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Abstract 

 
Adipose-derived mesenchymal stem cells are adult multipotent cells that have shown 

promising results in regenerative medicine. Heterogeneity among this cell group poses a 

challenge for clinical application. The following research focuses on characterizing and 

quantifying the yield of a subpopulation expressing the pluripotency marker, CD133 

(Prominin1), which identifies early progenitor cells. Adipose-derived mesenchymal stem cells 

were isolated from lipoaspirate tissue of five healthy female subjects. CD133+ and CD133- 

stem cells were obtained through magnetic-activated cell sorting. Around 1% of mononuclear 

cells were CD133+ after isolation. Both fractions meet the minimal criteria for mesenchymal 

stem cells of the International Society of Cellular Therapy. End-point RT-PCR and flow 

cytometry analysis reveal significant differences between CD133+ and CD133- fractions in 

terms of pluripotency markers. Neither the positive nor the negative fractions were positive for 

CD133 at mRNA or protein levels in our culture conditions. Therefore, we conclude that 

CD133 yield in ADSC is low and the membrane protein is lost after culturing cells with 

standard culture media.  
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Chapter 1 

Introduction 
 

Neurodegenerative diseases arise when neurons or glial cells in the brain and/or spinal 

cord malfunction, resulting in high rates of cell death. Neurodegenerative diseases are 

progressive in nature and have higher incidence rates in older populations. This poses a great 

burden in the medical and public health field given the progressive increase in the world’s 

population’s age. As of 2016, there were 6.1 million people suffering from Parkinson’s Disease 

(PD) and 43.8 million people suffering from Alzheimer’s Disease (AD) worldwide, the two 

most common neurodegenerative diseases (1, 2). Although there are numerous 

pharmacological, surgical and cognitive strategies to ameliorate symptoms, there is no existing 

cure for any of these diseases.  

 Replacement of lost neurons or supporting glial cells could be the remedy for these 

diseases. Stem cell therapy is attractive for neurodegenerative disorders, but there is still a long 

way to go before clinical translation (3). Although stem cell therapy has shown promising 

results in pre-clinical models and early clinical trials (4), there is still a lot left to determine 

before it becomes a therapeutic option. There is still no consensus on the ideal stem cell type, 

stage of differentiation, and route of stem cell delivery (5).  

 Adult stem cells are ideal for use in regenerative medicine. Adipose tissue is abundant 

in the human body. High quantities of adipose-derived mesenchymal stem cells (ADSCs) may 

be obtained from lipoaspirated tissue, which is considered a waste product from elective, 

cosmetic liposuction. Adipose depots are also easily isolated with a minimally invasive 

procedure. ADSCs also have low immunogenicity, immunosuppressive properties and are not 

able to initiate tumors (6). By using ADSCs in regenerative medicine, the patient could undergo 

an autologous transplant without risking graft rejection and without the need for 

immunosuppressive drugs.  

 Mesenchymal stem cells are heterogeneous at epigenetic, transcriptional and proteomic 

levels. This heterogeneity has functional implications and affects transplantation efficacy. Pure 

subpopulations may be isolated through magnetic-activated cell sorting (MACS) and 

fluorescent-activated cell sorting (FACS) classified by surface antigens. Using these 

techniques, different subpopulations of MSCs have been studied and found to behave 

differently in vivo and in vitro.  
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 Prominin 1 or CD133 (Cluster of Differentiation 133) is a cell surface protein found in 

primitive neural and hematopoietic stem cells as well as other progenitor cells. CD133+ stem 

cells have been isolated and characterized from numerous tissues. This subpopulation has an 

increased differentiation potential towards neuronal lineage (7). Although ADSCs are potent 

candidates for regenerative medicine, CD133+ stem cells have not been characterized in 

adipose tissue.  

1.1 Research Questions 

The research questions in the present study are: 

1) What is the yield of CD133+ ADSCs from lipoaspirated tissue of different donors? 

2) Do CD133+ ADSCs meet the minimal criteria of mesenchymal stem cells? 

3) What are the similarities and differences in immunophenotype, differentiation potential, and 

gene expression between CD133+ and CD133- ADSCs? 

1.2 Objectives 

Main objective of the study: 

❖ Determine yield of CD133+ stem cells from lipoaspirated tissue. 

Specific objectives: 

❖ Isolate CD133+ cells from lipoaspirated tissue 

❖ Characterize CD133+ and CD133- adherent cells’ surface proteins using flow 

cytometry 

❖ Analyze differentiation potential of CD133+ and CD133- cells through tri-lineage 

differentiation 

❖ Analyze expression of pluripotency-related genes in CD133+ and CD133- cells 

❖ Analyze CD133 mRNA expression in CD133+ and CD133- cells 

1.3 Hypothesis 

H0:  Lipoaspirate tissue is not a suitable source of CD133+ mesenchymal stem cells. 

H1: Lipoaspirate tissue is a high-yield source of CD133+ mesenchymal stem cells for 

differentiation and therapeutic purposes. 

1.4 Justification 

 Neurodegenerative diseases are becoming more frequent as the world’s population 

ages. Early clinical trials and animal studies indicate that cell replacement therapy is a 

promising treatment. Adipose tissue is a high-yield source of stem cells but their heterogeneity 
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is considered a barrier for clinical application. CD133+ stem cells from different tissues have 

demonstrated increased neuronal differentiation ability. Isolation of CD133+ stem cells from 

adipose tissue may provide scientists and physicians easily attainable, primitive stem cell 

subpopulation for stem cell therapy and disease modeling.  
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Chapter 2 

State of the Art 

2.1 Mesenchymal Stem Cells 

Mesenchymal stem cells (MSCs), also called mesenchymal stromal cells, are 

multipotent, adult stem cells that derive from the mesoderm. They are capable of self-renewal, 

and are able to differentiate into osteoblasts, chondrocytes, adipocytes, and myocytes among 

other cell types of endodermal and ectodermal origin. MSCs were initially isolated from bone 

marrow in 1999 (8), the authors describe how the cells were able to maintain their multipotency 

when being expanded in cell culture. Since then, MSCs have been isolated from a wide variety 

of tissues, including adipose tissue, amniotic fluid, amniotic membrane, dental pulp, peripheral 

blood, placenta, umbilical cord and Wharton’s jelly (9).  

Stem cell yield varies from tissue to tissue. For example one mL of bone marrow tissue 

contains approximately 6 × 106 nucleated cells, and only 0.01–0.02% of those are MSCs (10). 

In contrast, the number of stromal vascular fraction (SVF) cells isolated from lipoaspirated 

tissue is approximately 0.5–2.0 × 106 cells per gram of adipose tissue (11).  Around 3% of cells 

in the SVF are MSCs (12). Another study found that a gram of umbilical cord and amniotic 

membrane tissue yield around 1.5 × 106 and 1 × 106 MSCs respectively (13).  

The International Society for Cellular Therapy (ISCT) states that the minimal criteria 

for stem cells are that they must be (14): 

a) Plastic-adherent in regular cellular culture conditions 

b) Positive for CD73, CD90, and CD105 

c) Able to differentiate into adipocytes, osteoblasts, and chondrocytes  

2.2 Mesenchymal Stem Cell Heterogeneity 

 Mesenchymal stem cells show heterogeneity among donors, tissue of origin, clones, 

and single cells (15). These factors affect cell populations at epigenetic, transcriptomic and 

proteomic levels. A well-studied factor affecting donor heterogeneity is advanced age. In a 

study, MSCs from both young and elderly donors fulfilled the criteria for ISCT but differed in 

stage-specific embryonic antigen-4 (SSEA-4) expression, proliferation, morphology, 

intracellular reactive oxygen species, β-galactosidase expression, and ATP content (16). They 

also found they were able to restore a young phenotype in elderly cells when selecting for 

SSEA-4 expressing cells.  
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 MSCs also differ depending on the tissue they are isolated from due to the 

microenvironment they are exposed to. For example, among different tissues (umbilical cord, 

cord blood, amniotic membrane, placenta, bone marrow and adipose tissue), a research group 

found that CD106 is enriched in MSCs derived from the placenta (17). This has functional 

implications due to the fact that this subpopulation possesses increased immunomodutory and 

pro-angiogenic activity.   

