 86. Protocols to generate neural-derived progenitors.  
A) Common protocols used to differentiate pluripotent stem cells to neural-derived progenitors.  
B) common protocols used to differentiate multipotent stem cells to neural-derived progenitors.  
C) Proposed protocol to generate neural-derived progenitors with reduced manipulation in xeno-
free conditions. 
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 MSCs have also been observed to adopt a neural morphology (Liang et al., 2013). 
This work has shown that UC-MSCs in culture condition “D” have modified their 
morphology adopting a neural-like morphology (to some extent; figure 83) and more 
importantly, have been able to keep expanding in this neural differentiating medium for 
more than two passages. 

 SOX2, an important marker commonly found in hNSCs, was importantly up 

regulated in UC-MSCs induced in conditions “C-G”. Nestin and vimentin were kept 

expressed with all the conditions tested. A small amount of GFAP up regulation was also 

observed with conditions “C-G”, while CD133 was expressed by small fraction of cells after 

exposed to condition “C” (2.6%). O4 was negative in all conditions and including hNSCs. 

PDGFRα increased its expression in UC-MSCs exposed to conditions with CP, but its 

expression was decreased with FBS-based medium and CP-free media; hNSCs were 

found negative for this marker. p75NGFR was slightly increased in UC-MSCs with 

conditions “C-G” while the expression in hNSCs was around of 12.4%.  

 MHC class II expression in hNSCs. The expression of MHC class II found in this 

work on hNSCs deserves a special mention. Human NSCs were found to display a 

variable expression of MHC class II (42.03 ±15.8) compared with UC-MSCs that were 

negative for MHC class II. Of note that this thesis used a pan-antibody for MHC class II 

(for the three major antigens: -DR, -DQ and -DP) and, therefore, detection of antigens 

separately is highly recommended for future works. Expression of MHC class II in hNSCs 

has been reported previously  (Ubiali et al., 2007, Åkesson et al., 2009) and which in 

theory could indicate a risk of rejection after transplantation. Nonetheless, Åkesson et al. 

reported that despite the expression of MHC class I and II in hNSCs, they were not 

recognised by alloreactive lymphocytes (Åkesson et al., 2009). Interestingly and opposite 

to the results presented here, the same group did find down/negative expression of MHC 

class II after neuronal differentiation protocols. The results presented clearly indicate an up 

regulation of MHC class II after neuronal cultures. Therefore, this finding needs to be 

further investigated in future work to clarify whether or not different factors and/or handling 

of cells were the cause of these differences. MHC class II expression of hNSCs could be a 

major challenge for these cells to engraft after transplantation into the nervous system 

(Barker, 2010, Barker et al., 2013) and perhaps a partial explanation for the variable 

outcomes noted in clinical trials utilising hNSC therapy.  

�211



Chapter 6: UC-MSCs-derived NP

 Neural-derived progenitors generated in culture conditions “C” and “D”. UC-

MSCs induced to neural-derived progenitors using condition “C” displayed the closest 

neurogenic immunophenotype when compared to hNSCs. In fact, expression of SOX2 

was as similar to that found in hNSCs. The expression of SOX2, in these induced cells, 

could be considered as the most important change observed in UC-MSCs after exposure 

to neural media. SOX2 is considered an important marker in neural progenitors during the 

development (Brafman et al., 2013, Andreu-Agullo et al., 2011, Sun et al., 2008), thus its 

expression in neural-derived progenitors in this work, to levels similar to those observed in 

hNSCs, could indicate the neurogenic potential of UC-MSCs isolated from Wharton’s jelly. 

More evidence at transcription level is needed to confirm this finding however. In addition, 

neural-derived progenitors in condition “C” showed up-regulation of CD133, GFAP, and 

p75NGFR at protein level. Despite these neural-derived progenitor cells were expanded in 

condition “C” for 5 days, they were not able to survive after to have been dislodged to 

perform the first passage. Whether or not the handing of cells were a cause of the cell 

death needs to be further investigated because cells acquiring neural phenotype could be 

more sensitive to adverse situations (hNSCs were dislodged with Accutase (Gibco) instead 

of trypsin for instance). They were also not able to display neuronal mature markers in 

vitro after the neuronal differentiating protocol used here, while hNSCs showed this 

capability when exposed to the same conditions. Therefore, at this stage there is no solid 

evidence of neural differentiation potential of these cells and more work will be needed to 

confirm their real neural capability.  

 UC-MSCs induced to neural-derived progenitors using condition “D” displayed less 

expression of neural antigens compared to cells exposed to condition “C”. They, however, 

were found slightly positive for MAP2 using flow cytometry and were able to expand for 15 

days (3 passages) in this neural modified media. The expression of SOX2 in these cells 

was lower compared to those exposed to condition “C”. These cells have also shown to 

adopt neural-like morphology (figure 83) and were able to display mature neuronal 

markers such as NF200, GFAP, and MAP2 after the neuronal differentiation protocol used 

here. However, the results shown here are not strong enough to promote these cells as 

neural-like cells and more work must be performed in the future to generate a better and 

robust evidence. 

 The difference between condition “C” and “D” was the addition of 2% CP in 

condition “D”, hence it seems that CP was important to protect these cells during the 
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passages. More work is however needed to clarify this protective property of CP.  
  

 Some reports had shown the capability of MSCs to generate neural-like stem cells 

when they were expended into FBS-based media (Kim et al., 2008b, Jurga et al., 2006, Jin 

et al., 2008, Nourbakhsh et al., 2011). This work has removed FBS, and then replaced by 

CP and mitotic factors to expand/induce the UC-MSCs. Afterwards, cells were exposed to 

xeno-free neural media used to commonly expand hNSCs. UC-MSCs showed the capacity 

to be expanded and to display a neural phenotype, however, MSCs have shown to grow in 

cultures designed for different stem cell populations (Bianco et al., 2013). At this point, 

there is no evidence of strong neural differentiation and more research must take place in 

future works. The use of hNSCs has played an important role for comparing these ‘neural-

derived progenitor’ cells with proper ectodermal progenitors. Thus, future work must 

consider, when possible, to use both populations for comparisons. 
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Conclusion 

 In summary, this work has shown that UC-MSCs were able to expand and adopt a 

neural-like phenotype when cultured in neurogenic media. The data have also shown that 

FBS could be replaced by cord plasma and growth factors to start a xeno-free expansion/

induction reprogramming. Furthermore, the time of manipulation has been reduced for at 

least 10 days. However, these neural-derived progenitors were unable to generate in vitro 

neurons when compared to their counterpart hNSCs. UC-MSCs do not express MHC class 

II, making these cells less immunogenic than hNSCs.  

 In conclusion, the data show that UC-MSCs could be utilised as an alternative stem 

cell source to generate neural-derived progenitors in xeno-free conditions. However, more 

work is needed to develop effective induced/pluripotent protocols with defined sets of 

transcription factors. Finally, UC-MSCs were found to be less immunogenic than hNSCs, 

which could have important implications for future clinical use.  
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Discussion

The aim of this thesis was to investigate the feasibility of generating neural-derived 

progenitors from umbilical cord blood stem cells and UC-MSCs in xeno-free conditions.  

- First, this work has reviewed some of the preclinical and clinical studies performed with 

umbilical cord stem cells in ReN.  

- Second, the data shown here have provided evidence that UC-MSCs exhibit some neural 

characteristics and could be grown in neural media.  

- And third, this work has also shown that the CBMC and the “embryonic-like” fractions into 

the umbilical cord blood were totally unable to exhibit neural characteristics with the xeno-

free conditions tested. 

