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ABSTRACT 

 

Umbilical cord blood (UCB) is a rich source of hematopoietic stem and progenitor cells (HSPCs). 

There are however limitations to using UCB as a regular source for hematopoietic stem cell 

transplantation (HSCT). The number of CD34+ HSPCs is limited, while a minimum number of 

CD34+ HSPCs is required for HSCT, which cannot always be achieved. New developments in 

HSCT are currently underway to expand current applications and improve safety and efficacy. 

This necessitates efficient ex vivo expansion of these cells to therapeutic numbers. HSCT is 

being investigated in therapies for non-hematopoietic disorders with the goal of replacing 

diseased cells or tissue with healthy cells. HSPC-based gene therapy strategies are becoming 

attractive applications of corrective ex vivo gene transfer given the reconstitutive potential of 

HSCT. The success of these strategies for the treatment of monogenic disorders resulted in the 

application of HSPC gene therapy being considered for other diseases such as the human 

immunodeficiency virus (HIV).  

 

The optimal isolation method was determined for increased HSPC purity and viability by testing 

two different methods, magnetic activated cell sorting (MACS) and fluorescent activated cell 

sorting (FACS). FACS was considered optimal for our purposes and was used to isolate CD34+ 

HSPCs for subsequent experiments. Different commercially available serum-free media were 

tested and compared to standard medium supplemented with foetal bovine serum (FBS). All 

commercial serum-free media outcompeted the standard medium based on viability and 

proliferation. Building on the previous work, StemSpan ACF was used to test combinations of 

cytokines for their expansion potential. The combination containing FLT3L, SCF, TPO, IL-3 and 

G-CSF resulted in the greatest expansion of HSPCs. The effect of StemRegenin-1 (SR1) on the 

expansion of HSPCs was explored by adding SR1 to the above-mentioned cytokine 

combinations. This resulted in minor effects on HSPC expansion based on viability and 

immunophenotype. Similarly, it resulted in only two significantly downregulated genes, 

cytochrome P450, family 1, subfamily B, polypeptide 1 (CYP1B1) and erythrocyte membrane 

protein band 4.1-like 3 (EPB41L3), in both CD34+ and CD34– cells compared to non-treated 

controls. The use of CD34+ HSPCs exclusively expanded with SR1 would be beneficial in cases 

where the HSPC cell dose of the initial harvested cell therapy product is suboptimal and 
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therefore not a feasible option for HSCT on its own. Single-cell RNA sequencing was performed 

on CD34+ HSPCs and four populations were identified, which is in line with previous 

publications. HSPC gene therapy is a promising approach to treat HIV. However, this type of 

approach would require the presence of significant numbers of long-term repopulating HSPCs 

to enable successful long-term engraftment of gene-modified cells. One aspect that could 

result in this approach not succeeding is the presence of proviral DNA in HSPCs. It would 

therefore be important to identify a population of HSPCs that is resistant to HIV infection. It 

was therefore investigated whether HSPCs from leukapheresis products are susceptible to 

infection with HIV and whether a subset of HSPCs exists that is resistant to infection to use in 

HIV gene therapies. Unfortunately, this could not be achieved due to loss of viability of HSPCs 

from leukapheresis products.  

 

Key words: Umbilical cord blood (UCB); hematopoietic stem and progenitor cells (HSPCs); 

expansion; StemRegenin-1 (SR1); gene expression; immunophenotyping; HIV-1C; co-receptor 
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CHAPTER 1. INTRODUCTION  

 

Cells are the ‘building blocks of life’ with the earliest cell being a stem cell, which has the ability 

to self-renew and differentiate into different cell types that work collectively to ensure a 

functional system. The concept of a ‘stem cell’ was originally proposed in 1963 by Till and 

McCullock after the formation of blood cell colonies post-bone marrow transplantation in the 

spleen of recipient mice (1,2). This occurrence established two defining characteristics of stem 

cells, multipotency and self-renewal. Multipotency is the ability of a cell to differentiate and 

give rise to multiple lineages, while self-renewal is the ability to produce an identical daughter 

cell which does not differentiate (3).  

 

Stem cells can be broadly divided into three categories based on their differentiation potential, 

namely totipotent, pluripotent and multipotent. Totipotent stem cells have the highest 

differentiation potential and are able to form the embryo and extra-embryonic tissue such as 

the placenta. Examples include zygotes and early blastomeres (4,5). Pluripotent stem cells, 

which include embryonic stem cells (ESCs), are derived from the inner cell mass of the 

blastocyst and are able to differentiate into cells of the three germ layers (ectoderm, endoderm 

and mesoderm) upon appropriate stimulation.  

 

Researchers have identified four essential transcriptions factors for pluripotency, OCT4, SOX2, 

KLF4, and C-MYC (6) which control genes required for cells to remain undifferentiated. Somatic 

cells can be reprogrammed by artificial stimulation with these four transcription factors, 

resulting in a reversion to pluripotency; these reprogrammed cells are known as induced 

pluripotent stem cells (iPSCs). Although iPSCs are equivalent to ESCs in their protein expression, 

these cells differ in their epigenetic structures. Upon differentiation, cells acquire specific 

methylation changes which influence induced pluripotency (7). The use of ESCs for treatment 

is controversial due to potential tumour progression following treatment and ethical concerns 

relating to the use of these cells. However, iPSCs offer great potential in regenerative and 

personalised medicine to better understand disease mechanisms and for the treatment of 

various diseases. Scientists are making progress with iPSCs-derived cells in Parkinson’s disease, 

platelet deficiency disorders and spinal cord injury (8).  
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Multipotent stem cells, also referred to as adult stem cells or tissue-specific stem cells, exist in 

an undifferentiated state and have an important function in local tissue repair and 

maintenance. Hematopoietic stem cells (HSCs) are a prime example of multipotent stem cells. 

Even though HSCs have been studied for over 50 years and are the best-characterised stem 

cells, no standard criteria exist to classify HSCs or distinguish them from early hematopoietic 

progenitor cells (HPCs), which are already primed to a particular lineage. Both HSCs and HPCs 

reside in the bone marrow and both cell types have the ability to self-renew and differentiate 

into the different blood lineages. This thesis will therefore collectively refer to these cells as 

hematopoietic stem/progenitor cells (HSPCs), which encompasses both HSCs and HPCs.  

 

In 1988, murine HSPCs were isolated for the first time from bone marrow using a combination 

of fluorescent activated cell sorting (FACS) and monoclonal antibodies. Lineage-specific 

markers are expressed once cells start to differentiate into the various blood lineages. 

Expression of lineage markers by mature blood cells assists in excluding lineage-committed and 

differentiated cells during characterisation of HSPCs. A Thy-1lowLin–Sca-1+ population 

represented approximately 0.05% of the bone marrow cells and was able to reconstitute the 

hematopoietic system following transplantation into sub-lethally irradiated mice (9). A study 

performed in 1996 revealed that one in three CD34–/lowc-Kit+Sca-1+Lin– cells taken from murine 

bone marrow ensured long-term reconstitution of myeloid and lymphoid lineages following 

single-cell transplantation into sub-lethally irradiated mice (10). 

 

1.1. THE HEMATOPOIETIC STEM CELL NICHE 

The importance of the niche was first postulated in 1978 by Ray Schofield (11) and refers to a 

microenvironment in which HSPCs primarily reside in a non-cycling state. The location of the 

niche depends on the developmental stage of the organism and can shift from the placenta 

and foetal liver in fetuses, to the bone marrow in adults (12). Migration of HSPCs into and out 

of the niche is crucial during development, as well as later in life for dynamic hematopoietic 

reconstitution.  
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The behaviour of HSPCs is controlled by a balance of intrinsic (gene expression changes) and 

extrinsic factors (surrounding cell signals) that regulate self-renewal, quiescence, proliferation, 

differentiation and apoptosis. A fine balance between HSPC self-renewal and differentiation is 

achieved during development to maintain tissue homeostasis and produce cellular diversity of 

the HSPC population capable of rapid response to stimuli. This balance is achieved through 

asymmetric cell division, where an identical copy of a cell is produced that retains stem cell 

properties, while a daughter cell enters the path of differentiation. Disruption of this balance 

could lead to HSPC depletion or cancer development (13).  

 

The presence of multiple niches within the bone marrow has been proposed (14). 

Phenotypically distinct HSPCs were found in close proximity to non-hematopoietic cell types, 

providing evidence that different niches within the bone marrow support different subsets of 

HSPCs (15). The bone marrow niche consists of bone matrix and various non-hematopoietic 

cells, including endothelial cells, stromal cells, neuronal cells and adipocytes (14). These 

specialised cell types and extracellular elements allow integration of signals from the periphery 

into the bone marrow niches, to which HSPCs respond.  

 

Osteolineage cells (osteoblasts and osteoclasts) were some of the first cells shown to interact 

with HSPCs and were suggested to play an important role in HSPC fate. Osteoblast precursors 

are mesenchymal stromal cells (MSCs) that occupy the endosteal surface of flat and trabecular 

bones between the bone and the bone marrow. These cells are embedded within the bone 

matrix upon differentiation into osteoblasts. Transplanted CD34+ HSPCs have been shown to 

preferentially localise in the endosteal region of the bone marrow in close proximity to 

osteolineage cells (16). The osteoblasts that support HSPCs have a distinct phenotype of N-

cadherin+CD45– and are regulated by bone morphogenic protein (BMP) (17). Mice deficient in 

BMP receptor type IA showed increased numbers of N-cadherin+CD45– osteoblasts which 

correlated with increased numbers of HSPCs (17). In 2003, a study by Calvi et al. (18) showed 

the role of osteoblasts in hematopoiesis through a genetically modified mouse model 

producing osteoblast cells, resulting in increased osteoblastic cells in bone marrow. This 

increase was associated with an increase in lineage-negative, long-term repopulating HSPCs in 

the region between the bone and marrow. However, HSPC maintenance does not solely rely 
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on the presence of osteoblasts, since impaired osteoblastic function has been shown not to 

affect long-term HSPCs (19) and expansion of specific modalities of osteolineage cells has been 

shown to decrease HSPC numbers (20).  

 

It is proposed that multiple subsets of osteolineage cells at different stages of differentiation 

play an important role in HSPC maintenance (21,22). Immature osteoprogenitor cells are 

thought to be more important in maintaining the HSPC niche (23), while mature cells are 

dispensable since they have an inhibitory effect on HSPCs (24). Osteolineage cells and MSCs 

are believed to regulate quiescence through the secretion of C-X-C motif chemokine ligand 12 

(CXCL12), angiopoietin 1 and thrombopoietin (TPO) (25). It has been demonstrated that 

deletion of CXCL12, a major chemoattractant and retention factor in the bone marrow, in 

osteoprogenitors and MSCs resulted in increased mobilisation of HSPCs (26,27). 

 

Evidence further suggests the presence of another niche component referred to as the vascular 

niche, involving perivascular cells. A variety of perivascular cells have been identified to date, 

including CXCL12-abundant reticular (CAR) cells, nestin-green fluorescence protein 

(GFP)dim/leptinR+ MSCs and nestin-GFPbright/neuron-glial antigen 2 (NG2)+ pericytes. Increased 

numbers of HSPCs are present when located adjacent to CAR cells, (28), while ablation of CAR 

cells show reduction in osteogenic and adipogenic lineage differentiation of non-

hematopoietic cells in the bone marrow. Deletion of CAR cells has further resulted in the 

depletion of mature lineages such as lymphoid lineages, suggesting a wider role of these cells 

in the niche (14).  

 

Nestin-GFPlow cells express genes associated with HSPC retention, such as CXCL12 and vascular 

cell adhesion molecule 1 (VCAM-1). These genes are generally downregulated upon 

granulocyte colony stimulating factor (G-CSF) mobilisation. Depletion of Nestin-expressing cells 

in mice resulted in a 50% decrease in HSPCs (29). Nestin-GFPbright cells are close to the 

endosteum and denote a quiescent niche, while Nestin-GFPlow cells surround the sinusoidal 

vessels and serve as a proliferative niche (22,28) from which HSPCs are mobilised for 

differentiation. 
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The presence of multiple cell types and their respective roles in the niche highlights the 

heterogeneity and complexity of these supportive cells required for HSPC maintenance. A 

recent study tried to decipher the bone marrow composition at a single-cell level, revealing 

the presence of 17 transcriptionally distinct sub-populations within the bone marrow of mice. 

These sub-populations expressed genes relating to MSCs, osteolineage cells, chondrocytes, 

fibroblasts, endothelial cells and pericytes. Some populations showed considerable 

heterogeneity within these subsets (30). This complex network of interactions has not been 

fully elucidated and additional studies are required to identify the different components, cell 

types, and interactions between the various cells in the niche.  

 

1.2. HEMATOPOIESIS 

The mammalian blood system contains more than 10 distinct mature blood cell types that all 

differentiate from HSPCs indicating the remarkable differentiation potential of these cells. 

Haematopoiesis involves the progression of HSPCs through different stages of differentiation 

for continuous maintenance of mature blood cell production. This process is well-studied and 

involves many cytokines, chemokines, cell-to-cell interactions and extracellular matrix 

interactions. However, the in vivo functionality, frequency and longevity of HSPCs in humans 

are not clearly defined. 

 

The classical model of haematopoiesis suggests a hierarchical structure with long-term HSPCs 

at the apex of the hierarchy (Figure 1.1). Long-term HSPCs have self-renewal capabilities 

throughout life and give rise to short-term HSPCs with limited self-renewal capabilities. Short-

term HSPCs differentiate to form multipotent progenitors (MPP), which are precursors of 

common lymphoid and myeloid progenitors (CLP/CMP). MPPs have no self-renewal abilities 

but are capable of full lineage differentiation. CLP progeny differentiate into lymphoid and 

natural killer (NK) cells. CMP progeny differentiate into granulocyte–macrophage progenitors 

(GMP) and megakaryocyte–erythrocyte progenitors (MEP), which will differentiate into 

granulocytes and macrophages, and erythrocytes and megakaryocytes, respectively (31).  
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Figure 1.1. The classical model of hematopoiesis. Schematic illustration of the differentiation of 

hematopoietic stem/progenitor cells (HSPCs) into mature blood cell types. CLP, common lymphoid 

progenitor; CMP, common myeloid progenitor; GMP, granulocyte/monocyte progenitor; HPC, 

hematopoietic progenitor cell; HSC, hematopoietic stem cell; HSPC, hematopoietic stem and progenitor 

cell; MEP, megakaryocyte-erythrocyte progenitor; MK, megakaryocytes; MPP, multipotent progenitor; 

NK, natural killer cell. (Figure was created by Juanita Mellet and Candice Herd). 

 

Even though hematopoiesis has been studied for many years, the HSPC hierarchy is more 

complex than previously assumed. Recent studies provide data that cannot be explained by 

the classical model. This includes myeloid-restricted progenitors with long-term repopulating 

potential (32) and HSPCs expressing platelet-biased genes while having the ability to self-

renew (33). These two examples are only a fraction of the data demonstrating non-classical 

differentiation potential of HSPCs. Technological advances in the past decade resulted in a 

revised model of hematopoiesis, illustrated in Figure 1.2.  

 



7 

 

 

Figure 1.2. The revised model of hematopoiesis. A revised model of the hematopoietic hierarchy based 

on current literature. The hematopoietic populations are indicated in black, whereas differentiation-

specific genes are indicated in red. B, B cell, CMP, common myeloid progenitor; DC, dendritic cell; E, 

erythrocyte; GMP, granulocyte/monocyte progenitor; HSC, hematopoietic stem cell; LMPP, lymphoid-

primed multipotent progenitor; M, monocyte; MK, megakaryocytes; MLP, multipotent lymphoid 

progenitor; MPP, multipotent progenitor; NK, natural killer cell; PMN, polymorphonucleated cell; T, T 

cell. (Figure was created by Juanita Mellet, adapted from (34)). 

 

Based on the revised model, HSCs do not pass through subsequent stages of differentiation 

and are not subjected to cell fate decisions at various discrete branching points. This model 

rather proposes a Continuum of LOw-primed UnDifferentiated (‘CLOUD’)-HSPCs, where HSCs 

and MPPs share similar gene expression patterns (HOXB6/HOXA2/PRDM16) despite different 

metabolic states. It is further suggested that HSCs and MPPs start to show signs of lineage 

priming while still in the CLOUD (35). Lineage-priming exists at low levels in the CLOUD and is 

reinforced upon differentiation into the various lineages. For many years, it was thought that 

erythrocytes and megakaryocytes originate from a common progenitor, MEP. However, recent 

evidence suggests multiple MEPs are already primed for differentiation into either 

erythrocytes (E-MEP) or megakaryocytes (MK-MEP) and only a small fraction exist that have 

true bipotent differentiation potential (pre-MEP) (36). Additionally, a population of lymphoid 

progenitors was identified containing partial myeloid potential, referred to as lymphoid-primed 

multipotent progenitors (LMPP) expressing CBPE/STAT1/TCF4, suggesting that granulocytes  
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can arise from both lymphoid and myeloid primed cells (37). With the advent of new 

technologies the hematopoietic process is continually being re-evaluated at increasing 

resolution. 

 

1.3. PHENOTYPE AND HETEROGENEITY OF HSPCs 

The cluster of differentiation (CD)34 marker was identified on HSPCs in 1984 (38) and is still 

routinely used to identify, enumerate and enrich for these cells. Although CD34 is primarily 

used to identify HSPCs, not all HSPCs express this marker. A rare population of HSPCs is CD34-

negative (CD34–) and becomes CD34-positive (CD34+) prior to cell division (39). This population 

was first identified in murine bone marrow studies, in which a single CD34– HSPC was able to 

repopulate multiple lineages (10). Studying the CD34– population is difficult, since a positive 

marker for this population remains to be identified. These cells are highly quiescent and 

demonstrate low-level engraftment capabilities compared to CD34+ cells (40). However, the 

CD34– cells are competent in long-term engraftment even though they remain 

undifferentiated for up to six weeks post-transplantation in vivo (41). Expression of CD34 is 

therefore associated with cell cycle entry, metabolic activation, mobilisation and homing of 

HSPCs (42).  

 

The number of markers present on the cell surface is extremely vast. Different cell types are 

often phenotypically similar with regard to a small number of cell surface markers, while being 

genotypically, transcriptionally and functionally distinct. Absence of lineage markers (Lin–), 

CD38, CD133, CD90, CD49f, CD117 (c-Kit) and C-X-C chemokine receptor type 4 (CXCR4) are 

among many cell surface markers used in combination with CD34 to identify and isolate 

different sub-populations of HSPCs.  

 

CD133 is also commonly used to identify HSPCs, and enriches for a primitive population of 

HSPCs (43). The primitive cells are a small subset of cells that have the capacity to engraft and 

reconstitute the entire bone marrow. A recent study by Takahashi and colleagues identified a 

sub-population of CD133+ cells as being CD34– HSPCs (44). Despite CD34 being used as the  
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marker to identify HSPCs, CD133 may be a better marker to identify both CD34-positive 

and -negative fractions of HSPCs. A variety of genes associated with HSPC maintenance and 

pluripotency (43) support the primitive state of these cells.  

 

Furthermore, the CD38 surface marker is a glycoprotein present on several immune cells, 

including CD4+ and CD8+ lymphocytes, B lymphocytes and NK cells. CD38 functions in cell 

adhesion, signal transduction and cell signalling. This marker is generally absent on early HSPCs 

and is acquired upon differentiation (45,46).  

 

Cell-surface expression of CD90 (THY1) is associated with long-term engraftment of HSPCs, but 

is generally expressed on a small fraction of cells (47). It was proposed that CD90 is expressed 

on more primitive HSCs, while MPPs lack CD90 expression and that this marker could therefore 

be used to separate these two populations. However, more than a third of recipients 

transplanted with CD90– cells engrafted in primary and secondary transplants (48). This raises 

uncertainty about whether CD90 is indicative of functional characteristics of HSPCs. This might 

indicate that both HSCs and MPPs have engraftment potential.  

 

Integrin α6, also known as CD49f, is a stem cell marker expressed on more than 30 different 

stem cell populations, including HSPCs, pluripotent- and multipotent stem cells. This is the only 

marker commonly expressed on all stem cell populations and speaks to its importance in stem 

cell biology (49). Single HSPCs expressing CD49f in combination with additional HSPC markers 

(CD34+CD38–CD45RA–Thy1+ and CD34+CD38–CD45RA–Thy1–) engrafted in the bone marrow of 

transplant recipients and gave rise to multi-lineage grafts (45), demonstrating the utility of this 

marker in stem cell research. 

 

CD117 (c-KIT) is the receptor for stem cell factor (SCF), an important HSPC growth factor in 

vitro and in vivo. CD117 is mainly expressed on multipotent and oligopotent HSPCs, but is also 

observed on more mature hematopoietic cells (50). Similar to the expression of CD90, CD117 

is expressed on a small proportion of CD34+ HSPCs (47).  
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CXCR4 is expressed on HSPCs and together with its ligand, stromal derived factor 1 (SDF1), also 

referred to as CXCL12, plays an important role in retaining HSPCs in the bone marrow and 

directing migration from the circulation to the niche (51). Blocking CXCR4 results in the 

impaired ability of CD34+CD38– HSPCs to home and engraft in non-obese diabetic/severe 

combined immunodeficiency (NOD/SCID) mice (52). Ex vivo pre-treatment of CD34+ HSPCs 

with SDF1α increased engraftment in NOD/SCID mice at a lower doses (53), while inhibition of 

the CXCR4-SDF1 pathway leads to proliferation of HSPCs (54). 

  

Enhanced homing of human CD34+ cells from mobilised peripheral blood and umbilical cord 

blood (UCB) to the bone marrow was observed following intravenous administration of SDF1 

in mice (55). Drugs that block CXCR4, such as Mozobil (AMD3100) and Filgrastim, cause 

degradation of SDF1, leading to HSPC mobilisation from the niche and proliferation (56). 

 

Historically, studies have focused on purified populations expressing specific cell surface 

markers, while neglecting transcriptional heterogeneity. The CD34+ HSPC population 

represents a heterogeneous population of cells at different developmental stages (35), which 

is not restricted to CD34+ cells as a whole, but expands to the populations within the CD34+ 

population (36). Advances in the field of single-cell technology allow researchers to study 

multiple “-omes” (genome, transcriptome and proteome) of single cells simultaneously to 

further understand heterogeneity. Such studies are revealing the complexity within 

phenotypically defined populations, cellular differentiation and overall regulatory networks. 

Furthermore, remarkable functional heterogeneity exist within phenotypic and 

transcriptionally defined HSPC populations (57). True HSPCs can only be identified based on 

their ability to reconstitute the blood lineages in sub-lethally irradiated mice to assess the 

“stemness” of these cells, while self-renewal and the ability to form progeny are assessed upon 

serial transplantation.  

 

1.4. HEMATOPOIETIC STEM CELL TRANSPLANTATION 

The first successful hematopoietic stem/progenitor cell transplantation (HSCT) was performed 

in 1956 by Dr James Thomas, which involved transplantation between identical twins and 

progressed to HSCT between related siblings in 1968 (58). HSPCs are also used clinically to treat 
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the adverse effects of high-dose chemotherapy in cancer patients. Chemotherapy is a potent 

drug or combination of drugs used to kill rapidly-dividing cells, a characteristic of cancer cells. 

One of the adverse effects of chemotherapy is myelosuppression, where the stem cells within 

the bone marrow are destroyed. HSCT is utilised to reconstitute the entire hematopoietic 

system following chemotherapy. Transplanted stem cells should ideally migrate to the bone 

marrow, a process known as stem cell homing, for complete reconstitution of the 

damaged/destroyed cells.  

 

Autologous transplantation, where the patient’s own cells are infused, have been shown to be 

effective for specific disorders, such as lymphoma and myeloma. Autologous HSCT eliminates 

the need for immunosuppressive agents since donor and recipient cells are genetically 

identical and there is no risk of developing graft-versus-host disease (GVHD), resulting in 

reduced morbidity and mortality. The disadvantages include potential tumour cell 

contamination in the graft, which could result in relapse, and absence of a graft-vs-tumour 

effect. In contrast, allogeneic HSCT involves the procurement of cells from a human leukocyte 

antigen (HLA)-matched donor. Jean Dausset showed that grafts between siblings are more 

successful than grafts between unrelated individuals (59). The preferred donor is therefore an 

HLA-identical sibling, which is not always possible to achieve, whereby a partially matched 

sibling or family member donates instead (matched-related donor). HLA-matched unrelated 

donors also exist in the general population when a matched family member is not available. 

Unrelated donors are usually found through a National Bone Marrow Registry. In 1990, the 

South African Bone Marrow Registry (SABMR) was established, and assists in the identification 

of an adequately HLA-matched donor for those individuals not fortunate enough to possess an 

HLA-matched relative. 

 

Haploidentical HSCT (haplo-HSCT) involves transplantation of T cell-depleted cells usually from 

a matched-related donor. This is a favourable approach since the majority of donors would 

have a partially matched family member; however, this approach has a high relapse risk, risk 

of developing GVHD and immune reconstitution is slow. A new method was developed for 

haplo-HSCT using cyclophosphamide to lower the risk of GVHD following HSCT (60). There are 

several advantages associated with allogeneic HSCT that include the absence of malignant cells 
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and the potential graft-versus-tumour effect, while the disadvantages include difficulty in 

finding a matched-unrelated donor and development of GVHD, leading to morbidity and 

mortality.  

 

Quantification of CD34+ HSPCs is widely used for conventional transplantation purposes. 

Although the optimal number of CD34+ HSPCs to ensure hematopoietic recovery is a subject 

for debate, a minimum CD34+ cell dose of 2 – 5 x 106/kg body weight is required to achieve 

consistent engraftment (61). However, for the purpose of gene therapy where cells undergo 

manipulation, increased numbers of CD34+ cells need to be harvested due to cell loss during 

manufacturing procedures, such as mononuclear cell (MNC) purification, positive selection and 

transduction of CD34+ cells. Harvesting increased volumes of bone marrow for gene therapy is 

well-tolerated and will allow for an adequate number CD34+ HSPCs for gene-modification and 

subsequent in vivo administration (62).  

 

The most widely applied HSPC-based therapy is conventional HSCT for the treatment of a 

variety of acquired and inherited malignant and non-malignant disorders. These include 

haematological malignancies (leukemia, lymphoma and myeloma) and non-malignant 

disorders (thalassemia, sickle cell anaemia and SCID). HSCT is also being investigated in 

therapies for non-hematopoietic disorders with the goal to replace diseased cells or tissue with 

healthy cells. Multiple clinical studies employing HSCT are in progress, including 

transplantation to treat neurological disorders (63) and autoimmune diseases (64). 

 

Given the reconstitutive potential of HSCT, HSPC gene therapy is an attractive approach 

integrating ex vivo gene transfer strategies and well-established HSCT practice to treat several 

diseases. Gene therapy approaches for the treatment of various diseases aim to correct non-

functional genes with various genome-editing technologies, for endogenous expression of 

corrected/functional genes. Gene therapy strategies targeting HSPCs followed by HSCT were 

performed in the 1990s for the treatment of X-linked SCID and were successful for 9 of 10 

patients. However, four of nine patients developed leukemia 31 – 68 months post-treatment, 

questioning the future of gene therapy. This was mainly the result of insertional mutagenesis 

relating to the use of gammaretroviral vectors inserting near LMO2 and BMI1 proto-oncogenes 
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(65), resulting in leukemia. Safer lentiviral vectors currently available with a low risk of 

insertional mutagenesis resulted in the re-emergence of this treatment strategy which has 

already shown great potential in clinical trials for the treatment of primary immunodeficiencies 

(66). The success of these strategies for the treatment of monogenic disorders resulted in them 

being considered for other diseases, such as the human immunodeficiency virus (HIV). The first 

clinical trial for the use of autologous HSCT to treat HIV was approved by the Food and Drug 

Administration (FDA) in 2016 (NCT02500849@clinicaltrials.gov) (67).  

 

1.5. SOURCES OF HSPCs  

Adult HSPCs reside primarily within the bone marrow. The first HSCT, 50 years ago, made use 

of bone marrow derived HSPCs. However, the use of bone marrow for HSCT is decreasing as 

other, less invasive procedures are increasingly available, such as obtaining HSPCs from UCB 

and mobilised peripheral blood.  

 

1.5.1. Mobilised peripheral blood HSPCs 

Under normal conditions, very few HSPCs circulate in the peripheral blood. Treatment with 

mobilising agents (such as Mozobil and Filgrastim) disrupts the interaction of HSPCs with 

supporting niche cells in the bone marrow leading to mobilisation of HSPCs into the peripheral 

circulation. Mobilised HSPCs can then be harvested in the peripheral blood, a less invasive 

procedure when compared to acquiring HSPCs directly from the bone marrow. Granulocyte 

colony stimulating factor (G-CSF) is commonly used to mobilise HSPCs; however, several 

alternative mobilisation regimens are available. Collection of mobilised peripheral blood is 

performed for > 90% of autologous HSCT and > 70% of allogeneic HSCT indications (61). The 

advantages of using mobilised peripheral blood over bone marrow include a relatively easy 

collection process, faster hematopoietic recovery and better immunological reconstitution 

(61). Monitoring the number of CD34+ cells in the peripheral blood by flow cytometry is reliably 

used to predict harvest time. The final yield of CD34+ HSPC in the harvested product is often 

variable; however, a CD34+ count ≥ 10 – 20 x 103/mL is considered reasonable for a successful 

harvest. Despite multiple mobilisation regimens available, many patients do not achieve 

mobilisation of the minimum required number of CD34+ cells for transplantation (61). 