 Russell et al. were the first to elucidate functional differences at a clonal level in MSCs 

(18). When assessing tri-lineage differentiation to osteocytes, adipocytes and chondrocytes, 

they found that around 50 % of clones able to differentiate into the three lineages, around 30 

% are bipotential in respect to osteocytes, and approximately 10 % are unipotential 

osteoprogenitors. Clones from the same cell-culture plate have also shown differences at the 

transcription level (19). During differentiation protocols, the cells at the periphery of the culture 

plate were found to express genes that are related to proliferation and mitosis while those in 

the inner circle express genes related to differentiation. This variability among MSCs and their 

subpopulations affect their efficacy in transplantation protocols.  

2.3 Adipose-Derived Stem Cells 

 Adipose-derived stem cells (ASC) are mesenchymal stem cells that are found mostly 

in white adipose tissue. White adipose tissue is found throughout the whole body and is 

abundant and relatively easy to retrieve. Stem cell yield from adipose tissue either aspirated or 

excised is greater than yield from bone marrow-derived stem cells. A benefit of using ASCs is 

that they easily proliferate in vitro and their proliferation and differentiation ability isn’t 

affected by cryopreservation (20). ASCs aren’t a homogenous population, meaning that they 

express different markers among themselves. What they do have in common is that they all 

express the mesenchymal stem markers CD13, CD29, CD44, CD63, CD73, CD90, and CD105, 

and are negative for hematopoietic markers like CD14, CD31, CD45, and CD144 (21).  

 The method for isolating ASCs from lipoaspirated tissue was developed in 2001 by Zuk 

et al (22). After extraction, the tissue in minced and is digested by adding collagenase type II. 

Then, it is centrifuged causing the liquid to separate into three layers: the adipose portion on 

top, the fluid portion, and the stromal vascular fraction (SVF) as a palette at the bottom. The 

SVF is where the ASCs can be found along with endothelial cells, endothelial progenitor cells, 

pericytes, smooth muscle cells, leukocytes, and erythrocytes (23).  
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2.4 Adipose-Derived Stem Cells and Neuronal Differentiation 

The first differentiation of ADSCs into neural cells was done just a year after its 

isolation (24). The procedure was successful in both murine and human stem cells. The neuro-

inductive medium included valproic acid, butylated hydroxyanisole, insulin, and 

hydrocortisone. Morphological changes towards neuronal phenotypes were observed as early 

as 1-3 hours after induction and dramatic rearrangement of the cytoskeleton a membrane were 

visible 5-6 hours later. After induction, treated murine cells were positive for the markers 

GFAP, nestin and NeuN and human treated cells were positive for intermediate filament M, 

nestin, and NeuN.  

 The validity of differentiation of ADSCs into neural cells was controversial because 

neuron-type morphology and immunocytochemical expression could be due to other factors 

like apoptosis (in the case of morphology) or cell-fusion. Functional characteristics, such as 

the ability to generate an action potential, that are typical of neural cells were tested in 

differentiated ADSCs (25). In the induction process, ADSCs were incubated in a growth 

medium supplemented with bFGF for seven days, and then incubated in DMEM with forskolin 

for another seven days. After this process, the neuronal markers Tuj1, MAP2, NFL, NFM, 

NFH, NSE, NeuN, GAP43 and SNAP25 as well as the astrocyte marker GFAP, and 

oligodendrocyte marker CNPase were much higher than the control group. Using the whole-

cell patch clamp technique, electrophysiological properties of these cells were determined. 

75% of cells in the experimental group showed voltage-dependent sodium currents that could 

be blocked by using tetrodotoxin while none of the control did. Also, cells in the neuro-

inductive medium showed sustained outward currents with characteristics of delayed rectifier 

potassium currents.  

2.5 Adipose-Derived Stem Cells in Pre-Clinical Studies for Neurodegenerative 

Disease 

The therapeutic potential of these stem cells has been reported numerous times (26). 

Specifically in Parkinson’s disease (PD), ASC have been transplanted into mice, rats and 

monkeys and have shown promising results. McCoy et al. were the first to demonstrate the 

neuroprotective properties of these stem cells in vivo (27). Even though did not find indication 

midbrain dopaminergic (mDA) neuron differentiation in vitro or in vivo, they conclude that 

ADSCs do have regenerative properties in the rat PD model. A recent study that transplanted 

pre-differentiated ADSCs into rat models of PD found that the intranigral transplant had 

beneficial effects (28) (29). There was an increase in adult neurogenesis in the subventricular 
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zone (SVZ) and hippocampus, memory function and tyrosine hydroxylase (TH) levels 6 

months after the procedure was performed. An important finding was that stem cells after 3 

days of the transplant were localized near the injection site. After 6 months, stem cells were 

found around the substantia nigra. No dopaminergic transdifferentiation was shown. Another 

study showed that the number of dopaminergic neurons in rat models of PD increased after 

transplantation of human ADSCs injected intravenously (30). This was determined by PET 

imaging (with raclopride, a dopamine D2 receptor antagonist) as well as immunostaining the 

tissue with a TH+ antibody. Berg et al. found that monolayer cultures of ADSCs were 

beneficial for rat models of PD while spherical ADSC transplantation was harmful because it 

suppresses hippocampal neurogenesis (31).  

 In a recent study, human ADSCs were differentiated into dopaminergic neurons (32). 

In this study, mesenchymal stem cells from different sources were differentiated with a high 

dose of brain derived neurotrophic factor. After testing and getting positive results for DA 

neuron markers (MAP2, TH, NGN2, PITX3, DAT, synaptophysin, Kv4.2 and SCN5A) they 

performed the calcium imaging technique to verify it’s function as a neuron. They found a high 

concentration of ion channels in all lines of MSCs.   

2.5 Prominin 1 (CD133) 

 Prominin 1 (CD133) is a pentaspan membrane protein that was originally identified as 

a neural and hematopoietic stem cell marker (33). Its expression is restricted to the plasma 

membrane, where it is known to interact with cholesterol. In humans, there is enriched mRNA 

expression in the adult kidney, mammary gland, salivary gland, trachea, pancreas, digestive 

tract and the testes (34). There is also a high expression of CD133 in the murine and human 

neuroepithelium during development. The function of CD133 has not been fully elucidated, 

but due to its expression in membrane protrusions, it has been proposed to organize the plasma 

membrane topology and maintain membrane lipid composition through its interactions with 

cholesterol.  

CD133 is a hematopoietic stem cell marker that is restricted to CD34 expressing cells. 

These cells have a higher clonogenic capacity and higher engraftment success, which suggests 

that CD133+ are more primitive than CD34+/CD133- stem cells. They have been also shown 

to have the capacity to differentiate into non-hematopoietic lineages and have positive results 

in stem cell therapy in a mouse model of a model of Duchene’s muscular dystrophy, and 

regeneration of human liver (35). CD133 is also expressed in endothelial progenitor cells; they 
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play an important role in angiogenesis and vascularization. These cells have also been found 

in cancerous tumor cells and have been considered a biomarker od cancer stem cells (36). 