 Cord blood Lin⁻CD45⁻ “embryonic-like” stem cells are a heterogenous 
population unable to generate neural-derived progenitors

The presence of pluripotent stem cells in adult tissues, such as BM and cord blood, 

would have an important impact for regenerative medicine proposes as they could be 

taken as an ethical alternative to ESCs. Recently a number of groups have identified a cell 

population expressing pluripotent markers such as OCT4, SOX2, and NANOG (Zuba-
Surma et al., 2010, Basford et al., 2010). However, none of these groups has, to date, 

been able to show feasible evidence of pluripotency criteria (Danova-Alt et al., 2012). One 

of the defining criteria of plurypotency is that the cells must have the capacity to expand or 

self-renew, as well as have the correct immunophenotype. Ivanovic (Ivanovic, 2012) and 

Miyanishi et al. (Miyanishi et al., 2013) have highlighted the absence of self-renewal 

capacity of “embryonic-like” populations. Miyanishi et al. have also suggested that 

pluripotent stem cells might be absent in postnatal mouse and have concluded that more 

research data is needed to demonstrate the existence of “embryonic-like” populations 

either in humans or mice (Miyanishi et al., 2013). The data in this thesis show that these 

small “embryonic-like” stem cells were unable to expand using different conditions 

designed for immunophenotipic stem cell expression. Furthermore, the results presented 

here demonstrate the presence of a heterogeneous population in the umbilical cord blood, 

lacking the expression of the LCA haematopoietic marker and expressing stem cell 

markers such as CD34 and CXCR4, and the tissue-committed stem cell marker Nestin. 

This heterogeneity could partially explain the discrepancies in the literature regarding the 
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nature of these cells, whilst the presence of pluripotent markers could be attributed to the 

presence of mesenchymal progenitors (Méndez-Ferrer et al., 2010, Sauerzweig et al., 
2009). Alternatively, the diversity in the isolation methods could lead to different 

populations being sorted. Thus, extensive and rigorous scientific work is needed to prove/

disprove the existence of these “embryonic-like” cells in umbilical cord blood. Moreover, 

assays to measure self-renewal capacity, and safety must be performed in future work 

before to attempting any clinical application.

  

Cord blood mononuclear cells expressed neural antigens at basal state but 

were not able to generate neural-derived progenitors after to have been exposed to 
neural conditions 

 Cord blood mononuclear cells circumvent the ethical concerns associated with the 

use of embryonic or foetal stem cells. They have been used in clinic to perform bone 

marrow transplants in different haematological disorders (Newman et al., 2004, Forraz and 

McGuckin, 2011), and are probably the biggest source of cryopreserved cells around the 

world (Leeb et al., 2009, Newman et al., 2004). CBMCs have been tested in vitro (Sanberg 

et al., 2005) and have been shown to be capable of demonstrating neurological 

improvement in a number of different animal neuropathology models through a paracrine 

mechanism (Newman et al., 2004). However, by contrast, CBMCs showed little or null 

capacity to replace neurological tissue in the same neurological in vivo models (Park et al., 

2010b, Sanberg et al., 2011). Some groups have reported the presence of neural antigens 

in CBMCs after to have exposed them to a different neurogenic protocols (Sanchez-

Ramos, 2001, Chen et al., 2005).  

 The work described in this thesis aimed to generate neural-derived progenitors from 

CBMCs in xeno-free conditions. After HSCs and non-HSCs were detected in the CBMC 

fraction, the in vitro neuroplasticity of CBMCs was determined. However, opposite to 

previous reported findings, it was found that CBMCs, in this work, did not display a 

neurogenic phenotype but did expressed some neural antigens at basal level. This basal 

expression of neural antigens could partially explain why these cells have improved 

different animal models through a paracrine mechanism (Newman et al., 2004). Whether 

there is a specific subpopulation, or mixed of subpopulations, as well as the specific 

mechanism needs to be further investigated. Future experiments must include the 

measure of neural antigens at basal level as well as after differentiation protocols. The 
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importance of these neural markers, at basal and post differentiation level, as well as the 

functionality of these derived cells need to be clarified through electrophysiological tests. 

 This thesis has found that the ”embryonic-like” and HSC fractions within CBMCs 

were unable to proliferate under neurogenic conditions and, therefore, not capable of 

generating neural-derived progenitors. However, additional research in this area could 

discover different strategies to extend the benefits of CBMCs in ReN. CBMCs could be 

used as immunomodulatory/neuroprotective cell-therapy, as well as to deliver gene 

therapy (Jiang et al., 2010b). The feasibility, efficacy, and safety in these cells have been 

established in preclinical models (Kelly et al., 1997, Cogle et al., 2004, Rubinstein et al., 

1993). Therefore, human CBMCs stand as abundant source of cells with little or not ethical 

concerns for cellular therapies in regenerative neurology. Future studies, however, must 

meet rigorous scientific scrutiny and safety standard criteria before clinical trials can be 

performed. With the evidence shown in this thesis, it could be concluded that CBMCs are 

not suitable for replacement therapy and must be avoided in clinical trials to regenerate 

tissue.  

UC-MSCs express neural proteins at basal level and are able to grow in xeno-
free neural condition media

 Opposite to the stem cell fractions found in cord blood, the data show that UC-

MSCs are able to self-renew and exhibit neural phenotype when exposed to neurogenic 

conditions. During this study, it was observed that UC-MSCs constitutively expressed 

markers, commonly found in hNSCs, at basal level, such as SOX2, nestin, vimentin, and 

βIII-tubulin (Tuj1). Expression of these antigens, such as nestin and vimentin, has been 

found previously in different populations of MSCs such as BM-MSCs, adipose MSCs, and 

umbilical cord blood derived MSCs (Ren et al., 2012, Momin et al., 2010, Kern et al., 
2006). Whether or not the expression of these antigens at different levels is an indicator of 

neural differentiation needs to be further studied, as they could be found in non-neural 

stem cells. Immunohistochemistry performed to umbilical cord tissue has shown that UC-

MSCs present in the Wharton’s jelly did not express these “neural” antigens in situ 

(experiments performed by Dr S. New and Barbora Vagaska as part of a different project; 

data not shown). This absence of these antigens in situ suggests that UC-MSCs have 

changed the phenotype, due probably to reprogramming rather than differentiation (Bianco 
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et al., 2013), with the neurogenic conditions applied. The expression of this “neural” 

phenotype could merely represent a transient cytoskeletal disruption (Bianco et al., 2013) 

rather than the neural-like (differentiation) phenotype previously described  (Kim et al., 
2008b, Jurga et al., 2006, Jin et al., 2008, Nourbakhsh et al., 2011). Thus, it will be 

necessary to perform supplementary studies to understand the potential of these cells to 

generate neural tissue either in vitro or in vivo models.  

 UC-MSCs, in this work, have shown the capacity to grow in xeno-free neural 

conditions. Pluripotent markers (such as SSEA-1, SSEA-4, and OCT3/4) were found low 

expressed or completely negative. However, SOX2, a pluripotent and neural marker, was 

importantly up-regulated. In addition, UC-MSCs grown in the neural condition “D”, which 

contains 2% CP as supplement, were able to acquire morphological features typical of 

neural cells (Fig 83). However, UC-MSCs were not able to generate neurons in vitro with 

the conditions applied here, and therefore, more studies using different neurogenic 

conditions, such as forskolin-containing neurogenic cocktail, are needed. Whether or not 

the neural-derived progenitors studied here could generate in vitro astrocytes or 

oligodendrocytes remains still unknown and needs to be further studied.  

 MSCs from different tissues exhibit distinct properties, such as distinct multipotent 

capacity and mesodermal potential (Hartmann et al., 2010). Hsieh et al. has also reported 

that UC-MSCs are better promoting neurorestoration and endothelium repair than BM-

MSCs (Hsieh et al., 2013). Furthermore, it has been reported that MSCs from distinct 

sources promote neuroprotection, neurogenesis, and angiogenesis through paracrine 

mechanisms (McGuckin et al., 2013). There is a lack of information about the molecular 

pathway(s) of paracrine mechanism(s) using MSCs (Rebelatto et al., 2008; Bianco et al., 

2013), and thus, experiments involving the study of molecular pathways after 

transplantation of UC-MSCs are necessary. 