 

mailto:NCT02500849@clinicaltrials.gov
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When bone marrow and/or mobilised peripheral blood HSPCs are donated for allogeneic HSCT, 

HLA typing is performed for 10 HLA loci (HLA-A, -B, -C, -DRB1, and -DQB1), and a 9/10 or 10/10 

match between donors and recipients is imperative to ensure engraftment success (68). As a 

result of the high degree of matching necessary for the use of bone marrow- and mobilised 

peripheral blood HSPCs, UCB has become an alternative source of HSPCs for transplantation. 

Advantages associated with the use of UCB include less stringent HLA matching, requiring three 

or four HLA loci to match between donors and recipients. In addition, there is a lower risk of 

developing GVHD following UCB transplantation (UCBT). UCB is also easily accessible and poses 

no risk to either mother or child during harvesting. 

 

1.5.2. Umbilical cord blood HSPCs 

UCB is an alternative, rich source of HSPCs (69) obtained from the foetal circulation in the 

placenta through the umbilical vein. This source of stem cells is particularly useful for allogeneic 

transplantation due to the immaturity of the immune cells in UCB as a result of minimal 

exposure to antigens (70). UCB has been used successfully for HSCT since 1989 (71).  

 

A disadvantage of UCB is the limited number of CD34+ cells in a single UCB unit due to the 

volume of cord blood available for harvest. Since CD34+ cells are transplanted based on 

recipient body weight, the low number of HSPCs present may require two or more UCB units 

for transplantation. Although UCB requires less stringent donor-recipient matching, partial HLA 

matching between the units and recipient and also between the different units is essential (72). 

The safety and efficacy of using double UCBT have been documented in a retrospective study 

and were comparable to single UCBT. Double UCBT is therefore an alternative when an 

adequately dosed single unit is not available (73). Interestingly, following double UCBT only 

one unit is ultimately responsible for long-term engraftment in the majority of cases (74,75).  

 

Another disadvantage associated with the use of UCB is delayed platelet and neutrophil 

recovery following UCBT, which tend to be slower when compared to bone marrow and 

mobilised peripheral blood HSCT, corresponding to an increased risk of infection and 

hospitalisation (76). These limitations can be overcome through the ex vivo expansion of UCB 

units to achieve clinically relevant CD34+ numbers in single units and faster hematopoietic 
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reconstitution. Concerns regarding the effect of expansion on cells have led to the use of non-

expanded (non-manipulated) units in combination with ex vivo expanded (manipulated) UCB 

units for HSCT (77–79) (Figure 1.3). 

 

 

Figure 1.3. UCBT combining non-expanded and expanded UCB units. The use of a non-expanded (non-

manipulated) UCB unit in combination with ex vivo expanded (manipulated) UCB HSPCs for HSCT (Figure 

was created by Juanita Mellet, adapted from (78)).  

 

The use of HSPCs from each source has numerous advantages and disadvantages and the 

choice of HSPC source ultimately depends on donor availability, patient age, disease status and 

transplant centre preferences.  

 

1.6. EX VIVO EXPANSION OF HSPCs  

Despite the availability of multiple HSPC sources for life-saving transplantation, the low 

frequency of CD34+ and CD34– HSPCs in transplant products means that sufficient HSPC 

numbers for successful transplantation is not always achieved. This, in conjunction with the 

restrictions of HLA-matching even in UCBT, necessitates novel approaches to increase HSPC 

numbers for transplantation, and resultant short- and long-term healthy hematopoietic 
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reconstitution. Ex vivo expansion of these cells to therapeutic numbers is one such approach 

that is currently employed in research and clinical studies. However, expansion of HSPCs 

outside their natural environment is challenging, since in vitro culture conditions induce 

spontaneous differentiation resulting in reduced stem cell characteristics. Numerous efforts 

have been made to expand these cells and simulate their natural environment in vitro. These 

efforts aimed to identify ex vivo conditions that could promote self-renewal and proliferation 

of HSPCs, while at the same time restricting their differentiation. Progress in the field of HSPC 

expansion has identified intrinsic regulators, biochemical pathways and small molecules that 

support expansion of these cells.  

 

1.6.1. Growth factor-mediated expansion 

Bone marrow stromal cells express numerous cytokines involved in maintaining HSPCs in the 

bone marrow including FMS-like tyrosine kinase 3 ligand (FLT3L), SCF, TPO, interleukin (IL)-3 

and IL-6, granulocyte-macrophage colony stimulating factor (GM-CSF) and G-CSF (80–82) to 

name a few. Initial attempts to expand HSPCs ex vivo involved supplementing standard 

hematopoietic cell culture conditions with different combinations of the above-mentioned 

cytokines (83). No standard culture condition exists for the culturing of HSPCs and the 

variability between laboratories makes it difficult to directly compare results.  

 

The cytokine combination, SCF, FLT3L, and TPO has been extensively studied and is essential 

for the ex vivo expansion of HSPCs, collectively referred to as ‘early acting’ cytokines. These 

cytokines are used in several clinical and pre-clinical HSPC expansion protocols (77,78,84) and 

have been shown to promote quiescence and self-renewal (83). The presence of FLT3L in 

cultures has shown enhanced HSPC survival and self-renewal (85). FLT3L in combination with 

IL-6 has been shown to improve the expansion of early HSPCs (86). Ex vivo expansion of HSPCs 

with SCF improves engraftment and expansion, while maintaining self-renewal and 

maintenance in vivo (87). The ex vivo use of SCF supplemented with various cytokines such as 

FLT3L, IL-3/6, and TPO has been shown to effectively expand HSPCs (88). HSPCs express c-mpl, 

the TPO receptor, which means that TPO can act directly on these cells (89). Thrombopoietin 

(TPO) suppresses differentiation and promotes survival of HSPCs (90) and assists in self-

replication of these cells ex vivo (91). The use of IL-3 and IL-6 is critical for the expansion of 
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CD133+ HSPCs, and IL-6 is important in maintaining an immature HSPC phenotype following 

expansion (92). Expansion of HSPCs exclusively with cytokines has not significantly improved 

engraftment parameters (93). The first HSCT that used cytokine-expanded and non-expanded 

HSPCs showed no improvement in engraftment (94), stressing the need for improved 

expansion methods. 

 

Gene expression profiling of supportive liver stromal cells in mice revealed that these cells 

express insulin-like growth factor 2 (IGF-2), its binding protein (IGFBP-2) and several 

angiopoietin-like proteins (ANGPTLs). Supplementing hematopoietic culture medium with one 

or combinations of these growth factors increased expansion of both mouse and human HSPCs 

with long-term multilineage repopulating ability in mice (95,96). In vivo studies suggest that 

ANGPTLs form part of the foetal liver and adult microenvironment of HSPCs (97,98). 

Pleiotrophin (PTN) is another secreted growth factor that recently started attracting attention 

as a neuromodulator with several functions in neuronal development (99). PTN is also secreted 

by sinusoidal endothelial cells in the vascular HSPC niche regulating self-renewal, homing and 

retention of HSPCs inside the bone marrow (100). Supplementing hematopoietic culture 

conditions with growth factors alone deprives these cells of the supporting niche cell 

influences, which assists in retaining HSPCs in an undifferentiated state.   

 

1.6.2. Stromal cell co-cultures 

Dexter et al. (101) were the first to achieve long-term (> 6 months) in vitro culture of bone 

marrow-derived HSPCs using a stromal cell feeder layer. Since then, many co-culturing systems 

have been used with various sources of feeder cells including bone marrow stromal cells, 

immortalised stromal cells and endothelial cells. Co-culturing of HSPCs with different cell types 

exhibiting feeder properties is useful for the ex vivo expansion of these cells, but also allows 

researchers to establish the relationship between these cells within the bone marrow niche. 

Co-culture with stromal cells leads to increased phenotypic markers associated with primitive 

HSPCs. MSCs play an important role in the bone marrow niche and maintain HSPC quiescence. 

MSCs differentiated into osteoblasts have also been used in co-culture experiments 

representing the endosteal niche (102). MSCs secrete a plethora of cytokines, such as SCF, 

SDF1/CXCL12, transforming growth factor beta (TGF-β) and FLT3L, all of which support self-
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renewal and quiescence of HSPCs (103). Exogenous cytokine supplementation has been shown 

to synergise with stromal cell cytokine secretion (104,105) in conserving primitive HSPCs. Even 

though bone marrow-derived MSCs are most commonly used as a feeder layer, MSCs from 

other sources have also been used. While MSCs from different sources might differ in 

proliferation and differentiation potential, they usually share similar characteristics (106,107). 

MSCs derived from human adipose tissue have been shown to support hematopoiesis in vitro 

and in vivo (108) and are a good alternative to bone marrow MSCs. These MSCs represent an 

easily accessible source of feeder cells for expansion of HSPCs for clinical use (109).  

 

1.6.3. Small soluble factors 

Small soluble molecules have been used for several years to induce ex vivo expansion of HSPCs 

since these molecules are relatively cheap and easy to manufacture. Histone deacetylase 

(HDAC) inhibitors were some of the first small molecules identified to have an effect of HSPC 

expansion. Treatment of HSPCs with an HDAC inhibitor and valproic acid (VPA) has been shown 

to significantly increase the number of CD34+CD90+ HSPCs up to approximately 60%. Even 

though homing of VPA-treated cells was inhibited due to decreased expression of CXCR4, these 

cells maintained their differentiation and long-term engraftment potential in vivo (110).  

 

Supplementing ex vivo HSPC cultures with nicotinamide (NAM), a form of vitamin B3, resulted 

in delayed differentiation and increased engraftment of UCB-derived CD34+ HSPCs. Expansion 

in the presence of NAM increases the number of HSPCs (CD34+CD38–) and decreases the 

number of lineage-restricted cells (111).  

 

StemRegenin-1 (SR1), an aryl hydrocarbon receptor (AhR) antagonist, has been used for the ex 

vivo expansion of CD34+ HSPCs with long-term engraftment potential (112–114). AhR regulates 

toxic environmental effects and plays a role in modulating hematopoiesis and the immune 

system (113). AhR undergoes several conformational changes to become a DNA-binding 

transcription factor able to upregulate certain genes, while suppressing others. A phase I/II 

clinical trial indicated improved neutrophil and platelet engraftment following UCBT with a 

single ex vivo SR1-expanded UCB unit. 
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A recent study showed that a pyrimidoindole derivative, UM171, identified by screening a 

library of 5280 low molecular weight compounds, likewise induces human HSPC self-renewal 

and ex vivo expansion. Culture with UM171 resulted in improved expansion of primitive human 

CD34+ cells from mobilised peripheral blood compared to controls. Although UM171 was able 

to successfully expand human and macaque CD34+ cells, it was unable to expand mouse HSPCs. 

Successful expansion with UM171 requires  constant presence in the culture medium, which 

suggests that its effect is reversible (115). Transplantation studies revealed that HSPC division 

rate is not affected by UM171; even so, expansion of the absolute number of primitive cells 

was observed by culturing with UM171, which further increased when used in combination 

with SR1. Lymphoid-deficient differentiation and augmentation of myeloid cell differentiation 

at 30 weeks post-transplantation were observed following engraftment with UM171-cultured 

HSPCs, suggesting that UM171 targets more primitive cells than SR1. Lymphoid-deficient 

differentiation and augmentation of myeloid cell differentiation at 30 weeks post-

transplantation were observed following engraftment with UM171-cultured HSPCs. RNA 

sequencing (RNA-seq) revealed fewer transcripts associated with erythrocyte and 

megakaryocyte differentiation and upregulation of PROCR (CD201), a cell surface marker 

expressed on long-term HSPCs in UM171-expanded HSPCs (115).  

 

Reactive oxygen species have been shown to limit the life span of HSPCs through activation of 

the p38 mitogen-activated protein kinases (MAPK) pathway as a stress response. A recently 

identified novel structural analog of SB203580 (p38-MAPK inhibitor) expanded HSPCs from 

non-enriched UCB MNCs. The expanded cells were enriched for CD34, CD90 and CD49f and 

showed enhanced colony formation and long-term repopulating ability after transplantation 

into primary and secondary NOD/SCID gamma (NSG) mice (116).  

 

1.6.4. Developmental pathways 

Several key developmental genes have been identified that regulate hematopoiesis, and have 

been investigated as agonists in HSPC expansion. These include: Homeobox B4 (HOXB4), 

Nucleosporin 98 (NUP98), Notch ligands and prostaglandin E2 (PGE2). Four Notch receptors 

(Notch 1 – 4) and five ligands (Delta-like1, 3, and 4 and Jagged1 and 2) have been identified in 

mammals and most are expressed on human HSPCs (117). Although Notch-signaling is not 
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crucial for in vivo expansion of HSPCs, it has been shown to play a role in vitro. The importance 

of Notch-signaling in hematopoiesis is a subject of debate due to contradictory results from 

several studies. Early reports indicated that when HSPCs were transduced to express the active 

form of Notch1-intracellular domain (N1-ICD) or the Notch target HES1, increased numbers of 

HSPCs with self-renewal capabilities were observed (118,119). Furthermore, in vitro exposure 

of primitive HSPCs to Notch ligands such as Jagged1 and Delta-like1 ligand promoted self-

renewal and inhibited differentiation (18,120). Despite these positive results in vitro, the role 

of Notch-signaling remains to be established since loss of function assays showed no 

involvement of the Notch pathway in hematopoiesis (41,121).  

 

Homeobox transcription factors are highly active during early development and also play an 

important role in HSPC development and especially primitive growth (122). HOXB4 promotes 

in vitro and in vivo self-renewal and regulates proliferation and differentiation of murine HSPCs, 

and to a lesser extent human HSPCs (123). Overexpression of HOXB4 through exogenous 

supplementation with a recombinant fusion protein Tat-HOXB4, resulted in expansion of 

primitive HSPCs (124). In addition, short-term expression of HOXB4 through integration-

deficient lentiviral vectors in HSPCs led to improved multi-organ engraftment of murine HSPCs 

after transplantation (125). The clinical translation of this approach has been discouraged due 

to the instability of the protein, its short half-life (approximately one hour) and production 

difficulty. NUP98-HOX fusion also promoted expansion of HSPCs suppressing differentiation 

(126). However, in one study the differentiation block led to leukemogenesis (127).  

 

Prostaglandin E2 (PGE2) is a primary mediator of inflammation and is critical for the activation, 

migration and cytokine secretion by various immune cells, especially immune cells related to 

innate immunity (128). PGE2 increases CXCR4 expression on HSPCs (129) which explains the 

enhanced and preferential engraftment observed when HSPCs are pre-treated with PGE2 prior 

to double UCBT in a phase I clinical trial. In this trial, multilineage hematopoiesis was sustained 

for up to 27 months (130).  
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1.7. HIV AND HEMATOPOIESIS  

The human immunodeficiency virus has several concomitant effects once an individual 

becomes infected, including various haematological disorders such as cytopenias and 

myelodysplasia. These HIV-associated haematological abnormalities result in reduced numbers 

of erythrocytes, leukocytes and platelets in infected individuals.  

 

In 2007, Timothy Brown, also known as the “Berlin patient”, was cured of HIV after receiving 

HSCT for acute myeloid leukaemia from a C-C chemokine receptor type 5 (CCR5)-null stem cell 

donor. A search was initiated to identify this naturally occurring mutation in the CCR5 gene 

(delta-32 deletion) in the donor cells; lack of CCR5 renders all reconstituted cells post-

transplantation resistant to CCR5-tropic (R5) HIV-1 infection (131). Similar to the Berlin patient, 

a second HIV-infected patient underwent allogeneic HSCT for Hodgkin's lymphoma using cells 

from a CCR5-null donor. Combination antiretroviral therapy (cART) was interrupted 16 months 

post-transplant and the patient is still in HIV remission with undetectable viral nucleic acids at 

18 months (132). Although it is premature to conclude that a cure was achieved, this is 

promising for future research. 

 

Gene therapy strategies to develop a possible cure for HIV through genetic modification of 

autologous HSPCs by disrupting the CCR5 chemokine receptor are ongoing. The capabilities of 

HSPCs to self-renew and differentiate into all the different blood lineages make these cells 

uniquely positioned for the treatment of HIV, as immune cells are the primary target of HIV. 

HSCT of genetically modified cells would ultimately result in an HIV-resistant hematopoietic 

system, achieving a functional (and possibly sterile) cure.  

 

1.7.1. The human immunodeficiency virus  

The first case of HIV was reported in 1981 (133,134) and HIV/acquired immunodeficiency 

syndrome (AIDS) has become a serious health concern ever since, with an estimated 38 million 

infected individuals and 770 000 HIV-related deaths worldwide. South Africa has a high 

prevalence of HIV (20.4%), with more than seven million HIV-infected individuals and an 

estimated 240 000 AIDS-related deaths (135). Since the advent of cART, the number of new 

HIV infections and morbidity and mortality of AIDS-related diseases have decreased 



22 

 

significantly (136). HIV is a chronic infection for which there is no cure, and lifelong therapy is 

required to maintain viral suppression. The ultimate goal of cART is to sufficiently suppress viral 

load, allowing for the restoration of depleted immune cells. However, cART alone cannot 

eliminate the virus, and maintaining therapy for prolonged periods presents major challenges. 

Potential immune evasion, reservoir establishment and drug resistance remain problematic 

and contribute to HIV persistence. 

 

1.7.1.1. HIV groups and subtypes 

HIV belongs to the family Retroviridae and the genus Lentivirus. This genus consists of HIV-1, 

HIV-2 and various simian immunodeficiency viruses (SIV) that infect primate species in Africa. 

HIV-1 and -2 have similar properties with regard to gene arrangement, transmission, 

intracellular replication pathways and clinical consequence. However, HIV-2 is less common, 

has lower transmission, and is less likely to progress to AIDS. HIV-2 is limited to West Africa and 

accounts for a small proportion of HIV infections (137,138). Many differences exist between 

HIV-1 and -2 which are not yet completely understood. HIV-1 is responsible for the majority of 

infections worldwide and is divided into four groups, M (main), N, O, and P, which have 

different geographic distributions, but produce similar clinical symptoms (139). HIV-1 group M 

is the main cause of the worldwide pandemic, whereas groups N and O are restricted to West 

Africa. Group P, the result of a zoonotic event, was very recently identified in Cameroon (140). 

Based on divergent sequences, the M group can be classified into different subtypes (A – J), 

circulating recombinant forms (CFR) and unique recombinant forms (URF).  

 

HIV-1 subtype B (HIV-1B) and C (HIV-1C) are the most prevalent subtypes, accounting for 11% 

and 48% of infections worldwide, respectively (141). Most HIV-1 infections in India, Brazil and 

sub-Saharan Africa are due to HIV-1C, while HIV-1B is confined to developed countries such as 

North America, Europe and Australia (142–144). However, HIV-1B is the most studied subtype 

and most of our understanding of HIV-1 is based on this subtype. However, subtypes differ 

with respect to phenotypic properties and co-receptor usage (145–149), replication 

rates (150,151), rate of disease progression (152–154), biology of transmission (155,156) and 

mutational patterns (157–159).  
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The widespread success of HIV-1C viruses relative to other HIV-1 subtypes suggests that there 

might be HIV-1C-specific factors affecting the transmission and/or replication of this subtype 

(160). The genomic construction is similar between HIV-1 subtypes, with sequence diversity 

ranging between 5 and 35% (161). Distinct characteristics with regard to viral entry and 

pathogenesis have been reported for HIV-1C, such as the use of either CCR5/CXCR4 or both 

co-receptors, during early and late infection (162). HIV-1C viruses also have high transmission 

fitness, which could increase the frequency of sexual and mother-to-child transmission 

(150,163). Counter-intuitively, HIV-1C has been reported to be less cytopathogenic compared 

to other subtypes, which may result in a superior ability to latently persist for long periods 

(164). At a genomic level, the long terminal repeats (LTR) have three potential nuclear factor 

(NF)-κB binding sites and a truncated Rev protein (165), which might enhance gene expression 

and thereby also enhance viral replication. An amino acid insertion in the Vpu polypeptide 

could likewise affect HIV-1C virulence, through mechanisms such as increased CD4 degradation 

or enhanced virion release from host cells (166). Despite these molecular characteristics that 

could lead to enhanced viral replication, HIV-1C viruses have shown to have lower replication 

fitness in primary CD4+ T cells and peripheral blood mononuclear cells (PBMCs) when 

compared to other subtypes (167,168). 

 

1.7.1.2. HIV tropisms 

The primary HIV receptor, CD4, and two well described co-receptors, CCR5, and CXCR4, play a 

critical role in receptor-mediated entry of HIV into host cells. Although the general perception 

for many years has been that HIV-1 requires CD4 in combination with one of its co-receptors 

for receptor-mediated infection, there is increasing evidence that infection can occur 

independently of CD4 (169–172). CCR5 and CXCR4 function as co-receptors of R5- and X4-

tropic strains of HIV, respectively. HIV-1 tropism (co-receptor usage) is determined by the 

variability of the V3 region of the viral gp120 glycoprotein. The R5-tropic virus dominates in 

initial to early infection (173), while X4-tropic virus emerges later during infection, leading to 

more advanced disease and AIDS (162). X4-tropic strains are present in approximately 50% of 

individuals chronically infected with HIV-1B (174).  
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Although different theories have been proposed to explain tropism switching, the exact 

mechanism involved is still poorly understood. X4-tropic variants might arise over time from 

R5-tropic strains as a result of evolution, which might emerge as minor X4-tropic strains during 

early infection. Second, X4-tropic strains may be transmitted with R5-tropic strains; however, 

effective immune responses during primary infection might prevent their infection, whereas 

late emergence is associated with a compromised immune system. Third, R5- and X4-tropic 

strains have different target cells due to the varying expression profiles of CCR5 and CXCR4 on 

somatic cells. Change in target cell populations during the course of infection may therefore 

also be responsible for co-receptor switching (175). 

 

1.7.1.3. HIV life cycle 

HIV is transmitted as an enveloped single-stranded (ss) RNA virus that has the ability to infect 

both dividing and non-dividing cells. Receptor-mediated HIV entry into host cells is facilitated 

by the binding of gp120 to CD4 and a co-receptor, allowing fusion of the virion with the host 

cell membrane and insertion of the viral RNA into the cell. Upon viral entry, viral RNA is reverse 

transcribed into double-stranded (ds) proviral DNA, imported into the nucleus and integrated 

into the host genome, where it can either actively replicate or remain inactive, known as latent 

infection. In actively replicating cells, the viral genome is transcribed and translated through 

host molecular mechanisms. Viral proteins are produced and assembled as viral particles 

(Figure 1.4) that will bud from the cell. Upon the release of a critical mass of viral particles, the 

cell breaks leading to cell death. This entire process is referred to as the lytic cycle of HIV 

infection.  
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Figure 1.4. HIV virion. An illustration of an HIV virion and the presence of viral proteins and enzymes 

important for entry, reverse transcription and integration into the host cell genome. (Figure was 

created by Juanita Mellet).  

 

1.7.1.4. Acute and latent infection 

Acute HIV infection, resulting in continued replication of HIV and production of virions cause a 

progressive decrease in the number of CD4+ T cells, ultimately leading to AIDS. AIDS is defined 

as the progressive decline of the immune system, which may result in opportunistic infections 

and cancer. CD4+ T cells are the preferential targets of HIV and have the ability to interchange 

between an active and resting (inactive) state. Infection generally occurs when these cells are 

active, and latency is established once these cells revert to an inactive state allowing the virus 

to escape immune recognition, contributing to viral persistence (176,177). Latently infected 

cells are rare and have therefore not been accurately quantified to date (178). Memory CD4+ 

T cells are a well-established HIV reservoir. Macrophages are another known target of HIV 

infection; however, their contribution to the reservoir pool is still largely unknown due to their 

extreme diversity and tissue specificity (179).  

 

Latent reservoirs pose a major obstacle for the eradication of HIV, since the integrated provirus 

can be activated upon stimulation to produce viral particles. The viremia rebound from 

undetectable viral load observed in two separate cases, the Mississippi child (180) and the 

Boston patients (181), treated with allogeneic CCR5-null HSCT, provides a cautionary tale for 

the importance of the reservoir. A recent report describes two participants who started cART 
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10 – 12 days post-infection and continued treatment for 32 weeks and in whom HIV-1 was 

undetectable in blood and several organs; HIV relapse occurred more than seven months after 

treatment interruption (182).  

 

1.7.2. HIV and HSPCs 

Although CD4+ T cells are the primary targets of HIV infection, hematopoiesis is also negatively 

impacted by HIV infection, leading to a wide range of HIV-associated haematological 

abnormalities. The most plausible mechanisms for this include: direct infection of HSPCs with 

HIV, the inability of stromal cells in the bone marrow to function normally, toxic effects of HIV-1 

proteins and changes in the cytokine milieu.  

 

1.7.2.1. Direct infection of HSPCs 

HSPCs have been shown to express low levels of CD4 and CCR5, while CXCR4 is more 

abundantly expressed (183,184). Although HSPCs were initially thought to be resistant to HIV 

infection (185–188), expression of these receptors theoretically makes these cells susceptible. 

Since HSPCs tend to express increased CXCR4, they tend to be more susceptible to X4-tropic 

virus (183,189,190). This would explain the rapid disease progression observed upon viral 

transition from R5- to X4-tropic virus (191). However, due to conflicting reports in literature, it 

is still not clear whether HSPCs are directly infected with HIV. Several studies proposed that 

HIV infects HSPCs in the bone marrow, contributing to a latent reservoir pool (183,189,192), 

while others have opposed this notion, since they were unable to detect HIV in HSPCs 

(186,188).  

 

The negative effects of HIV on HSPCs results in decreased proliferation and differentiation into 

mature blood cell lineages in vitro and in vivo (193–196). Whether this is due to direct or 

indirect effects of HIV remain to be established. The studies that attempted to determine 

whether HSPCs are susceptible to HIV infection were laboratory-based due to ethical and 

logistical challenges associated with obtaining bone marrow from HIV-infected individuals. A 

single study by Redd et al. (196) reported that HIV-1C, but not HIV-1B, has the ability to invade 

the bone marrow niche and infect HSPCs.  
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Although more primitive HSPCs tend to express higher levels of CXCR4, several studies indicate 

that progenitors (such as CMP and CLP) are more susceptible to infection and are directly 

associated with various HIV-associated cytopenias. This has consequences for autologous 

HSCT-based HIV gene therapy, in that the CD34+ fraction used for genetic modification and 

HSCTs possibly harbour HIV. Determining whether primitive HSPCs are susceptible to infection 

is crucial for autologous HSCT of HIV-infected patients, since infected HSPCs could lead to viral 

rebound and expansion of the reservoir. 

 

1.7.2.2. Impaired stromal cell and signaling network in the bone marrow niche 

In vitro studies suggest that bone marrow MSCs and endothelial cells are directly infected with 

HIV (197), resulting in altered cytokine signaling and cell death. Endothelial cells contribute to 

the stromal impairment observed in individuals infected with HIV by exhibiting a decreased 

capacity to respond to regulatory signals to enhance blood cell production (197). Several 

studies reported infection of macrophages in vivo since they express receptors and co-

receptors and can become infected with both T cell-tropic and macrophage-tropic HIV strains 

(198). Alterations in the bone marrow stromal composition and cell signaling result in a sub-

optimal microenvironment for HSPCs and consequently defective haematopoiesis (199). It has 

been shown that infected stroma is unable to support uninfected HSPC expansion and 

differentiation (200,201).  

 

Toxic effects of HIV-associated proteins have been reported to dysregulate the bone marrow 

niche and affect hematopoiesis. HIV-1 gp120 impairs the clonogenic potential of HSPCs and 

induces apoptosis as a result of endogenous upregulation of TGF-β through a Fas-dependent 

mechanism (202). The HIV-1 Gag protein has been shown to suppress colony-forming capacity 

of HSPCs (203), while Vpr has been shown to induce phagocytosis of bone marrow cells 

through mononuclear phagocytes (204). Additionally, Tat-exposure stimulates macrophages 

to produce TGF-β leading to myelosuppression in vitro. Blocking TGF-β in purified CD34+ HSPCs 

from peripheral blood previously exposed to HIV-1 either in vivo or in vitro, improved their 

growth and survival (202). In agreement with these results, gp120 leads to TGF-β upregulation 

in CD34+ HSPCs and simultaneous downregulation of a proliferation-inducing ligand (APRIL), a  
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cytokine known to induce proliferation (205). Results from studies investigating production of 

TGF-β1 are conflicting, since other studies failed to identify differences in HSPCs in the 

presence and absence of HIV-1.  

 

Cytokines and hematopoietic factors, such as tumour necrosis factor-α (TNFα), TGF-β, 

interferon-γ (IFN-γ), IL-1, IL-6, IL-10, IL-18 and many others are frequently affected in HIV-

infected individuals. Clinical studies have confirmed that differences in cell signaling profiles 

exist between HIV-infected and non-infected individuals, with higher levels of IL-1, IL-18, TNFα 

and IL-6 in plasma of HIV-positive patients. A recent study showed higher expression of TNF-α 

and IFN-γ in HIV-infected individuals when compared to non-infected individuals (206), in 

accordance with HIV-associated chronic inflammation. Furthermore, pro-inflammatory 

cytokines TNFα, IL-1, and IL-6 and the chemokines macrophage inflammatory protein-1 alpha 

and beta (MIP-1α and MIP-1β) and regulated on activation, normal T cell expressed and 

secreted (RANTES) were also found to be upregulated in the bone marrow of HIV-infected 

individuals. HIV infection also causes a decrease in endogenous G-CSF (207,208). Inhibition of 

G-CSF production by Vpr has also been described, which was restored when Vpr was deleted 

from the virus (209). Decreased endogenous levels of G-CSF results in impaired proliferation 

and differentiation of GMPs.   