 In mice, mRNA expression of prominin-1 is found in embryonic stem cells, but the 

protein is not present. Protein expression begins in early progenitor cells, and is then 

downregulated upon differentiation. One exception is during neuronal differentiation, where 

nestin and CD133 are expressed in further differentiated cells (37). Prominin 1 is also an 

important marker for neural stem cells. CD133+ cells isolated from the murine postnatal 

cerebellum have the ability to undergo extensive self-renewal, form neurospheres in culture 

and express important neural stem cell markers like Musashi, Sox2, and GFAP (38). They also 

have the ability to differentiate into astrocytes, oligodendrocytes and neurons in vitro. They 

were also able to differentiate into said lineages after transplantation into the mice’s 

cerebellum. Stage-specific embryonic antigen 4 (SSEA4) is usually present in early stages of 

neural development and is lost as development progresses. SSEA4 is enriched in CD133+ 

neural stem cells (39), these cells are also able to initiate neurospheres, marking proliferative 

properties of these subset of cells.  

2.6 Neurogenesis & CD133 Stem Cell Potential 

 The generation of neurons from neural stem or progenitor cells is called neurogenesis. 

Neural stem cells are those that give rise to all of the neurons in the central nervous system 

(CNS) as well as astrocytes and oligodendrocytes, which are macroglial cells. There are two 

properties that define a stem cell: self-renewal, or division maintaining an undifferentiated state 

and multipotency, or the ability to differentiate into numerous types of cells. It is not very clear 

to what degree multipotent stem cells exist during CNS development. Therefore, the term stem 

cell to describe neural cells usually refers to those cells that are self-renewing, but not 

necessarily for unlimited divisions, and that might be either unipotent or multipotent. 

Stem cell division may be symmetric, which produces two daughter cells with the same fate, 

or asymmetric, which produces one daughter cell identical to the mother cell and the other is a 

further differentiated cell (40). Neuroepithelial cells undergo proliferative divisions, which is 

a type of symmetrical division that produces two daughter stem cells. Then, these cells go 

through a series of self-renewing, asymmetric divisions, where one daughter cell becomes a 

neuron or a non-stem cell progenitor cell. These neural progenitor cells usually undergo 

symmetric division generating two neurons.  

 The neural plate and neural tube are first formed of a single layer of neuroepithelial 

cells, forming the neuroepithelium. Neuroepithelial cell’s nuclei travel up and down the apical-



 18 

basal axis of the neuroepithelium depending on the stage of the cell cycle they’re in in a process 

called interkinetic nuclear migration. As neurons are generated, the neuroepithelium becomes 

a tissue of many layers. The most apical layer, the one that lines the ventricle, has the greatest 

amount of progenitor cell bodies (cells usually undergo mitosis at the apical surface of the 

ventricular zone). Stem and progenitor cells are divided into 2 classes, depending on where 

mitosis occurs. Those that undergo mitosis at the ventricular surface or ventricular zone are 

called apical progenitors. Basal progenitor cells are those that undergo mitosis at a more basal 

zone, especially subventricular zones (41). There are several types of membrane proteins, such 

as prominin-1, that can be found only in the apical cell membrane.  

Adherens junctions and tight junctions are found mostly in the apical end of the 

membrane. The adherens junctions are required for the apical-basal polarity of neuroepithelial 

cells. After the onset of neurogenesis, neuroepithelial cells will down-regulate some epithelial 

features, most notably tight junctions and a loss of the apical-basal polarity. As this happens, 

astroglial characteristics begin to appear. This means that neuroepithelial cells give rise to 

radial glial cells, which have both neuroepithelial and astroglial properties. Most of these cells 

are restricted to generating a single type of cell: it could be neurons, astrocytes or 

oligodendrocytes. Some of these properties that remain are expression of the intermediate-

filament protein nestin, some important features of their polarity like apical expression of 

prominin-1 and apical localization of centrosomes and presence of adherens junctions as well 

the proteins that associate with them. Radial glial cells also undergo interkinetic nuclear 

migration. As a result, most neuron cells are come from radial glial cells, either directly or 

indirectly. Radial glial cells have some properties that neuroepithelial cells do not that start to 

appear in the ventricular zone during neurogenesis. These include, glycogen granules and 

molecules such as Ca2+- binding protein S100β, astrocyte specific glutamate transporter 

(GLAST), glial fibrillary acidic protein (GFAP), brain-lipid-binding protein (BLBP) and 

vimentin.  

The polarity that neuroepithelial cells and radial glial cells posses is related to whether 

they divide symmetrically or asymmetrically. It has been proposed that vertical cleavages, 

those in which the apical membrane is separated into each daughter cell, results in proliferative 

divisions of neuroepithelial and radial glial cells. Horizontal cleavages, those in which the 

cleavage plane is parallel to the ventricle surface, will result in asymmetric, neurogenic division 

because all of the apical constituents will remain in one cell. In this case, the cell that keeps the 

apical portion of the plasma membrane will remain proliferative while the other one will 

become a further specialized cell. There is a type of vertical division (diagonal) in which the 
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apical portion of the membrane remains in one cell, being neurogenic like horizontal divisions 

are. This mechanism implies that the inheritance of the apical membrane and its constituents 

is what allow the cell remain in the cell cycle. The lack of inheritance lets the daughter cell 

become a neuron.  

CD133 exists in a high concentration on apical plasma-membrane protrusions of radial 

glial cells and neuroepithelial cells, where it interacts with cholesterol. During the development 

of the murine neural tube, membrane particles that contain CD133 are released into the 

ventricular fluid (42). As they appear, morphology of the neuroepithelial cells change. 

Microvilli, which are abundant at an earlier stage, are lost and large pleomorphic protuberances 

appear. As neurogenesis progresses, there is a dramatic reduction in size of or complete loss of 

the apical plasma membrane. This probably involves the release of prominin-1-containing 

membrane particles into the ventricular fluid. These particles may function in intercellular 

communication during brain development. Also, the release of CD133 from a cell may be 

involved in downregulation of progenitor properties in the cell.   

In neuroblastoma, CD133 suppresses differentiation by modifying signaling pathways 

(43). Differentiation suppression is dependent on the rearranged during transfection (RET) 

receptor. RET is a receptor for the glial-cell line derived neurotrophic factor family. Inhibition 

of the expression of this receptor suppresses neurite elongation and sensibility to other 

neurotrophic factors such as Nerve Growth Factor (NGF). This repression is dependent on the 

p38MAPK and PI3K/Akt pathways.  

2.6 CD133+ Stem Cells in Pre-Clinical Studies for Nervous System Dysfunction 

CD133+ cells have the ability to engraft, to proliferate and to differentiate into different 

types of functional cells (44). In a study, most blood-derived CD133+ showed stem cell 

phenotype, like expression of CD34 (92%) and CD45 (97%) and showed high levels of 

telomerase activity when cultured (45). These cells have also been successfully differentiated 

into pre-neuronal cells (46). It has also been proven that these stem cells are able to migrate 

from the place of injection using X-ray computed microtomography (47). Migration to the 

tissue of origin or site of lesion is a process called homing. The regenerative ability that these 

stem cells posses lie partially in their intrinsic properties but rely greatly in their 

microenvironment as well.  

CD133+ stem cells have shown promising results in pre-clinical studies for diseases of 

the nervous system. In a recent study, CD133+ bone marrow cells were intravitreally 

transplanted into streptozotocin (STZ)-induced diabetic mice (48). They found that CD133+ 
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cells had higher expression of neurotrophic factors in vitro and they were able to migrate, to 

the retina, express neurotrophic factors, and neuron specific β-tubulin-III when transplanted. 