 The neural phenotype expressed in UC-MSCs, after having been exposed to neural 

conditions, could encourage future works to perform more preclinical research using these 

cells. However, these studies must be done with the appropriate criteria established in the 

literature (Croft & Przyborski, 2006), such as: the use of neural cell lines controls, as those 

used in this work or with ESCs/iPSCs, functional assays to measure the 

electrophysiological activity in vitro and the integration into the CNS in vivo, and the 

reproducibility of protocols by independent groups. Besides, comparative studies using 
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other somatic stem cells and iPSCs could be performed to add more rigorous controls. 

Currently, there are 92 registered clinical trials evaluating different MSC sources for 

a variety of different neurological diseases including stroke, SCI, and MS (Ren et al., 2012, 
Kassis et al., 2013). Experimentation in favour of clinical trials leaves in shadow the need 

to define specific mechanisms through reproducible experiments (Bianco et al., 2013). 

Preclinical UC-MSC research, for instance, could benefit from induced-pluripotent or direct 

neuronal-induced differentiation protocols allowing them to be a huge source of stem cells 

for ReN proposes. Thus, rigorous scientific experiments, with appropriated controls, must 

be performed to translate stem cell therapy to a clinical reality.  

CONCLUSION

In conclusion, this work expands the knowledge on the potential of umbilical cord to 

be a source for diverse stem cells. This work, even with all its limitations, could be of 

interest to researchers working in the field of regenerative neurology as the data 

generated here provides a very general screening of the capability of different umbilical 

cord stem cells to generate neural-derived progenitors. Hence, this study has shown that 

different stem cell populations in umbilical cord could be used for different objectives in 

ReN, such as to generate iPS to investigate in vitro modeling or to deliver gene therapies. 

 This study also indicates that more research is needed to provide further evidence 

of pre-clinical benefits using umbilical stem cells in regenerative neurology. This research 

could be conducted in order to improve the understanding of stem cell biology of UC-

MSCs. Future translational research will help to translate this potential source from the 

bench to the bed and, therefore, generate a huge benefit for patients with neurological 

diseases.  
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Abstract

Human umbilical cord blood (hUCB) has been proposed to contain not only haematopoietic stem cells, but also a rare
pluripotent embryonic-like stem cell (ELSc) population that is negative for hematopoietic markers (Lin2CD452) and
expresses markers typical of pluripotent cells. The aim of this work was to isolate, characterise and expand this ELSc fraction
from hUCB, as it may provide a valuable cell source for regenerative medicine applications. We found that we could indeed
isolate a Lin2CD452 population of small cells (3–10 mm diameter) with a high nucleus to cytoplasm ratio that expressed the
stem cell markers CD34 and CXCR4. However, in contrast to some previous reports, this fraction was not positive for CD133.
Furthermore, although these cells expressed transcripts typical of pluripotent cells, such as SOX2, OCT3/4, and NANOG, they
were not able to proliferate in any of the culture media known to support stem cell growth that we tested. Further analysis
of the Lin2CD452 population by flow cytometry showed the presence of a Lin2CD452Nestin+ population that were also
positive for CD34 (20%) but negative for CXCR4. These data suggest that the Lin2CD452 stem cell fraction present in the
cord blood represents a small heterogeneous population with phenotypic characteristics of stem cells, including a
Lin2CD452Nestin+ population not previously described. This study also suggests that heterogeneity within the Lin2CD452

cell fraction is the likely explanation for differences in the hUCB cell populations described by different groups that were
isolated using different methods. These populations have been widely called ‘‘embryonic-like stem cell’’ on the basis of their
phenotypical similarity to embryonic stem cells. However, the fact they do not seem to be able to self-renew casts some
doubt on their identity, and warns against defining them as ‘‘embryonic-like stem cell’’ at this stage.
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Introduction

Human umbilical cord blood stem cells (HUCBSC) are
potentially a very important source of stem cells for tissue repair,
as their use would circumvent the ethical issues involved with
embryonic stem cells. Furthermore, HUCBSC have already been
extensively used for treating many haematological related disor-
ders, hence they are believed to be safe [1,2]. Whereas there are a
number of reports suggesting the human umbilical cord blood
(hUCB) can give raise to different lineages, the issue of their origin
and of the existence of a truly pluripotent population with the
hUCB has been a matter of debate. Recently, much work has
focused on the characterization of HUCBSC and their potential to
differentiate into different lineages, including neural cell types [1].
From the studies aimed at characterizing population(s) of putative
stem cells present in the hUCB, the population of stem cells
lacking expression of CD45/leukocyte common antigen (LCA) is
of particular interest [3,4,5].

Relatively little information on this CD45 negative (CD452)
population is currently available. It has been reported to also lack
expression of mature lineage (Lin) markers (CD2, CD3, CD14,
CD16, CD19, and CD56), but to express several stem cell
markers, such as CD34, CD133, and CXCR4. In addition, it
appears to express transcripts typical of pluripotent stem cells, such
as SOX2, OCT3/4, and NANOG [4]. CD452 populations have
been isolated from bone marrow and hUCB using a range of
different protocols, characterized using different parameters and
the resulting cells have been assigned several different names
[6,7,8,9,10,11,12]. These include: very small embryonic-like stem
cells (VSELs) [6], cord-blood-derived embryonic-like stem cells
(CBEs) [7], multipotent adult progenitor cells (MAPC) [8], serum
deprivation-induced bone marrow stem cells (SD-BMSC) [9],
marrow-isolated adult multi-lineage inducible (MIAMI) cells [10],
multipotent adult stem cells [11], and unrestricted somatic stem
cells (USSCs) [13]. While some of the features of the CD452

population in hUCB reported by the different groups are the
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same, others differ, and the properties, function, and plasticity of
this cell population remain unclear.
The aim of this study was to further characterize the

Lin2CD452 population(s) present in the hUCB to clarify the
discrepancy in the features of this population reported in the
literature and assess their behaviour. The Lin2CD452 population
was isolated using a magnetic cell isolation method modified from
McGuckin et al. [3] from the cord blood nucleated cell fraction
purified either by red blood cell lysis or by density gradient
centrifugation. This excluded most of hematopoietic population
including the Haematopoietic Stem Cells (HSC). Analysis of the
Lin2CD452 population demonstrated the presence of different
subpopulations both in regard to cell size and stem cell marker
expression. Furthermore, although we could detect expression of
markers of pluripotency, such SOX2, OCT3/4, and NANOG, no
proliferation of these cells occurred under any of the culture
conditions tested. Therefore, the embryonic stem cell-like molec-
ular phenotype is not mirrored by self-renewing capability.
Altogether, our study does not support a significant presence of
embryonic stem cell-like cells in the hUCB, and suggests the
presence of a heterogeneous population within the Lin2CD452

cell fraction that can at least partly reconcile differences reported
in different studies.

Materials and Methods

Cell Sources
Whole cord blood from non-clinical standard units was supplied

by the Anthony Nolan Cell Therapy Centre (http://www.
anthonynolan.org/Healthcare-professionals/Cord-blood-services.
aspx) from consented mothers with healthy full-term pregnancies.
Total nucleated cells (TNCs) were prepared using two different

protocols. The first protocol involved lysis of red blood cells using
BD Pharm Lyse (Cat: 555899). Briefly, hUCB was centrifuged at
1000g to remove the cord plasma as reported by Bhartiya, D.,
et al. [5]. The pellet containing red blood cells (RBCs) and TNCs
was treated with lysing buffer (dilution 1:5) for 15 minutes at room

temperature (RT), in accordance with manufacturer instructions,
and centrifuged at 1000g for 10 minutes at RT (for detailed
protocol, see Methods S1). Cells were washed twice with
phosphate buffer saline (PBS, AccuGENEH Lonza Cat: 51226).
The second protocol involved the use of density gradient

centrifugation over Ficoll-PaqueTM PREMIUM (GE healthcare).
Cord blood mononuclear Cells (CBMCs) were isolated from the
interphase after gradient centrifugation (at 840g) over Ficoll-
PaqueTM PREMIUM and treated once with lysis buffer due to
residual RBCs. The pellet was washed twice with PBS,
resuspended, and centrifuged at 1000g to isolate the light-density
mononuclear cells.
A Human Neural Stem Cell (hNSC) line that was generated and

expanded [K. Pong, Nicholas, A. P., Subramanian, V., Thomp-
son, P. R., Ferretti, P. Peptidylarginine deiminase 3 - a novel early
mediator of calcium-induced death in human neural stem cells.
Unpublished data, submitted, 2013] as previously described [14]
was used as a positive control for Nestin, CD133, and Sox2.
A line of Mesenchymal Stem Cells (UC-MSC) from Wharton’s

jelly generated as described previously by Weiss et al [15] was used
in some experiments as a control for gene expression analysis.