 

The derangement of growth factor and cytokine profiles in the bone marrow 

microenvironment related to HIV infection is clearly unfavourable for normal hematopoiesis, 

further supporting the need for a cure for HIV.  
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1.8. STUDY AIMS AND OBJECTIVES 

Stem cells have sparked a great deal of interest in recent years due to their potential 

application in regenerative medicine. HSCT has provided the foundation for these technologies 

through problems encountered and knowledge gained throughout the years. New 

developments in HSCT are currently underway to expand current applications and improve 

safety and efficacy. The power of HSCT lies in the ability of HSPCs to self-renew and 

differentiate into various progenitors and mature blood cell lineages.  

 

Aim 1. Determine the optimal isolation method and good manufacturing practice (GMP)-

compliant culturing of HSPCs 

The in vitro culturing and expansion of HSPCs is an essential part of research and initial stages 

of HSCT product development. However, there is currently no standard for culturing HSPCs in 

vitro. The overall aim of this project was to make the research performed in our laboratory not 

only compliant with good cell culture practice (GCCP), but also make it as clinically relevant as 

possible by conforming to good manufacturing practice (GMP) guidelines for the processing 

and culturing of HSPCs. A significant part of this study therefore aimed to standardise the 

culturing of HSPCs in our laboratory (Chapter 2 and 3). The optimal isolation method to obtain 

increased HSPC purity and viability was determined by testing different methods of isolation, 

including magnetic activated cell sorting (MACS) and FACS (Chapter 2). Initial culturing of HSPCs 

in our laboratory included the use Dulbecco's modified eagle's medium (DMEM) supplemented 

with foetal bovine serum (FBS). The ethical concerns and high degree of unknown variables 

involved with the use of FBS has led to the use of serum-free and animal-component free 

culture conditions. Ex vivo GMP-compliant culturing of HSPCs was also explored by testing 

different commercial serum-free media (Chapter 2). 

 

Aim 2. Determine whether G-CSF leads to improved ex vivo expansion of HSPCs 

Different laboratories make use of different cytokine combinations for the ex vivo expansion 

of HSPCs. Two commonly used cytokine combinations include: FLT3L, SCF, TPO, IL-3 and FLT3L, 

SCF, TPO, IL-6. G-CSF is a cytokine that induces granulocyte differentiation and proliferation. 

G-CSF is used clinically in mobilising agents to enrich for CD34+ HSPCs in the peripheral  

circulation and to improve and/or prevent chemotherapy-induced neutropenia. Part of this 
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study aimed to determine whether the addition of G-CSF to the above-mentioned cytokine 

combinations would lead to improved ex vivo expansion of HSPCs (Chapter 3).  

 

Aim 3. Determine the effect of SR1 on the transcriptome of seven-day expanded HSPCs 

The AhR has recently been found to play a role in cell differentiation, pluripotency, and 

stemness, and could be involved in the balance between differentiation and pluripotency. 

Treatment of HSPCs with SR1 has been shown to increase the number of CD34+ cells able to 

engraft in the bone marrow of recipient mice. However, the exact role of AhR in HSPC biology 

is still unknown, and the effects of SR1-induced expansion on HSPCs still needs to be fully 

determined. The aim was therefore to determine the effect of SR1 on the transcriptome of 

seven-day expanded CD34+ and CD34– cells from UCB, and to establish to what extent the 

transcriptome of SR1-expanded CD34+ HSPCs differ from non-expanded CD34+ HSPC (Chapter 

4). Chapter 4 will describe the optimisation techniques that were performed to determine the 

optimal concentration of SR1 required for expansion and subsequent gene expression analysis. 

The effect of SR1 on expansion and gene expression of HSPCs will also be discussed in this 

chapter.  

 

Aim 4. Characterise the heterogeneity of CD34+ HSPCs from UCB using single-cell 

transcriptome analysis 

UCB-derived CD34+ cells have been used successfully for UCBT across the globe to treat various 

diseases. A great deal of effort is being made to understand heterogeneity within CD34+ HSPC 

populations and its contribution to the successful clinical use of these cells. Gene expression 

profiles provide a vast amount of information regarding the CD34+ HSPC population 

phenotype, which underlies its molecular function. Until recently, gene expression studies have 

been limited to bulk RNA. Single-cell RNA-seq enables researchers to uncover previously 

unknown cellular heterogeneity in cell populations. This provides meaningful information into 

the behaviour of cells, enabling a deeper understanding of complex biological systems and 

processes that individual cells are involved in. Single-cell gene expression profiling has already 

contributed to improved understanding of cellular heterogeneity in a variety of cell types . 

The aim was to characterise the heterogeneity of CD34+ HSPCs from UCB using single-cell 

transcriptome analysis (Chapter 5).  
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Aim 5. Determine whether HSPCs are susceptible to HIV-1 infection  

HIV infection has a negative effect on hematopoiesis. Whether this is due to direct infection of 

HSPCs or impaired stromal cell signaling in the bone marrow is not entirely known. This could 

have implications for autologous HSCT-based HIV gene therapy. Therefore, to better 

understand the interactions between HSPCs and HIV, we aimed to determine whether HSPCs 

are susceptible to HIV-1 infection and whether a subset of HSPCs exists that is resistant to 

infection to use for HIV gene therapies (Chapter 6). Before this could be achieved, protocols 

for the culture of primary HIV-1C strains had to be established and optimised in order to 

produce high-quality stocks of virus. Methods for the successful detection of infected cells also 

had to be optimised.  

 

The thesis is written in article format, where each chapter has its own introduction, relevant 

literature, materials and methods, results, discussion and conclusion. This thesis concludes 

with Chapter 7, summarising the final conclusions drawn from results of all the chapters and 

the implications this might have for future clinical applications of HSPCs.
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CHAPTER 2. THE CULTURE OF HEMATOPOIETIC STEM AND PROGENITOR 

CELLS IN VITRO ACCORDING TO GMP STANDARDS 

2.1. INTRODUCTION 

Hematopoietic stem and progenitor cells (HSPCs) have self-renewal capabilities and are able 

to differentiate into all the blood lineages, including the myeloid (erythrocytes, monocytes, 

megakaryocytes, and neutrophils) and lymphoid (T cells, B cells, and NK cells) lineages (48,210). 

UCB is a rich source of HSPCs and is present at a frequency of less than 2% of total nucleated 

cells (TNC) (211). Numerous transplantations have been performed using UCB-derived HSPCs; 

however, the use of a single unit has been limited to pediatric use due to the relatively small 

number of HSPCs present in UCB units. The use of multiple UCB units has been successful, but 

require that the units match both the donor and the other units used for the transplant (73). 

 

For several years, research has focused on expanding the CD34+ cell population, with the 

objective being to maintain the ‘primitive population’ of stem cells. The ex vivo culturing of 

cells often requires the supplementation of basal growth medium with serum to supply 

nutrients for maintenance and proliferation. The most commonly used animal-derived serum 

is FBS. Previous HSPC culture conditions in our laboratory included the use of DMEM 

supplemented with FBS. Several concerns have been raised with regard to the use of FBS (212): 

(i) FBS contains many growth factors, adhesion molecules and other components which are 

not well defined; (ii) the addition of FBS to culture medium could potentially elicit an immune 

response when used for transplantation purposes, since it contains xenogeneic components 

that are not normally present in the human body (213); (iii) the use of FBS may expose cells to 

endotoxins, mycoplasma and viral contaminants (214); (4) the use of FBS for expansion and 

differentiation of primary cultures could result in non-reproducible results, largely due to the 

differences between batches used in different laboratories (215,216); and (iv) there are several 

ethical concerns, such as the welfare of the bovine fetuses during harvesting and collection of 

FBS (217,218).  
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The ethical concerns and high degree of unknown variables involved with the use of FBS has 

lead researchers to turn to serum-free and animal component free culture conditions. The 

culturing of cells under serum-free conditions is widely recognised as an alternative to using 

FBS (212,219). Several chemically defined serum-free media specific for the ex vivo culturing 

of HSPCs are commercially available. Serum-free culture conditions for HSPCs would still 

require the addition of growth factors. GMP-compliant growth factors are available 

commercially, and are less likely to elicit an immune response.  

 

Research on HSPCs has been conducted for many years without uniform standards for 

culturing these cells. Cell culture procedures are becoming more controlled and the proposed 

GCCP guidelines for the ex vivo culturing of cells ensure reliable and reproducible results that 

will allow for international harmonisation between research groups (220,221). In the past few 

years, the use of terms such as quality assurance, quality control, good laboratory practice 

(GLP) and GMP have increased in the context of blood cells and blood products. The clinical 

use of stem cells requires that the isolation, preparation and manipulation of these cells 

conforms to GMP guidelines. GMP requires that products are consistently manufactured and 

controlled according to well-defined quality standards (222). Since in vitro work is an essential 

part of research and initial stages of product development, the aim is to make the research 

performed in our laboratory not only compliant with GCCP, but also make it as clinically 

relevant as possible by conforming to GMP guidelines for the processing and culturing of 

HSPCs. A GCCP and GMP compliant culture method therefore needs to be established for the 

ex vivo culturing and expansion of HSPCs. The purpose of this study was to determine the 

optimal serum-free medium for the culturing of HSPCs in vitro.  

 

This chapter describes the results obtained when MACS was compared to FACS for the isolation 

of UCB-derived HSPCs. This chapter further describes the results obtained when CD34+ HSPCs 

are expanded using different media, using the following end-points: viability, proliferation 

(TNCs and CD34+ HSPC numbers and percentages) and HSPC immunophenotype. 
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2.2. MATERIALS AND METHODS 

2.2.1. Ethics statement 

This study was conducted at the Institute for Cellular and Molecular Medicine (ICMM), 

Department of Immunology, University of Pretoria. Approval was granted in 2014 by the 

Faculty of Health Sciences Research Ethics Committee (Protocol Number 410/2014) (Appendix 

G) and Netcare Research Operations Committee (Approval Number UNIV-2014-0058) 

(Appendix H). 

 

2.2.2. Sample collections 

Informed consent was obtained from healthy HIV-negative mothers scheduled for caesarian 

section (C-section) at 38 to 40 weeks gestation at a private hospital in Pretoria. An unsigned 

example of the informed consent document that was completed by mothers prior to UCB 

collection is included as Appendix E. The HIV status of patients from whom UCB was collected 

was obtained from patient files. UCB was collected post-delivery from the placenta via the 

umbilical vein into bags containing citrate phosphate dextrose (CPD) anticoagulant (Tianhe 

Pharmaceutical, China), using a 14-gauge needle. UCB units were codified (anonymised) to 

protect patient information and ensure patient anonymity. Samples were stored at 4°C and 

used within 24 hours.  

 

2.2.3. Enrichment of CD34+ HSPCs 

The collection bag content was poured into sterile 50 mL Falcon tubes. UCB units were plasma 

depleted by centrifugation at 300 relative centrifugal force (rcf, x g) for 20 minutes (min). The 

plasma layer was aspirated and discarded. The buffy coat layer (white layer on top of the red 

blood cells) was aspirated and placed into a new 50 mL Falcon tube (pooled for different tubes 

from the same donor). Red blood cells were lysed by adding 20 mL of ammonium chloride 

(NH4Cl; 0.155 M NH4Cl (Sigma-Aldrich, USA), 0.0119 M sodium bicarbonate (NaHCO3; Sigma-

Aldrich, USA), 0.25 mM ethylenediaminetetraacetic acid (EDTA), pH 7.4) for 20 min at 4°C. The 

sample was centrifuged at 300 x g for 10 min at 4°C. Ammonium chloride (NH4Cl) was aspirated 

and each sample was washed twice by filling the tube to 30 mL with TP buffer (phosphate 

buffered saline (PBS, pH7.4), 10 µg/mL human albumin (Sigma-Aldrich, USA) and 2 mM EDTA  
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(Sigma-Aldrich, USA)) and centrifugation at 300 x g for 10 min at 4°C. Supernatant was 

aspirated and cells were resuspended in 5 – 10 mL TP buffer. At this point a 50 µL aliquot was 

taken for counting. 

 

2.2.3.1. Flow cytometer: Counting protocol 

Stem-Kit™ reagents from Beckman Coulter (Miami, Florida, USA) were used to determine 

viability and the absolute number of CD34+ cells in each sample using the Gallios flow 

cytometer (Beckman Coulter, Miami, Florida, USA). Stem-Kit reagents include a vial containing 

CD45 FITC and CD34 PE monoclonal antibodies, a vial containing CD45 FITC and IsoClonic™ 

control PE, and a vial containing the viability dye, 7-Amino-Actinomycin-D (7AAD). This specific 

CD34 antibody recognises a Class III epitope of the CD34 molecule.  

 

The IsoClonic control is for possible non-specific antibody binding and is used to set the 

negative/positive boundaries of CD34 protein expression. The nucleic acid intercalating 

viability dye binds between cytosine and guanine bases of the DNA in cells with compromised 

cell membranes. Non-viable cells were identified and excluded from flow cytometry post-

acquisition analysis based on 7AAD-positive staining. Antibodies were added to samples and 

incubated for 15 min prior to counting. Flow-Count™ fluorospheres (Beckman Coulter, Miami, 

Florida, USA) are fluorescent microbeads used to determine cell counts using a flow cytometer. 

Flow-Count fluorospheres is a calibrated suspension of microbeads with a known 

concentration that have a fluorescence emission range of 525 nm to 700 nm, when excited at 

488 nm. On the Gallios flow cytometer, these Flow-Count fluorospheres can be detected in 

channels FL1, FL2, FL3 or FL4. A 1:1 ratio of sample to Flow-Count fluorospheres is required for 

accurate counts. Flow-Count fluorospheres were added to each sample immediately prior to 

analysis on the flow cytometer.  

 

Viable cells were measured, using 7AAD viability dye [Excitation: 488 nm; Emission: 

635/75 nm], in the FL4 channel (Figure 2.1a), which was gated on region [B]. Region [B] is a 

NOT Flow-Count fluorospheres Boolean gate applied post-acquisition and used to exclude the 

Flow-Count fluorospheres from downstream flow cytometric plots during data analysis. Flow-

Count fluorospheres were detected in the FL3 channel (Figure 2.1d) for this particular protocol. 
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CD34+ and CD45dim cells were measured in the FL2 channel [CD34 PE; Excitation: 488 nm; 

Emission: 568/90 nm] (Figure 2.1b) and in the FL1 channel [CD45 FITC; Excitation: 488 nm; 

Emission: 504/41 nm] (Figure 2.1c), respectively. Both the side scatter (SS) Lin vs. CD34 PE 

(Figure 2.1b) and SS Lin vs. CD45 FITC (Figure 2.1c) were gated using the “Viable” region. The 

Gallios flow cytometer filter configurations are shown in Table 2.1. All flow cytometer analyses 

were performed using Beckman Coulter Kaluza Analysis Software (version 2.1) (Beckman 

Coulter, California, USA).  

 

 

Figure 2.1. Day 0 counting protocol. Flow cytometry protocol and representative analysis of UCB-derived 

HSPCs (buffy coat) on Day 0. (a) Density plot showing viable, 7AAD-negative cells. (b) and (c) Density 

plots showing cells stained with Stem-Kit CD34 PE, CD45 FITC monoclonal antibodies. (e) and (f) Density 

plots showing cells stained with Stem-Kit IsoClonic control PE, CD45 FITC. (d) Density plot showing the 

Flow-Count fluorospheres in “CAL” region.  

 

  

(a) (b) (c) 

(d) (e) (f) 
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The number of Flow-Count fluorosphere events together with the number of cell events in the 

region of interest (“CD34+” region) were used to determine cell concentration. In general, 

> 1000 Flow-Count fluorosphere events were acquired to ensure accurate cell counts. The 

following formula was used to calculate the number of cells/µL:  

 

𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡 (
𝑐𝑒𝑙𝑙𝑠

𝜇𝐿
) =  

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑣𝑒𝑛𝑡𝑠 𝑖𝑛 𝑟𝑒𝑔𝑖𝑜𝑛 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡,𝑖,𝑒.𝐶𝐷34+ 𝑟𝑒𝑔𝑖𝑜𝑛

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 Flow−Count fluorospheres  𝑖𝑛 CAL 𝑟𝑒𝑔𝑖𝑜𝑛
 × 𝐹𝑙𝑜𝑤 −

𝐶𝑜𝑢𝑛𝑡 𝑓𝑙𝑢𝑜𝑟𝑜𝑠𝑝ℎ𝑒𝑟𝑒𝑠 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛   

 

Flow-Count fluorospheres concentration refers to the calibration factor indicated on the 

product insert that is supplied with each Flow-Count fluorospheres vial.  

 

Table 2.1. Gallios flow cytometer filter configuration. 

Laser Filter FL Fluorochrome/Dye Clone 

488nm, 22mW 525/40 1 CD45 FITC J33 

 575/30 2 CD34 PE 581 

 620/30 3 Flow-Count fluorospheres  

 695/30 4 7AAD  

 

2.2.3.2. Magnetic activated cell sorting 

The human CD34 MicroBead kit (Myltenyi Biotec, Germany) is a positive selection kit that we 

used together with LS columns (Myltenyi Biotec, Germany) and the QuadroMACS separator 

(Myltenyi Biotec, Germany), to magnetically enrich for CD34+ cells. 

 

2.2.3.2.1. Sample preparation 

Once cell number had been determined, using the counting protocol above, the sample was 

centrifuged at 300 x g for 10 min at 4°C. The cell pellet was resuspended in TP buffer (300 µL 

for 108 total cells). FC receptor (FcR) Blocking Reagent (supplied with the kit) was added to the 

sample (100 µL for 108 total cells) and incubated for 10 min at 4°C. Thereafter, the CD34 

Microbeads were added to the sample (100 µL for 108 total cells), mixed and incubated for  
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30 min at 4°C. After incubation, cells were washed by centrifugation with 5 mL TP buffer 

(5 – 10 mL for 108 total cells) at 300 x g for 10 min at 4°C. The cell pellet was resuspended in 

500 µL TP buffer.  

 

2.2.3.2.2. Magnetic separation 

An LS column was placed in the magnetic field of the QuadroMACS separator with a 30 µM 

pre-separation filter (Myltenyi Biotec, Germany) at the top. The column was prepared by 

rinsing with 3 mL PBS (pH 7.4). Thereafter, the cell suspension was added onto the column. 

The column was washed three times with 3 mL PBS after which the column was removed from 

the separator and placed in a 15 mL collection tube. 5 mL TP buffer was added onto the column 

to flush out the labelled cells by firmly pushing the plunger into the column. A 100 µL aliquot 

was taken to determine the purity and number of CD34+ cells present after magnetic isolation. 

 

2.2.3.3. Fluorescent activated cell sorting 

Fluorescent activated cell sorting is a specialised type of flow cytometry, where a cell 

population of interest is isolated/purified from a heterogeneous population of cells. Stem-Kit 

reagents (CD45 FITC, CD34 PE and 7AAD) were added to the sample based on the absolute 

number of cells present (approximately 5 µL per 10 x 106 viable cells). Once the antibodies had 

been added, the sample was incubated for 30 min at room temperature. Stained cells were 

washed once with TP buffer and the supernatant was aspirated. The pellet was resuspended 

in the desired volume based on the absolute cell number (final concentration of approximately 

7 x 106 cells/mL). Cells were sorted by FACS based on CD34 expression using a BD FACSAria™ 

Fusion (BD Biosciences, USA). The ‘Purity’ sorting mode was used for sorting together with the 

70 µM nozzle. The gating strategy was performed as described earlier in the counting protocol. 

A purity check was performed prior to actual sorting and > 90% purity was obtained for all 

samples (Table 2.3). A graphical illustration of the gating strategy used for sorting to verify the 

purity post-sort (purity check) is shown in Figure 2.2.  
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Figure 2.2. Sorting protocol for UCB-derived HSPCs. (a) Forward scatter (FS) vs. SS plot used to identify 

the cell population before sorting. (b) Dot plot showing cell viability (7AAD-negative) before sorting. (c) 

Dot plot showing cells stained with CD34 PE conjugated antibody before sorting. (d) A FS vs. SS plot 

used to identify the sorted cell population (post-sort). (e) Dot plot showing cell viability (7AAD-negative) 

of sorted cells. (f) Dot plot showing cells stained and sorted with CD34 PE conjugated antibody. 

 

2.2.4. Culture conditions 

Viable FACS-purified CD34+ cells were sorted into wells of a 48-well plate (Thermo Fisher 

Scientific, USA) containing four different medium conditions, in triplicate. CD34+ cells were 

cultured in 1 mL medium at 4 – 5 x 103 cells/well. Medium conditions included: DMEM (Gibco, 

Thermo Fisher Scientific, USA) supplemented with FBS (Gibco) (as previously used in our 

laboratory), Stemline II (Sigma-Aldrich, USA), StemPro-34 Plus (Thermo Fisher Scientific, USA) 

and StemSpan animal component free (ACF) (Stem Cell Technologies, Canada). The medium 

was supplemented with 2% Penicillin-Streptomycin (pen/strep, 10 000 units/mL Penicillin and 

10 000 µg/mL Streptomycin, Gibco™, Life Technologies, Thermo Fisher Scientific, USA). The 

following recombinant human growth factors were added: G-CSF (100 ng/mL), SCF 

(100 ng/mL), TPO (25 ng/mL), and IL-3 (25 ng/mL) (Gibco by Life Technologies, Thermo Fisher 

Scientific, USA). The concentrations indicate the final concentration of the respective growth 

(d) (e) (f) 

(b) (a) (c) 
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factors present in a well. Sterile PBS was added to unused wells to maintain humidity. The 

cultures were maintained at 37°C and 5% carbon dioxide (CO2) in a humidified atmosphere for 

seven days. 

 

2.2.5. Viability, proliferation and CD34+ cell numbers/percentages 

HSPC expansion was examined after seven days by measuring viability, proliferation and CD34+ 

cell numbers/percentages. A 50 µL aliquot was taken from each of the triplicate wells and 

transferred into flow tubes. As on Day 0, 3 µL of Stem-Kit reagents (CD45 FITC / CD34 PE and 

7AAD) were added to the tubes. A separate flow tube containing CD45 FITC / IsoClonic control 

PE and 7AAD was also prepared. Again, as mentioned earlier in this chapter, Flow-Count 

fluorospheres were added immediately before the samples were analysed on the Gallios flow 

cytometer.  

 

2.2.6. HSPC-associated immunophenotype 

The analysis of HSPC immunophenotypic markers was performed after seven days using a 

Gallios flow cytometer. A 100 µL aliquot was taken from each of the triplicate wells and put 

into flow tubes with 5 µL of each of the following mouse anti-human monoclonal antibodies: 

Lin FITC, CD34 PE-Cy7, CD38 APC-Cy7, CD45 BV421 (Biolegend, USA) (Table 2.2). Two gating 

strategies were used for the HSPC immunophenotypic analysis. Figure 2.3 and 2.4 show the 

first and second gating strategies employed, respectively. For the first gating strategy, “Cells” 

were analysed using a FS vs. SS plot (Figure 2.3a). Lineage-negative (Lin–) cells were identified 

using the lineage cocktail FITC [Excitation: 488 nm; Emission: 520 nm] (Figure 2.3b), which was 

gated on the “Cells” region. The CD38– cells were identified using CD38 APC-Cy7 [Excitation: 

633 nm; Emission: 776 nm] (Figure 2.3c) and gated on the “Lin– “ region. The majority of cells 

were CD45+ on day seven, which were identified (gated on CD38– region) using CD45 BV421 

[Excitation: 405 nm; Emission: 421 nm] (Figure 2.3d). CD34+ and CD34– cells were identified 

(gated on CD45+ region) using CD34 PE-Cy7 [Excitation: 488/532/561 nm; Emission: 575/780 

nm] (Figure 2.3e). For the second gating strategy, CD34+ and CD34– cells were gated on ”Cells” 

(Figure 2.4b). CD34+CD38+, CD34+CD38– (Figure 2.4c), CD34–CD38+ and CD34–CD38+ (Figure 

2.4d) cells were analysed by gating CD38 on CD34+ and CD34– regions, respectively. Negative  
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and positive regions for each phenotypic marker were created based on positive and negative 

populations present in a sample (if applicable) or using a whole blood control sample when the 

distinction between the negative and positive populations was not clear. 

 

 

Figure 2.3. Immunophenotypic gating strategy 1. Sequential gating strategy for HSPC-associated 

immunophenotypic markers. Density plots showing (a) FS vs. SS and cells stained with (b) Lin FITC, (c) 

CD38 APC-Cy7 (d) CD45 BV421 and (e) CD34 PE-Cy7 monoclonal antibodies. 

 

(d) (e) 

(a) (b) (c) 
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Figure 2.4. Immunophenotypic gating strategy 2. The sequential gating strategy for HSPC-associated 

immunophenotypic markers. Density plots showing (a) FS vs. SS and cells stained with (b) CD34 PE-Cy7,  

(c – d) CD38 APC-Cy7 monoclonal antibodies gated on (c) CD34+ and (d) CD34– regions, respectively. 

 

Table 2.2 shows the Gallios flow cytometer filter configurations and information regarding 

antibodies that were used, including their respective fluorochromes, clones and the 

composition of the Lineage cocktail. Spectral overlap is a common phenomenon when 

multi-colour antibody panels are used. Spectral overlap refers to signal spill over into adjacent 

fluorescent detection channels due to overlapping emission spectra. Spectral overlap may lead 

to erroneous, especially false positive results, if not corrected. An electronic process, known as 

colour compensation, is used to correct for this overlap and subtract the spill over signal from 

the true signal. Single-colour antibodies were used to set up colour compensation.  

 

 

 

 

(a) (b) (c) 

(d) 
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Table 2.2. Gallios flow cytometer filters configuration.  

Laser Filter FL Fluorochrome/Dye Clone 

488nm, 22mW 252/40 1 Lineage cocktail FITC  

   CD3 UCHT1 

   CD14 HCD14 

   CD16 3G8 

   CD19 HIB19 

   CD20 2H7 

   CD56 HCD56 

 575/30 2 - - 

 620/30 3 - - 

 695/30 4 - - 

 755LP 5 CD34 PE-Cy7 581 

638nM, 25mW 660/20 6 - - 

 725/20 7 - - 

 755LP 8 CD38 APC-Cy7 HIT2 

405nM, 40mW 450/40 9 CD45 BV421 30-F11 

 550/40 10 - - 

 

2.2.7. Statistical analysis 

Experiments were performed in triplicate (three technical repeats per condition) using three 

separate UCB samples (donors). Experimental data are represented as mean ± standard 

deviation (SD). All statistical analyses were performed using GraphPad Prism 7. A 

non-parametric one-way analysis of variance (ANOVA), a Kruskal Wallis, and a multiple 

comparisons Dunn’s test were applied to determine if the differences were statistically 

significant, and a value of P < 0.05 was considered as significant. 
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2.3. RESULTS 

2.3.1. MACS versus FACS 

Researchers generally make use of MACS to enrich for CD34+ cells prior to FACS. An experiment 

was performed to determine whether it is essential to perform an enrichment step (MACS) 

before FACS during the isolation of UCB-derived HSPCs. Sample viability, percentage 

CD34+CD45dim cells and absolute CD34+CD45dim cell numbers were used as endpoints. As 

expected, the absolute number of CD34+CD45dim cells decreased with every processing step 

(Figure 2.5). The mean number of CD34+CD45dim cells was highest in whole blood, 

1.79 x 106 (± 1.35) and decreased after NH4Cl treatment, 3.5 x 105 (± 0.25). Increased 

CD34+CD45dim cell numbers were observed after MACS, 4.4 x 105 (± 0.51) compared to FACS, 

2.1 x 105 (± 0.15). However, a higher level of variability was observed for MACS compared to 

FACS. The sorting algorithms used by FACS are generally quite strict and could be the reason 

for the lower cell numbers observed after FACS compared to MACS.  

 

 

Figure 2.5. Absolute CD34+/CD45dim HSPC numbers. The mean (SD) total number of CD34+CD45dim HSPCs 

present before (whole blood), during (post-NH4Cl) and post-isolation of HSPCs (post-FACS and post-

MACS). Bars are representative of four independent donors (n = 4). 

 

The proportion of CD34+CD45dim cells in whole UCB on average is very low. The percentage 

CD34+CD45dim cells present post-sort was used as an indication of purity (Figure 2.6). As 

expected, the CD34 percentages in whole blood were low, due to the presence of other cells.  
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The percentage CD34+CD45dim increased from 0.21% (± 0.1%) in whole blood to 1.15% (± 0.7%) 

after the first enrichment step (post-NH4Cl). The percentage/purity of CD34+CD45dim was 

83.8% (± 11.2%) and 67.6% (± 8.6%) after FACS and MACS isolation, respectively.  

 

 

Figure 2.6. Percentage CD34+/CD45dim HSPCs. The mean (SD) percentage CD34+CD45dim HSPCs present 

before (whole blood), during (post-NH4Cl) and post-isolation of HSPCs (post-FACS and post-MACS). Bars 

are representative of four independent donors (n = 4). 