The transplant supported the survival of retinal cells and ameliorated retinopathy-related 

symptoms. Human peripheral blood CD133+ cells have also been used to treat an animal model 

of spinal cord injury (49). CD133+ and CD133- cells were transplanted intravenously right 

after spinal cord injury. Transplant of the positive fraction promoted angiogenesis, astrogliosis, 

and axon growth as well as functional recovery after injury. The negative fraction had a mild 

positive effect on astrogliosis and angiogenesis but no showed improvement in either axonal 

growth or functional recovery. 

To test the effects that the MSC secretome has on neural recovery, a research group 

tested human CD133 bone marrow MSC conditioned medium on a stroke animal model and 

compared it to other subpopulations (50).  Their results indicate that CD133+ cell’s culture 

media was superior to other subpopulations (CD271 and the heterogeneous population of 

MSCs). Intracardiac administrations of CD133+ conditioned media reduced infract volume, 

and provided neuro-protection in mice.   

2.7 Stem Cell Therapy for Neurodegenerative Diseases 

 Neurodegeneration refers to the progressive loss of neurons or neural function. 

Neurodegenerative diseases, such as Alzheimer's disease (AD), Parkinson's disease (PD), 

amyotrophic lateral sclerosis (ALS), and Huntington's disease (HD) have been targets of 

regenerative medicine due to the nature of the disease and the lack of ability of the nervous 

system to repair itself. Most cases of neurodegeneration are sporadic and the prevalence 

increases with age. Due to the fact that the world’s population is ageing, the incidence of these 

diseases is expected to double by 2050 (51).  

Stem cell therapy has been of great interest for treatment of PD due to its pathological 

hallmark, gradual loss of nigrostriatal dopaminergic neurons. Open-trial and case study reports 

of stem cell therapy for PD shows proof-of-concept and safety of the procedure. In 2002, a 

three-case pilot study reported increased fluorodopa uptake and improvement in the Unified 

Parkinson’s Disease Rating Scale 12-13 months after simultaneous intrastriatal and intranigral 

fetal dopaminergic graft transplant in PD patients (52). Fetal ventral mesencephalic tissue 

obtained from women that underwent elective abortion was used for the transplant. 

Approximately 10 million cells from six donors were used per patient.  

Two larger double-blind studies that performed transplants of fetal ventral 

mesencephalic tissue were conducted in 2001 and 2003. One group had a total of 40 
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participants; 20 received a transplant from four embryos bilaterally into the putamen while the 

remaining 20 received a sham surgery (53). Patients were assessed 4, 8 and 12 months after 

the surgery. The other study had three groups; one received a bilateral fetal nigral transplant 

into the post-commissural putamen from two donors, the second group underwent the same 

procedure but received a transplant from eight donors, and the third group received a sham 

surgery (54). Patients were assessed every three months for two years. Both groups observed 

increased fluorodopa uptake in PET scans as well as reduction of symptoms and survival of 

transplanted cells confirmed by postmortem analysis. Both studies report that patients 

experience off-medication dyskinesia, meaning that the transplant caused it. They conclude 

that although the procedure is safe and effective, the surgical procedure needs refinement.  

Since those early clinical trials, great efforts have been made internationally to refine 

the technique and begin new clinical trials. A great amount of pre-clinical studies using 

different animal models such as rat, mouse, and non-human primates as well as in vitro studies 

have allowed researchers to begin new, perfected clinical trials. In 2018 and 2019, consortiums 

of scientists, neurologists and surgeons have started their first “in-human” procedures (55). The 

four main consortiums that are working together are: EUROPEAN STEM-PD (Europe-based), 

NYSTEM-PD (NYC-based), CiRa trial (Japan-based), and CIRM (California-based) (56). 

They are all going to use either embryonic stem cells or induced pluripotent stem cells.  

ALS is also an attractive target for stem cell therapy due to the unknown pathogenesis, 

inadequacy of existing treatment and availability of protocols for motor neuron differentiation 

in scientific literature. Due to low incidence of ALS and its fast progression, it is difficult and 

unethical to have a sham treatment group. In a phase I trial, three patients received 3 unilateral 

human fetal stem cell microinjections into the lumbar cord tract, and three more patients 

received bilateral microinjections (57). Fetal stem cells derived from the forebrain were 

obtained from women who had natural miscarriages. Each microinjection consisted of 750,000 

cells that had been expanded and tested for karyotype, self-renewal, differentiation capacity, 

and clonal efficiency. Autologous stem cell transplantation of CD133+ bone-marrow MSCs 

into the frontal motor cortex on 10 patients has also been effective (58). The median survival 

time from time of diagnosis was 66 months for the patients that underwent the procedure 

compared to 19 months for the control group (13 patients that took riluzole, antioxidants and 

received physical therapy). The first clinical trial that uses induced pluripotent stem cells for 

ALS is set to begin on 2019 (59). 

  



 22 

 

Chapter 3 

Methods 

3.1 Stem Cell Isolation 

 An adapted protocol from the research group as well as protocol by Zhu et al. were used 

to process lipoaspirated tissue. Lipoaspirate tissue from 5 different female patients was 

collected from Neomedics®. The tissue was transferred into a sterile 1L glass container and 

transferred to the laboratory. The tissue was stored overnight at 4ºC and processed the next 

day.  

First, 25 mL of the aspirate tissue were transferred into 50 mL tubes; 4-17 tubes were 

processed simultaneously, depending on the volume of the sample. Equal amount of PBS 

(Gibco) with 1% antibiotic-antimycotic (Gibco) was added to the tube. The tubes were 

centrifuged at 1,500 rpm for 10 minutes; infranatant (aqueous phase) and supernatant (oily 

phase) were removed. This process was repeated 3 times or until the infranatant was 

transparent. Then, 0.1% collagenase from Clostridium histolyticum type IA (Sigma-Aldrich) 

solution diluted in Hank’s Balanced Salts Solution (Gibco) was added to the tubes in a 1:1 ratio 

of the remaining tissue for enzymatic digestion of the tissue to release cells. The sample was 

placed in a shaker at 196 rpm and 37ºC for an hour or until the tissue had a smooth appearance. 

The infranatant, enriched in mononuclear cells, was then transferred into clean 50 mL tubes 

(25mL or less). The collagenase was inactivated with an equal amount Dulbecco’s Modified 

Eagle Medium -F12 (Gibco) supplemented with 10% fetal bovine serum (Biowest). The tubes 

were centrifuged for 10 minutes at 1,500 rpm to obtain the stromal vascular fraction, the pellet 

containing all mononuclear cells, including ADSC. Due to high concentrations of red blood 

cells, a red blood cell lysis buffer was used. In the same tube, cells were resuspended in 1 mL 

of an ammonium chloride solution (160mM) and they were all transferred to the same tube and 

incubated at room temperature for 10 minutes. Then, the cells were centrifuged for 10 minutes 

at 1,500 rpm and the supernatant was removed completely. The pellet was then resuspended in 

DMEM supplemented with 20% fetal bovine serum and passed through a 100μm cell strainer 

(Corning) and counted using a Neubauer chamber. A fraction of the cells were plated in 100mm 

petri dishes or T25 flasks (depending on cell count) and selected by cell adherence to obtain a 
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heterogeneous population of adipose-derived stem cells. The rest underwent magnetic isolation 

to obtain a pure subpopulation. The procedure is summarized in figure 1.  