Flow Cytometry
Flow cytometry analysis was carried out with a BD FACSCa-

libur TM. Data analysis was performed using FlowJo 6.4.7
software (Tree Start, Inc. 1997–2006). The monoclonal antibodies
used were: from BD Bioscience: Lineage Cocktail 1 (FITC; Cat:
340546), CD34 (APC; clone: 581), CXCR4 (also known as CD184
Cat: 555974, clone: 12G5), 7AAD (Cat: 51-68981E), CD41a
(FITC and APC; clone: HIP8), Oct3/4 (PerCP-Cy TM 5.5; clone:
40/Oct-3), Anti-Sox2 (Alexa Flour 488; clone: 245610), SSEA-4
(FITC and PE; clone:MC813-70), and Nestin (PE; clone:
25NESTIN); from eBioscience, CD45 (biotin; clone:HI30),
CD235a (biotin; clone: HIR2), Hematopoietic Lineage (FITC
including CD2, CD3, CD14, CD16, CD19, CD56, and CD235a;
Cat: 22-7778); from Miltenyi Biotec: CD45 (FITC, PE, PerCP,
and APC clone: 5B1); CD133 (PE and APC clone: 293C3), and

Table 1. Stem cell culture conditions used to expand the Lin2CD452 stem cells.

A B C D E

Medium DMEM/F-12 DMEM/F-12 DMEM/F-12 RHB-AH StemSpanH SFEM

FBS (10%) 3

Supplements

FGF2 (20ng/ml) 3 3 3 3 3

EGF (20ng/ml) 3 3 3

SCF (25ng/ml) 3

Flt3-L (25ng/ml) 3

B27 (1:50) 3

N2 (1:100) 3

L-Glut (1:100) 3 3 3

P/S (1:100) 3 3 3 3 3

BSA (10mcg/ml) 3

Heparin Sulfate (10mcg/ml) 3 3 3 3 3

Substrate

Laminin 3

Matrigel 3 3 3 3

doi:10.1371/journal.pone.0067968.t001

hUCB ELSc Are a Heterogeneous Population
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anti-biotin antibodies PE and APC (Bio3-18E7). For cell surface
labelling, cells were incubated with antibodies diluted in FACS
buffer (2.5% FBS in PBS 1x) for 10–15 minutes at 4uC (with the
exception of CXCR4 where the incubation was for 30 minutes)
and then washed twice with FACS buffer for 3–4 min. For
intracellular staining, cells were fixed with 4% paraformaldehyde
for 20 minutes at 4uC, permeabilized with Perm/Wash Buffer I
(BD, Cat: 557885) for 5 minutes at RT, and stained with SOX2,
OCT3/4, or Nestin for 30 minutes and washed twice for 3–4
minutes with FACS buffer. For negative controls cells were stained
using FACS buffer only.

Magnetic Cell Isolation
After removing the erythrocytes using either the lysis buffer or

the gradient centrifugation method, TNCs were centrifuged at
1000g for 10 minutes the pellet resuspended in MACS buffer (PBS
1x, 2mM EDTA, and 1% BSA) at 4uC, and cells incubated for 10
minutes at 4uC in the dark with the following biotin-conjugated
antibodies: from eBioscience: CD235a (HIR2), CD11b (ICRF44),

CD123 (6H6), CD45 (HI30); from AbD Serotec: CD61 (PM6/13).
Anti-Biotin MicroBead-conjugated antibodies (Miltenyi Biotec,
Cat: 130-090-485) were then added and incubated for 15 minutes
at 4uC in the dark. Finally the cells were passed through LD
magnetic columns (Miltenyi Biotec, Cat: 130-042-901) according
to the manufacturer instructions and the negative fraction (-F)
collected.

RT-PCR and qPRC
Three cords were pooled for magnetic cell isolation. Total RNA

was isolated from the cell pellet using RNeasy Mini Kit (Qiagen,
Cat: 74104) according to manufacturer’s instructions. cDNA was
prepared using D6N random hexamer (Applied Biosystem)
annealed at 80uC for 10 minutes followed by reverse transcription
using MMLV-Ez (200 U/ml) (Promega), MLV-RT buffer (5X)
(Promega), dNTP (0.2 mM) (Bioline), RNasin Ribonuclease
Inhibitor (2500 U/ml) (Promega) and RNase free water. cDNA
was amplified in a Veriti thermal cycler (Applied Biosystems,

Figure 1. Recovery, viability, and clonogenic potential of the Lin2CD452 population. (A) The box plots show the percentage of cells
recovered after magnetic isolation using lysing buffer (Ly) or Ficoll gradient centrifugation (F) (*p = 0.0306). (B) The box plots show the percentage of
Lin2CD452 CXCR4+/CD34+/Nestin+ viable (7AAD negative) and dead (7AAD positive) cells using lysing buffer: note that the percentage of viable cells
is significantly higher than that of dead cells (n = 5; *p = 0.0001); and the gate shows the 7AAD negative Lin2CD452CD34+ as an example (Staining for
7AAD and Nestin is not technically possible as Nestin is an intracellular staining). (C) The box plots show the number of colonies formed by cells
isolated using lysis buffer after 14 days in culture (n = 5; *p = 0.0005). (D) Absolute count of both Lin2CD452CD34+ and Lin2CD45dimCD34+ cells
plated in CFUs. CFUs = Colony Forming Units. (–F) = negative fraction. (+F) = positive fraction.
doi:10.1371/journal.pone.0067968.g001

hUCB ELSc Are a Heterogeneous Population
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Foster City, CA) with GoTaq (Promega) using primers and
conditions previously described by Guasti et al. [16].
Real-time quantitative polymerase chain reaction (qPCR) was

performed with an ABI Prism 7500 sequence detection system
(Applied Biosystems) and the QuantiTect SYBR Green PCR Kit
(Qiagen) according to the manufacturer’s instructions. PCR
reactions were set up in triplicates in 96 well plates. The
housekeeping gene GAPDH was used as an internal control to
normalize expression levels and data were analysed using the 2
2DDCT method.

Cell Culture
For colony-forming unit (CFU) assessment, all cells recovered

from –F were plated in Methylcellulose medium supplemented
with recombinant cytokines as previously described [17] and
haematopoietic colonies scored after 14 days. One million of
TNCs (containing around of 1000–2000 HSC) from positive
fraction (+F) were plated as a control.
Absolute counts of both Lin2CD452CD34+ and Lin2CD45-

dimCD34+ cells were performed as described previously [17] in
the –F fraction to estimate the number of HSC contaminants
plated.
For cell survival and growth studies cells were plated either on

Matrigel (BD Matrigel TM hESC-qualified Matrix, Cat: 354277)

or laminin (SIGMA, Cat: L2020 added to the medium conditions).
Five different culture media (A–E) were used, and their
composition is shown in Table 1. The components were
DMEM/F-12 (1:1) (GIBCO, Cat: 31330), RHB-AH (StemCells
Inc. Cat: SCS-SF-NB-01), StemSpanH SFEM (STEMCELL
TECHNOLOGIES, Cat:09600) MethoCultH GF H84434
(STEMCELL TECHNOLOGIES); B27 and N2 neuronal sup-
plements (PAA, Cat: F01-005 and F005-004, respectively); FGF-2
(PeproTech, Cat: 100–118B; or Miltenyi Biotec Cat: 130-093-
838), EGF (PeproTech, Cat: AF-100-15), Stem cell Factor
(Miltenyi Biotec, Cat: 130-093-991), Flt3-Ligand (Miltenyi Biotec,
Cat: 130-093-854). The medium was changed every 3–4 days and
cells monitored for up to one month.