 

To ensure that cell viability was not compromised during the isolation steps, the viability of 

FACS- and MACS-isolated cells was investigated. Viability was high in whole blood, 

96.9% (± 1.9%) and decreased slightly upon NH4Cl treatment, 86% (± 11.3%) (Figure 2.7). 

Viability after FACS and MACS isolation was 95.6% (± 2.8%) and 92.7% (± 0.9%), respectively.  
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Figure 2.7. The percentage viability. The mean (SD) percentage viability of total cells before (whole 

blood), during (post-NH4Cl) and post-isolation of HSPCs (post-FACS and post-MACS). Bars are 

representative of four independent donors (n = 4). 

 

2.3.2. Comparison of different media conditions 

A literature search was performed to determine the most frequently used GMP-compliant 

culture media for the culturing of HSPCs. Based on the search results, we decided to test three 

different serum-free media from three different companies: Stemline II (223,224), StemPro-34 

Plus (225) and StemSpan ACF (116,226). These three serum-free media were compared to 

DMEM supplemented with FBS (Gibco™ by Life Technologies, Thermo Fisher Scientific, USA). 

DMEM supplemented with FBS was previously used in our laboratory for the ex vivo culturing 

of HSPCs. 

 

Three UCB units were used in this series of experiments. Table 2.3 shows the UCB units 

collected together with their respective sample identities, blood volumes, viability 

percentages, absolute leukocyte and CD34+ cell counts (post-NH4Cl), CD34 percentages and 

the post-sort purity. Several studies have shown that UCB volume as well as the TNC count 

correlate with the number of CD34+ cells in a single UCB unit (227,228).  
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Table 2.3. UCB units collected to determine the optimal medium for the culturing of HSPCs. UCB units 

collected with sample identities, blood volumes, viability percentages, absolute leukocyte and CD34+ 

numbers (post-NH4Cl), CD34 percentages (post-NH4Cl) and the purity of the CD34+ population 

post-sorting.  

Sample 
Volume 

(mL) 
Viability (%) 

Total 

leukocytes 
CD34+ cells CD34+ (%) 

Sort purity 

(%) 

CB291015 70 93.99 331.7 x 106 2.5 x 106 0.66 91.7 

CB031115 42 96.67 136.6 x 106 9.8 x 105 0.64 90.8 

CB041115 32 97.45 43.7 x 106 3.0 x 105 0.47 98.6 

 

2.3.2.1. Viability, proliferation and CD34 cell numbers/percentages 

Figure 2.8 shows the flow cytometry protocol used to determine sample viability, proliferation 

and CD34 cell numbers and percentages after seven days in culture. 

 

 

Figure 2.8. Counting protocol. Flow cytometry protocol and analysis of expanded UCB-derived HSPCs on 

Day 7. (a) Density plot showing viable (7AAD-negative) cells. (b) Density plot (gated on “Viable”) showing 

CD45+ cells. (c) Density plot showing Flow-Count fluorospheres in the “CAL” region. Density plot (gated 

on “Leukocytes”) showing cells stained with (d) Stem-Kit IsoClonic control PE and (e) CD34 PE 

conjugated antibody. The CD34+ region was set according to non-specific staining observed in (d) and 

kept the same to quantify the number of CD34+ cells in (e). 

(a) (b) (c) 

(d) (e) 



48 

 

Sample viability did not differ significantly between the different culture media used: Stemline 

II, 93.8% (± 4.6%), StemPro-34 Plus, 90% (± 0.9%) and StemSpan ACF, 87.4% (± 3.3%), while 

lower viability was observed in DMEM cultures supplemented with FBS, 57.1% (± 5.6%) 

(Figure 2.9). 

 

 

Figure 2.9. Viability after seven-day expansion. The mean percentage viable cells after seven-day 

expansion in different media. Bars are representative of three technical repeats of three independent 

donors (n = 3). 

 

The effect of different cell culture media on cell proliferation was demonstrated as fold 

increase, which is described as the increase in the number of cells observed on Day 7 compared 

to the number of cells seeded on Day 0. In general, the use of serum-free medium resulted in 

higher cell numbers compared to DMEM supplemented with FBS (Figure 2.10). The highest 

overall proliferation (mean fold increase of 174.8 (± 29.1)) was observed in cells cultured in 

StemSpan ACF; the difference was statistically significant (P = 0.02) when compared to DMEM 

supplemented with FBS. The use of DMEM supplemented with FBS resulted in the lowest total 

proliferation (a mean fold increase of 24.3 (± 6.83)) (Figure 2.10).  
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On Day 0, the CD34+ population was quite homogeneous in size and CD34 expression. The 

CD34+ population was not as distinct on Day 7 and for that reason an IsoClonic control was 

included to determine the negative/positive boundary of CD34 expression. The same counting 

protocol was used on Day 0 and Day 7, even though the profile of the CD34+ cells changed 

slightly upon expansion. 

 

StemSpan ACF (fold increase 32.0 (± 8.3)) and StemPro-34 Plus (fold increase 30.8 (± 8.4)) 

showed the highest overall proliferation of CD34+ cells (Figure 2.10). Interestingly, although 

StemPro-34 Plus showed intermediate total proliferation when compared to Stemline II and 

StemSpan ACF, it resulted in the highest proportion, 39.4% (± 1.4%) of CD34+ cells (Figure 2.11), 

significantly (P = 0.02) higher than Stemline II, 10.6% (± 1.8%). 

 

 

Figure 2.10. Proliferation of total and CD34+ cells after seven-day expansion. The mean fold increase of 

viable absolute and CD34+ cell numbers after seven-day expansion in different media. Bars are 

representative of three technical repeats of three independent donors (n = 3). * P < 0.05. 
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Figure 2.11. Percentage CD34+ cells after seven-day expansion. The mean percentage of CD34+ cells after 

seven-day expansion in the different media. Bars are representative of three technical repeats of three 

independent donors (n = 3). * P < 0.05. 

 

2.3.2.2. HSPC-associated immunophenotype 

There were not enough cells in DMEM supplemented with FBS cultures after seven days to 

perform HSPC-associated immunophenotypic analysis. Although none of the differences 

observed were statistically significant, StemSpan ACF showed the highest number of 

CD34+CD38–, 12.3 (± 13.6) and CD34+CD38+ cells, 29.7 (± 5.5) compared to Stemline II,  

3.7 (± 3.8) and 6.7 (± 2.3), and StemPro-34 Plus, 6.0 (± 5.3) and 12.3 (± 2.3) (Figure 2.12). 

Immunophenotypic profiles for HSPCs cultured in StemPro-34 Plus (9.0 ± 8.2) and StemSpan 

ACF (8.0 ± 8.7) showed an increase in the Lin–CD38–CD45+CD34+ cell population (Figure 2.13), 

which is believed to include more primitive HSPCs. It was observed that all CD34+CD38– cells 

were also Lin– on day seven, while the CD34+CD38+ cells were Lin+. Numerous studies, however, 

have shown that the Lin–CD38–CD45+CD34– population precedes the Lin–CD38–CD45+CD34+ 

population in the hematopoietic hierarchy (41,229), and for that reason, the results for the 

analysis of the CD34– fractions are also displayed in Figure 2.13 below. Between the three 

serum-free media tested, the lowest and highest numbers of Lin–CD38–CD45+CD34+ and  

Lin–CD38–CD45+CD34– populations were observed in Stemline II, 1.7 (± 2.1) and 26.0 (± 11.0), 

and StemSpan ACF, 8.0 (± 8.7) and 42.7 (± 14.6), respectively.  
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Figure 2.12. Expansion of CD34+CD38– and CD34+CD38+ HSPCs. The mean total number of CD34+CD38– 

and CD34+CD38+ HSPCs present after seven-day expansion in different media. Bars are representative 

of three technical repeats of three independent donors (n = 3). 

 

 

Figure 2.13. Expansion of Lin–CD38–CD45+CD34– and Lin–CD38–CD45+CD34+ HSPCs. The mean total 

number of Lin–CD38–CD45+CD34– and Lin–CD38–CD45+CD34+ HSPCs present after seven-day expansion 

in different media. Bars are representative of three technical repeats of three independent donors 

(n = 3). 
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2.4. DISCUSSION AND CONCLUSION 

The results from the first part of this study, which compared MACS vs. FACS for the isolation of 

HSPCs, indicated that it is not essential to perform an enrichment step (such as MACS) before 

FACS sorting of rare cell populations, such as HSPCs. One advantage of MACS is that it yields 

greater HSPC cell numbers with acceptable sample viability. Therefore, for experiments that 

require high cell numbers, MACS isolation should be the preferred method of choice. FACS 

results in pure, viable HSPC isolations, but with greater cell loss. Therefore, if increased purity 

is desired, FACS isolation should be the preferred method for HSPC isolation. Cell loss is one of 

the great disadvantages regardless the isolation technique, and cell loss is therefore 

unfortunately inevitable.  

 

The purpose of the second part of this study was to determine the optimal serum-free medium 

for the ex vivo culturing and expansion of HSPCs. In this study we compared DMEM 

supplemented with FBS (previously used in our laboratory), with three commercially available 

serum-free media, Stemline II, StemPro-34 Plus and StemSpan ACF. Although studies have 

reported the successful culture of HSPCs using DMEM supplemented with FBS (230), improved 

GMP-compliant standards and procedures are required to ensure reliable and reproducible 

results. Moving towards serum-free HSPC culturing conditions will cease the use of FBS and 

eliminate the associated safety risks and ethical concerns. This would ultimately lead to 

reproducible results between laboratories across the globe and ensure ease of adapting 

protocols for the preparation of clinical cell therapy products. 

 

Jackson et al. (230) successfully cultured HSPCs using DMEM supplemented with FBS and 

showed good overall viability and expansion of HSPCs after seven days in culture. The current 

study showed that HSPCs cultured in DMEM supplemented with FBS had decreased total cell 

viability, decreased total and CD34+ cell expansion compared to the serum-free media tested. 

The lower expansion achieved using DMEM resulted in insufficient cell numbers after 

seven-day expansion to perform HSPC-associated immunophenotypic analysis. A 

concentration of approximately 1000 – 2000 cells/µL was required for the immunophenotypic 

analysis. Although the results from our study showed smaller numbers after seven-day 

expansion compared to the study by Jackson and colleagues, it is important to note that the 
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number of HSPCs that were seeded on Day 0 by Jackson et al. (230) was 20 times higher. The 

fold increase reported by Jackson et al. (230) for the total cell numbers was less than was 

observed in this study for DMEM supplemented with FBS. The lower extent of expansion 

observed in DMEM supplemented with FBS could possibly be explained in part by the choice 

of medium. DMEM is generally used in most laboratories to culture and expand adherent cells, 

while cells in suspension, including HSPCs, are generally cultured in Iscove’s Modified 

Dulbecco’s Medium (IMDM) or Rosswell Park Memorial Institute (RPMI). HSPCs cultured in 

DMEM supplemented with FBS is not optimal and might therefore take longer to expand to 

sufficient numbers, which might also be a possible reason for the cell death observed. 

  

Stemline II showed a greater extent of total cell expansion compared to StemPro-34 Plus, 

however, less expansion was observed when compared to StemSpan ACF. A higher fold 

increase of over 250 was observed by Leugers et al. (231) when CD34+ HSPCs were cultured in 

Stemline II for 10 days. However, the CD34+ HSPCs in the above-mentioned study were in 

culture for three additional days. Similar to this study, Spanholtz et al. (224) observed 

approximately 100-fold total expansion when UCB-derived CD34+ cells were cultured in 

Stemline II for seven days. StemPro-34 Plus showed an increased proportion of CD34+ cells 

compared to the other serum-free media; however, the total cell numbers were noticeably 

lower. StemSpan ACF showed greater expansion of both total and CD34+ cells compared to all 

other serum-free media tested.  

 

CD34+ HSPCs are a heterogeneous population containing varying subsets of stem and 

progenitor cells at different stages of lineage commitment. Only a small proportion of HSPCs 

have repopulating abilities. Heterogeneity within the HSPC population is somewhat reflected 

in the variable CD38 expression observed. CD38 expression shows a gradient with increasing 

density of this surface antigen rather than clear positive and negative populations, and 

increased CD38 expression is associated with HSPC differentiation and maturation. Studies 

have shown that the CD34+CD38+ population encompass the hematopoietic progenitors, while 

the CD34+CD38– population includes more primitive cells. Lineage-restricted (CD34+CD38+) 

progenitor cells are mostly responsible for short-term engraftment, while CD34+CD38– cells are 

responsible for long-term engraftment (232). Thus, HSPCs with repopulating ability, known as 
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long-term HSCs, are enriched in the Lin–CD38–CD34+ population (233). Studies have suggested 

that the Lin–CD38–CD34– population is a more primitive population of HSPCs (41,229). 

However, this population has slower repopulating ability compared to Lin–CD38–CD34+ cells 

(234).  

 

This study further revealed similar proportions of CD34+CD38– and CD34+CD38+ cells in all 

serum-free cultures after expansion, measured at a phenotypic level. These results indicate 

that both primitive and committed CD34+ populations are present in HSPC cultures expanded 

in serum-free medium. Similarly, Lin–CD38–CD34+ and Lin–CD38–CD34– cells were present, with 

the Lin–CD38–CD34– population being much greater than the Lin–CD38–CD34+ population. 

Overall, cultures expanded in StemSpan ACF resulted in increasing cell numbers when 

compared to Stemline II and StemPro-34 Plus. The use of serum-free medium for the culturing 

of HSPCs for clinical applications has raised several concerns, including that certain media 

formulations might favour the increase of certain populations of cells. A very recent study by 

Goncalves et al. (235) revealed that UM171 and HDAC inhibitors increased HSPC-associated 

cell surface markers, even though the HSPCs lacked engraftment potential.   

 

Although flow cytometry is a fast and effective method to determine the nature of the cells 

present based on specific cell surface markers, one of its limitations is that it does not provide 

any functional data. Colony forming cell (CFC) assays constitute a functional in vitro method 

often used to prove that sub-populations of cells, identified using flow cytometry, are 

functional. It assumes that functional cells are able to proliferate and differentiate into 

different hematopoietic cell types. However, the most effective method to determine whether 

cells are long-term HSCs is through serial in vivo transplantations. This will determine whether 

the transplanted cells are able to repopulate recipients who have received myeloablative 

therapy, using experimental animal models (236). In vivo transplantation studies are however 

costly, and since the sole purpose of this study was to determine the optimal serum-free 

medium for the ex vivo culturing of HSPCs, flow cytometry alone was considered to be 

sufficient. For the purpose of expanding HSPCs for clinical applications, in vivo transplantation  
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studies would need to be performed to confirm the presence of long-term HSCs after ex vivo 

culturing of HSPCs in order to determine the effect of the different media (if any) on the success 

of engraftment.  

 

In conclusion, this comparative study demonstrated improved viability, proliferation and 

HSPC-associated phenotype of HSPCs when cultured for seven days in three different 

serum-free media compared to DMEM supplemented with FBS. Based on the endpoints 

measured during this study, StemSpan ACF appears to be more suitable for culturing HSPCs. 

Also, the use of StemSpan ACF allows for GMP-compliant culturing of HSPCs ex vivo. We do 

however acknowledge that this study did not include all serum-free media commercially 

available. This study also revealed that heterogeneity exists in the response to different media 

conditions, which suggests that it will be important to move towards global standardisation of 

ex vivo HSPC culture conditions in the future. Functional in vitro colony forming assays and in 

vivo transplantation studies would be essential to ultimately determine the optimal serum-free 

medium for clinical applications. 

 

This chapter ties in with Chapter 3, where HSPCs are cultured in serum-free expansion medium 

(StemSpan ACF) with different cytokine combinations. The work in Chapters 2 and 3 was mainly 

performed with the aim to standardise the culturing of HSPCs in our laboratory and to make 

this as clinically relevant as possible to ensure that we use products that conform to GMP 

standards.   
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CHAPTER 3. EX VIVO EXPANSION OF HEMATOPOIETIC STEM AND  

PROGENITOR CELLS 

3.1. INTRODUCTION 

Umbilical cord blood transplantation is performed for hematological malignancies and other 

disorders (237). However, the number of TNC and CD34+ HSPCs is less than what is obtained 

from bone marrow and mobilised peripheral blood. Therefore to ensure engraftment success 

and hematopoietic reconstitution, several UCB units may be co-transplanted (73). Delayed 

hematopoietic recovery of neutrophils and platelets has been reported following UCBT, as a 

result of the immature nature of the cells (238). The lower rate of hematopoietic recovery 

increases the susceptibility of recipients to microbial and viral infections, which has contributed 

to the mortality rate of above 30% following UCBT (239).  

 

Ex vivo expansion of HSPCs to increase cell numbers and shorten time to engraftment has been 

an area of intense interest for several years. Ex vivo expansion increases the number of long- 

and short-term HSPCs, which contribute to successful engraftment. One way in which HSPCs 

have been expanded ex vivo is with the use of exogenous cytokines (240). Cytokines are small 

secreted proteins that are involved in cell signaling and regulate many aspects of 

hematopoiesis (241). Different combinations of cytokines have been used for the ex vivo 

expansion of HSPCs, and several clinical trials have been undertaken to determine whether 

delayed engraftment following UCBT could be overcome with the combined infusion of ex vivo 

expanded (manipulated) and non-expanded (non-manipulated) HSPCs (Table 3.1). 
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Table 3.1. Cytokine combinations used for the ex vivo expansion of UCB-derived HSPCs in clinical trials. 

Cells 
Expansion 

time 
Media Growth factors Additional components 

Neutrophil 

engraftment 

Platelet 

engraftment 
References 

CD34+ 16d 
Serum-free 

medium 

SCF, TPO, FLT3L, IL-3 and 

IL-6 
Notch ligand Delta1 16 - (84) 

CD133+ 3w α-MEM + 10% FBS 
SCF, TPO, FLT3L and  

IL-6 
Nicotinamide 13 33 (77) 

CD133+ 3w α-MEM + 10% FCS 
SCF, TPO, FLT3L and  

IL-6 
Copper chelator 30 48 (242) 

UCB 

cells 
12d 

IMDM + 10% FBS + 

10% horse serum 
PIXY321, FLT3L and  EPO - 22 106 (243) 

CD34+ 10d 
Commercial 

medium 
SCF, G-CSF and MGDF - 28 94 (94) 

CD34+ 15d 
Commercial 

medium 

SCF, TPO, FLT3L and  

IL-6 
StemRegenin 1 15 49 (78) 

MNCs 2w α-MEM + 20% FBS 
SCF, TPO, FLT3L and  

G-CSF 

Mesenchymal stromal 

cell layer 
15 42 (244) 

d = days; w = weeks; Cells = cell types purified through various purification methods prior to expansion; Commercial medium = commercially available medium 

for the expansion of HSPCs containing proprietary ingredients. 
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G-CSF is a cytokine that induces granulocyte differentiation and proliferation (245). G-CSF is 

used clinically as a mobilising agent for the enrichment of CD34+ HSPCs in the peripheral 

circulation (246) and also to improve and/or prevent chemotherapy-induced neutropenias 

(247).  

 

The purpose of this study was to determine whether the addition of G-CSF to well-established 

cytokine combinations, FLT3L, SCF, TPO and IL-3 or IL-6 would lead to improved ex vivo 

expansion of HSPCs. This chapter describes the results obtained from expanding CD34+ HSPCs 

with different cytokine combinations, using the following end-points: viability, proliferation 

(TNC and CD34+ HSPCs numbers and percentages), HSPC-associated immunophenotype and 

side population (SP) analysis.  

 

3.2. MATERIALS AND METHODS 

3.2.1. Ethics statement 

An amendment to the informed consent document, shown in Appendix E, was made in May 

2018 to include HIV-1 testing of all collected UCB samples. A copy of the amended informed 

consent document that was completed by mothers prior to collection is included in Appendix F. 

 

3.2.2. Sample collections 

Informed consent and sample collections were performed as described in Chapter 2. Six 

independent UCB units were collected for this part of the study.  

 

3.2.3. HIV testing 

The HIV status of patients was obtained from their files at a private hospital in Pretoria, 

Gauteng. As confirmation, a 3 mL aliquot of the collected UCB samples was used to screen for 

HIV-1 using the GeneXpert 1 System (Cepheid, USA) and the Xpert® HIV-1 Qual cartridge 

(Cepheid, USA). The Xpert HIV-1 Qual is a qualitative molecular test to measure total nucleic 

acids of HIV-1 RNA and proviral DNA. An internal control is included in the Xpert HIV-1 Qual 

cartridge to ensure sample processing and to monitor the presence of inhibitors in reverse 
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transcription (RT) and PCR reactions. Samples with a status ‘HIV-1 not detected’ were used for 

these experiments.  

 

3.2.4. Enrichment of CD34+ HSPCs 

The collection bag content was carefully layered onto Histopaque®-1077 (Sigma-Aldrich, USA) 

in sterile 50 mL Falcon tubes without mixing the two phases in a 2:1 volume ratio (30 mL of 

UCB onto 15 mL Histopaque-1077) and centrifuged for 30 min at 1700 rpm. Between three to 

four 50 mL Falcon tubes were processed for a single UCB unit. The plasma fraction was 

aspirated and the mononuclear cell (MNC) layer, from different tubes for the same UCB unit, 

was collected and pooled into a single 50 mL Falcon tube. A wash step was included 

(centrifugation at 300 x g for 10 minutes), by filling up the tube to 50 mL with TP buffer, to 

remove any excess Histopaque. TP buffer was aspirated and red blood cells were lysed by 

adding 20 mL of NH4Cl for 20 min at 4°C. The sample was centrifuged at 300 x g for 10 min at 

4°C. NH4Cl was aspirated and each sample was washed twice by filling the tube to 30 mL with 

TP buffer and centrifugation at 300 x g for 10 min at 4°C. Supernatant was aspirated and cells 

were resuspended in 5 – 10 mL TP buffer. At this point a 50 µL aliquot was taken for to 

determine absolute cell count. 

 

3.2.5. Flow cytometer: Counting protocol 

Stem-Kit™ reagents from Beckman Coulter (Miami, Florida, USA) were used to determine 

viability and absolute number of CD34+ cells in each sample using the Gallios flow cytometer, 

as discussed in Chapter 2, Section 2.2.3.1. Antibody staining and determination of total number 

of cells in each sample were also carried out as discussed in Chapter 2. The same protocol as 

in Chapter 2 was used to determine cell count. All flow cytometer analyses were performed 

using Beckman Coulter Kaluza Analysis Software (version 2.1). 

 

3.2.6. FACS sorting 

FACS sorting was performed as discussed in Chapter 2, Section 2.2.3.3. CD34+ cells were 

stained and sorted from the MNC fraction. Viable CD34+ cells were sorted into wells 

(1 x 104 cells/well) of a 24-well plate (Thermo Fisher Scientific, USA) containing four different 

media conditions in triplicate.  
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3.2.7. Culture conditions 

FACS-isolated CD34+ HSPCs (1 x 104 cells/well) were cultured in 24-well plates using 1 mL 

serum-free StemSpan ACF medium with 2% pen/strep. Four different combinations of growth 

factors (Life Technologies, Thermo Fisher Scientific, USA), each at a 100 ng/mL, were used in 

this study (Table 3.2). All experimental conditions were performed in triplicate. Cells were 

maintained at 37°C and 5% CO2 in a humidified atmosphere for seven days. 

 

Table 3.2. Cytokine combinations. The four different cytokine combinations used during this study. 

Combinations Cytokines 

Combination 1 FLT3L, SCF, TPO and IL-3 

Combination 2 FLT3L, SCF, TPO, IL-3 and G-CSF 

Combination 3 FLT3L, SCF, TPO and IL-6 

Combination 4 FLT3L, SCF, TPO, IL-6 and G-CSF 

 

3.2.8. Viability, proliferation and CD34+ absolute cell numbers and percentages 

The number of cells was determined on Day 7 using the counting protocol as described in 

Chapter 2. Cells were stained with Stem-Kit reagents, either CD34 PE / CD45 FITC monoclonal 

antibodies and 7AAD or CD34 IsoClonic control PE / CD45 FITC and 7AAD viability dye.  

 

3.2.9. HSPC-associated immunophenotype 

HSPC-associated immunophenotype analysis was performed on Day 7 using the Gallios flow 

cytometer. The following monoclonal antibodies, specific for human antigens, were used: 

Lineage cocktail FITC, CD34 PE-Cy7, CD38 APC-Cy7, CD45 BV421, CD133/2 PE and Mouse IgG2b 

PE isotype (Myltenyi Biotec, Germany) (Table 3.3). A viability dye, 7AAD, was also included to 

exclude non-viable cells. Single-colour antibodies were used to set up colour compensation. A 

sequential gating strategy (Figure 3.1) was used for the HSPC-associated immunophenotypic 

analysis for both CD34+ and CD34– HSPCs. Viable (7AAD-negative) and intact cells were 

analysed using a FS vs. SS plot. CD34+ and CD34– cells were identified using CD34 PE-Cy7 

[Excitation: 488/532/561 nm; Emission: 575/780 nm] gated on ‘intact’ cells. Lin– and Lin+ cells 

were identified using the lineage cocktail FITC [Excitation: 488 nm; Emission: 520 nm], which 

were gated on either the “CD34+” or “CD34–“ regions. The CD38– and CD38+ cells were 
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identified using CD38 APC-Cy7 [Excitation: 633 nm; Emission: 776 nm] and were gated on the 

“Lin– “ or “Lin+” regions, respectively. CD133+ cells were identified using the CD133 FITC 

[Excitation: 496 nm; Emission: 578 nm], which were gated on either the “CD38+” or “CD38–“ 

regions, respectively. Data was also analysed using a second gating strategy to identify 

CD34+CD38+ and CD34+CD38– cells. CD34+ and CD34– cells were gated on ”Intact” cells. 

CD34+CD38+, CD34+CD38–, CD34–CD38+ and CD34–CD38+ cells were identified by gating CD38 

APC-Cy7 on “CD34+” and “CD34– “ regions, respectively. The negative and positive regions for 

each phenotypic marker were created based on positive and negative populations present in 

a sample (if applicable) or whole blood when the distinction between the negative and positive 

populations was not clear. The CD133 region was created using an isotypic control. 
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Figure 3.1. HSPC-associated immunophenotypic analysis. A schematic illustration of the sequential gating strategy used for the HSPC-associated 

immunophenotypic analysis. Density plot showing (a) viable (7AAD-negative) and (b) intact cells. (c) Density plot showing cells stained with (c) CD34 

PE-Cy7, (d) lineage cocktail FITC, (e and h) CD38 APC-Cy7, (f – g and i – j) CD133 PE monoclonal antibodies. 

(a) (d) (c) (b) 

(e) (f) (g) 

(h) (i) (j) 
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Table 3.3. Gallios flow cytometer filter configuration. Gallios flow cytometer filters with respective 

fluorochromes/dyes for each monoclonal antibody used during HSPC-associated immunophenotypic 

analysis. 

Laser Filter FL Fluorochrome/Dye Clone 

488nm, 22mW 252/40 1 Lineage cocktail FITC 

CD3 

CD14 

CD16 

CD19 

CD20 

CD56 

 

UCHT1 

HCD14 

3G8 

HIB19 

2H7 

HCD56 

 575/30 2 CD133/2 PE 293C3 

   Mouse IgG2b PE Isotype IS6-11E5.11 

 620/30 3 - - 

 695/30 4 7AAD - 

 755LP 5 CD34 PE-Cy7 581 

638nM, 25mW 660/20 6 - - 

 725/20 7 - - 

 755LP 8 CD38 APC-Cy7 HIT2 

405nM, 40mW 450/40 9 CD45 BV421 30-F11 

 550/40 10 -  

 

3.2.10.  Side population analysis 

Analysis of the SP was performed after eight days in culture. The four different cytokine 

combinations were added in triplicate as mentioned above. On Day 8, all the cells (from 

triplicate wells) for a given cytokine condition, that remained after counting and 

immunophenotyping on Day 7, were pooled for SP analysis. A 50 µL sample aliquot was taken 

for counting (as previously described) and stained with 5 µL Stem-Kit reagents (CD34 PE / 

CD45 FITC monoclonal antibodies and 7AAD or CD34 IsoClonic control PE / CD45 FITC and 

7AAD) to determine the number of viable and CD34+ HSPCs present in the pooled sample. Prior 

to running the samples on the Gallios flow cytometer, 50 µL of Flow-Count Fluorospheres were 

added to each sample. Once the number of cells in a sample had been determined (previously 

described in Chapter 2, Section 2.2.3.1), cells were resuspended at a concentration of 1 x 103 

viable cells/µl in StemSpan ACF medium. A control tube was included for each condition, 
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containing a calcium channel blocker, Verapamil (100 µM; Sigma-Aldrich, USA). Verapamil was 

added to appropriate tubes and incubated for 10 min prior to the addition of Vybrant® 

DyeCycle™ (VDC) Violet (Life Technologies, Thermo Fisher Scientific, USA). After the 10 min 

incubation, 5 µg/mL VDC Violet was added to all the tubes and incubated at 37°C for 120 min, 

protected from light. Cells were stained with CD34 PE-Cy7 and CD38 APC-Cy7 (Biolegend, USA) 

for 10 min prior to analysis. Annexin V FITC (Beckman Coulter, USA) and 7AAD were added to 

detect apoptotic and necrotic cells, respectively. After 120 min incubation, cells were placed 

on ice and analysed on the BD FACSAria Fusion.  