Figure 1. Stem cell isolation and CD133 purification by magnetic labeling 

3.2 Cell Isolation by Magnetic Labeling 

 After stem cell isolation, CD133+ purified cells were isolated using Miltenyi Biotec’s 

MACS cell separation system. CD133 lyophilized human MicroBead Kit, LS columns and LS 

magnet, all from Miltenyi Biotec, were used. First, cell suspension was centrifuged in 15 mL 

tubes at 300g for 10 minutes to obtain the cell pellet and the supernatant was removed 

completely. Cells were then resuspended in 300 µL of MACS buffer (phosphate-buffered 

saline, pH 7.2, 0.5% bovine serum albumin, and 2 mM EDTA) and 100 µL of FcR blocking 

reagent and 100 µL of CD133 MicroBeads were added. Cells were then incubated at 4ºC for 

30 minutes. After 30 minutes have passed, 1 mL of MACS buffer was added to the cell 

suspension and they are centrifuged at 300g for 10 minutes, supernatant was removed. The 

magnetic LS column is rinsed with 3 mL of MACS buffer. The pellet is resuspended in 500 µL 

of MACS buffer and passed through the column attached to the magnet. Cells that are not 

labeled with the CD133 magnetic antibody will flow through whereas labeled cells will remain 

in the column while it’s attached to the magnet. Then, 3 mL of MACS buffer are added to the 
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column 3 times so that all unlabeled cells flow through. The magnet is then separated from the 

column, 5 mL of MACS buffer are then added to the column and CD133 labeled cells are 

rapidly flushed out and into a new 15 mL tube using the plunger provided. Cell suspensions 

are then centrifuged at 1500 rpm and CD133+ and CD133- cell number is determined using an 

improved Neubauer chamber (Figure 2). The procedure is depicted in the last three steps of 

figure 1.  

 

Figure 2. Quantification of freshly isolated CD133+ and CD133- cells 

3.3 Tri-lineage differentiation 

Cells on passage 2-5 were seeded on 6-well, 12-well, or 24-well plates. Control culture 

media was changed every 2-3 days until the plates reached 70% confluence. Once they reached 

the desired confluence, adipogenic, osteogenic or control media was changed every Monday, 

Wednesday and Friday for 21 days. Each plate had at least one control and one induction row. 

Control media consists of DMEM/F12 with 1% antibiotic-antimycotic (Gibco) and 10% fetal 

bovine serum (Biowest). Adipogenic media consists of DMEM/F12 (Gibco) with 1µM 

dexamethasone (Sigma-Aldrich), 1mM 3-isobutyl-1-methylxanthine (Sigma-Aldrich), 10 mM 

insulin (Sigma-Aldrich), 2 mM indomethacin, (Sigma-Aldrich) 1% antibiotic-antimycotic 

(Gibco) and 10% fetal bovine serum (Biowest). Osteogenic media consists of DMEM/F12 

(Gibco) 0.1 µM dexamethasone (Sigma-Aldrich), 10 mM  β-glycerophosphate (Sigma-

Aldrich), 50 µM of L-ascorbic acid (Sigma-Aldrich), 1% antibiotic-antimycotic (Gibco) and 

5% fetal bovine serum (Biowest).  

After 21 days of induction, cells with adipogenic media as well as control media were 

stained with Oil Red O (Hycel), a fat-soluble dye that stains lipoproteins in fixed cells. Cells 

are washed with PBS twice, then, formaldehyde at 4% is added to fix cells for 40 minutes. 

After the formaldehyde solution is removed, cells are washed 3 times with PBS. A stock 

solution of Oil Red O diluted isopropanol at a concentration of .5% is further diluted in PBS 



 25 

(3 parts Oil Red O solution, 2 parts PBS) and filtered. The working solution is added to the 

cells for 55 minutes. Cells are washed with PBS 3 times and photographed Zeiss Axiovert 40 

CFL microscope.   

After 21 days of induction, cells with osteogenic as well as control media were stained 

with Alizarin Red S (Sigma-Aldrich), which binds to extracellular calcium ions, forming a 

complex in a chelation process. Cells are washed with distilled water twice, then, formaldehyde 

at 4% is added to fix cells for 40 minutes. After the formaldehyde solution is removed, cells 

are washed 3 times with distilled water. A 40 mM Alizarin Red S solution is prepared, pH is 

adjusted to 4.23 and the solution is filtered. The working solution is added to the cells for 55 

minutes. Cells are washed with distilled water 3 times and photographed using Zeiss Axiovert 

40 CFL microscope.   

Osteogenic differentiation may also be assessed by immunocytochemistry of 

intracellular osteocalcin. Cells are washed two times with PBS and fixed with formaldehyde at 

4% for 30 minutes. Then, the cells were washed three times with a PBS solution containing 

1% BSA to avoid non-specific binding. Cells were permeabilized with a 0.3% solution of 

Triton X-100 for 30 minutes. Then, the cells were washed 3 times for 5 minutes in a shaker (60 

rmp) with a PBS 1% BSA solution. Then, the cells were blocked for 45 minutes with a 10% 

goat serum solution. Cells were washed again 3 times 5 minutes in a shaker (60 rmp) with a 

PBS 1% BSA solution. 50 µL of a 1:400 dilution of the primary mouse anti-human osteocalcin 

antibody (Santa Cruz) was added to the cells and covered in parafilm and incubated overnight 

at 4ºC. The cells were washed again 3 times 5 minutes in a shaker (60 rmp) with a PBS 1% 

BSA solution. 50 µL of a 1:200 dilution of the secondary antibody, FITC-conjugated goat anti-

mouse antibody were added to the cells, covered in parafilm, and incubated for an hour at room 

temperature. Then, the cells were washed 3 times with distilled water. The cells were mounted 

using floroumount (Sigma-Aldrich) in microscope slides and stored in the dark at 4ºC.  
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Figure 3. Assessment of minimal criteria for defining mesenchymal stem cells according to 

the International Society of Cellular Therapy 

3.4 Flow Cytometry 

Culture media was removed from attached cells in 100mm petri dishes and cells were 

washed with 4 mL of PBS (Gibco). To detach cells, 2mL of trypsin 0.25% (Gibco) were added 

to the dish. They were incubated at 37ºC for five minutes (additional two minutes if cells have 

not been detached). Trypsin was inactivated with 4 mL of DMEM/F12 with 10% fetal bovine 

serum. Detached cells were transferred to a 15 mL tube and centrifuged for 1,500 rpm for 10 

minutes and supernatant was discarded. Cells get suspended in DMEM/F12 in an adequate 

volume of 10% fetal bovine serum. To determine cell number, a 10 µL aliquot was obtained 

and used for cell counting in an improved Neubauer chamber. Cell suspension was centrifuged 

and supernatant was discarded. Cells are suspended in 400 µL of MACS buffer  
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Figure 4. Flow cytometry conjugated antibodies per tube 

 
containing PBS, 0.5% bovine serum albumin, and 2 mM EDTA (MACS BSA Stock Solution 

(# 130-091-376) 1:20 dilution in autoMACS® Rinsing Solution). 100 µL of cell suspension 

containing at least 100,000 cells were transferred to four round-bottom polystyrene tubes. 

Antibodies were added to each tube in the following way: control tube (no antibody or blocking 

agent), tube one had 20 µL FcR blocking agent (Miltenyi Biotec #130-059-901), 10 µL CD133-

PE (Miltenyi Biotec #130-090-853) and10 µL CD34-APC (Miltenyi Biotec #130-113-176), 

tube two had 20 µL FcR blocking agent, 10 µL CD90-FITC (Miltenyi Biotec #130-114-859) 

and 10 µL µL CD73-APC (Miltenyi Biotec #130-111-909) and tube three had 20 µL FcR 10 

µL CD105-PE (Miltenyi Biotec #130-112-163) and 10 µL CD45-APC (Miltenyi Biotec #130-

113-114). Tube distribution is shown in figure 4. Cells were incubated with the antibodies at 

4ºC for 10 minutes. 1 mL of the MACS buffer was added to wash the cells and they were 

centrifuged for 10 minutes at 300 g.  