Immunocytochemistry
Cell suspensions from the negative fraction were used to make

cell smears for immunocytochemistry. After smearing, cells were
fixed with 4% paraformaldehyde for 10 minutes, washed twice
with PBS, and air-dried. After incubation with the blocking buffer
cells were stained with the following primary antibodies to surface
antigens: mouse anti-SSEA-4 (Invitrogen Cat: 41–4000; 1:100),
mouse antihuman CD133 (Miltenyi Biotec, cat: 130-190-422;
1:10) and mouse anti-human CD34 (abcam Cat:ab6330; 1:100)
with cells previously blocked. Bound antibodies were detected

Figure 2. Characterization of cord blood mononuclear cells (CBMCs) isolated using the lysis protocol. (A) Debris is excluded from the
whole CBMC in an open scale using beads as a size marker (4.2 mm and 6 mm). (B) Gate set to exclude Lin+/CD41a+ cells. (C) CXCR4+ is detected in the
Lin2CD452 fraction. (D) CD34+ is detected in the Lin2CD452 and Lin2CD45dim fractions. (E) Nestin is detected in the Lin2CD452 fraction. (F)
Lin2CD45dimCD133+ is detected but CD133+ is not detected in the Lin2CD452. Events analysed: .100,000.
doi:10.1371/journal.pone.0067968.g002

hUCB ELSc Are a Heterogeneous Population
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using secondary donkey anti-mouse antibody conjugated with
Alexa Flour 568 (Invitrogen Cat: 989784). Negative controls were
incubated only with the secondary antibody. Nuclei were
counterstained with Hoechst 33258 (Sigma-Aldrich). All samples
were viewed and imaged using Axiovert 135 fluorescent micro-
scope with a C14 digital camera (Jenoptik). Image collection and
analysis was performed using Openlab, Volocity (Improvision) and
ImageJ 1.44o software [18].

Statistical Analysis
All data are represented as mean 6 standard errors of the mean

(SEM) and analyzed by unpaired t test and plotted using Prism
version 5.0 (GraphPad Software, Inc.); p values ,0.05 was taken
to be significant. A minimum number of 4 samples were used for
each experiment.

Results

Recovery of the Lin2CD452 Fraction from Cord Blood
Total Nucleated Cells (TNCs) using either Lysis or Ficoll
We assessed whether recovery of the Lin2CD452 fraction

differed when lysing buffer or Ficoll density centrifugation were
used to prepare TNCs. As shown in Fig. 1A, the percentage of
Lin2CD452 cells recovered was significantly lower (p = 0.0025)

after cell isolation with Ficoll (21.7964.475 N=4) than with lysis
buffer (60.4266.044 N=10). With both procedures the main
contaminants consisted of platelets, other mature cells, and to, a
minimal extent, of Lin2CD45dimCD34+ cells. To assess the
viability of cells (on day 0) prepared with lysis buffer, 7AAD
staining followed by flow cytometry analysis was performed. More
than 80% of cells within the Lin2CD452 population were
negative for 7AAD (85.9063.453 N=5) indicating that the
majority of the cells were not apoptotic/necrotic (Fig. 1 B).

Immunophenotypic analysis of TNCs
We characterised the antigenic phenotype of the TNCs by flow

cytometry focusing on the Lin2CD452 cell fraction. Standard
flow cytometry-based protocols for HSC usually exclude events
smaller than 6 mm as this fraction is mainly composed of
erythrocytes, platelets, and cellular debris [19,20]. As previous
reports suggested that Lin2CD452 cells are smaller than HSC,
with a size between 2–7 mm [3,4,5], we applied a log scale to the
Forward scatter to including events smaller than 6 mm using beads
as size markers. When events starting from 3 mm were included
(Figure 2A), cells positive for Lin and CD41a, a specific platelet
marker, were excluded by gating (Figure 2B); expression of CD45,
CD133, CD34, CXCR4 and Nestin was assessed in the Lin2 gate

Figure 3. Characterisation of the Lin2CD452 population after isolation with magnetic columns. (A) Debris (,1 mm) is excluded from the
negative fraction. (B) Gate shows the exclusion of Lin+/CD41a+ cells as main contaminants and the gating of Lin2CD452 population. (C, D, E) CD34+,
CXCR4+ and Nestin+ are detected in the Lin2CD452 fraction. (F) CD133+ is not detected in the Lin2CD452fraction. (C, D, E, and F percentages
represent the mean from 4 different samples). Events analysed: .100,000.
doi:10.1371/journal.pone.0067968.g003

hUCB ELSc Are a Heterogeneous Population
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separately in samples (Fig. 2C–F). The Lin2CD452 population
expressed CD34, CXCR4, and Nestin, but not CD133.

Characterisation of the Lin2CD452 Cell Fraction
The Lin2CD452 population was further characterized by flow

cytometry, immunocytochemistry and RT-PCR.
Flow cytometry showed that CD34, CXCR4, and Nestin

positive cells were consistently detected in all cell preparations
(n = 4; Fig. 3C–E); in contrast, detection of CD133 was a rare
event and most samples were negative (,0.03%, n= 4; Fig. 3F).
Interestingly, Nestin+ and CD34+ cells were different in size from
CXCR4 cells, as assessed by SSC and FSC (Fig. 4A). In double-
staining experiments it was found that cells positive for CXCR4
were negative for CD34 (Fig. 4C), while approximately 21% of
Nestin positive cells were also positive for CD34 (20.9767.242
N=4; Fig. 4D). Finally of note, a high proportion of events were
either very small, on the edge of the 2 mm threshold (80%), or not
stained by any antibody used; these could represent cellular debris.
The Lin2CD452 populations were separately back-gated for

SSC and FSC to compare them with the Lin2CD45dimCD34+

population using beads as size markers. The Lin2CD452 cells
were found to be smaller than Lin2CD45dimCD34+ cells by SSC
and FSC (Fig. 4A).
Expression of the pluripotent markers, SSEA-4, Sox2, and

Oct3/4, in the Lin2CD452 fraction was investigated by using flow
cytomery. SSEA-4 was expressed in 260.3498% (N=5) of the
cells and Oct3/4 in less than 1% (Fig. 5B–C). Sox2 was not found
expressed by flow cytometry (Fig. 5A). Of note, the SSEA-4
positive cells were negative for CD34 and CD133. These positive
cells, when back-gated, were similar in size (by SSC and FSC) to
the Nestin+ cells, as shown in (figure 5D).
Expression of transcripts for the pluripotent markers, SOX2,

OCT3/4, and NANOG, was assessed by RT-PCR. The
Lin2CD452 fraction expressed SOX2, OCT3/4 and weakly
NANOG (Fig. 5E). Expression of the stem cell markers, CD133
and Nestin, was assessed by RT-qPCR. Consistent with the flow
cytometry results, the CD133 transcript, which was highly
expressed in hNSC, was undetectable in the Lin2CD452 fraction.
Nestin, however, was detected (Fig. 5F–G). Nestin expression in

Figure 4. Heterogeneity of the Lin2CD452 population. (A) SSC and FSC back gate show CXCR4+, CD34+, and Nestin+ subpopulations
compared to specific size beads of 6 mm and the Lin2CD45dimCD34+ (black); they have the same range of size in FSC but are allocated differently in
SSC. (B) The box plot shows the percentage of CD34+, CXCR4+ and Nestin+ cells; note that Nestin+ cells are the larger population within the
Lin2CD452 cell fraction. (n = 4; *p,0.05/**p,0.005). (C) Gate shows that CXCR4+ cells are negative for CD34 (D) Gate shows Nestin+ CD342 and
Nestin+ CD34+ cells. (C and D percentages represent the mean from 4 different samples).
doi:10.1371/journal.pone.0067968.g004

hUCB ELSc Are a Heterogeneous Population
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Lin2CD452 cells was higher than in UC-MSC, but much lower
than in hNSC.
Immunocytochemistry was used to visualize the expression of