 

A sequential gating strategy was applied during data analysis. For the sequential gating 

strategy, cells were first analysed using a FS vs. SS plot to capture intact cells in the “Cells” 

region (Figure 3.2). Necrotic and apoptotic cells were excluded using a 7AAD vs. Annexin V 

plots and viable cells were captured in the “Viable” region. Cells positive for 7AAD only and/or 

cells positive for both 7AAD and Annexin V were considered to be non-viable. Cells positive for 

only Annexin V generally include early apoptotic cells. The cell membranes of these cells are 

still intact and therefore the cells could still recover (248). Thus, cells only positive for Annexin V 

were included in the “Viable” region. The CD34+CD38– and CD34–CD38– cells (Figure 3.2c) were 

identified using CD38 APC-Cy7 [Excitation: 633 nm; Emission: 776 nm] and CD34-PE-Cy7 

[Excitation: 488/532/561 nm; Emission: 575/780 nm] and were gated on the “Viable” region. 

The quadrants in Figure 3.2c were determined based on CD34+/CD34– and CD38+/CD38– 

populations present in the sample. CD34+ SP and CD34– SP cells were identified using VDC 

Violet [Excitation: 369 nm; Emission: 437 nm] and were gated on “CD34+CD38–“ and  

“CD34–CD38–“ quadrants, respectively. The “SP” region in CD34+CD38– (Figure 3.2d) and  

CD34–CD38– (Figure 3.2e) cells was determined based on the Verapamil control.  

 



65 

 

 

Figure 3.2. Side population analysis. A schematic illustration of the sequential gating strategy used to 

identify the SP in CD34+CD38– and CD34–CD38– cells. (a) Density plot showing intact cells (b) and viable 

(7AAD-negative) cells. (c) Density plot showing cells stained with CD38 APC-Cy7 and CD34 PE-Cy7 

monoclonal antibodies. (d) and (e) Density plots showing cells stained with VDC Violet. Plots were used 

to detect SP in (d) CD34+CD38– and (e) CD34–CD38– cells. 

 

3.2.11.  Statistical analysis 

Experiments were performed in triplicate (three technical repeats per cytokine combination) 

using three to five independent UCB samples. Statistical analysis was performed as described 

in Chapter 2.  

 

3.3. RESULTS 

Six independent UCB units were collected to determine the optimal cytokine combination for 

the ex vivo expansion of CD34+ HSPCs. Table 3.4 shows the UCB units collected together with 

their respective sample identities, blood volumes, viability percentages, absolute leukocyte 

and CD34+ numbers (post-NH4Cl), CD34 percentages (post-NH4Cl) and the purity of the CD34+ 

population post-sorting. All of these units were HIV negative. 

  

(b) (a) (c) 

(d) (e) 
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Table 3.4. UCB units collected to determine the optimal cytokine combination. UCB units collected with 

sample identities, blood volumes, viability percentages, absolute leukocyte and CD34+ numbers 

(post-NH4Cl), CD34 percentages (post-NH4Cl) and the purity of the CD34+ population post-sorting.  

Sample 
Volume 

(mL) 
Viability (%) 

Total  

leukocytes 

CD34+CD45dim 

cells 
CD34+ (%) 

Sort purity 

(%) 

CB080317 90 96.07 49.1 x 106 7.9 x 105 1.64 99.5 

CB290317 65 97.90 35.0 x 106 5.2 x 105 1.53 96.7 

CB110517 68 85.68 34.1 x 106 5.8 x 105 1.71 94.1 

CB260517 45 85.19 26.8 x 106 9.9 x 105 3.68 98.5 

CB310517 87 83.56 27.0 x 106 4.1 x 105 1.63 97.4 

CB210617 120 97.00 30.0 x 106 1.7 x 106 6.66 93.2 

 

3.3.1. Viability, proliferation and CD34+ cell numbers/percentages 

In this study, human CD34+ HSPCs were cultured using four different cytokine combinations 

(Table 3.1). Proliferation was observed with all four cytokine combinations after seven days in 

culture (Figure 3.3). Proliferation is shown as fold-increase, which is described as the increase 

in the number of cells observed on Day 7 compared to the number of cells seeded on Day 0.  

1 x 104 CD34+ cells were seeded on the day of isolation (Day 0) for expansion. All cytokine 

combinations showed an overall increase in proliferation (total cell number) after seven days 

in culture (Figure 3.3a). Increased total proliferation (mean fold increase) was observed in 

cultures supplemented with Combination 2, 148.4 (± 34.7) and Combination 4, 90.2 (± 15.0) 

when compared to their respective controls, Combination 1, 113.4 (± 30.6) and Combination 

3, 61.4 (± 15.2). The number of CD34+ HSPCs in all cultures treated with different cytokine 

combinations also increased after seven days in culture. The mean fold increase in CD34+ 

HSPCs was higher in cultures supplemented with G-CSF, Combination 2, 29 (± 5.9) and 

Combination 4, 25.2 (± 6.3), when compared to cultures without G-CSF, Combination 1,  

21 (± 4.9) and Combination 3, 20 (± 6.3) (Figure 3.3b). The mean fold increase in CD34– cells 

was higher than the mean fold increase of CD34+ cells in all cultures after seven days. Cultures 

supplemented with G-CSF showed increased numbers of CD34– cells, Combination 2,  

107.2 (± 21.9) and Combination 4, 61.8 (± 11.8), when compared to their respective controls 

without G-CSF, Combination 1, 88.2 (± 17.9) and Combination 3, 35.2 (± 11.9).  
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Figure 3.3. Proliferation after seven-day expansion. Fold increase of (a) viable and (b) CD34+ and CD34– 

absolute cell numbers (mean fold increase) after seven-day expansion. Bars are representative of three 

technical repeats of five independent donors (n = 5). 

 

Although the CD34+ HSPC absolute numbers increased, the mean proportion of CD34+ cells 

decreased in all cytokine combinations during the seven-day expansion period (Figure 3.4): 

Combination 1, 22.4% (± 4.3%); Combination 2, 25% (± 4.1%); Combination 3, 42.2% (± 3.3%); 

and Combination 4, 33.8% (± 1.5%). Combination 3 showed the highest proportion of CD34+ 

cells, 42.2% (± 3.3%) after expansion, which decreased with the addition of G-CSF 

(Combination 4; 33.8% (± 1.5%)). Combinations 1 and 2, containing IL-3, had similar 

proportions of CD34+ cells, namely 25% (± 4.1%) and 22.4% (± 4.3%), respectively. 

 

(a) (b) 
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Figure 3.4. CD34+ proportions after seven-day expansion. The mean percentage of CD34+ cells after 

seven-day expansion in four different cytokine combinations. Bars are representative of three technical 

repeats of five independent donors (n = 5). 

 

3.3.2. HSPC-associated immunophenotype 

The CD34+ HSPC population is a heterogeneous population that consists of cells with short- 

and long-term repopulating ability. Combining the CD34 marker with the differentiation 

marker, CD38, assists in identifying HSPCs reported to have short- (CD34+CD38+) and long-term 

(CD34+CD38–) repopulating potential (232). Although not statistically significant, the 

HSPC-associated immunophenotypic results showed increased proliferation of the 

CD34+CD38– population when compared to the CD34+CD38+ population after a seven-day 

expansion in all cytokine combinations (Figure 3.5). The mean fold increase for the CD34+CD38– 

population was: Combination 1, 13.0 (± 3.1); Combination 2, 18.8 (± 2.9); Combination 3, 

12.6 (± 3.6); and Combination 4, 16 (± 4.5). The mean fold increase for the CD34+CD38+ 

population was: Combination 1, 7.4 (± 4.3); Combination 2, 9.2 (± 4.6); Combination 3, 

6.8 (± 4.3), and Combination 4, 8.4 (± 4.7).  
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Figure 3.5. CD34+CD38– and CD34+CD38+ HSPCs after seven-day expansion. The total number (fold 

change) of CD34+CD38– and CD34+CD38+ HSPCs after seven-day expansion. Bars are representative of 

three technical repeats of five independent donors (n = 5). 

 

The addition of G-CSF resulted in increased proliferation, although not statistically significant, 

of the Lin–CD34–CD38– population compared to the Lin–CD34+CD38– population in all four 

cytokine combinations after a seven-day expansion (Figure 3.6a). The most primitive stem cells 

are thought to be CD34– (41,229). CD34– stem cells have been shown to have slower 

repopulating ability compared to CD34+ stem cells (234). CD34–CD133+ identifies a more 

primitive population of HSPCs (44), while the CD34+CD133+ population identifies HSPCs with 

multipotent potential (249). No difference was observed between the proliferation of the  

Lin–CD34–CD38–CD133+ population when compared to the Lin–CD34+CD38–CD133+ population 

in the four different cytokine combinations after a seven-day expansion (Figure 3.6b). The fold 

change (SD) of HSPC-associated immunophenotypic populations present in cultures after 

seven-day expansion with four different cytokine combinations is summarised in Table 3.5 and 

Table 3.6. 
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Figure 3.6. HSPC-associated immunophenophenotypic analysis after seven-day expansion. The total 

number (fold increase (SD)) of (a) Lin–CD38–CD34+ and Lin–CD38–CD34– and (b) Lin–CD38–CD34+CD133+ 

and Lin–CD38–CD34–CD133+ HSPCs after seven-day expansion. Bars are representative of two technical 

repeats of five independent donors (n = 5). 

 

  

(a) (b) 
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Table 3.5. Fold increase (SD) of the total number of viable and CD34+ cells after a seven-day expansion in 

different cytokine combinations.  

 Condition 

 Combination 1 Combination 2 Combination 3 Combination 4 

Viable cells 113 (± 31) 148 (± 35) 61 (± 15) 90 (± 15) 

CD34+ 24 (± 6) 34 (± 7) 23 (± 7) 29 (± 7) 

Lin–CD34+ 8 (± 3) 11 (± 4) 8 (± 3) 10 (± 4) 

Lin–CD34+CD38– 7 (± 3) 11 (± 4) 7 (± 3) 10 (± 5) 

Lin–CD34+CD38–CD133+ 5 (± 3) 8 (± 4) 7 (± 3) 9 (± 5) 

Lin–CD34+CD38+ 0 0 0 0 

Lin–CD34+CD38+CD133+ 0 0 0 0 

Lin+CD34+ 15 (± 6) 21 (± 9) 14 (± 7) 18 (± 14) 

Lin+CD34+CD38– 5 (± 2) 6 (± 1) 4 (± 3) 5 (± 5) 

Lin+CD34+CD38–CD133+ 2 (± 2) 4 (± 2) 4 (± 3) 4 (± 4) 

Lin+CD34+CD38+ 10 (± 6) 14 (± 9) 9 (± 5) 12 (± 9) 

Lin+CD34+CD38+CD133+ 5 (± 3) 9 (± 5) 7 (± 4) 9 (± 7) 

Data presented in this table is representative of two technical repeats of five independent donors 

(n = 5). 
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Table 3.6. Fold increase (SD) of the total number of viable CD34– cells after a seven-day expansion in 

different cytokine combinations.  

 Condition 

 Combination 1 Combination 2 Combination 3 Combination 4 

Viable cells 113 (± 31) 148 (± 35) 61 (± 15) 90 (± 15) 

CD34– 85 (± 17) 102 (± 21) 32 (± 12) 58 (± 11) 

Lin–CD34– 36 (± 4) 42 (± 7) 14 (± 5) 24 (± 7) 

Lin–CD34–CD38– 35 (± 4) 40 (± 7) 14 (± 4) 20 (± 8) 

Lin–CD34–CD38–CD133+ 4 (± 2) 9 (± 4) 4 (± 3) 6 (± 5) 

Lin–CD34–CD38+ 0 1 (± 1) 0 2 (± 2) 

Lin–CD34–CD38+CD133+ 0 0 0 0 

Lin+CD34– 42 (± 12) 59 (± 25) 17 (± 9) 34 (± 14) 

Lin+CD34–CD38– 16 (± 2) 23 (± 11) 7 (± 3) 9 (± 1) 

Lin+CD34–CD38–CD133+ 2 (± 1) 4 (± 3) 1 (± 1) 1 (± 1) 

Lin+CD34–CD38+ 25 (± 10) 35 (± 15) 9 (± 6) 24 (± 14) 

Lin+CD34–CD38+CD133+ 3 (± 3) 8 (± 5) 2 (± 3) 6 (± 5) 

Data presented in this table is representative of two technical repeats of five independent donors 

(n = 5). 

 

3.3.3. Side population analysis 

Side population analysis has proven to be a valuable tool to identify an immature population 

of HSPCs (229). Side population analysis was performed on eight-day expanded cells and the 

results are representative of pooled cells from three independent experiments from three 

different donors. Stem cells preferentially exclude unbound DNA binding dyes resulting in a 

lower fluorescent intensity population of cells. Although Hoechst is commonly used to identify 

the SP, VDC Violet is another commonly used cell-permeable DNA binding dye similar to 

Hoechst that can be excited by a violet or an ultraviolet (UV) laser, where Hoechst can only be 

excited by a UV laser (250,251).  

 

VDC Violet was used in this study to identify the SP. The SP fraction (displayed as percentage) 

was identified as cells with higher dye efflux ability and therefore cells with low/negative VDC 

Violet fluorescence compared to the rest of the population (Figure 3.7b). The SP disappears 
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when cells are treated with Verapamil (Figure 3.7a), which binds to the ABC transporters on 

the surfaces of the cells and blocks their dye efflux ability. The SP has previously been identified 

in CD34+ (252,253) and CD34– HSPCs (229,253,254) and for that reason the presence of a SP 

was investigated in both CD34+CD38– and CD34–CD38– HSPCs. The average mean fluorescence 

intensity (MFI) for CD34+ and CD34– cells was 4627.03 and 111.87, respectively, whereas, the 

average MFI for the CD38+ and CD38– cells was 1394.67 and 658.43, respectively. 

 

 

Figure 3.7. A schematic illustration of the SP. A representation of the (a) SP control, VDC Violet with 

verapamil and (b) VDC Violet without verapamil. 

 

The mean percentages of SP cells are summarised in Figure 3.8 below. The differences 

observed between the different cytokine combinations were not statistically significant, but 

there seems to be a tendency of increased SP in Combinations 2 and 3 for both CD34+CD38– 

and CD34–CD38– cells. There also seems to be a tendency of increased SP in CD34–CD38– cells 

in cultures without G-CSF, Combinations 1, 0.73 (± 0.53) and Combination 3, 1.13 (± 1.24), 

compared to the SP in CD34+CD38– cells, Combination 1, 0.01 (± 0.24) and Combination 3, 

0.80 (± 0.41). The lack of significance may be ascribed to the variability in the SP observed 

between different donors. Table 3.7 summarises the percentages SP observed in CD34+CD38– 

and CD34–CD38– populations after eight days. 

 

(a) (b) 
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Figure 3.8. The effect of different cytokine combinations on the SP. The percentage side population 

observed in the CD34+CD38– and CD34–CD38– HSPC sub-populations after eight days in culture with 

different cytokine combinations. Bars are representative of three pooled technical repeats of three 

independent donors (n = 3). 

 

Table 3.7. The mean percentage (SD) SP observed in CD34+CD38- and CD34-CD38- populations after eight 

days in culture with different cytokine combinations.  

 VDC (%) Verapamil control (%) SP (%) 

 CD38–CD34+ cells 

Combination 1 0.36 (± 0.19) 0.35 (± 0.10) 0.01 (± 0.24) 

Combination 2 1.43 (± 0.93) 0.65 (± 0.31) 0.78 (± 0.85) 

Combination 3 1.05 (± 0.47) 0.25 (± 0.13) 0.80 (± 0.42) 

Combination 4 1.14 (± 0.38) 0.72 (± 0.53) 0.42 (± 0.23) 

 CD38–CD34– cells 

Combination 1 1.20 (± 0.71) 0.47 (± 0.20) 0.73 (± 0.53) 

Combination 2 1.26 (± 0.70) 0.46 (± 0.14) 0.80 (± 0.66) 

Combination 3 1.45 (± 1.05) 0.48 (± 0.26) 1.13 (± 1.24) 

Combination 4 1.25 (± 0.53) 1.01 ± 0.52) 0.23 (± 0.11) 

Data presented in this table is representative of three pooled technical repeats of three independent 

donors (n = 3). 
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3.4. DISCUSSION AND CONCLUSION 

Cytokine signaling regulates proliferation, survival and differentiation of cells within the 

hematopoietic system. There is currently no standard cytokine combination used for the ex 

vivo expansion of HSPCs. The purpose of this study was to determine whether the addition of 

G-CSF to well-established cytokine combinations, FLT3L, SCF, TPO and IL-3/IL-6 would be 

beneficial for ex vivo culturing of HSPCs and whether these cytokine combinations have the 

potential to be used for ex vivo expansion of HSPCs for clinical applications in future.  

 

FLT3L, SCF and TPO are the most potent and generally employed cytokines for the ex vivo 

expansion of HSPCs (255,256). A study by Bari et al. (257) has shown that the abovementioned 

cytokines are the most effective for HSPC maintenance in vitro, while IL-3, IL-6 and G-CSF 

promote rapid differentiation. It has previously been demonstrated that UCB-derived HSPCs 

express receptors for SCF (c-Kit) (258) and TPO (c-mpl) (259). The FLT3L cytokine has very little 

direct effect on HSPC proliferation, but rather acts synergistically when used in combination 

with other cytokines, such as interleukins and colony stimulating factors (260,261). FLT3L 

induces proliferation of quiescent human bone marrow and UCB CD34+CD38– cells and 

maintains CD34+CD38+ progenitor cells in vitro (262). SCF and FLT3L have a synergistic effect 

on primitive HSCs, while TPO promotes survival and proliferation of HSPCs without bias to a 

particular lineage (263). Cells cultured in the presence of TPO have also shown to generate 

more colony forming cells compared to cells cultured without TPO (264). 

 

The results from this study showed increased overall proliferation of both viable total cells and 

CD34+ HSPCs expanded in FLT3L, SCF, TPO and IL-3 or IL-6 (Figure 3.2a). A further increase in 

proliferation of the above-mentioned cells was observed with the addition of G-CSF. 

Proliferation was highest in the presence of IL-3, with G-CSF (Figure 3.2a). The overall 

proliferation of cells expanded in the presence of IL-6 was noticeably lower than cells expanded 

with IL-3 (Figure 3.2a). Qui et al. (265) also observed an increase in the total number of 

nucleated and CD34+ cells after seven-day expansion in FLT3L, SCF, TPO and IL-3 compared to 

cultures without IL-3. Likewise, Paek and Kim (266) showed increased expansion of CD34+ cells 

in cultures supplemented with FLT3L, SCF, TPO, and IL-3 compared to controls (FLT3L, SCF and 

TPO). Increased expansion of cultures supplemented with IL-6 compared to the control was 

https://doi.org/10.1182/blood-2015-08-664631).Cells
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also observed, but this was less than cultures supplemented with IL-3 (266). Increased CD34+ 

HSPC numbers were also observed after an eight-day expansion, using G-CSF, in a study by Lam 

et al. (267).  

 

The proportion of CD34+ HSPCs decreases as cells expand and differentiate. The proportion of 

CD34+ HSPCs was similar in cultures supplemented with FLT3L, SCF, TPO and IL-3, with and 

without G-CSF (Figure 3.3). Even though the proportion of CD34+ cells was lower in cultures 

supplemented with IL-3 compared to IL-6, the increased number of total viable cells in cultures 

supplemented with IL-3, with and without G-CSF, resulted in increased numbers of CD34+ cells 

after a seven-day expansion (Figure 3.2b). Qiu et al. (265) also observed lower CD34 

percentages in cultures supplemented with IL-3 compared to cultures without IL-3. The 

number of CD34+ HSPCs was lower in cultures supplemented with IL-6. However, the 

proportion of CD34+ cells was higher, and the addition of G-CSF decreased the proportion 

slightly. Bordeaux-Rego et al. (92) also observed an increased proportion of CD34+ and CD133+ 

HSPCs after expansion with IL-6. The decreased proportion observed with the addition of G-CSF 

could suggest that G-CSF drives differentiation of CD34+ HSPCs into mature lineages. 

Schuettpelz et al. (268) showed increased frequencies of murine HSPCs present after 

treatment with G-CSF. G-CSF exposed HSPCs also showed similar homing ability. However, 

secondary transplants revealed decreased repopulating ability of G-CSF exposed murine 

HSPCs. 

 

The CD34– cell population was noticeably greater in cultures supplemented with IL-3, which 

further increased with the addition of G-CSF (Figure 3.2b). The greater number of CD34– cells 

present after a seven-day expansion could be the result of differentiation into mature lineages, 

since CD34 surface expression decreases as cells mature (269). Cultures supplemented with 

IL-6 had lower numbers of CD34– cells after seven days, which increased with the addition of 

G-CSF (Figure 3.2b).   

 

An increase in the number of CD34+CD38– cells was observed in cultures supplemented with 

G-CSF (Figure 3.4a). CD34+CD38+ cells remained relatively constant across cultures, with and 

without G-CSF. Qiu et al. (265) also reported an increase in long-term (CD34+CD38–) HSPCs 
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when cells were cultured with IL-3 compared to cultures without IL-3. The Lin–CD34–CD38– 

population and the Lin–CD34–CD38–CD133+ population were also increased in IL-3 cultures, 

with and without G-CSF (Figure 3.4b). The number of Lin–CD38–CD34– cells was much higher 

than Lin–CD38–CD34+ cells in the presence of IL-3, with and without G-CSF. This suggests that 

the increased number of CD34– HSPCs (Lin–CD38–CD34– and Lin–CD34–CD38–CD133+) observed 

is due to the presence of IL-3. Cultures expanded with IL-6 showed a similar ratio of  

Lin–CD38–CD34+ to Lin–CD38–CD34– HSPCs, with and without G-CSF. Schuettpelz et al. (268) 

found that treatment with G-CSF results in quiescent HSPCs, mainly in G0 of the cell cycle, 

which results in decreased repopulating ability of these cells. An increase in CD34– HSPCs was 

observed in cultures treated with G-CSF. G-CSF treatment usually results in increased CD34+ 

HSPCs in mobilised peripheral blood (270); however, CD34– HSPCs are not enumerated prior 

to transplantation, since a positive marker for this population still needs to be identified (39). 

 

FLT3L, SCF, TPO, IL-3, G-CSF and SCF, TPO, FLT3L, IL-6 supplemented cultures had a tendency 

to increase the proportion of SP cells. Side population cells were identified in both CD34+CD38– 

and CD34–CD38– cells, which is comparable to findings from Storms et al. (253), who identified 

SP cells in CD34+ and CD34– HSPC isolated from UCB that had been lineage-depleted. The SP 

generally identifies an immature population of HSPCs enriched for long-term repopulating 

cells; however, the number of SP cells present does not predict time to engraftment (271). 

 

FLT3L, SCF, TPO and IL-6 is a commonly used cytokine combination for the ex vivo expansion 

of HSPCs (77,112,242) and the IL-6 receptor (IL-6R) has been shown to be present on HSPCs 

from UCB (92). A study by Bordeaux-Rego et al. (92) demonstrated that cells cultured in IL-6 

maintain an immature phenotype after expansion and also demonstrated through qPCR that 

cultures expanded in the presence of IL-6 maintained higher gene expression levels of NANOG 

and SOX-2. NANOG and SOX-2 are generally expressed in pluripotent ESCs, but can also be 

present in somatic stem cells with increased expansion and differentiation potential (272). 

These two genes were also expressed at higher levels in CD133+ cells on the day of isolation 

(92).  
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The role of IL-3 in the expansion of HSPCs has been controversial. There are some concerns 

that the addition of IL-3 may impair the ability of HSPCs to successfully engraft in transplant 

recipients. In the murine system, IL-3 has been indicated to be a negative regulator of HSPC 

function. A study by Yonemura et al. (273) showed that the presence of IL-3 reduced the 

number of colony forming cells and resulted in impaired engraftment of murine HSPCs. A 

similar study by Nitsche et al. (274) found that IL-3 treatment resulted in rapid total cell 

expansion in vitro, but the expanded cells possessed reduced in vivo 

hematopoietic regenerative potential. In primitive murine hematopoietic cells with 

lympho-myeloid potential, IL-3 impaired the self-renewal capacity of these cells and blocked 

the cytokine-stimulated generation of lymphoid precursors (275).  

 

In contrast, Rossmanith et al. (276) found that including IL-3 into the FLT3L, SCF, and TPO 

cytokine cocktail, enhanced the ex vivo expansion of human UCB progenitor populations 

without impairing their engraftment potential. These authors showed that SCF, TPO, FLT3L and 

IL-3 enhanced the ex vivo expansion of primitive HSCs without abrogating the expression of 

the CXCR4 receptor, which is considered essential for the engraftment of transplanted cells 

(276). Mascarenhas et al. (263) found that IL-3 has the strongest effect on the most immature 

hematopoietic colonies. In combination, IL-3 and TPO have survival and proliferation effects 

on HSPCs and result in 90% repopulating ability of these cells into multiple lineages. SCF, TPO, 

FLT3L and IL-3 have the ability to initiate the proliferation of G0 CD34+ human bone marrow 

cells, but only IL-3 sustained proliferation of SCF and FLT3L pre-stimulated G0 CD34+ cells (256). 

IL-3 and G-CSF have been shown to act synergistically to increase cell proliferation (277). 

 

A study by Bodine et al. (278) reported reduced repopulating ability of murine HSPCs after five 

days of G-CSF and SCF treatment. This was also observed by Schuettpelz and Link (279) who 

showed that treatment with G-CSF resulted in decreased repopulating ability of murine HSPCs 

in the bone marrow. Similarly, Winkler et al. (280) showed loss of repopulating ability after a 

five-day treatment with G-CSF. As HSPCs proliferate, they lose their regenerative capabilities, 

which might be one reason why cells treated with G-CSF have been shown to possess reduced 

repopulating abilities. Similarly, Li et al. (281) showed that G-CSF treatment increased the  

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/in-vivo
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/haematopoiesis
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number of CD34+ cells during mobilisation, but inhibited the expression of endosteal cytokines, 

resulting consequently in major impairment of HSPC reconstitution potential in the mobilised 

bone marrow.  

 

This study only shows data for ex vivo expansion of HSPCs with different cytokine combinations. 

One limitation of this study is that it did not include assays that predict in vivo outcomes. 

Numerous studies have shown that primitive phenotype after culture is not necessarily 

predictive of primitive function (235,264). Further studies will need to be conducted to assess 

the effect of each cytokine combination on the colony forming capacity of these cells as well 

as the effect on engraftment in an in vivo model. 

 

Results for this study showed that G-CSF was able to increase HSPC populations after a 

seven-day expansion and that the greatest expansion was observed in cultures supplemented 

with FLT3L, SCF, TPO, IL-3 and G-CSF. Subsequent experiments for this study were therefore 

performed using this cytokine combination.  

 

The cytokines and combinations of cytokines used would depend on individual applications. 

The expansion of HSPCs for HSCT aims to increase both short- and long-term repopulating cells 

to ultimately enable successful short- and long-term engraftment following HSCT. Expansion 

of HSPCs could additionally be applied to other non-stem cell-based therapies, such as cases 

of prolonged neutropenia, which increases the risk of infection. Some studies have been 

successful in expanding HSPCs into neutrophilic lineages to obtain functional and sufficient 

neutrophils for the treatment of neutropenias (282,283), since a large number of cells is 

required for this particular type of treatment. The process of expansion does not involve 

genetic manipulation and is GMP compliant with regard to manipulated products.  
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CHAPTER 4. THE EFFECT OF STEMREGENIN-1 ON THE GENE EXPRESSION  

OF UMBILICAL CORD BLOOD-DERIVED HEMATOPOIETIC STEM AND  

PROGENITOR CELLS 

4.1. INTRODUCTION 

Ex vivo expansion of UCB-derived HSPCs has long been an area of research interest. One of the 

main reasons for expanding HSPCs is the need to obtain a minimal number of cells required for 

transplantation success when UCB is used as a source of HSPC. The optimum CD34+ cell dose 

has been defined as being between 2 and 5 x 106 cells/kg body weight (284). A single UCB unit 

seldom contains sufficient numbers of HSPCs required for transplantation into adults. Single 

unit transplantations are often associated with delayed hematopoietic reconstitution following 

HSCT, increasing the risk of infection and hospitalisation (76). These limitations can be 

overcome through the ex vivo expansion of UCB units. Concerns regarding the effect of 

expansion on cells have led to the use of non-expanded (non-manipulated) units in 

combination with ex vivo expanded (manipulated) UCB units for HSCT (77–79).  

 

Ex vivo expansion has been achieved using different culture periods and culturing methods 

including the addition of different molecules such as cytokines (refer to Chapter 3) to promote 

cell proliferation. An unbiased screen searching for factors capable of expanding human HSPCs 

ex vivo, using a library of 100 000 small molecules, yielded a major breakthrough in expansion 

agent discovery (112). The expansion agent was the purine derivative SR1, which increased 

human UCB-derived CD34+ HSPCs 50-fold during ex vivo expansion and resulted in a 17-fold 

increase in long-term engrafting HSPCs (112). A recent clinical study using SR1 demonstrated 

remarkable early neutrophil and platelet recovery and improved engraftment in patients who 

received UCB CD34+ HSPCs expanded ex vivo with SR1, compared to recovery in recipients who 

received equal ‘start’ numbers of unexpanded CD34+ cells from the same unit (78).  