  

1 mL of MACS buffer was added to each tube and cells were suspended to be able to pass them 

through the flow cytometer (BD FACSCanto II). 10,000- 20,000 events were recorded in the 

flow cytometer depending on the initial cell count. FACSDiva (BD Biosciences) software was 

used to capture data and it was analyzed using FlowJo 8.6.6. Parameters in the flow cytometer 

were set as follows: 

FCS 650 

SSC 600 

FITC 335 

PE 350 

APC 435 

Table 1. Flow cytometry parameters  

To exclude debris, gating was performed with respect to side scatter and forwards 

scatter. Forward scatter gives the estimation of size while side scatter estimates granularity. 

Gating parameters varied from sample to sample. For each sample, histograms of the control 

tube without antibodies were used to define the threshold for labeled and unlabeled cells.  

 

3.5 RNA Extraction 

RNA was extracted from cultured cells at 80% confluence using Sigma-Aldrich 

GenElute Mammalian Total RNA Miniprep Kit (RTN350). DMEM/F12 culture media 
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supplemented with 10% fetal bovine serum was used to wash attached cells and then was 

removed completely. Then, 250 µL of lysis solution/2-mercaptoethanol mixture was added to 

the 100mm petri dish, spread evenly over the surface and sat for 1-2 minutes. The lysate was 

collected pipetted into the GenElute filtration column and centrifuged at 16,000 g for two 

minutes. This step removes cell debris and DNA. The column is discarded and 250 µL of 70% 

ethanol solution is added to the flow-through and vortexed for 10 seconds to prepare for 

binding. The lysate/ethanol mixture is added to the GenElute binding column and centrifuged 

at 16,000 g for one minute. The RNA has now bound to the binding column; the flow-through 

is discarded. 500 µL of Wash Solution 1 is added to the binding column and centrifuged at 

16,000 g for one minute; the flow-through is discarded. The binding column is referred to a 

fresh collection tube for the second and third wash. 500 µL of an ethanol-containing wash 

solution is added and centrifuged for at 16,000 g 1 minute; the flow-through was discarded. 

The second wash is repeated but with a 2 minute centrifugation. If there is some solution visible 

in the binding column, it is centrifuged for an additional minute before the final step. The 

column is transferred to a fresh binding tube to elute the RNA. 50 µL of Elution Solution is 

added to the column and centrifuged at 16,000 g for 1 minute.  

The spectrophotometer NanoDrop 2000 is used to quantified and asses purity of RNA 

using 1 µL of RNA sample and stored at -80ºC. Proteins have strong absorbance at 280 nm 

while nucleic acids have absorbance at 260 nm. Many organic compounds, such as salts, have 

an absorbance at 225 nm. The NanoDrop software yields two important ratios. The A260/280 

will indicate protein contamination in nucleic acids. Pure RNA should be between 1.8-2.1. A 

lower ratio indicates protein contamination. The A260/230 ratio is indicative of organic 

compound contamination such as phenol, TRIzol and salts. The ratio should be close to 2, 

anything lower than 1.8 means that there are higher concentrations of these contaminants that 

could interfere with application in reverse transcription. Quantification of RNA per µL is also 

important for downstream application. Concentration of RNA is important to standardize its 

use for further experiments. Typical spectral pattern of RNA by NanoDrop software is shown 

in figure 5.  
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Figure 5. Typical pattern of a pure RNA sample using Nanodrop software 

3.6 End-point RT-PCR 

 End-point reverse transcription polymerase chain reaction was done using QIAGEN® 

OneStep RT-PCR kit according to manufacturer’s instructions. A master mix containing 

enough volume for the amount of reactions needed and an additional 10% was prepared. The 

master mix contained 10.0 µl of 5x QIAGEN OneStep RT-PCR Buffer, 2.0 µl of 1x dNTP Mix 

(containing 400 µM of each dNTP per reaction), 2.0 µl of QIAGEN OneStep RT-PCR Enzyme 

Mix and a variable amount of RNase-free water to reach a total volume of 50 µl per reaction. 

Master Mix was then distributed into individual PCR tubes. 3 µl of reverse primer and 3 µl of 

forward primer (for a concentration of 0.6 µM each) of six pluripotency genes, CD133 gene 

and GAPDH for control to PCR tubes containing the master mix. Primers used had been 

previously designed and standardized (60); the sequences are listed in table 2.  Finally, around 

100 ng of RNA were added to each PCR tube. The thermal cycler (Px2 Thermal Cycler, 

Thermo Electron Corporation (had been pre-heated to 50ºC and the tubes were placed for the 

reaction to take place. During the reverse transcription phase, mRNA is converted to cDNA by 

the Omniscript and Sensiscript reverse transcriptases at 50ºC for 30 minutes. Then, during the 

initial PCR stage at 95ºC for 15 minutes, the reverse transcriptase is inactivated, the HotStar 

Taq DNA polymerase is activated and the cDNA is denatured. The three-step cycling begins, 

where the cDNA is denatured for one minute at 94ºC, annealed for one minute at 55ºC, and 
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extended for one minute at 72ºC thirty times. The annealing temperature for all primers was 

standardized at 55ºC. There is a final extension step at 72ºC for ten minutes. The procedure is 

summarized in figure 6.  

Gene Forward Sequence Reverse Sequence 

GAPDH GAGTCAACGGATTTGGTCGT TTGATTTTGGAGGGATCTCG 

Nanog TTCCTTCCTCCATGGATCTG TCTGCTGGAGGCTGAGGTAT 

Nestin AACAGCGACGGAGGTCTCTA TTCTCTTGTCCCGCAGACTT 

Notch1 TCACGCTGACGGAGTACAAG CCACACTCGTTGACATCCTG 

Oct4 AGTGAGAGGCAACCTGGAGA ACACTCGGACCACATCCTTC 

Rex1 GGCGGAAATAGAACCTGTCA CTTCCAGGATGGGTTGAGAA 

Sox2 ACTTTTGTCGGAGACGGAGA GTTCATGTGCGCGTAACTGT 

CD133 GCATGCAAAAGCCATCATAG ATCCATGCTGGACACCAGA 

Table 2. Pluripotency gene primer sequence used in end-point PCR 

3.7 Gel Electrophoresis 

 Polymerase chain reaction products are visualized through gel electrophoresis. A 3% 

agarose gel is prepared by mixing 0.9 g of agarose (Bioline) in 30mL of sodium borate buffer. 

Then, 5 µl of PCR product along with 1 µl of blue gel loading dye and 1 µl of 5x gel red 

(Biotium) are loaded into a well for each gene. Electric current is applied at 70 volts for 90 

minutes. A reference well is loaded with HyperLadder™ 25bp from Bioline as a molecular 

weight marker. The image is then captured using BioRad’s ChemiDoc™ XRS+ System. Gels 

were analyzed using Image J Software (61). Procedure is depicted in the last step of figure 6.  
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Figure 6. RNA extraction, end-point PCR and gel electrophoresis flow for pluripotency 

genes 

3.6 qRT-PCR 

 qPCR is a technique with the same principle as end-point PCR but it is more sensitive 

to low amount of expression and yields quantitative results. qRT-PCR was done in two steps: 

cDNA synthesis (using reverse transcriptase) and real time amplifications using SYBR Green. 

The High-Capacity cDNA Reverse Transcription Kits (catalog # 4368813) from Applied 

Biosystems were used to synthesize cDNA from RNA according to manufacturer’s 

instructions. To every reaction, 2.0 µL of 10X RT Buffer, 0.8 µL of 25X dNTP Mix (100 mM), 

2.0 µL of 10X RT Random Primers, 1.0 µL of MultiScribe™ Reverse Transcriptase enzyme, 

4.2 of µL Nuclease-free H2O, and 10 µL of RNA were added. RNA concentrations were either 

1000ng or 2000ng for every reaction. This results in a 50ng/ µL or 100ng/ µL per reaction. The 

kit uses random primers to initiate cDNA synthesis from mRNA and rRNA strands.  