CD34, CD133 and SSEA-4 in Lin2CD452 cells (Fig. 6A–C).
Staining for CXCR4 was not performed as it is also expressed in
most haematopoietic cells and, therefore, its presence might be
partly due contaminating cells. CD34+ cells were present in all the
samples examined (Fig. 6A–B). No CD133+ cell was observed
(data not shown), consistent with the flow cytometry and RT-
qPCR data. Only two cells positive for SSEA-4 were detected in
the 5 samples analysed (Fig. 6C). Lin2CD452 stem cells showed
high nuclear/cytoplasm ratio and a size between 6 to 10 microns
(Fig. 6A–C). Cell debris, consistent with the flow cytometry results
(Fig. 3), was present in cell fraction, as indicated by Hoechst
nuclear staining, (Figure 6B).

Survival and Growth of Lin2CD452 Cells
We tested the clonogenic potential of Lin2CD452 cells

compared with the CD45+CD34/CD133+ cells present in the
+F fraction using the CFU assay. The number of colonies was
significantly higher in TNCs from +F (101.0615.76 N=5) than in
Lin2CD452 cell cultures (8.80064.375 N=5), p= 0.0005.
Colonies originating from the Lin2CD452 fraction could be
attributed to contaminating cells with a Lin2CD45dimCD34+

phenotype (Fig. 1C and 1D).
We then tested the ability of Lin2CD452 cells to survive and

grow in different media known to be suitable for the expansion/
differentiation of embryonic-like stem cells [3,21], HUCBSC
[17,22], and hNSC [14] and on different substrates (Table 1).
Proliferation was not observed under any of the culture conditions
tested (A–E; Table 1). In culture conditions A, B, and C all cells
were dead by 15 days in culture, whereas viable remaining cells
were still present under condition D, a medium that supports
expansion of neural stem cells and E, a medium that supports

Figure 5. Expression of transcripts typical of pluripotent cells and CD133 in the Lin2CD452 population. (A–C) Expression of the
embryonic stem cell markers, SSEA-4 and OCT3/4 but not of SOX2 are detected by flow cytometry (percentage represents the mean from 5 different
samples). (D) SSC and FSC back gate shows SSEA-4+ and OCT3/4+ subpopulations compared to specific size beads of 6 mm and the
Lin2CD45dimCD34+ (black); they are in the same size range both in FSC or SSC. (E) SOX2, OCT3/4 and NANOG transcripts are detected by RT-PCR. (F
and G) Expression of Nestin and CD133 markers by qPCR in human neural (hNSC), in the Lin2CD452 fraction, and mesenchymal (MSC) stem cells.
Nestin is expressed in both Lin2CD452 cells and MSCs cells though at a much lower level than in hNSC. Note that CD133 mRNA is not detected in the
Lin2CD452 fraction.
doi:10.1371/journal.pone.0067968.g005

hUCB ELSc Are a Heterogeneous Population

PLOS ONE | www.plosone.org 7 June 2013 | Volume 8 | Issue 6 | e67968



Appendixes

 

�228

expansion of human haematopoietic cells. The surviving cells in
these cultures were characterized at 2–3 weeks in culture by flow
cytometry (N= 3). As summarized in Table 2 different expression
profiles were observed in these cultures, with culture condition E
containing a higher percentage of CD34-, CD133- and CD45-
positive cells.

Discussion

We have shown here that the CD45 negative and haematopoi-
etic lineage marker negative hUCB population is heterogeneous
(Table 3) and includes a Nestin+ subpopulation not previously
described.
The Lin2CD452fraction we isolated expresses several stem cell

markers. Whereas we found a subpopulation expressing CD34
within this fraction, CD133 expression could not be detect either
by flow cytometry, RT-qPCR or immunocytochemistry. However,
when Lin2CD452cells were cultured for 2–3 weeks, a small
CD133 remaining population was detected which could possibly
have been attributed to the contaminants with Lin2CD45-
dimCD133+ cells. Whether the difference between our and other
author findings is due to different handling of the cells, or
differences between murine and human Lin2CD452 populations
is currently unclear. Lin2CD452 cells expressing the stem cell

markers CD34 and CD133, and the chemokine receptor CXCR4
were initially described in murine bone marrow [6]. Subsequently,
Lin2CD452 cells have been isolated by a number of different
groups from several animal and human sources including bone
marrow [6], cord blood [3,4,5,23], peripheral blood after severe
damage, such as stroke [24], and mammalian ovary [25].
Several groups have reported the presence of pluripotent

markers in this Lin2CD452 stem cell population. Our results
show the expression of SOX2, OCT4, and NANOG using RT-
PCR, which are similar to reports by Zuba-Surma, et al. and
Bhartiya, et al. [4,5]. However, the expression of the surface
SSEA-4 marker using flow cytometry was found in only a low
percentage (2%) of cells in contrast to the results reported by Ali
et al. [26] using a very similar isolation method. Nevertheless, the
same group has also reported the expression of pluripotent
markers by using RT-PCR.
Our Lin2CD452 isolated fraction was composed of a hetero-

geneous population expressing different stem cell markers (CD34,
CXCR4, and Nestin). With the exception of CD133, our analysis
showed that the Lin2CD452 population consistently expressed a
phenotype associated with stem cells. However, this is not a
homogenous population; the CD34+ and CXCR4+ populations
are different to each other and do not share mutual immunophe-
notype. Added to these differences, our flow cytometric analysis
has shown a third, Nestin+, population that is also negative for
CXCR4. Aproximately 20% of the Nestin positive cells were also
positive for CD34. A CD452Nestin+ population has been
described in the bone marrow by Mendez-Ferrer, et al. [27] and
could correspond to that described by Sauerzweig, et al. [9] as
small-sized nestin-positive bone marrow stem cell (SD-BMSC).
The presence of mesenchymal progenitors could account for the
presence of pluripotency markers whose expression has been
reported in mesenchymal stem cells [16]. However, more studies
are needed to clarify the relation between them.
The Lin2CD452 fraction we isolated consists of a population of

small cells with a high nuclear/cytoplasmic ratio. Our observa-
tions under the fluorescent microscope showed the cells having a
high nuclear/cytoplasmic ratio but their size was slightly bigger

Figure 6. Lin2CD452 cells show a high nuclear/cytoplasm ratio. (A) Immunocytochemistry shows small cells (!10 mm) with high nuclear
(blue)/cytoplasm ratio positive for CD34 (red). (B) Note one CD34-positive and one CD34–negative cell and an example of cell debris present in the
sample (arrow). (C) Rare SSEA-4–positive cell. Scale bars = 10 mm (A–B) and 5 mm (C).
doi:10.1371/journal.pone.0067968.g006

Table 2. Summary of Lin2CD452 stem cell markers found on
cells present after 2 weeks in the culture conditions shown.