 

SR1 antagonises the AhR, a ligand-activated transcription factor localised in the cytosol, bound 

to various proteins when in a resting state (112). Upon ligand binding, AhR translocates into 

the nucleus where it binds to AhR nuclear translocator (ARNT). This dimerised complex 

activates transcription of genes such as CYP1A1 and CYP1B1 (285) (Figure 4.1).  
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Figure 4.1. The AhR pathway. A schematic illustration of the mechanism of AhR activation and the 
antagonising effect of SR1. SR1, StemRegenin-1; AhR, Aryl hydrocarbon receptor; AIP, AhR interacting 
protein; Hsp90, Heat shock protein 90; ARNT, AhR nuclear translocator. (Figure was created by Juanita 
Mellet, adapted from (114)). 

 

AhR has become an interesting area of research with a significant number of recent studies 

analysing its contribution in the functioning of the immune, hepatic, cardiovascular, vascular 

and reproductive systems (286). Recent reports have revealed two new exciting aspects in AhR 

biology; the findings imply that it plays a role in controlling cell differentiation, pluripotency 

and stemness. AhR has been shown to be involved in cellular differentiation in vivo, since 

activation of AhR with tetrachlorodibenzo-p-dioxin (TCDD) blocked the long-term self-renewal 

potential of murine HSPCs (286). In fact, it has been suggested that AhR could be involved in 

the balance between differentiation and pluripotency (286).  

 

Messenger RNA (mRNA) and protein levels of AhR are abundant in HSPCs (287). It has been 

suggested that AhR is important for the long-term maintenance and function of HSPCs, and 

regulates gene expression of long-term HSPCs (288). HSPCs from mice that lack AhR were 

unable to repopulate the bone marrow of transplant recipients following secondary and 

tertiary transplantation, even though the number of progenitors was not directly affected 
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(288). Reports have indicated that AhR activation might lead to changes in gene expression 

that relate to HSPC migration and homing (288). The mRNA and protein levels of AhR in HSPCs 

are significantly reduced when these cells are cultured in the presence of SR1 (287). Treatment 

of HSPCs with SR1 has been shown to increase the number of CD34+ cells able to engraft in the 

bone marrow of recipient mice (112). However, the exact role of AhR in HSPC biology is still 

unknown, and the effects of SR1-induced expansion on HSPCs still need to be fully determined.  

 

The purpose of this study was to determine the effect of SR1 on the transcriptome of expanded 

CD34+ and CD34– HSPCs from UCB, and to establish to what extent the transcriptome of the 

seven-day expanded cells differs from non-expanded CD34+ cells on the day of isolation. This 

chapter describes the data obtained from expanding CD34+ HSPCs in the presence of different 

concentrations of SR1 to determine the optimal concentration for expansion and subsequent 

gene expression analysis. Gene expression analysis performed on RNA isolated from 

non-expanded UCB CD34+ HSPCs and seven-day expanded CD34+ and CD34– cells (SR1-treated 

and non-treated) is also discussed in this chapter.  

 

4.2. MATERIALS AND METHODS 

4.2.1. Sample collections 

Informed consent and sample collections were performed as discussed in Chapter 2, Section 

2.2.2. Ten independent UCB units were collected for this part of the study; Appendix F shows 

the informed consent document that was used for this part of the study. Four UCB units were 

used to determine the optimal expansion concentration of SR1 on locally sourced HSPCs, while 

six UCB units (two units pooled at a time) were used to determine the effects of seven-day 

expansion on the transcriptome of SR1-treated and non-treated HSPCs. HIV testing was 

performed as described in Chapter 3, Section 3.2.3. 

 

4.2.2. Enrichment of CD34+ HSPCs 

Enrichment of CD34+ HSPCs was performed as previously described in Chapter 3, Section 3.2.4. 

This particular part of the study made use of both single and pooled UCB samples for the 

different experiments. Single (not pooled) UCB samples were used for the SR1 concentration  
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optimisation, while two pooled UCB units (repeated three times) were used for the gene 

expression expansion experiments. The reason for sample pooling was to be able to sort 

enough cells to obtain good quality RNA to proceed with the microarray gene expression 

experiments. 

 

4.2.3. Flow cytometer: Counting protocol 

Stem-Kit reagents from Beckman Coulter (Miami, Florida, USA) were used to determine 

viability and the absolute number of CD34+ cells in each sample using the Gallios flow 

cytometer and counting protocol as described in Chapter 2. All post-acquisition analyses were 

performed using Beckman Coulter Kaluza Analysis Software (version 2.1) (Beckman Coulter, 

California, USA). The Gallios flow cytometer filter configurations are shown in Chapter 2, 

Table 2.2. 

 

4.2.4. FACS sorting 

Stem-Kit reagents (CD45 FITC, CD34 PE and 7AAD) were added to the pooled (Day 0) or 

cultured (seven-day expanded) samples based on the absolute number of cells present 

(approximately 5 µL per 10 x 106 viable cells). Once the antibodies had been added, samples 

were briefly mixed and incubated for 30 min at room temperature. After incubation, stained 

cells were washed using TP buffer and the supernatant was aspirated. The cell pellet was 

resuspended in 5 – 10 mL TP buffer and filtered using a 30 µM tube-top filter into a flow tube 

(Falcon, Corning, USA) for sorting. Sample sorting and purity check were performed as 

described in Chapter 3, Section 3.2.3.3. The CD34+ region used to sort the cells was set using 

the Stem-Kit IsoClonic control. Viable CD34+ cells were sorted into wells of a 24-well plate 

containing StemSpan ACF (1 x 104 cells/well) or directly into lysis buffer (Qiagen, Germany) 

(1 x 105 cells/well) for RNA extractions. 

 

4.2.5. Culture conditions 

FACS-purified CD34+ cells (1 x 104 cells/well) were cultured in 1 mL serum-free StemSpan ACF 

medium (Stem Cell Technologies, Canada) and 2% pen/strep. Based on previous results 

(Chapter 3), the following growth factors were included, each at 100 ng/mL: SCF, TPO, FLT3L, 

G-CSF and IL-3. SR1 (Stem Cell Technologies, Canada) was dissolved in dimethyl sulfoxide 
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(DMSO, Sigma-Aldrich, USA) and further dilutions were made using StemSpan ACF medium. 

The following concentrations were tested to determine the optimal SR1 concentration for 

HSPC expansion: 0.25, 0.5, 0.75 and 1 µM. A vehicle control containing the highest percentage 

of DMSO (0.01%), used to dissolve SR1, was included. Based on the outcome, gene expression 

experiments were performed using 1 µM SR1. A vehicle control (SR1 untreated cells) was also 

included for this series of experiments. The concentrations indicated are the final 

concentrations of the respective growth factors and SR1 present in the culture wells. Sterile 

PBS was added to unused wells to maintain humidity. The cultures were maintained for seven 

days at 37°C and 5% CO2 in a humidified atmosphere. 

 

4.2.6. Viability, proliferation, CD34+ cell numbers/percentages and HSPC-associated 

immunophenotype 

4.2.6.1. SR1 concentration optimisation 

HSPC expansion was examined after seven days by measuring viability, proliferation, CD34+ cell 

numbers/percentages and HSPC phenotype. Phenotypic analysis of HSPCs was performed as 

described in Chapter 3, Section 3.2.9.  

 

4.2.6.2. Immunophenotypic profiles of expanded and non-expanded cells  

The immunophenotypic profiles of non-expanded HSPCs and seven-day expanded SR1-treated 

(1 μM) and non-treated cells were assessed on the day of RNA isolation. Immunophenotypic 

markers were assessed using the FACSAria Fusion. The following anti-human monoclonal 

antibodies were used: Lineage cocktail FITC, CD34 PE-Cy7, CD38 APC-Cy7, CD45 BV421, 

CD133/2 PE (Myltenyi Biotec, Germany). A viability dye, 7AAD, was also included and allowed 

for the exclusion of non-viable cells. Monoclonal antibodies (3 – 5 μL) were added to a flow 

tube containing 100 μL of the cell suspension. Non-expanded (on the day of isolation) and 

expanded (SR1-treated and non-treated) cells were phenotyped. Single-colour antibody 

staining controls were used to correct for spectral overlap between the fluorochromes (colour 

compensation). 
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Treated and non-treated HSPCs were analysed using the following gating strategy. First, the 

HSPC population (“Cells” region) was identified using a FS vs. SS plot.  A 7AAD vs. FS plot, gated 

on “Cells” was used to identify viable cells (“Viable” region). All the following histogram plots 

were gated on the “Viable” region. Lin+ and Lin– cells were identified using a lineage cocktail 

FITC [Excitation: 488 nm; Emission: 520 nm]. CD133+ cells were identified using CD133 PE 

[Excitation: 496 nm; Emission: 578 nm]. CD34+ and CD34– cells were identified using  

CD34 PE-Cy7 [Excitation: 488/532/561 nm; Emission: 575/780 nm]. CD38+ and CD38– cells 

were identified using CD38 APC-Cy7 [Excitation: 633 nm; Emission: 776 nm]. CD45+ and CD45– 

cells were identified using CD45 BV421 [Excitation: 405 nm; Emission: 421 nm]. The 

negative/positive detection boundaries were established using peripheral blood-derived 

leukocytes that were stained with the same panel of monoclonal antibodies.  

 

4.2.7. Side population analysis 

Side population analysis was performed as described in Chapter 3, Section 3.2.10, after eight 

days in culture. The sequential gating strategy that was used to identify the SP cells are shown 

in Figure 3.2. 

  

4.2.8. RNA extractions 

The Qiagen RNeasy Micro Plus kit (Qiagen, Germany) was used to perform RNA extractions 

from non-expanded CD34+ cells on the day of isolation (Day 0) and CD34+ and CD34– cells after 

seven-day expansion (Day 7 SR1-treated and non-treated controls). In preparation for RNA 

extraction, β-Mercaptoethanol (Sigma-Aldrich, USA) was added to the supplied RLT buffer 

(10 µL per 1 mL RLT buffer). Cells (1 x 105 total cells) were sorted directly into 300 µL lysis buffer 

(β-Mercaptoethanol and RLT buffer). Cells were kept at 4°C throughout the sorting process. 

Once the cells had been sorted, the lysates were transferred to a genomic DNA (gDNA) 

Eliminator column in a 2 mL collection tube and centrifuged at 8000 x g for 30 seconds. This 

removed genomic DNA from the sample. The gDNA column was discarded after centrifugation. 

300 μL of 70% ethanol was added to the flow-through and mixed by pipetting. The sample was 

transferred to an RNeasy MinElute spin column in a 2 mL collection tube and centrifuged at 

8000 x g for 15 seconds. 700 µL RW1 buffer was added to the MinElute column and centrifuged 

at 8000 x g for 15 seconds. 500 µL of buffer RPE was added to the MinElute column and 
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centrifuged at 8000 x g for 15 seconds. 500 µL of 80% ethanol was added to the MinElute 

column and centrifuged at 8000 x g for 2 min to wash the membrane of the spin column. The 

RNeasy MinElute column was transferred to a new collection tube and centrifuged at 

maximum speed for 5 min to dry the membrane of the spin column. The flow through was 

discarded after each step. The MinElute column was placed in a new 1.5 mL collection tube 

and 11 – 14 µL of RNase-free water was added directly to the center of the membrane and 

centrifuged at maximum speed for 1 min to elute the RNA. The latter step was performed 

twice. RNA sample concentrations were measured using the Nanodrop ND 1000 

spectrophotometer (Thermo Fisher Scientific, USA) and stored at -80⁰C until further use. 

 

Freshly isolated HSPCs generally yielded small amounts of RNA. Therefore, two identical RNA 

extractions from two aliquots of cells (1 x 105 cells/aliquot) were performed on Day 0 and 

concentrated by vacuum centrifugation. The two Day 0 RNA extractions were then pooled and 

vacuum centrifuged using a SpeedVac SVC-100 (Savant Instruments, USA) at high speed for 

10 min until the pellet was dry. The pellet was resuspended in 7 µL of RNase-free water and 

allowed to dissolve for 10 min at room temperature.  

 

4.2.9. RNA integrity and quality 

RNA integrity and quality were assessed using the TapeStation® 2200 (Agilent Tehnologies, 

USA), RNA ScreenTape® and Sample buffer kit (Agilent Technologies, USA). Samples were 

prepared by adding 5 µL of Sample buffer to 1 µL of the thawed RNA sample and vortexing for 

1 min. Samples were then heated to 72°C for 3 min in a Thermal Cycler (Gene Amp®, PCR 

System 9700, Applied Biosystems, Life Technologies, Thermo Fisher Scientific, USA), and placed 

on ice for 2 min before being loaded into the TapeStation. RNA integrity (RIN) was analysed 

using the 2200 TapeStation software. 

 

4.2.10.  Microarray gene expression 

RNA (50 ng) isolated from non-expanded (Day 0) and seven-day expanded (Day 7, SR1-treated 

and non-treated controls) cells was used for first- and second-strand complementary DNA 

(cDNA) synthesis. This was followed by the synthesis and amplification of complementary RNA 

(cRNA) by in vitro transcription using an Affymetrix GeneChip® WT Plus Reagent Kit (Affymetrix, 
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USA) according to the manufacturer’s instructions. Magnetic purification beads supplied with 

the kit were used to purify the cRNA. The concentration of the purified cRNA was measured 

using the NanoDrop ND 1000 and 15 µg was used to synthesise the second cycle 

single-stranded cDNA (ss-cDNA). A second magnetic bead purification step was performed to 

purify the ss-cDNA and 5.5 µg of the ss-cDNA was enzymatically fragmented and labelled. The 

ss-cDNA was analysed using the TapeStation 2200 to ensure that the transcript size was 

correct. The fragmented and labelled ss-cDNA was added to the hybridisation cocktail as 

described in the Affymetrix GeneChip® WT PLUS Reagent Kit manual. Hybridisation was 

performed using the Hybridisation Wash and Stain Kit (Affymetrix, USA) following 

manufacturer’s instructions. The hybridisation cocktail was hybridised to the Affymetrix 

GeneChip® Human Gene 2.0 ST arrays (Affymetrix, USA). The GeneChips were placed in the 

Affymetrix GeneChip® Hybridisation Oven-645 (Affymetrix, USA) rotating at 60 rpm at 45⁰C for 

17 hours. After incubation, the chips were washed and stained in an Affymetrix GeneChip® 

Fluidics Station-450Dx (Affymetrix, USA) before scanning using an Affymetrix GeneChip® 

Scanner-7G (Affymetrix, USA). The Scanner generates Affymetrix CEL files which contain 

intensity values for all probes present on the scanned chips. These files were used for further 

analysis.  

 

4.2.11.  Statistical analysis 

Experiments were performed in triplicate (three technical repeats per condition) using three 

separate UCB samples. Experimental data are represented as mean (SD). All statistical analyses 

were performed as described in Chapter 2, Section 2.2.7. 

 

4.2.12.  Data analysis 

The CEL files were imported into Affymetrix Transcriptome Analysis Console™ (TAC) Software 

4.0 (Affymetrix, USA) to perform background correction, summarisation, normalisation and 

calculation of expression values with resulting CHP output files. The TAC software included a 

principal component analysis (PCA) tool to assess the relatedness of samples from the three 

biological replicates. Fold change was calculated using the Affymetrix TAC software. Genes with 

a fold change ≥ 2.5 and ≤ –2.5 and (p-value < 0.05) were considered to be differentially 

expressed. Fold change of a gene represents the change in gene expression based on the signal 
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measured between the SR1-treated and non-treated (control) cells, and between the 

seven-day expanded and non-expanded CD34+ cells. The PANTHER Gene Ontology (GO) 

enrichment analysis tool (http://geneontology.org) was used to classify differentially expressed 

genes into biological processes/pathways (289).  

 

4.3. RESULTS 

4.3.1. SR1 concentration optimisation 

Freshly isolated HSPCs were treated with four different concentrations of SR1 and a vehicle 

control for seven days: vehicle control (0.01% DMSO), 0.25 µM, 0.5 µM, 0.75 µM and 1 µM 

SR1. The particulars of each isolation are shown in Table 4.1. After the seven-day expansion, 

viability, proliferation, CD34+ cell numbers/percentages and SP were assessed.  

 

Table 4.1. UCB units collected to determine the optimal SR1 concentration for HSPC expansion. 

Sample ID 
Volume 

(mL) 
Viability (%) 

Total  

leukocytes 

CD34+CD45di

m cells 
CD34+ (%) 

Sort purity 

(%) 

CB050917 70 85.4 16.7 x 106 5.3 x 105 3.23 97.4 

CB060917 100 97.6 71.9 x 106 3.2 x 106 4.62 95.0 

CB041017 90 97.1 28.3 x 106 4.9 x 105 1.79 94.3 

CB070318 100 96.7 167.7 x 106 1.15 x 106 0.69 94.6 

 

4.3.1.1. Viability, proliferation and CD34+ HSPC numbers/percentages 

The addition of reagents (especially those dissolved in DMSO) to standard media for the ex vivo 

expansion of HSPCs could influence the viability of the cells. It was therefore important to show 

that the highest percentage of DMSO added did not affect cell viability. The mean absolute 

viability was high in the vehicle control (95% (± 2.6%)) and all SR1 concentrations, 0.25 µM 

(95% (± 1.5%)), 0.5 µM (95% (± 2.1)) 0.75 µM (95% (± 2.6%)) and 1 µM (94% (± 2.6%)) 

(Figure 4.2).  

 

http://geneontology.org/


89 

 

 

Figure 4.2. Absolute viability after seven-day expansion with SR1. The mean percentage (SD) viable cells 

at the various concentrations of SR1 after the seven-day expansion. Bars are representative of three 

technical repeats of three independent donors (n = 3). 

 

Although the results were not statistically significant, the mean CD34+ HSPC percentages 

increased with increasing concentrations of SR1 (Figure 4.3a and b). The vehicle control had 

the lowest percentage (21.5% (± 3.9%)) and total number of CD34+ HSPCs (21.0 (± 7.4%)), while 

the highest concentration of SR1 (1 µM) had the highest percentage (49.3% (± 5.7%)) and 

number of CD34+ HSPCs (47.2 (± 21.0%)) after seven-day expansion. The effect of different SR1 

concentrations on cell proliferation was demonstrated as fold change, described as the 

increase in the number of cells observed on Day 7 relative to the number of cells seeded on 

Day 0. Percentages are sometimes misleading in cultures where the total number of cells is 

lower. However, since the total number of viable cells were similar between the different 

conditions, the average fold change of CD34+ cells (Figure 4.4) was similar to the CD34+ 

percentages (Figure 4.3).  
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Figure 4.3. The effect of SR1 on CD34+ HSPC percentages. (a) A graphical illustration of flow cytometry 

density plots and (b) a bar graph indicating the increased percentage (mean ± SD) CD34+ HSPCs as the 

concentration of SR1 increased. Bars are representative of three technical repeats of three independent 

donors (n = 3). 

 

  

 

(a) 

(b) 
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Figure 4.4. The effect of SR1 on cell proliferation. The mean fold increase (SD) of total number of viable cells and 

CD34+ HSPCs after seven-day expansion in different concentrations of SR1. Bars are representative of three 

technical repeats of three independent donors (n = 3). 

 

4.3.1.2. HSPC-associated immunophenotype 

Due to the heterogeneity of the CD34+ population, immunophenotyping was performed by 

combining CD34 with various other markers including the differentiation marker CD38, which 

allows the identification of cells enriched for short- (CD34+CD38+) and long-term  

(CD34+CD38–) repopulating potential (232). Both CD34+CD38– and CD34+CD38+ cell numbers 

increased with increasing SR1 concentrations (Figure 4.5). The lowest total number of 

CD34+CD38– (12.6 (± 4.9)) and CD34+CD38+ (9.0 (± 4.3) cells were present in the vehicle control, 

while the highest total number of CD34+CD38– (25.0 (± 8.9)) and CD34+CD38+ (15.0 (± 8.5)) 

cells were present at the highest concentration of SR1 (1 µM). Thus, both the number of short- 

and long-term HSPCs increased with increased SR1 concentration. Overall, the CD34+CD38– cell 

numbers were higher than CD34+CD38+ cell numbers in all cultures, which means that the 

fraction of cells containing the long-term HSPCs was greater than the fraction containing the 

short-term HSPCs when expanded with SR1.  
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Figure 4.5. The effect of SR1 on the proliferation of CD34+CD38– and CD34+CD38+ HSPCs. The mean total 

number (SD) of CD34+CD38– and CD34+CD38+ HSPCs present after seven-day expansion in different 

concentrations of SR1. Bars are representative of two technical repeats of three independent donors 

(n = 3). 

 

Although not statistically significant, the Lin–CD34+CD38– population increased, while the  

Lin–CD34–CD38– population decreased as the concentration of SR1 was increased (Figure 4.6a). 

The Lin–CD34+CD38– was highest, 21.3 (± 8.3) and the Lin–CD34–CD38– population was lowest, 

28.0 (± 13.7) in 1 µM SR1 compared to the Lin–CD34+CD38–, 10.3 (± 3.8) and Lin–CD34–CD38–, 

43.0 (± 17.3) populations in the vehicle control. The same trend was observed for the  

Lin–CD34–CD38–CD133+ population, which also decreased as the concentration of SR1 

increased (Figure 4.6b). Again, the Lin–CD34+CD38–CD133+ population was highest, 16.7 (± 6.8) 

and the Lin–CD34–CD38–CD133+ population lowest, 2.7 (± 3.8) in 1 µM SR1 compared to the 

Lin–CD34+CD38–CD133+, 9.3 (± 2.9) and Lin–CD34–CD38–CD133+, 6.7 (± 4.7) populations in the 

control.  
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Figure 4.6. The effect of SR1 on the proliferation of CD34+ and CD34– HSPC populations. The total number 

(mean fold increase) of (a) Lin–CD38–CD34+ and Lin–CD38–CD34– and (b) Lin–CD38–CD34+CD133+ and 

Lin–CD38–CD34–CD133+ HSPCs after seven-day expansion with different concentrations of SR1. Bars are 

representative of two technical repeats of three independent donors (n = 3). 

 

CD34+ and CD34– HSPCs can be identified using different co-expression profiles of 

HSPC-associated markers. The average fold change of different CD34+ HSPC populations, 

identified using different HSPC-associated marker permutations, was assessed after a 

seven-day expansion at different concentrations of SR1 (Table 4.2). The CD34+ population of 

cells was subdivided into cells positive and negative for lineage markers after seven-day 

expansion. We noticed a 1:1 ratio of Lin–CD34+ and Lin+CD34+ cells present after seven-day 

expansion, with the cell numbers increasing slightly as the concentration of SR1 increased. The 

majority of the Lin–CD34+ cells were CD38–, while the majority of the Lin+CD34+ cells tend to 

express CD38, which suggests that the latter cells are more mature HSPCs. Although previous 

studies have suggested that CD133 is expressed on more primitive cells (44), the results from 

this study show that CD133 is also expressed on later progenitors that have already acquired 

the expression of lineage markers and CD38 after a seven-day expansion. Although the number 

of cells after a seven-day expansion remained fairly constant with different concentrations of 

SR1, all populations positive for CD34 (irrespective of the presence of other phenotypic 

markers) increased as SR1 concentrations increased.  
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The average fold change of different CD34– HSPC populations, identified using different 

HSPC-associated marker permutations, were assessed after a seven-day expansion in different 

concentrations of SR1 (Table 4.3). The CD34– population of cells were also subdivided into cells 

positive and negative for lineage markers after a seven-day expansion. All populations negative 

for CD34 (irrespective of the presence of other phenotypic markers) decreased as the SR1 

concentration increased. This gradual decrease with increasing SR1 concentrations was 

observed for a more primitive  population of HSPCs (Lin–CD38–CD34–) as well as populations 

considered to be more mature and already lineage committed (Lin+CD34–CD38+).  

 

Table 4.2. The effect of SR1 on the proliferation of CD34+ HSPC populations. The mean fold increase (SD) 

of viable and total CD34+ HSPC populations, identified using different HSPC-associated marker 

permutations, after a seven-day expansion in different concentrations of SR1.  

 Condition 

 Vehicle control 0.25 µM 0.5 µM 0.75 µM 1 µM 

Viable cells 112 (± 44) 99 (± 46) 99 (± 46) 97 (± 47) 104 (± 45) 

CD34+ 23 (± 9) 28 (± 12) 32 (± 15) 37 (± 18) 45 (± 21) 

Lin–CD34+ 11 (± 3) 14 (± 5) 15 (± 6) 18 (± 8) 22 (± 9) 

Lin–CD34+CD38– 11 (± 4) 14 (± 6) 15 (± 6) 18 (± 8) 21 (± 9) 

Lin–CD34+CD38–CD133+ 9 (± 3) 12 (± 5) 12 (± 5) 14 (± 7) 17 (± 7) 

Lin–CD34+CD38+ 0 0 0 0 0 

Lin–CD34+CD38+CD133+ 0 0 0 0 0 

Lin+CD34+ 11 (± 5) 13 (± 7) 16 (± 9) 18 (± 10) 22 (± 12) 

Lin+CD34+CD38– 1 (± 1) 2 (± 2) 3 (± 3) 4 (± 3) 6 (± 3) 

Lin+CD34+CD38–CD133+ 0 1 (± 1) 1 (± 2) 2 (± 2) 3 (± 2) 

Lin+CD34+CD38+ 9 (± 4) 10 (± 5) 12 (± 6) 13 (± 8) 15 (± 9) 

Lin+CD34+CD38+CD133+ 8 (± 4) 9 (± 5) 10 (± 5) 11 (± 6) 12 (± 7) 

Data presented in this table is representative of two technical repeats of three independent donors 

(n = 3). 
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Table 4.3. The effect of SR1 on proliferation of CD34– populations. The mean fold increase (SD) of viable 

and total number of CD34– HSPC populations, identified using different HSPC-associated marker 

permutations, after a seven-day expansion in different concentrations of SR1.  

 Condition 

 
Vehicle 

control 
0.25 µM 0.5 µM 0.75 µM 1 µM 

Viable cells 112 (± 44) 99 (± 46) 99 (± 46) 97 (± 47) 104 (± 45) 

CD34– 87 (± 36) 70 (± 38) 67 (± 34) 59 (± 31) 59 (± 27) 

Lin–CD34– 44 (± 17) 36 (± 20) 33 (± 17) 29 (± 16) 29 (± 13) 

Lin–CD34–CD38– 43 (± 17) 35 (± 20) 32 (± 17) 28 (± 16) 28 (± 14) 

Lin–CD34–CD38–CD133+ 6 (± 5) 5 (± 7) 5 (± 6) 4 (± 5) 3 (± 4) 

Lin–CD34–CD38+ 0 0 0 0 0 

Lin–CD34–CD38+CD133+ 0 0 0 0 0 

Lin+CD34– 42 (± 18) 33 (± 17) 33 (± 17) 29 (± 15) 28 (± 14) 

Lin+CD34–CD38– 14 (± 8) 10 (± 5) 10 (± 5) 9 (± 5) 10 (± 5) 

Lin+CD34–CD38–CD133+ 2 (± 3) 0 0 0 0 

Lin+CD34–CD38+ 28 (± 11) 22 (± 12) 22 (± 10) 19 (± 10) 18 (± 9) 

Lin+CD34–CD38+CD133+ 10 (± 12) 6 (± 7) 6 (± 6) 5 (± 5) 4 (± 4) 

Data presented in this table is representative of two technical repeats for each of three independent 

donors (n = 3). 

 

4.3.1.3. Side population analysis 

The side population analysis was performed on eight-day expanded cells; the results are 

representative of pooled cells from three independent experiments from two different donors. 

As mentioned in Chapter 3, Section 3.3.3, the SP has previously been identified in CD34+ 

(252,253) and CD34– HSPCs (229,253,254) and for this reason both CD34+CD38– and  

CD34–CD38– cells were included when assessing the SP. 

 

The mean percentage SP in the vehicle control was similar for the CD34+CD38–, 1.03 (± 0.11) 

and CD34–CD38–, 1.04 (± 0.20) cells (Figure 4.7). Although not statistically significant when 

compared to the vehicle control, the highest mean percentage of SP cells was identified for 

both CD34+CD38–, 1.40 (± 1.34) and CD34–CD38–, 1.91 (± 0.95) cells using a 0.25 µM SR1 

concentration. These SP percentages decreased as the concentration of SR1 increased.  
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SP percentages were higher in CD34–CD38– cells compared to CD34+CD38– cells for all SR1 

concentrations. Table 4.4 shows the percentage SP (for two independent donors) observed in 

CD34+CD38– and CD34–CD38– populations after expansion with different concentrations of SR1 

for eight days. 

 

 

Figure 4.7. The effect of SR1 on SP phenotype. The percentage SP cells observed in the CD34+CD38– and 

CD34–CD38– populations after an eight-day expansion with different concentrations of SR1. Bars are 

representative of three pooled technical repeats of two independent donors (n = 2). 
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Table 4.4. Percentage SP cells in CD34+CD38– and CD34–CD38– cells. The percentage side population 
observed in CD34+CD38– and CD34–CD38– cells after expansion with different SR1 concentrations for 
eight days in culture.  