 Brilliant III Ultra-Fast SYBR® Green QPCR Master Mix from Agilent Technologies 

(catalog #600882) is used for real time amplification according to manufacturer’s instructions. 

It was used to quantify CD133 mRNA using GAPDH as endogenous control. Primer sequences 

for both genes are listed in table 3. CD133 primer had been previously reported for qRT-PCR 

(62). They were verified using NCBI’s BLAST tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi). 

Primers should be specific for the gene of interest, around 150 base pairs for fast cycling, and 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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have a low E value.  Primers were standardized using Caco2 cancer cells as positive for CD133. 

For each reaction, 10 μL of 2× SYBR Green QPCR master mix, 0.6 μL of forward primer (300 

nM), 0.6 μL of reverse primer (300nM), 0.3 μL of diluted reference dye (1:50), 7.5 μL of water, 

and 1 μL of cDNA containing 1 ng/μL were added per reaction. The master mix contains a 

mutant Taq DNA polymerase, dNTPs, Mg2+ and SYBR Green I for detection. SYBR Green 

dye binds to double-stranded DNA and emits fluorescence. The fluorescence emitted is 

proportional to the copy number in each reaction. The reference dye is used to compensate for 

variations in fluorescence not related to PCR. Fluorescence is monitored in real time with 

Applied Biosystems® StepOne Systems (Life Technologies). 

 The thermal cycler begins with a 3-minute hold stage at 95ºC. Then, it cycles 40 times 

with a denaturing temperature of 90ºC for 15 seconds and an annealing and extension 

temperature of 60ºC for 30 seconds. The thermal cycler records data during the 

annealing/extension step on each cycle. The procedure is summarized in figure 7.  

Figure 7. RNA extraction, quantification, cDNA synthesis and qRT-PCR for CD133 

expression 

 

CD133 expression was determined by comparing the cycle threshold (Ct). The ΔCt  is 

the difference in number of cycles that the target gene needs to be detected compared to the 

endogenous control (GAPDH). It is calculated as follows: 
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ΔCt= ΔCt_CD133 – ΔCt_GAPDH 

 To compare CD133 expression between two different samples, the ΔΔCt is calculated 

as follows:  

ΔΔCt = ΔCt_A  – ΔCt_B 

 Fold change of CD133 expression between two conditions is calculated using ΔΔCt in 

the following way: 

Fold change= 2-ΔΔCt 

 

Gene  Forward Sequence Reverse Sequence 

GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA 

CD133 GGACCCATTGGCATTCTC CAGGACACAGCATAGAATAATC 

Table 3. Primer sequences for qRT-PCR  
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Chapter 4 

Results 

4.1 Mononuclear Cell and CD133+ Cell Yield 

 Average number mononuclear cells per sample and amount of CD133+ cells of three 

female patients (mean age= 40, standard deviation= 5) are summarized in table 4. On average, 

over 7 million mononuclear cells were isolated from 325 mL of lipoaspirated tissue. Of those 

cells, an average of 68 thousand were CD133+ after being selected by magnetic separation. A 

mean of 175.72 CD133+ cells were obtained per mL of processed tissue. This means that 

1.15% of isolated cells from adipose tissue were CD133+.   

Table 4. CD133+ yield per patient  

4.2 Surface Protein Expression by Flow Cytometry Analysis 

 Flow cytometry performed on passage one cells from patient 2 revealed typical 

mesenchymal stem cell expression on all cells. Cells from the negative fraction, as well as those 

that were positively selected for CD133 expressed CD73, CD90 and CD105. Surprisingly, both 

fractions were negative for the primitive CD133 marker. Around half of the cells from the 

negative fraction were positive for CD34 and most were for the hematopoietic marker CD45. 

The CD133+ fraction was negative for the less primitive marker CD34 and had a high 

proportion of more than half of the cells positive for the hematopoietic marker CD45. Flow 

cytometry histograms for the negative and positive fractions of patient 2 are shown in figures 

8 and 9, respectively.  
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Figure 8. Immunophenotype analysis of CD133- cells  
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Figure 9. Immunophenotype analysis of CD133+ cells  

 

4.3 Osteogenic and Adipogenic Differentiation Potential 

 After 21 days of osteogenic or adipogenic induction, CD133+, CD133- and MSC 

subpopulations were capable of undergoing differentiation into these lineages. Morphological 

changes were apparent since day 7. Amount of lipid vacuoles as well as their size increased 

with time. Also, elongation of cells in osteogenic media was observed at day 7 and calcium 

deposits were observed at day 14. Oil red staining for lipid vacuoles was positive in cells in 

adipogenic medium and negative in cells in control medium. Alizarin Red S staining for 

calcium deposits was positive in cells in osteogenic medium and didn’t stain in cells in control 

medium. Images of cells after staining with Oil Red at day 21 from patient 4 at passage 4 are 

shown in figure 10. Images of cells after staining with Alizarin Red S at day 21 from patient 5 

at passage 1 are shown in figure 11.  
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Figure 10. Oil red staining after adipogenic induction 

Figure 11. Alizarin Red Staining after osteogenic induction 

4.4 Pluripotency Gene Expression 

 Qualitative measurement of pluripotency genes was done by end-point PCR. A semi-

quantitative analysis was done analyzing gels using Image J Gel Analyzer feature. In all 

samples and at every passage, genes Nanog, Nestin, Notch1, Oct4 and Rex1 were expressed. 

Sox2 expression was not detectable using this technique. Surprisingly, CD133 mRNA was not 

detected in any of the samples, including those that had not been passaged. Results suggest that 

CD133+ cells have higher expression of pluripotency genes except for Oct4. Gel images for 

the negative and positive portions are shown in figure 12 and 13, respectively. Analysis of both 

fractions using Image J is pictured in figure 14.  

 



 38 

Figure 12. Pluripotency gene expression in CD133- cells. 

 

 

Figure 13. Pluripotency gene expression in CD133+ cells 

 

 

Figure 14. Pixel intensity analyzed by image J of CD133+ and CD133- pluripotency gene 

expression 

4.5 CD133 Gene Expression 

 Quantitative analysis of CD133 mRNA was possible through real time PCR. Results 

demonstrate low but detectable amount of CD133 mRNA only in CD133+ cells at passage 0. 

CD133- cells at passage 0 do not express CD133 mRNA. ΔCt values using GAPDH as 

endogenous control of CD133+ ADSCs, CD133- ADSCs and Caco2 cancer cells, which served 
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as positive control for CD133 are shown in table 5. Fold-change of CD133 expression in Caco2 

in relation to CD133+ ADSCs cells is 449.9.  

 

Cell Type ΔCt 

CD133+ ADSCs 14.4 

CD133- ADSCs Undetermined 

Caco2 5.6 

Table 5. qPCR results 
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Chapter 5 

Discussion 

5.1 CD133+ Cell Yield 

 Low yield of CD133+ mesenchymal stem cells from different tissue has been 

previously reported and is consistent with present findings. In human bone marrow, Bakondi 

et al. found that CD133+ cells only make up for 0.24% of mononuclear isolated cells in nine 

subjects (50), which is lower than what we found in the stromal vascular fraction of three 

patients after red blood cell lysis (1.15%).  After selection by plastic adherence and three 

passages, Han et al. found a similar proportion of CD133+ cells in three subjects that donated 

bone marrow (.3%) (17). In the same study, no CD133+ adherent cells were found in adipose-

derived stem cells, umbilical cord stem cells, or placenta.  