Marker Culture condition D* Culture condition E*

SSEA-4 7.94% 61.52 6.34% 60.7543

CD34 1.35% 60.4572 4.65% 60.9699

CD133 1.19% 60.3960 10.04% 62.452

CD45 1.85% 60.6015 12.42% 61.774

Markers were assessed by flow cytometry and given as percentage of positive
cells; *n = 3.
doi:10.1371/journal.pone.0067968.t002

hUCB ELSc Are a Heterogeneous Population
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than determined by flow cytometry (6–10 mm). This is consistent
with some previous findings [3,23,28]. However, unlike in some
studies, where this fraction did not seem to incorporate the DNA
stain Hoechst [5,23,25], in the study shown here, all nuclei of the
cells isolated were Hoechst-positive. Bhartiya et al suggested that
the lack of Hoechst labelling in quiescent cells was a consequence
of these cells containing euchromatin. However, this explanation
to explain this phenomenon still needs to be investigated as other
groups have described the labelling by Hoechst in quiescent
populations using immunohistochemistry [29]. Storms, et al. [30]
reported a Hoechst dye negative population of high pluripotency
and used flow cytometric sorting to select a small quiescent
population (which they named ‘‘side population’’) from bone
marrow and cord blood. It will have to be established whether
differences in Hoechst binding to the DNA of Lin2CD452 reflects
a true difference between the populations isolated in different
laboratories, or is due to differences in the handling of the cells.
Recently, Danova-Alt et al. have reported a

Lin2CD452CXCR4+ population from hUCB that lacks stem cell
characteristics and displays an aneuploid karyotype [23]. These
results are in stark contrast to previous reports [3,7,21], but similar
to the findings presented in this study, that provides a novel and
comprehensive approach to defining the function and nature of
these cells. Danova-Alt et al. however, have mostly focused on the
Lin2CD452CXCR4+/CD34+ populations, and neglected the
Hoechst negative population within the flow cytometry sorted
cells previously described by other groups [6,12,30]. In our study,
haematopoietic stem and mature cells were excluded using an
anti-biotin selection antibodies. Using this approach a population
of small Lin2CD452 cells with the lower possible number of
haematopoietic contaminants could be isolated, with the main
contaminant being platelets. These events are normally excluded
using flow cytometry-based protocols for HSC [4,19,20]. There-
fore, during our analysis a gating strategy based on that proposed
by Zuba-Surma et al. [4] was employed. This resulted in a similar
population as reported by Zuba-Surma et al. with the exception
that CD133+ cells were undetectable. This is, however, consistent
with the report by Danova-Alt et al. [23].
Previous studies have classified these cells based on their

phenotypical properties, including ‘‘embryonic-like stem cells’’
[4,5,7,23]. Here we highlight the difficulties in expanding the
Lin2CD452 stem cell population. These results are not unprec-
edented, as other groups have also reported similar problems with
the expansion of this population [3,4]. Our study has shown that
even using different conditions we were not able to expand this
fraction at all. In fact, the presence of a few cells that were able to
expand in the Methylcellulose medium with recombinant cyto-
kines and of a few cells surviving long-term in StemSpanH SFEM
could be attributed to the presence of contaminants such as
Lin2CD45dimCD34/133+cells. This result contrasts with most of
the previous reports but is consistent with the findings of Danova-
Alt et al. [23]. The presence and origin of pluripotent markers, as
well as the functional role of these cells, should be investigated
before attempting to classify them as embryonic-like cells.
Currently, the definition of non-Haematopoietic stem cells (non-
HSC) seems prudent until further studies elucidate their origin,
function and possible use in regenerative medicine.
Despite of the fact that more than 80% of Lin2CD452 cells

were 7AAD negative, it was not possible to determine whether
these cells were in an early apoptotic stage. Lin2CD452 cells have
been reported to bind Annexin V following red blood cell lysis,
though they do not subsequently undergo apoptosis [31].
Nonetheless, the presence of haematopoietic colonies in CFUs
either in –F or +F and of surviving cells in culture condition E
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*  

could be taken as a rough indicator that cell viability was not
severely affected by lysis.
Human umbilical cord blood has both HSC and non-HSC as

several groups have demonstrated before [4,5,7,23,32]. We have
shown here that the presence of a heterogeneous population
lacking the expression of LCA and other mature haematopoietic
markers, but expressing stem cell markers such as CD34 and
CXCR4, and the tissue-committed stem cell marker Nestin, could
explain the discrepancies in the literature. These differences could
be due to the fact that diverse methods of isolation lead to the
sorting of different populations.
In conclusion, our work has described three different cell

subpopulations including Lin2CD452 Nestin+, which has not
been previously reported (Table 3) by any of the groups working
with hUCB-derived ‘‘embryonic-like cells’’ [4,5,7,23,32]. However
more research will be needed to establish the relationship between
these populations and those previously described. A better
understanding of the origin and function of this heterogeneous

Lin2CD452 stem cell population (non-HSC) is required before
considering their potential use in regenerative medicine applica-
tions.

Supporting Information

Methods S1 Protocol for the removal of red blood cells
using lysis buffer.
(DOC)
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Appendix 2: Human embryonic and fetal tissues 

Experiments performed by Dr Kin Pong and Barbora Vagaska from ICH, UCL.  

Text taken from the next manuscript: “A novel population of human neural stem cells 
expresses MHC class II molecules during development in an IFN-gamma-independent 
fashion” 1Vagaska B, 1New S.E.P, 2Alvarez-Gonzalez C, 3D'Acquisto F, 4Gomez S.G, 5Bulstrode 
N.W, 2Madrigal A, 1Ferretti P. (Submitted) 

Human embryonic and fetal tissues 
 All procedures involving human tissue were carried out in accordance to the Human 
Tissue Act 2006. Hindbrains and spinal cords from human embryos between 6-10 weeks of 
gestation were provided by Human Developmental Biology Resource (HDBR). Dissected 
tissues were either dissociated for culturing as described below, or fixed in 4% PFA prior to 
cryo-embedding and sectioning for protein expression analysis by immunofluorescence. 
Embryos at Carnegie stages 22 (approximately 53 days of gestation) and 23 
(approximately 56 days of gestation) were used in this part of the study. 

Human Neural Stem Cells (hNSCs) 

 hNSCs were isolated as previously described (Sun et al, 2008; U KP et al., 2014). 
Cells were grown in DMEM/F12 with Glutamax (Gibco) containing 1% Penicillin/
Streptomycin (Gibco), 1% N2 supplement, 2% B27 supplement (both Gibco), 20 ng/ml 
human recombinant FGF2 (fibroblast growth factor 2; Peprotech), 20 ng/ml human 
recombinant EGF (epidermal growth factor 2; Peprotech), 50 µg/ml bovine serum albumin 
(BSA) fraction V and 5µg/ml heparin, and laminin was added to the medium (10 µg/ml) 
instead of coating the dishes. Most experiments were carried out with cell at passage 
10-20, in some experiments early (10) and late (30) passages were compared.  

Figure A1. Nesting and SOX2 protein expression in undifferentiated hNSCs  

• Sun Y, Pollard S, Conti L, et al. Long-term tripotent differentiation capacity of human neural stem (NS) cells in 
adherent culture. Molecular and cellular neurosciences. 2008;38:245-258. 

• U KP, Subramanian V, Nicholas AP, et al. Modulation of calcium-induced cell death in human neural stem cells 
by the peptidylarginine deiminase-AIF pathway. BBA Mol Cell Res. 2014;1843:1162-1171. 
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Appendix 3: Human Neural Stem Cell Differentiation  

 Text and pictures taken from Dr K Pong’s thesis.   
 Experiments performed by Dr K Pong or Barbora Vagaska. 

 All hNSC differentiation experiments/ conditions were carried out three times on 
separate occassions, using hNSCs of different passages to ensure reproducibility. To 
differentiate hNSCs into neurons, ~2000 cells were plated onto poly-L-ornithine/ Laminin 
coated coverslip in hNSC medium without EGF. After 10 days of incubation at 37°C and 
5% CO2, the medium was switched to the RHBA: Neurobasal (1:1), supplemented with N2 
(0.5×), B27 (1×), Heparin (5µg/ml) and FGF2 (10 ng/ ml). Four days later, FGF2 was 
withdrawn from the medium, and after another 4 days, medium was switched to 
Neurobasal media supplemented with B27 (1×) and brain derived neurotrophic factor 
(BDNF, 20 ng/ml, Peprotech) (Sun et al., 2008).  