 VDC (%) Verapamil control (%) SP (%) 

 CD38–CD34+ cells 

Vehicle control 2.06 (± 0.33) 1.03 (± 0.44) 1.03 (± 0.11) 

0.25 µM SR1 1.88 (± 1.23) 0.48 (± 0.11) 1.40 (± 1.34) 

0.5 µM SR1 1.18 (± 0.89) 0.93 (± 0.08) 0.26 (± 0.97) 

0.75 µM SR1 0.54 (± 0.02) 0.32 (± 0.01) 0.22 (± 0.01) 

1 µM SR1 0.79 (± 0.43)) 0.54 (± 0.16) 0.25 (± 0.59) 

 CD38–CD34– cells 

Vehicle control 1.71 (± 0.43) 0.67 (± 0.23) 1.04 (± 0.20) 

0.25 µM SR1 2.49 (± 1.19) 0.58 (± 0.24) 1.91 (± 0.95) 

0.5 µM SR1 1.85 (± 0.78) 0.72 (± 0.45) 1.13 (± 0.33) 

0.75 µM SR1 1.51 (± 0.54) 0.47 (± 0.23) 1.04 (± 0.31) 

1 µM SR1 1.72 (± 0.19) 1.02 (± 0.01) 0.70 (± 0.20) 

Data presented in this table is representative of three technical repeats (pooled) for each of two 

independent donors (n = 2). 

 

4.3.2. Gene expression analysis 

Six independent UCB units were collected to determine the effect of SR1 (1 µM) on gene 

expression in seven-day expanded HSPCs. Table 4.5 contains the particulars of each UCB 

isolation. Two UCB units, collected on the same day from two different donors, were pooled 

to obtain sufficient CD34+ HSPCs on the day of isolation, and represent a single biological 

replicate.   
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Table 4.5. UCB units collected for gene expression experiments. 

Isolate Volume (mL) 
Viability 

(%) 

Total  

leukocytes 

CD34+CD45dim 

cells 
CD34+ (%) 

Sort purity 

(%) 

CB300818-01 80 98.6 7.2 x 107 8.5 x 105 1.19 
98.0 

CB300818-02 50 98.2 7.9 x 106 1.7 x 105 2.29 

CB050918-01 30 93.4 2.0 x 106 7.0 x 104 3.36 
95.0 

CB050918-02 110 97.4 1.5 x 108 2.8 x 106 2.02 

CB041018-01 53 97.9 1.5 x 107 2.4 x 105 1.60 
94.7 

CB041018-02 83 98.9 9.8 x 107 8.1 x 105 0.83 

 

Several conditions were compared at the transcriptome level and are illustrated in Table 4.6. 

Bulk RNA concentrations from non-expanded CD34+ cells on the day of isolation (Day 0) and 

CD34+ and CD34-– cells after a seven-day expansion (Day 7 SR1-treated and non-treated 

controls) and their respective 260/280 ratios and RNA integrity numbers (RIN), are 

summarised in Table 4.7.  

 

Table 4.6. Transcriptome level comparisons.  

Comparisons 

Expanded (D7) SR1-treated CD34+ Expanded (D7) non-treated CD34+ 

Expanded (D7) SR1-treated CD34– Expanded (D7) non-treated CD34– 

Expanded (D7) SR1-treated CD34+ Non-expanded (D0) CD34+ 
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Table 4.7. RNA samples for gene expression experiments. RNA samples with their respective RNA 

concentrations (µM), 260/280 ratios and RIN values. 

Isolate Sample 
Concentration 

(ng/μL) 
260/280 RIN 

CB300818 Day 0  20.4 1.59 8.8 

 Day 7 SR-1-treated CD34+ cells 47.7 1.54 10.0 

 Day 7 SR-1-treated CD34– cells 27.3 1.95 9.9 

 Day 7 Non-treated CD34+ cells 44.1 1.77 10.0 

 Day 7 Non-treated CD34– cells 36.3 1.48 10.0 

CB050918 Day 0  27.7 1.79 7.8 

 Day 7 SR-1-treated CD34+ cells 48.5 1.91 9.7 

 Day 7 SR-1-treated CD34– cells 39.1 1.85 9.5 

 Day 7 Non-treated CD34+ cells 47.1 1.59 9.8 

 Day 7 Non-treated CD34– cells 35.7 1.86 9.8 

CB041018 Day 0  30.2 1.54 9.2 

 Day 7 SR-1-treated CD34+ cells 37.1 1.63 10.0 

 Day 7 SR-1-treated CD34– cells 47.6 1.62 9.9 

 Day 7 Non-treated CD34+ cells 40.0 1.67 10.0 

 Day 7 Non-treated CD34– cells 53.5 2.03 8.6 
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4.3.2.1. SR1-treated vs. non-treated 

4.3.2.1.1. Immunophenotypic profiles of SR1-treated vs. non-treated cells 

Immunophenotypic profiles were assessed for SR1-treated and non-treated cells after a 

seven-day expansion by flow cytometric analysis. Figure 4.8 shows the differences in 

HSPC-associated immunophenotypic profiles for SR1-treated (purple) and non-treated (grey) 

cells. The three columns of histograms represent the three independent donors (CB300818, 

CB050918 and CB041018). Overlay histograms were gated on viable (7AAD-negative) cells. The 

positive regions for each marker were created based on inherent negative populations present 

in the sample (if applicable). For markers that did not have a definitive inherent negative 

population, whole blood samples were used to set the negative/positive boundaries. For 

certain markers, such as CD133, an isotypic control was used to set the negative/positive 

detection boundary. The majority of SR1-treated and non-treated cells expressed lineage 

markers after seven-day expansion (Figure 4.8a). In contrast, only a small fraction of the cells 

expressed the CD133 marker after seven-day expansion (Figure 4.8b). The proportion of CD133 

cells was similar for SR1-treated and non-treated cells. There was a slight increase in CD34+ 

numbers and percentages in SR1-treated cells (also shown earlier in this chapter) compared to 

non-treated cells (Figure 4.8c). There were fewer CD34– cells in SR1-treated cells compared to 

the non-treated cells. CD38 expression ranged from cells expressing low CD38 to cells 

expressing high CD38. Similar CD38 expression profiles were observed for SR1-treated and 

non-treated cells (Figure 4.8d). The majority of the cells were CD45+ and only a small fraction 

was CD45– (Figure 4.8e). The CD45– cells were slightly fewer in number in SR1-treated cells 

compared to non-treated cells.  
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Figure 4.8. Expression of HSPC-associated phenotypic markers on SR1-treated and non-treated cells after 

seven-day expansion. Expression of HSPC-associated markers was assessed on SR1-treated (purple) and 

non-treated (grey) cells after a seven-day expansion. Overlay histograms were gated on viable (7AAD-

negative) cells and include the following HSPC-associated markers: (a) Lin FITC, (b) CD133 PE, (c) CD34 

PE-Cy7, (d) CD38 APC-Cy7, and (e) CD45 BV421.  

 

(a) 

(b) 

(c) 

(d) 

(e) 
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Bulk gene expression analysis represents an average of gene expression patterns in a 

population of cells of interest. Cells with a similar function will have similar gene expression 

patterns, which makes it possible to group these cells into clusters, identified through PCA. 

Principal component analysis reduces high-dimensional data into fewer dimensions, called 

principal components (PCs) to simplify its complexity while retaining trends and patterns.  

 

Figure 4.9 shows three distinct clusters representing different cells with different gene 

expression patterns. A clear distinction between cells on the day of isolation, Day 0 (D0, blue), 

and seven-day expanded cells (D7), was observed (far-right turquoise, purple, green and red 

clusters) (Figure 4.9). The CD34– (green and red) and CD34+ (turquoise and purple) expanded 

cells also separated into two distinct clusters (Figure 4.9). Seven-day expanded CD34+ and 

CD34– cells differ from one another, but had more similar gene expression patterns compared 

to D0 CD34+ HSPCs. Interestingly, when comparing gene expression patterns between SR1-

treated (CD34+ and CD34–) and non-treated control cells, very few differences were observed. 

 

 

Figure 4.9. 3D PCA plot. A 3D plot of the first three PCs of non-expanded (D0) CD34+ HSPCs (blue) and 

seven-day expanded (D7) CD34+ (SR1-treated (turquoise) and non-treated (purple)) and CD34– (SR1-

treated (green) and non-treated (red)) cells. Data is representative of three independent donors.  
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4.3.2.1.2. Gene expression profiles of SR1-treated vs. non-treated cells 

Only two genes passed the filter criteria, both were downregulated in CD34+ SR1-treated 

HSPCs compared to CD34+ non-treated control HSPCs (Table 4.8). The effect of SR1 was more 

pronounced in CD34– cells, where eight genes passed the filter criteria, with four genes being 

significantly upregulated and four significantly downregulated in CD34– SR1-treated cells 

compared to CD34– non-treated control cells (Table 4.9). The most significantly downregulated 

genes in the SR1-treated CD34+ and CD34– cells were cytochrome P450, family 1, subfamily B, 

polypeptide 1 (CYP1B1) and erythrocyte membrane protein band 4.1-like 3 (EPB1L3). Gene 

ontology analysis did not reveal any significant processes associated with the up- and 

downregulated genes between SR1-treated and non-treated controls. 

 

Table 4.8. Genes significantly expressed in CD34+ cells expanded in SR1 for seven days.  

Gene 
Gene 

symbol 

Fold 

change 
P-value 

FDR  

P-value 

Cytochrome P450, family 1, subfamily B, 

polypeptide 1 
CYP1B1 -9.38 1.98E-07 0.0096 

Erythrocyte membrane protein band 4.1-like 3 EPB41L3 -2.57 2.45E-05 0.5916 

FDR = False Detection Rate. Data presented in this table is representative of three independent donors 

(n = 3). 

 

Table 4.9. Genes significantly expressed in CD34– cells expanded in SR1 for seven days.  

Gene 
Gene 

symbol 

Fold 

change 
P-value 

FDR  

P-value 

Cytochrome P450, family 1, subfamily B, 

polypeptide 1 
CYP1B1 -4.54 8.15E-06 0.1718 

Erythrocyte membrane protein band 4.1-like 3 EPB41L3 -2.59 1.44E-05 0.1735 

Alpha hemoglobin stabilising protein AHSP 4.73 0.0085 0.9999 

5-Aminolevulinate synthase 2 ALAS2 2.69 0.0114 0.9999 

Chemokine (C-C motif) ligand 2 CCL2 2.64 0.0129 0.9999 

Dipeptidyl-peptidase 4 DPP4 -2.74 0.0168 0.9999 

Glycophorin A (MNS blood group) GYPA 2.7 0.0176 0.9999 

C-type lectin domain family 10, member A CLEC10A -2.64 0.0303 0.9999 

Data presented in this table is representative of three independent donors (n = 3). 
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4.3.2.2. Seven-day expanded CD34+ HSPCs vs. non-expanded CD34+ HSPCs 

4.3.2.2.1. Immunophenotypic profiles of SR1-treated vs. non-treated cells 

Immunophenotypic profiles of seven-day expanded and non-expanded CD34+ HSPCs were 

assessed by flow cytometric analysis. Figure 4.10 shows the differences in HSPC-associated 

immunophenotypic profiles for seven-day expanded (SR1-treated (purple), non-treated (grey)) 

and non-expanded (green) CD34+ HSPCs from which RNA was extracted. The three columns of 

histograms represent the three independent donors (CB300818, CB050918 and CB041018). 

Overlay histograms were gated on viable (7AAD-negative) and CD34+ HSPCs. A clear difference 

was observed with regard to lineage marker (Lin FITC) expression between expanded and non-

expanded CD34+ HSPCs (Figure 4.10a). Two distinct populations (Lin- and Lin+) were present in 

non-expanded CD34+ HSPCs, while expanded CD34+ HSPCs expressed lineage markers to a 

lesser extent (based on MFI) when compared to the Lin+ population in non-expanded CD34+ 

HSPCs. Expanded CD34+ HSPCs showed higher expression of CD133 compared to 

non-expanded CD34+ HSPCs (Figure 4.10b). The expression profiles for CD38 were similar in 

expanded and non-expanded CD34+ HSPCs (Figure 4.10c). Active cells generally express higher 

CD38 (290). Expanded and non-expanded CD34+ HSPCs generally included a combination of 

active and non-active cells, with no clear distinction between CD38- and CD38+ cells. With 

regard to CD45, two distinct populations were present in non-expanded CD34+ HSPCs; one 

showed increased expression of CD45, while the other expressed intermediate levels of CD45 

(Figure 4.10d). The majority of the non-expanded CD34+ HSPCs expressed intermediate levels 

of CD45, while only a small fraction showed increased expression of CD45. The expanded 

CD34+ HSPCs expressed higher levels of CD45. 
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Figure 4.10. Expression of HSPC-associated phenotypic markers on expanded and non-expanded CD34+ 

HSPCs. Expression of HSPC-associated markers was assessed by flow cytometry on non-expanded HSPCs 

on Day 0 (D0, green) and seven-day expanded CD34+ HSPCs (Day 7 SR1-treated (D7 SR1, purple) and 

non-treated (D7 NT, grey)). Overlay histograms were gated on viable (7AAD-negative) and CD34+ cells.  

 

(a) 

(b) 

(c) 

(d) 
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4.3.2.2.2. Gene expression profiles of SR1-treated vs. non-treated cells 

A total of 847 genes passed the filter criteria; 391 genes were significantly upregulated, while 

456 genes were significantly downregulated in expanded vs. non-expanded CD34+ HSPCs 

(Figure 4.11). The heat map reveals different gene expression patterns for expanded and 

non-expanded CD34+ HSPCs (Figure 4.12). The gene expression data indicate distinct changes 

in the CD34+ HSPCs upon expansion. GO classification revealed several processes enriched for 

upregulated (Figure 4.13a) and downregulated (Figure 4.13b) genes. 

 

 

Figure 4.11. Scatter plot showing differentially expressed genes. A scatter plot showing significant up- 

(red) and downregulated (green) genes in expanded compared to non-expanded CD34+ cells. 
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Figure 4.12. Heat map showing gene expression patterns. (a) Heat map showing the expression of genes 

in expanded (top red) and non-expanded (top blue) cells. Up- and downregulated genes are indicated 

in red and blue, respectively. 
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Figure 4.13. Biological processes using GO. GO classification revealed processes (FDR p-value < 0.05) 

enriched for significantly (a) up- and (b) downregulated genes in seven-day expanded CD34+ HSPCs 

compared to non-expanded CD34+ HSPCs. 

 

4.4. DISCUSSION AND CONCLUSION 

Several studies have used SR1 for the ex vivo expansion of HSPCs. In 2016, a Phase I/II clinical 

trial was published with SR1-expanded HSPCs transplanted in combination with a 

non-expanded UCB unit (78). The purpose of our study was to determine the effect of SR1 on 

the transcriptome of expanded CD34+ and CD34– cells from UCB, and to establish to what 

extent the transcriptome differs between seven-day expanded and non-expanded CD34+ cells.  

 

4.4.1. SR1 concentration optimisation 

SR1 has been used at various concentrations to expand HSPCs ex vivo (112,114,291,292). The 

first objective of our study was to determine the optimal concentration of SR1 needed for the 

expansion of locally sourced HSPCs with in-house culture conditions to ensure that the optimal 

SR1 concentration would be used in gene expression experiments. Freshly isolated 

UCB-derived HSPCs were treated with four different concentrations of SR1 namely 0.25 µM, 

0.50 µM, 0.75 µM and 1 µM.  

 

(a) (b) 
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Viability remained high in all cultures (Figure 4.2), irrespective of the concentration of SR1, 

which is consistent with findings from Boitano et al. (112) and Tao et al. (114). The authors 

used SR1 concentrations ranging from 0.1 to 10 µM and showed high viability in all cultures 

supplemented with SR1, (112,114).  

 

The CD34+ percentages were higher in SR1-treated cultures compared to the untreated vehicle 

controls and increased as the concentration of SR1 increased (Figure 4.3). The absolute 

number of viable cells was similar across the different concentrations of SR1 (Figure 4.4), which 

indicated that SR1 did not increase the absolute number of cells, but rather increased the 

proportion of CD34+ cells, which also resulted in an increased number of CD34+ cells 

(Figure 4.4). It was also observed by Boitano et al. (112) and Tao et al. (114) that various 

concentrations of SR1 (0.1 – 1 µM) used for the expansion of UCB and mobilised peripheral 

blood, did not result in increased absolute cell numbers; however, the number of CD34+ cells 

increased as the concentration of SR1 increased. 

 

HSPC-associated immunophenotypic analysis revealed increased cell numbers for both 

CD34+CD38– and CD34+CD38+ populations as the concentration of SR1 increased (Figure 4.5). 

Overall, CD34+CD38– cell numbers were higher than CD34+CD38+ cell numbers in all cultures. 

As already mentioned in previous chapters, the CD34+CD38– fraction of cells is enriched for 

cells with long-term repopulating potential, while CD34+CD38+ population is enriched for 

short-term repopulating cells (232). SR1 treatment resulted in an increase in both of these 

populations after a seven-day expansion. All populations that expressed CD34 (CD34+), 

irrespective of the presence of other HSPC-associated phenotypic markers, increased in the 

presence of SR1 (Table 4.2), while the opposite was observed for CD34- cell populations. A 

more primitive and dormant population of HSPCs has been shown to be CD34– (41,229). 

Several studies suggest that the CD34- HSPC population only acquires CD34 expression prior to 

cell division (234,293,294). The CD34–CD133+ population is thought to be an even more 

primitive population of HSPCs than CD34+ sub-populations (44). The Lin–CD34–CD38– 

population (Figure 4.6a) and the Lin–CD34–CD38–CD133+ population (Figure 4.6b) decreased as 

the concentration of SR1 increased. Studying the CD34– population of HSPCs has been  
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challenging, since a positive marker for this population remains to be identified (39).  

CD34– HSPCs are kinetically and functionally more dormant than CD34+ cells. CD34 expression 

indicates entry into the cell cycle, metabolic activation and homing ability (39).  

 

Our findings are in line with the findings of Boitano et al. (112), who also found that the various 

CD34+ sub-populations increased when UCB-derived CD34+ HSPCs were expanded ex vivo for 

five weeks in the presence of  1 µM SR1. Tao et al. (114) likewise showed that Lin–CD34+ cells 

expand in an SR1 concentration-dependent manner, and also observed a decrease in the CD34– 

population. It is, however, important to take into consideration that the latter study used 

higher concentrations of SR1 (1 – 5 µM). The highest SR1 concentration used in this study was 

1 µM.  

 

CD34+CD38– and CD34–CD38– cells displaying side population characteristics were highest at a 

concentration of 0.25 µM SR1 and decreased as the concentration of SR1 increased 

(Figure 4.7). Although 0.25 µM SR1 did not increase the CD34+ cell numbers to the same extent 

as 1 µM SR1, it retained cells with dye efflux ability; these cells are suggested to be a more 

primitive population of HSPCs (271). The percentage SP was consistently higher in CD34–CD38– 

cells than in other populations. The decreased SP observed as the concentration of SR1 was 

increased might be a result of the decreased number of CD34–CD38– cells.  

 

The data from this study suggest that SR1 expands primitive CD34+ HSPCs (CD34+CD38–) along 

with progenitors (CD34+CD38+). However, proliferation of the more primitive CD34– HSPCs is 

reduced in the presence of SR1, especially at higher concentrations. The CD34+CD133+ 

population increased in the presence of SR1, which identified an HSPC population with 

multipotent potential (249). Several studies have shown that CD34– cells have less repopulating 

potential (234), and it has been suggested that engraftment success is a function of CD34+ cell 

number (84,295). 

 

Although no functional assays were performed during this study, Boitano et al. (112) and 

Jackson et al. (230) showed that UCB-derived HSPCs cultured in the presence of SR1 have 

colony forming potential using CFU assays. The above-mentioned studies also performed 
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secondary transplantation studies, where SR1-expanded HSPCs were transplanted into primary 

and secondary humanised mouse recipients, which resulted in improved engraftment 

compared to cells expanded without SR1 (112,291). A Phase I/II clinical trial has shown 

successful engraftment when SR1-expanded HSPCs were transplanted in combination with 

non-expanded UCB units (78). Based on our results, 1 µM SR1 was used for the expansion of 

CD34+ HSPCs for gene expression experiments. 

 

4.4.2. SR1-treated vs. non-treated cells 

For gene expression analysis, HSPCs were cultured with 1 μM SR1 for seven days and a 

non-treated vehicle control was included. The effect of SR1 on gene expression of HSPCs has 

previously been evaluated for shorter culture periods (112,292). To the knowledge of the 

authors, this is the first time that the effect of SR1 on the transcriptome of seven-day expanded 

HSPCs has been reported. This is relevant since SR1 is currently being used to expand HSPCs ex 

vivo for extended periods rather than the shorter periods previously assessed (78). Boitano et 

al. (112) found AhR pathway-related genes, aryl hydrocarbon receptor repressor (AHRR) and 

heat-shock protein 90α (HSP90AA1) to be downregulated in SR1-treated cells after 48 hours. 

This study did not report differential expression among the AhR pathway-related genes, such 

as AHRR and HSP90AA1. This might suggest that SR1 initially acts on the above-mentioned 

genes, but that this particular effect is restored after seven days. Cytochrome P450 1B1 

(CYP1B1) and erythrocyte membrane protein band 4.1-like 3 (EPB41L3) were most significantly 

reduced after seven-day expansion with SR1 in this study. CYP1B1 is a target of AhR and its 

downregulation suggests that SR1 antagonises AhR in HSPCs. Downregulation of CYP1B1 was 

also observed by Boitano et al. (112) after 48 hours of HSPC expansion and likewise by Koide 

et al. (292) in the expansion of NB4 cells. CYP1B1 was further reduced in this study compared 

to the above-mentioned studies, which possibly results from using RNA from seven-day 

expanded cells in this study, compared to 48 hours (112) and four days (292). This suggests 

that the effect of SR1 on CYP1B1 seems to be long lasting, since it remains significantly 

downregulated after seven days of expansion with SR1. Boitano et al. (112), however, have 

previously shown that the effect of SR1 is reversible. Therefore, CYP1B1 expression might 

return to normal once SR1 is removed from the culture medium. 
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4.4.3. Seven-day expanded CD34+ cells vs. non-expanded CD34+ cells 

This is the first time that SR1-expanded CD34+ HSPCs have been compared to non-expanded 

CD34+ HSPCs at the transcriptome level. The gene expression profiles between seven-day 

expanded CD34+ HSPCs and non-expanded CD34+ HSPCs were noticeably different 

(Figure 4.12). GO classification revealed up-regulated genes in expanded vs. non-expanded 

CD34+ HSPCs enriched for processes including regulation of cell cycle, macrophage activation, 

DNA replication, neutrophil activation and positive regulation of population proliferation 

(Figure 4.13a). This indicates that ex vivo expansion of cells activates genes involved in 

proliferation and differentiation, which was expected since several cytokines were included in 

addition to SR1 to promote expansion of HSPCs.  

 

GO classification revealed downregulated genes in expanded vs. non-expanded CD34+ cells to 

be enriched for processes such as chromatin silencing at recombinant DNA (rDNA), 

nucleosome assembly and regulation of myeloid cell differentiation (Figure 4.13b). Although 

there are noticeable differences between expanded and non-expanded CD34+ HSPCs, several 

studies have reported successful engraftment in vivo in murine models of SR1-expanded HSPCs 

(112,291). Also, the use of expanded HSPCs in combination with non-expanded UCB units for 

HSCT is already underway clinically (78). Gori et al. (296) cultured primate HSPCs in the 

presence of endothelial cells (EC), and even though the transcriptomic profiles of EC-expanded 

vs. non-expanded HSPCs were very different, long-term engraftment (assessed 800 days 

post-transplant) was still achieved.  

 

Some of the limitations of the study include that these experiments were performed using bulk 

RNA. As mentioned earlier in this chapter, bulk RNA represents the average expression of the 

cells in the population of interest, while the effect on smaller populations is usually masked. 

This could be particularly problematic if SR1 has a greater effect on smaller sub-populations 

within the CD34+ HSPC population. Another limitation is that an increased number of cells is 

generally required to obtain sufficient good quality RNA. To obtain sufficient cells and RNA 

from smaller sub-populations, such as the CD34– population of HSPCs, is challenging. Single-cell 

transcriptome analysis would therefore be beneficial to study the effect of SR1 on CD34+ and 

CD34– HSPC populations. This would allow us to determine whether the effect of SR1 is more 
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pronounced in particular sub-populations within these populations. Single-cell analysis would 

further allow identification of sub-populations present following SR1-mediated expansion, and 

will aid in determining differences between expanded and non-expanded cells to increase 

applications of expanded cells in the future. 

 

In conclusion, the findings from this study confirm the effect of SR1 on the proliferation of 

CD34+ HSPCs and further reveal little effect of SR1 on the transcriptome of seven-day expanded 

CD34+ and CD34– cells, with only two genes being significantly downregulated in SR1-treated 

cells (CD34+ and CD34–) compared to the non-treated controls. In contrast, the transcriptome 

of expanded CD34+ cells differs significantly from the transcriptome of non-expanded CD34+ 

cells. GO classification of differentially expressed genes suggests the gene expression changes 

are related to differentiation and proliferation processes. In addition, the use of CD34+ HSPCs 

exclusively expanded with SR1 would be beneficial in cases where the HSPC cell dose in the 

initial harvested cell therapy products is suboptimal and therefore not a feasible option for 

HSCT when used alone.
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CHAPTER 5. HUMAN CD34+ HEMATOPOIETIC STEM AND PROGENITOR CELL 

TRANSCRIPTOME AT A SINGLE-CELL LEVEL 

5.1. INTRODUCTION 

Umbilical cord blood-derived CD34+ HSPCs have been used successfully for UCBT across the 

globe to treat malignant and non-malignant disorders. The UCB-derived CD34+ HSPC 

population is heterogeneous in nature. This population of cells, as the name suggests, 

encompasses primitive stem cells and early and late progenitors at different stages of 

differentiation. Cells belonging to different HSPC sub-populations are distinct in their 

self-renewal potential, in vitro colony-formation and in vivo behaviour (34). A great deal of 

effort is being made to understand the heterogeneity within CD34+ HSPC populations and its 

contribution to the successful clinical use of these cells, and is consequently an active area of 

research. 

 

Even though all cells within the human body are genetically almost identical, containing the 

same set of roughly 20 000 genes, gene regulation and expression are unique for individual 

cells. The gene expression profile of a single cell provides a vast amount of information 

regarding its phenotype, which underlies its molecular function. Until recently, gene 

expression studies have been limited to pooled populations of cells in order to obtain sufficient 

amounts of RNA, referred to as bulk RNA (297). This provides an average of levels of gene 

expression across the cell types present. Gene expression studies using RNA from pooled cell 

populations mask the uniqueness and heterogeneity of gene expression patterns present in 

individual cell types. This results mainly in abundant cell types being studied, while rare cell 

populations remain poorly characterised (298). 

 

The first mammalian single-cell sequencing of DNA (299) and RNA (300) were performed in 

2011 and 2009, respectively. Single-cell RNA sequencing (RNA-seq) enables researchers to 

uncover the uniqueness of each cell and investigate previously unknown cellular heterogeneity 

in cell populations (301,302). This provides meaningful information into the behaviour of cells, 

enabling a deeper understanding of complex biological systems and processes that individual 

cells are involved in. Single-cell gene expression profiling has already contributed to 
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improved understanding of cellular heterogeneity in a variety of cell types such as neurons 

(303,304), embryonic stem cells (305,306) and cancer cells (307,308). In addition, several 

single-cell studies have focused on the heterogeneity of murine and human HSPCs (309–311).  

 

The purpose of this study was to characterise the heterogeneity of CD34+ HSPCs from UCB 

using single-cell transcriptome analysis. This chapter describes the experimental set-up for the 

capture of individual cells using the Fluidigm C1™ system, and the lysis, reverse transcription, 

amplification and sequencing of the messenger RNA (mRNA) from individual cells. This chapter 

further describes the computational methods that were used to characterise the 

heterogeneity by means of clustering. 

 

5.2. MATERIALS AND METHODS 

This project made use of the Fluidigm C1™ Single-Cell Auto Prep System together with C1™ 

Single-Cell Auto Prep Array Integrated Fluidics Circuit (IFC) plates to capture single cells. The 

IFC plates capture a maximum of 96 cells per plate. The SMARTer® and SMART-Seq® V4 

technologies were used for the lysis, reverse transcription and amplification of cDNA.  

 

There are four critical steps in the single-cell RNA-seq workflow: (1) Isolation and capture of 

single cells, (2) lysis, reverse transcription and cDNA amplification, (3) library preparation and 

sequencing, and (4) computational analysis. These steps will be discussed in more detail in the 

sections to follow. 

 

5.2.1. Isolation and capture of individual CD34+ HSPCs 

5.2.1.1. Sample preparation 

CD34+ cells isolated from UCB were used for these experiments. Informed consent and sample 

collections were performed as discussed in Chapter 2, Section 2.2.2. Samples were processed 

on the day of collection and processing started within an hour of collection. Six independent 

UCB units were collected for this part of the study (Table 5.7). Enrichment of CD34+ HSPCs was 

performed as described in Chapter 2, Section 2.2.3. A cell count was performed on each sample 

after red blood cells had been lysed. After verifying that there were sufficient numbers of 

CD34+ cells post-enrichment (a minimum of 1 x 105 cells), cells were prepared for sorting. 
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CD34+ cells were sorted directly from the buffy coat (containing all the white blood cells). 

Stem-Kit reagents (CD45 FITC, CD34 PE and 7AAD) were added to the buffy coat fraction 

(approximately 5 µL per 10 x 106 viable cells). Once the antibodies had been added, samples 

were incubated for 30 min at room temperature. Stained cells were washed using TP buffer 

and the supernatant was aspirated. The cell pellet was resuspended in 5 – 10 mL TP buffer and 

filtered using a 30 µM tube-top filter into a flow tube (Falcon, Corning, USA) for sorting. The 

purity check was performed as previously described in Chapter 2, Section 2.2.3.3. The sort 

purities achieved are represented in Figure 2.2.  