5.2 Loss of CD133 Marker During Cell Culture 

Although freshly isolated adipose-derived mesenchymal stem cells were positively 

selected for the protein prominin 1, after culture, even before passaging, the marker was lost at 

protein and mRNA level. In other models, CD133+ cells form spheres and are usually cultured 

in three-dimensional models. CD133+ neural stem cells are characterized by being 

neurosphere-initiating cells (39). Cells in neurospheres have clonogenic properties as well as 

capability to differentiate into neurons, astrocytes and oligodendrocytes. In glioma cells, 

CD133+ express typical stem cell markers, are able to initiate tumors after transplantation, and 

are cultured in vitro as spheres (63). In both models, CD133- cells are plastic adherent. In 

glioma cells, plastic-adherent, CD133- cells are further differentiated than the positive cells. It 

is possible that when selecting by adherence, CD133+ cells are being washed.  

CD133 is considered to be one of the most primitive stem cell markers (64). It is known 

that traditional stem cell culture techniques, using animal serum and components has a effect 

on phenotypic and functional characteristics of stem cells (65). Fetal bovine serum, which was 

used in the present study, shows batch-to-batch variability in terms of growth factors and may 

lead to growth rate and gene expression changes in cells. It is likely that uncontrolled factors 

in serum lead to loss of pluripotency, resulting in loss of CD133 marker. CD133- neural stem 

cells exhibit higher colony formation efficiency when cultured in adherent conditions than 

CD133+ cells (66). This raises the possibility that our plastic-adherent, animal serum-using 

conditions are favoring survival and proliferation of cells that lose the CD133 marker as they 

become adherent.  
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One possible mechanism of loss of CD133 is by blocking transcription factor binding 

(possibly Sp1 and Myc) to the CD133 promoter by methylation of the promoter region (67). 

This methylation causes the gene-silencing proteins methyl-CpG-binding domain proteins 1 

and 2 (MBD1 and MBD2), and methyl CpG binding protein 2 (MeCP2) binding to the 

methylated CpG island and repress transcription of prominin 1. Lack of CD133 expression in 

adherent MSCs was verified by analyzing microarray databases from other laboratories (68) in 

NCBI’s Gene expression omnibus (https://www.ncbi.nlm.nih.gov/geo/). Analysis is shown in 

figure 15.  

qRT-PCR shows significant differences between CD133 mRNA in the CD133+ and 

CD133- fractions. In the positive fraction, cells do express low but detectable levels of CD133 

mRNA with a ΔCt of 14.4. CD133- cells show no expression of CD133 at mRNA level. This 

led us to conclude that the mRNA detected by qPCR were remnants of original seeded cells 

that have already lost the protein. Their daughter cells have no expression at protein or mRNA.  

Figure 15. Microarray analysis of CD133 and GAPDH in ADSCs. Dataset GDS5056 

5.3 Surface Protein Expression 

 All cell samples were positive for CD73, CD90 and CD105, in agreement with ISCT’s 

standards for stem cells. Although the ISCT states that MSCs must be negative for CD34, 

around half of CD133- cells were positive for this marker. Studies have found large 

subpopulations of adipose-derived MSCs that express CD34 (69), which differentiates them 

from bone marrow MSCs. CD34 expression varies between donors and decreases with passage 

number (70).   

https://www.ncbi.nlm.nih.gov/geo/
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 The CD133+ fraction lacked expression of CD34, which is considered a more mature 

hematopoietic stem cell marker, but presented hematopoietic CD45 expression. Although 

mesenchymal stem cells must be negative for CD45, its positive expression is in accordance 

with results from other labs using this subpopulation (50) (48). A possible explanation for this 

is that CD133+ cells possess a higher degree of pluripotency. Given that hematopoietic and 

mesenchymal stem cells both derive from the mesoderm, it is possible that CD133+ cells have 

the capability to commit into any of these two lineages.   

5.4 Pluripotency gene expression 

 Genes analyzed by end-point reverse-transcription PCR are transcription factors that 

regulate expression of genes involved in self-renewal, proliferation and differentiation 

processes. They are responsible for maintaining embryonic stem cells in an undifferentiated 

state. In MSCS, Nanog has been implicated in inhibiting differentiation towards ectodermal 

lineages and Oct4 in inhibiting bone morphogenetic protein 4 (BMP4), leading to mesodermal 

lineage commitment (71). 

 Some studies have reported low yet detectable levels of Oct4 and Sox2 in bone-marrow 

MSCs in low passages (72). In the present study, no expression of Sox2 was found in any of 

the samples. It is possible that there is some expression that is not detected by the method in 

use. It is reasonable that we didn’t find Sox2 expression in cultured cells since Sox2 has been 

implicated in mesodermal differentiation inhibition. Another study reported expression of 

Nanog that decreased with time in culture and no Sox2 or Oct4 expression (73). A study in 

embryonic stem cells found that Oct4 and Nanog, but not Sox2, were crucial for maintenance 

of a pluripotent state (74). Results from our studies show consistency in expression of Oct4, 

Nanog and Sox2 and those reported in the scientific literature.  

 Nestin is an intermediate filament originally identified in neural stem cells but has also 

been proposed as a MSC marker. Nestin positive MSCs have the ability to differentiate into 

osteocytes, chondrocytes and adipocytes (75), which was also demonstrated in the present 

study.  Nestin positive MSCs have also been proposed as a good source to use in regeneration 

of the central nervous system (76). Rex1 had been proposed to regulate proliferation in human 

MSCs, where it is weakly expressed (77). As Rex1 expression increases, Notch1 (involved in 

differentiation) expression increases in MSCs.  
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5.5 Future Directions 

 Mesenchymal stem cells expressing CD271 consist of a subpopulation with high 

clonogenic capacity. CD271 has been shown to inhibit differentiation of MSCs, making them 

a more primitive subpopulation (78). CD271+ cells have successfully been isolated from 

adipose tissue in different laboratories (79) (80), including ours (60, 64). Microarray analysis 

from different research groups on CD271 and CD133 expression also suggest higher yield of 

CD271+ cells (figure 16) (68).  CD271 is the cluster of differentiation that stands for the low-

affinity nerve growth factor receptor. This receptor binds to four neurotrophins: nerve growth 

factor, brain derived neurotrophic factor, neurotrophin-3 and neurotrophin-4. All these proteins 

are involved in neuron maturation and survival and have anti-apoptotic effects. These 

characteristics render adipose-derived CD271+ MSCs as attractive targets for neural 

differentiation.  

Figure 16. Microarray analysis of CD133, CD271 and GAPDH in ADSCs. Dataset 

GDS5056 

 

Selecting CD133+ cells from induced pluripotent stem cells (iPSCs) is another option 

for obtaining purified cells for neural differentiation. Heterogeneity is also a concern when 

working with iPSCs. At an individual level, single-cell RNA-seq reveals heterogeneity in 

stages of pluripotency between cells (81). CD133 purified iPSCs could provide a 

heterogeneous population with a high differentiation efficiency towards a neuronal lineage. 

Microarray analysis from publicly available databases indicates high CD133 mRNA 
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expression (82, 83) (figure 17), which indicates high probability of CD133 expression at 

protein level.  

 

 

Figure 17. Microarray analysis of CD133 and GAPDH in induced pluripotent stem cells. 

Datasets GSE24487 and GSE33298 
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Chapter 6 

Conclusion 
 According to our results, adipose tissue is not a suitable source for CD133+ 

mesenchymal stem cells for differentiation and therapeutic purposes. There are significant 

differences in terms of immunophenotype and pluripotency gene expression between CD133+ 

and CD133- fractions. There is a complete loss of CD133 protein in positive selected cells 

when cultured, even before the first passage. A trace amount of CD133 mRNA was detected 

in CD133+ cells while CD133- cells showed no mRNA expression.  
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