 To derive oligodendrocytes, human NS cells were plated onto poly-ornithine/laminin 
coated plastic in expansion medium for 24 – 48 hours. Medium was then changed to 
DMEM/F12 medium supplemented with N2 (1×), forskolin (10 nM, Sigma), FGF2 (10 ng/ 
ml) and PDGF (10 ng/ ml, Peprotech) for 14 days. From day 15, medium was switched to 
DMEM/F12 (Gibco) supplemented with N2 (1×), T3 (30 ng/ ml, Sigma), ascorbic acid (200 
µM), and PDGF (10 ng/ ml). PDGF was withdrawn from culture on day 22 to allow 
maturation.  

 For astrocyte generation, human NS cells were plated onto Laminin coated 
coverslips and treated with 5% serum without mitogen for 2–3 weeks. 

Figure A2: MAP2 protein expression in differentiated hNSCs derived from 46dg human 
embryo brain.  
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Figure 4.17: MAP2 protein expression in differentiated hNSCs derived from 

46dg human embryo brain. Confocal images of differentiated hNSCs stained for 

MAP2. Nuclei are counterstained with Hoechst dye (blue). MAP2 is increased in 

hNSC cultures that have been differentiated to neurons and oligodendrocytes. MAP2 

is expressed in astrocytic differentiated hNSCs and displays a punctated staining in 

the cytoplasm. Scale bar = 100µm. 
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Figure A3: GFAP protein expression in differentiated hNSCs derived from 46dg human 
embryo brain. 

Figure A4: O4 protein expression in differentiated hNSCs derived from 46dg human embryo 
brain. 
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Figure 4.19: GFAP protein expression in differentiated hNSCs derived from 

46dg human embryo brain. Confocal images of differentiated hNSCs stained for 

GFAP. Nuclei are counterstained with Hoechst dye (blue). GFAP is expressed in 

hNSC cultures that have been differentiated to neurons, astrocytes and 

oligodendrocytes. Scale bar = 100µm. 
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Figure 4.21: O4 protein expression in differentiated hNSCs derived from 46dg 

human embryo brain. Confocal images of differentiated hNSCs stained for O4. 

Nuclei are counterstained with Hoechst dye (blue). O4 is absent in hNSC cultures 

that have been differentiated to neuron, and astrocyte but present in hNSC 

differentiated to oligodendrocyte. Scale bar = 100µm. 
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Figure A5: Expression of neural markers in hNSC cultures that have been differentiated to 
Neurons, Astrocytes and Oligodendrocytes. 
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Figure 4.22: Expression of neural markers in hNSC cultures that have been 

differentiated to Neurons, Astrocytes and Oligodendrocytes. 
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Figure A6: Expression of neural markers in hNSC cultures that have been differentiated to 
Neurons, Astrocytes and Oligodendrocytes.

Experiments performed by Barbora Vagaska ICH, UCL.  
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Appendix 4: Mesodermal differentiation of UC-MSCs. 

Experiments performed by Dr Sophie New at ICH, UCL.  
Text taken from the next manuscript: A matter of identity – phenotype and differentiation 
potential of human somatic stem cells. New S.E.P*, Alvarez C*, Vagaska B, Gomez S.G, 
Bulstrode N.W, Madrigal A, Ferretti P. (Submitted). *Joint first authors, shared contribution  

Adipogenic Differentiation 

Adipogenic differentiation was induced in confluent cells by the addition of a 
medium (DMEM containing Glutamax, 1% penicillin/streptomycin, 10% ES-FBS, 1µM 
dexamethasone, 10ng/ml insulin, 500mM 3-isobutyl-1-methylxanthine and 1mM 
rosiglitazone). After 3 weeks, cells were fixed in 10% formalin and analysed semi-
quantitatively as previously described (Guasti et al., 2012).   

Osteogenic Differentiation 

Osteogenic differentiation was induced in confluent cells by the addition of a 
medium (DMEM containing Glutamax, 1% penicillin/streptomycin, 10% ES-FBS, 0.1µM 
dexamethasone, 100µg/ml ascorbate and 10mM β-glycerophosphate). After 3 weeks, cells 
were fixed in ice-cold 70% ethanol and analysed semi-quantitatively as previously 
described (Guasti et al., 2012).   

Chondrogenic Differentiation 

 Chondrogenic differentiation was induced in confluent cells by the addition of a 
medium (DMEM containing Glutamax, 1% penicillin/streptomycin, 10% ES-FBS, 0.1µM 
dexamethasone, 50µg/ml ascorbate, 10ng/ml transforming growth factor (TGF) β1 and 
insulin, transfferin, selenium). After 3 weeks, cells were fixed in 4% paraformaldehyde and 
analysed semi-quantitatively as previously described (Guasti et al., 2012). 

Figure A7: Mesodermal differentiation of UC-MSCs.  Semi-quantitatively analysis *p<0.05.  

Guasti L, Prasongchean W, Kleftouris G et al. High plasticity of pediatric adipose tissue-derived stem cells: too 
much for selective skeletogenic differentiation? STEM CELLS TRANSL. MED. 2012;1(5):384-395. 
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Appendix 5: Publications, presentations, and memberships.  

Poster presentations.  

Cesar Alvarez-Gonzalez, Richard Duggleby, Barbora Vagaska, Sergio Querol, Susana G 
Gomez, Patrizia Ferretti, and Alejandro Madrigal. “Cord blood embryonic-like stem cells 
are a heterogeneous population that lack self-renew capacity”. At the 39th Annual Meeting 
of the European Group for Blood and Marrow Transplantation. London, UK. April 2013. 
(English) 

New SEP, Alvarez C, Guasti L, Bulstrode NW, Madrigal A, Ferretti P. “Towards modeling of 
childhood neurological disorders using human stem cells derived from paediatric adipose 
tissue and umbilical cord matrix”. NC3Rs Meeting 2013. (English) 

New SEP, Alvarez C, Guasti L, Bulstrode NW, Madrigal A, Ferretti P. “Neural differentiation 
potential of human stem cells derived from paediatric adipose tissue and umbilical cord 
matrix”. UCL Neuroscience Symposium 2013. London, UK. (English)

Book Chapters 

Cesar Alvarez-Gonzalez, Alejandro Madrigal (2011). Chapter 16: Regenerative Medicine. 
Parkinson’s disease. Mexican Clinics of Neurology. Collection: Mexican Academy of 
Neurology 1/2011. Editors: Dr. Gabriel Neri Nani and Dr Carlos Cuevas García. Publishing: 
PyDESA. ISBN: 978-607-8151-04-2. (Spanish).

Science writing and cultural journalism 

Madrigal A, Alvarez González C. Hematopoietic stem cells: precedents, current and future 
perspectives. Boletin UNAM. 2011 Jun 21;:1–6. (http:// www.facmed.unam.mx/ci/boletin/
bol_06_jun_2011.pdf) (Spanish). 

Cesar Alvarez-Gonzalez. Hampstead Heath, a place for you. Boletín Científico Sapiens 
Research Vol. 2(1)-2012;pp:4-6. ISSN-e:2215-9312. Sapiens Research Group.(http://
www.sapiensresearch.org/numeros-publicados/volumen-2- numero-1-2012/73--
corresponsales-hampstead-heath-un-lugar-para-ti) (Spanish).

Memberships and Peer Review Journals 

British Society for Histocompatibility & Immunogenetics (BSHI). 

Society for Neuroscience (SFN), London Chapter. Student membership.  

Academia Mexicana de Neurología (Mexican Academy of Neurology).  

Colegio de Neurólogos de Jalisco AC (Jalisco College of Neurologists). 

Peer Reviewer for PLoS ONE. 
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Appendix 6: Softwares used in this thesis 

 Operative systems: Mac OS and iOS. 

 Statistic programs: Prism, Numbers, and Excel.  

 Word processors: Pages, Scrivener, Microsoft word, and Libre office. 

 Image manipulation programs: ImageJ, Fiji, Inkscape, and Gimp. 

 Flow Cytometry: Flow Jo. 

 Reference managers: EndNote, Papers2, ReadCube, and Mendeley. 
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