 

5.2.1.2. Priming of the C1 IFC plate and capture of the cells 

Three IFC plates sizes, namely small- (5 – 10 μM), medium- (10 – 17 μM), and large-cell 

(17 – 25 μM) are available from Fluidigm for the C1 system. Since the average size of HSPCs is 

approximately 10 μM, both small (x3) and medium (x3) IFC plates were used to capture HSPCs 

for this study. The IFC plates needed to be primed before use with reagents provided in the 

C1™ reagent kits (Figure 5.1) (Fluidigm, USA). All reagents were thawed and mixed thoroughly 

before use. Reagents were thawed and added according to the user manual.  
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Figure 5.1. C1 IFC plate. A schematic illustration of the C1 IFC plate and the positions on the plate for the 

various reagents used to prime and load the IFC. The positions for lysis, reverse transcription (RT) and 

cDNA amplification mixes are also indicated. (Figure was created by Juanita Mellet, adapted from the 

SMART-Seq® V4 Ultra® Low Input RNA Kit for the Fluidigm® C1™ System, IFCs User Manual). 

 

C1™ Harvest Reagent was added to the accumulators, the 36 inlets surrounding the 

accumulators and the two inlets in the middle of the outside columns on both sides of the IFC. 

C1™ Preloading Reagent was added to inlet 2 and C1™ Cell Wash Buffer was added to inlets  

5 and 6. C1™ Blocking Reagent was added to the cell inlet and outlet wells. The IFC plate was 

placed inside the C1 and the “mRNA Seq: Prime” program was selected.  

 

After the completion of the priming procedure, the Blocking reagent was removed from the 

cell inlet and outlet wells and the C1 Cell Wash Buffer was added to inlet 1. A total of 10 000 

viable (7AAD-negative) CD34+ cells (final cell concentration of 714 cells/μL) were sorted into 

the cell inlet of the IFC plate containing 3 μL of PBS. After the cells were sorted, 1 μL of 

Fluidigm’s C1™ Suspension Reagent was added to the cell inlet, to achieve the correct buoyancy, 

which allows the cells to move into the microfluidic tubing. Optimal buoyancy is achieved from 

the correct ratio of cells (re-suspended in PBS) to C1 Suspension Reagent. Buoyancy was 

verified after addition of the C1™ Suspension Reagent using the Zeiss Axio Vert.A1 inverted 

microscope (Zeiss, Germany), after which the IFC plate was loaded back into the C1 platform. 
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The “mRNA Seq: Cell Load” program was selected. After the “mRNA Seq: Cell Load” program 

was completed, capture efficiency was confirmed using the Zeiss Axio Vert.A1 inverted 

microscope, noting capture sites containing multiple cells and/or debris. Once it was confirmed 

that sufficient cells had successfully been captured, the lysis, reverse transcription and PCR 

mixes were prepared. 

 

5.2.2. Lysis, reverse transcription and cDNA amplification 

The lysis, reverse transcription and cDNA amplification were performed using the SMARTer® 

Ultra® Low RNA kit for the Fluidigm® C1™ system (Clontech, Takara Bio Inc., USA) and the 

SMART-Seq® V4 Ultra® Low RNA kit for the Fluidigm® C1™ system (Clontech, Takara Bio Inc., 

USA). Reagent mixtures were prepared according to the relevant user manuals (SMARTer® 

Ultra® Low Input RNA Kit for the Fluidigm® C1™ System, IFCs User Manual and SMART-Seq® V4 

Ultra® Low Input RNA Kit for the Fluidigm® C1™ System, IFCs User Manual).  

 

RNA Spike-ins served as a positive control for thermal cycling of the C1 system independent of 

cell capture. A Spike-in mixture (1:40 000 dilution), consisting of ERCC RNA Spikes (Ambion, Life 

Technologies, Thermo Fisher Scientific, USA) and C1 loading reagent, was used per 

recommendation by Dr Christelle Borel, a senior associate at the University of Geneva working 

with HSPCs. A 1:2000 dilution was stored at -80°C and further diluted to 1:40 000 before each 

run. A small volume (1 μL) of the Spike-In mixture was used for each experiment. The lysis, 

reverse transcriptase and PCR mixtures were made up as per the manufacturer’s instructions. 

Tables 5.1 and 5.2 list the reagents present in the lysis mixture for the SMARTer and SMART-Seq 

V4 kits, respectively.  

 

Table 5.1. SMARTer lysis mix. 

Reagent Volume 

RNA Spike Mix 1 µL 

RNase Inhibitor 0.5 µL 

3’ SMART CDS Primer IIA 7 µL 

Clontech Dilution Buffer 11.5 µL 

Total volume 20 µL 
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Table 5.2. SMART-Seq V4 lysis mix. 

Reagent Volume 

RNA Spike Mix 1 µL 

3’ SMART-Seq CDS Primer IIA 2.4 µL 

Nuclease-Free Water 14 µL 

10X Reaction Buffer 2.6 µL 

Total volume 20 µL 

 

Both the SMARTer and SMART-Seq V4 chemistries use oligo-dT primers for the reverse 

transcription of polyadenylated mRNA to prime first-strand cDNA synthesis (297,312). The 

total RNA in a human cell includes messenger RNA (mRNA), microRNA and ribosomal RNA 

(313). Ribosomal RNA accounts for over 95% of the total RNA in a cell (314). The SMART 

technology includes a poly(A)+ selection strategy to ensure capture of mRNA transcripts, while 

excluding the other RNA molecules in a given cell (297). The cDNA is then amplified via PCR 

using a single primer. Tables 5.3 and 5.4 list the reagents present in the reverse transcriptase 

mixture for the SMARTer and the SMART-Seq V4 kits, respectively.  

 

Table 5.3. SMARTer reverse transcriptase mix. 

Reagent Volume 

C1™ Loading Reagent 1.2 μL 

5X First-Strand Buffer 11.2 μL 

Dithiothreitol (DTT) 1.4 μL 

dNTP Mix 5.6 μL 

SMARTer IIA Oligonucelotide 5.6 μL 

RNase Inhibitor 1.4 μL 

SMARTScribe Reverse Transcriptase 5.6 μL 

Total volume 32 μL 
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Table 5.4. SMART-Seq V4 reverse transcriptase mix. 

Reagent Volume 

C1™ Loading Reagent 1.2 µL 

5X First-Strand Buffer 11.2 μL 

SMART-Seq IIA Oligonucelotide 2.8 μL 

RNase Inhibitor 1.4 μL 

Nuclease-Free Water 9.8 μL 

SMARTScribe Reverse Transcriptase 5.6 μL 

Total volume 32 μL 

 

After converting RNA into first-strand cDNA, second-strand synthesis was achieved using the 

SMART technology (switching mechanism at 5′ end of RNA template). This chemistry exploits 

the transferase and strand-switch activity of Moloney Murine Leukemia Virus (M-MLV), which 

incorporates template-switching oligonucleotides as adaptors for downstream PCR 

amplification (315). Tables 5.5 and 5.6 list the reagents present in the PCR mixture for the 

SMARTer and the SMART-Seq V4 kits, respectively. 

 

Table 5.5. SMARTer PCR mix. 

Reagent Volume 

PCR-Grade Water 63.5 μL 

10X Advantage 2 PCR Buffer 10 μL 

50× dNTP Mix 4 μL 

IS PCR Primer 4 μL 

50X Advantage 2 Polymerase Mix 4 μL 

C1 Loading Reagent 4.5 μL 

Total volume 90 μL 
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Table 5.6. SMART-Seq V4 PCR mix. 

Reagent Volume 

C1 Loading Reagent 4.5 μL 

PCR primer IIA 4.4 μL 

SMART-Seq IIA Oligonucelotide 3 μL 

SeqAmp PCR Buffer 75.2 μL 

SeqAmp DNA Plolymerase 2.9 μL 

Total volume 90 μL 

 

C1 Harvest Reagent was added to each of the four reservoirs of the IFC plate (Figure 5.1). Lysis 

mixture was added to inlet 3, while the reverse transcriptase mixture was added to inlet 4 and 

the PCR mixture was added to inlets 7 and 8. The IFC was placed inside the C1 system and the 

program “mRNA-Seq: RT and Amp” was selected. The “mRNA-Seq: RT and Amp” program takes 

approximately eight hours to run and was therefore left to run overnight. The resultant cDNA 

samples were harvested the following morning. Tube controls were included with each run 

(Appendix A) and were run in parallel to ensure that the kit chemistry was working outside of 

the C1 instrument. 

 

C1™ DNA Dilution Reagent (10 µL) pre-warmed to room temperature was added to each well of 

a 96-well plate for harvesting. The harvested cDNA (volume of around 3.5 µL) products from 

the output wells (Figure 5.1) of the IFC plate were added into the same 96-well plate (containing  

the Dilution Reagent) using a pipetting map provided in the user manual. The 96-well plate 

containing the harvested single-cell cDNA products was stored at -20°C until further use. 

 

5.2.3. Library preparation and sequencing of single HSPCs 

Upon harvesting single-cell cDNA products, quality control checks were undertaken to ensure 

that only the best quality samples were sent for sequencing. Only cDNA from single cell capture 

sites that did not contain visible traces of debris was sent for sequencing. 
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5.2.3.1. Quality control check of the single-cell cDNA products 

Quality control checks included fluorometric quantification of all samples and determining the 

size distribution of randomly selected cDNA products. 

 

5.2.3.1.1. Fluorometric quantification of single-cell cDNA products 

All samples were quantified using the Quantus™ Fluorometer (Promega, USA) together with 

the Quant-iT™ PicoGreen® dsDNA kit (Invitrogen, Thermo Fisher Scientific, USA). The Quant-iT 

PicoGreen dsDNA kit is an ultrasensitive fluorescent nucleic acid stain for quantitating double-

stranded DNA.  

 

Quant-iT PicoGreen dsDNA reagents were pre-warmed to room temperature before use. A 

1X TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5) working solution was prepared on the day 

of quantification by diluting the 20X TE buffer with nuclease-free water. The 1X TE buffer 

solution was used to dilute the Quant-iT PicoGreen dsDNA reagents and the cDNA samples. The 

Quant-iT PicoGreen reagent is sensitive to light and was therefore protected from light 

throughout the quantification process. 

 

cDNA products were quantified using the Quantus Fluorometer, which is equipped with one 

red and one blue fluorescence channel. The red channel has an excitation wavelength of 

640 nm and emission wavelength of 660 – 720 nm. The blue channel has an excitation 

wavelength of 495 nm and emission wavelength of 510 – 580 nm. The Quantus Fluorometer 

uses a single-point calibration process and was calibrated before each quantification.  

 

Samples were prepared by adding 99 μL of the 1X TE working solution and 100 μL PicoGreen 

working solution to 1 μL single-cell cDNA. Samples were mixed gently by pipetting and 

incubated for 5 min at room temperature, protected from light. Each single-cell cDNA product 

was measured twice, and the concentrations were recorded. The average concentration 

calculated from the two respective measurements were used for the library preparations. 
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5.2.3.1.2. Size distribution of single-cell cDNA products  

The TapeStation® 2200 (Agilent Technologies, USA), together with the High Sensitivity D5000 

ScreenTape® and Sample buffer kit (Agilent Technologies, USA) were used to confirm cDNA 

size distribution and quality. Tube controls and several randomly selected samples for each 

biological replicate were analysed using the TapeStation 2200. The High Sensitivity D5000 

ladder control was prepared by adding 2 μL of D5000 Sample buffer to 2 μL of the D5000 

ladder. Samples were prepared by adding 2 µL of Sample buffer to 2 µL of the thawed cDNA 

sample and vortexed for 1 min. Samples were loaded into the TapeStation and analysed using 

the TapeStation 2200 Controller Software. A gel image and electropherograms for the visual 

assessment of the cDNA fragment size and distribution were generated for each sample 

(Figure 5.2).  

 

 

Figure 5.2. Gel image and electropherogram from the TapeStation 2200 system. Representative results 

generated from a single-cell cDNA sample with fragment sizes ranging from 600 – 2500 bp in length.  

(a) Gel image (ladder and two representative samples) and (b) electropherogram showing size 

distribution of the amplified cDNA fragments. The two peaks present on both ends of the 

electropherogram represent the upper (10 000 bp, right) and lower (15 bp, left) limit of detection of 

High Sensitivity D5000 ScreenTape. 

  

(a) (b) 



124 

 

5.2.3.2. Library preparation and sequencing 

Several methods have been developed for single-cell RNA-seq and can be categorised into 

full-length and tag-based methods. For the purpose of cell-type discovery and characterisation 

of tissue composition, both full-length and tag-based methods are suitable. We opted for the 

full-length method in this study. Full-length methods aim to achieve uniform read coverage 

and increase the number of mappable reads, which enables isoform discovery, detection of 

splicing events and single nucleotide polymorphism (SNP) identification.  

 

Library preparation and sequencing were performed by the Agricultural Research Council (ARC) 

at Onderstepoort Vetenary Research Campus, Onderstepoort, Gauteng, South Africa, using the 

Nextera XT DNA Library Preparation Kit (Illumina, USA) as per the manufacturer’s instructions. 

Single-cell libraries were sequenced using the Illumina Hiseq 2500 sequencing system (Illumina, 

USA) in high output mode, obtaining paired-end reads of 125 bp in length. The average 

sequencing depth was 5.9 x 106 (± 6.4 x 106) reads per single-cell sample. 

 

5.2.4. Computational analysis of single-cell RNA-seq data 

Several computational tools were used to analyse single-cell RNA-seq data for this study. These 

bioinformatics tools were used to remove sequencing adapters and poor-quality reads, assess 

the quality of the data, align reads to the human reference genome (GRCh38) and perform 

gene and transcript quantification. Further data analysis was performed in R (version 3.4.1) 

and RStudio (version 1.0.153) using the Seurat package (version 2.3.3). Seurat is an R package 

that enables exploration and analysis of single-cell data. Figure 5.3 illustrates the 

bioinformatics workflow used for this study. Each step of the workflow is discussed in more 

detail below. 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/protein-isoform
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/single-nucleotide-polymorphism
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Figure 5.3. Bioinformatics workflow. A schematic illustration of the bioinformatics workflow that was 

used for the single-cell RNA-seq analysis. 

 

5.2.4.1. Trimming of raw sequencing reads  

The Illumina Hiseq 2500 sequencing system generated two FASTQ files (forward and reverse), 

containing genomic sequences of the cDNA fragments and the quality information for each 

base of the sequence. Poor-quality reads and the presence of sequence adapters could 

interfere with downstream analysis, therefore, trimming of raw sequencing data was required. 

Trimmomatic is a paired-end sensitive trimming tool that was used to remove Illumina Nextera 

sequencing adapters and poor-quality sequence reads (316). Reads with mean sequence 

quality (Phred) scores < 20 and length < 60 bp were removed from further analysis. Trimmed 

reads that passed the filter criteria were stored in two separate FASTQ files (forward and 

reverse) for further analysis. 

 

5.2.4.2. The bcbio bioinformatics workflow 

The bcbio-nextgen workflow was used to assess the quality of the data, align reads to the 

human reference genome (GRCh38) and perform gene and transcript quantification. This 
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community-developed bioinformatics pipeline was specifically designed for automated, 

high-throughput sequencing analysis (https://github.com/chapmanb/bcbio-nextgen). The 

already trimmed forward and reverse FASTQ files generated by Trimmomatic were used as 

input files for the bcbio workflow.  

 

5.2.4.2.1. FastQC quality control  

FastQC is a quality control tool for high-throughput sequencing data, providing information on 

the sequence counts, Phred scores, percentage GC content and percentage duplication for 

each sample. This information was viewed in the MultiQC report. 

 

5.2.4.2.2. HISAT2 alignment to GRCh38 

A human reference genome is a digital nucleic acid sequence database, assembled by scientists 

as a representative example of a species' set of genes. The latest human reference genome, 

released in December 2013, is GRCh38, and was used as a proxy for the human transcriptome. 

Single-cell RNA-seq reads were aligned to GRCh38, using the alignment tool HISAT2 

(hierarchical indexing for spliced alignment of transcripts) (317). HISAT2 has increased speed, 

low use of random access memory (RAM) and an enhanced ability to detect spliced alignments 

when compared to other alignment tools available (317). Reads may map uniquely or could be 

multi-mapped reads. HISAT2 alignment returned binary alignment map (BAM) files, containing  

alignment data, and a BAMQC file containing information on the quality of the alignments and 

their position with regard to the reference genome. The BAMQC information was also 

compiled into the MultiQC report. 

 

5.2.4.2.3. FeatureCounts for quantifying genes and transcripts 

RNA-seq data allows for the quantification and comparison of gene and various gene-isoform 

(transcript) expression levels. Reads that aligned to the reference genome were quantified 

using featureCounts and Salmon. FeatureCounts is a read summarisation program that 

measures a particular gene’s abundance by counting the number of reads per gene (318). The 

BAM files generated by HISAT2 were used as input to quantify the gene counts per samples. In 

parallel, transcript abundance was also calculated for each sample using Salmon. Several 

attempts have been made in recent years to develop tools that will allow for accurate 

https://github.com/chapmanb/bcbio-nextgen
https://en.wikipedia.org/wiki/Nucleic_acid_sequence
https://en.wikipedia.org/wiki/Genome
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quantification of transcripts (319). However, accurate transcript reconstruction from short 

reads is difficult, and methods typically show substantial disagreement (320). Salmon is a fast, 

alignment-free transcript and gene quantification method (321). The transcript abundance 

level was indicated as the number of reads per length of all expressed transcripts per kilobase 

million (TPM values).  

 

5.2.4.2.4. Output files 

The bcbio workflow provided an output directory that contained both project- and 

sample-related files. The sample-related files included a BAM file that contained aligned and 

unaligned reads, the featureCounts output files and Salmon output files (including the TPM 

values) for each sample. 

 

The project-related files contained the MultiQC report. The MultiQC program was used to 

gather all quality control metrics from the different tools (FASTQC, HISAT2, featureCounts and 

Salmon) used during the analysis to create an HTML MultiQC report. The project output files 

contained the gene count matrix (combined.gene.sf.tmp) and the transcript count matrix 

(combined.isoform.sf.tpm) generated by Salmon. Both the matrices contained counts 

normalised to the TPM values. FeatureCounts generated a combined.counts file and an 

annotated_combined.counts file. The combined.counts file containing the ENSEMBL IDs for the 

genes, and an annotated_combined.counts file containing both the ENSEMBL IDs and gene 

symbols.  

 

There are currently two quantification approaches for RNA-seq data, gene- and transcript-level 

quantification. The bcbio workflow provided data for both gene- and transcript-level 

quantification. Gene-level quantification is more robust and actionable compared to 

transcript-level quantification (319). However, using gene-level quantification, can often mask 

the differences at the transcript-level. Soneson et al. (319) published a technical paper on 

gene- and transcript-level quantification. The authors showed that gene-level quantification 

data was more accurate and interpretable than transcript-level quantification data. However,  
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transcript-level data provided more in-depth information with regard to SNPs. This study only 

made use of gene-level quantification data. Thus the annotated_combined.counts file 

(mentioned above) was used for downstream analysis in R.  

 

5.2.4.3. Pre-processing single-cell RNA-seq data 

Quality control measures were applied in order to identify and remove poor-quality samples 

from downstream analysis. There is currently no consensus on the exact filter and quality 

control parameters that should be used for single-cell data. The filtering strategies and quality 

control parameters used are often based on the cells or tissues of interest (322,323). The most 

frequently used quality parameters for single-cell data include the number of reads per cell, 

the alignment percentage to the reference genome, and the percentage of reads aligning to 

mitochondrial genes or synthetic spike-in RNAs (322,323). Appendix B shows the scripts and 

functions that were used for pre-processing the data. 

 

5.2.4.3.1. Sample quality 

The MultiQC report was used to assess the quality of the data (Phred scores), the number of 

reads per sample and the percentage alignment to the human reference genome (GRCh38). 

Poor-quality samples with a Phred score < 20, the number of reads ≤ 100 000, the number of 

genes expressed < 200, and/or had < 60% alignment to the human reference genome, were 

removed from further analysis. 

 

5.2.4.3.2. Genes and cells 

Genes not expressed by three or more cells are unlikely to reach statistical significance between 

cell types (323) and were therefore removed from further analysis. If the cells expressed 10 000 

genes or more, they were also removed. Although the Fluidigm system allows researchers to 

confirm capture of individual cells and only single cells were selected for downstream analysis, 

this parameter was only included to ensure that accidentally missed doublets were not included 

in downstream analysis.  
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5.2.4.3.3. Mitochondrial and pseudogenes 

High expression of mitochondrial-derived genes is generally an indication of cellular stress 

(323), therefore percentage expression of mitochondrial genes was calculated for each sample. 

Samples with > 10% mitochondrial genes, were excluded from further analysis. The 

mitochondrial genes were also regressed out of the single-cell data since they can cause 

interference in differential gene expression analysis.  

 

Pseudogenes are ubiquitous and abundant in the genome and are often transcribed into RNA. 

Although pseudogenes were once considered to be ‘junk DNA’, it has been recognised that 

these genes play essential roles in gene regulation of the parent genes (324). However, the role 

of pseudogenes in the genome is still poorly understood. Upon initial analysis of the data, 

several pseudogenes were detected in some of the clusters that slightly skewed the data, and 

they were therefore removed.  

 

5.2.4.3.4. Cell cycle genes  

The cell cycle is a highly regulated process during cell growth and proliferation. The four cell 

cycle phases are G1 phase, in which the cells are preparing for DNA synthesis; S phase, in which 

the DNA is duplicated; G2 phase, in which the cells are preparing for mitosis; and M phase, in 

which cell division occurs. Cell cycle genes introduce large within-cell-type heterogeneity that 

can compromise the interpretation of differential gene expression between cell types (325).  

 

The cell cycle genes were identified for each sample and scores were calculated based on the 

relative expression of S and G2/M gene-sets (326). These scores were used to identify the 

phase of the cell cycle for each individual cell. Cell cycle genes were also removed from 

downstream analysis to ensure that these genes did not interfere with downstream differential 

gene expression data. 

 

5.2.4.3.5. Normalisation  

All cells were normalised using a global-scale normalisation approach, where the gene 

expression measurement for each cell was normalised to the total expression and then 

multiplied by a scale factor of 10 000 (default); the resulting values were then 
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log-transformed. Dividing the gene expression measurement of each cell by the total 

expression allowed a relative measure of counts for all expression values. 

Log-transformation is commonly used for gene expression data.  

 

5.2.4.3.6. Batch effect  

Initial clustering attempts showed clustering of cells based on the two different kits (SMARTer 

and SMART-Seq V4) used for the lysis, reverse transcription and cDNA amplification. Batch 

effect refers to technical variation or non-biological differences in gene expression 

measurements of different samples (327).  

 

5.2.4.4. Clustering and differential gene expression  

The batch effect observed was corrected by importing each dataset (data generated from the 

SMARTer and SMART-Seq kits) into R as individual datasets. A Seurat object was created for 

the two datasets mentioned above, using the Seurat package. Seurat objects are S4-type 

matrices which store all information associated with corresponding datasets. The Seurat object 

for each dataset was pre-processed as described earlier, after which variable genes for each 

dataset were identified. A multi-set canonical correlation analysis (CCA) was performed on the 

variable genes present in both datasets, identifying common sources of variation. Canonical 

correlation (CC) vectors, where cells were embedded into a shared low dimensional space to 

identify conserved cell types across the different conditions, were also identified. 

 

The most significant dimensions (CCs) were identified, using the MetageneBicorPlot and Heat 

maps (CC1 – CC12), for downstream analysis. This allowed for the exploration of sources of 

heterogeneity in the dataset and was useful in identifying the significant CCs to be used for 

downstream analysis. The heat maps showed the top 20 differentially expressed genes 

identified by each CC for each cell. Yellow indicates highly expressed genes (positive values), 

while purple indicates genes expressed at low levels (negative values). In some cases, 

differentially expressed genes were not distinct on the heat maps. In such cases, the CC was 

considered non-significant and was excluded from downstream analysis. The 

MetageneBicorPlot (Figure 5.8) measured the correlation strength for each CC between the 

different datasets.  
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Cell clusters were identified using a shared nearest neighbour (SNN) modularity 

optimisation-based clustering algorithm (328). Non-linear dimensional reduction (t-distributed 

stochastic neighbour embedding; t-SNE) was used to run dimensional reduction on the aligned 

dataset, and t-SNE plots were used to visualise the clusters. The statistically significant 

differentially expressed genes were identified between different clusters. 

 

5.2.4.5. Statistical analysis  

Experimental data are represented as mean ± SD. A non-parametric Wilcoxon rank sum test 

with Bonferroni correction was applied and a P-value of ≤ 0.05 was considered significant. 

 

5.3. RESULTS 

5.3.1. Purity and capture efficiency 

Six independent UCB samples were collected for this part of the study. Environmental changes, 

such as removing cells from a living organism, might affect gene expression patterns to 

accommodate the changing environment. The changes that occur are not well described and 

are therefore poorly understood. To ensure limited environmental and transcriptomic changes 

as much as is possible, samples were processed on the day of collection. A purity check was 

performed prior to sorting of the desired cell population (viable, CD34+) to determine the sort 

purity and is shown in Table 5.7. The mean sort purity for the six UCB samples was 

96.9% (± 1.58%). 

 

Confirmation of capture was done using a light microscope. Each capture site was individually 

viewed to verify the capture of a single cell (Figure 5.4). Capture was considered unsuccessful 

if the capture site was empty, if more than one cell was present in the capture site or 

surrounding wings, or if the cells had an unusual morphology. The capture efficiency (Table 5.7) 

for each IFC plate was determined by dividing the number of captured cells by the number of 

capture sites (96). The mean capture efficiency for the six IFC plates used was 46% (± 12.1%). 

Using the Fluidigm C1 system together with three small and three medium IFC plates, a total of 

266 single CD34+ HSPCs were successfully captured from six individual donors. 
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Figure 5.4. Single-cell capture. Representative cell capture in the IFC plate, where (a) is an empty capture 

site and (b) is a single captured cell. 

 

Table 5.7. UCB units collected for the single-cell transcriptome analysis of CD34+ HSPCs. 

Sample Sort purity (%) Capture efficiency (%) IFC plate Kit 

CB070515-01 95.0 26 Small SMARTer 

CB241115 95.5 60 Medium SMARTer 

CB221116 98.3 45 Small SMARTer 

CB021216 98.9 40 Small SMARTer 

CB080217 97.6 50 Medium SMART-Seq v4 

CB240317 96.2 50 Medium SMART-Seq v4 

 

5.3.2. cDNA concentration and size distribution 

Picogreen quantification of the single-cell cDNA products revealed that a single HSPC on 

average yielded approximately 0.51 (± 0.18) ng/L cDNA. Slight differences in the amount of 

cDNA were observed between cells captured using the small vs. the medium IFC plates. 

Interestingly, HSPCs captured using the medium IFC plates on average yielded lower 

concentrations of cDNA, 0.36 ng/µL (± 0.02) compared to HSPCs captured using the small IFC 

plates, 0.66 ng/µL (± 0.07). Only cells with cDNA concentrations ≥ 0.1 ng/µL were sent for 

sequencing. This may have introduced some bias in that HSPCs that were transcriptomically 

more active were sequenced, while the transcriptomically inactive HSPCs were excluded at this 

point. 

  

(b) (a) 
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The cDNA fragment size and distribution from only a few randomly selected cells from each IFC 

plate was determined using the TapeStation 2200. Figure 5.5 shows the electropherograms 

generated by the Tapestation Controller Software. Figure 5.5a represents the ladder, while 

Figures 5.5b and 5.5c represent the bulk RNA tube control, no template control (NTC) and tube 

control (cells), respectively. The tube controls were run in parallel with each IFC plate run 

(Appendix A). Neither the negative nor the positive control (Figure 5.5b) showed the presence 

of contaminants or cDNA product. The absence of cDNA product in the positive control might 

be the result of the small amounts of RNA present in CD34+ HSPCs, which was difficult to extract 

manually. Figures 5.5d – h represent the amplified cDNA of a single cell from randomly selected 

samples. The single-cell sample represented in Figure 5.5f contained no cDNA product. Each 

sample was identified based on the biological replicate and the position of the sample in the 

96-well harvest plate. All sample fragments (if present) showed a size distribution of between 

400 – 2500 bp. The majority of fragments were distributed in the range of 600 – 1500 bp. Some 

samples showed the presence of shorter fragments (100 – 300 bp), which could indicate sample 

degradation.  

 

  

Figure 5.5. Electropherogram from the TapeStation 2200 system. Representative traces of (a) the D5000 

ScreenTape Ladder, (b) Tube control (NTC), (c) Tube control (Cells); (d – h) each represent the amplified 

cDNA of a single CD34+ HSPC identified by their position in the 96-well harvest plate. No cDNA product 

was present in Sample (f). The other samples (d, e, g and h) showed a normal distribution of fragment 

sizes, illustrating good quality single cell cDNA. 

 

(a) (b) (c) (d) 

(e) (f) (g) (h) 
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5.3.3. Quality control and pre-processing of the single-cell RNA-seq data 

A total of 176 single cells provided good quality data after trimming. The quality control criteria 

set out in the methods section resulted in the removal of several samples either after trimming 

or based on the MultiQC report. The complete MultiQC report can be viewed at 

(http://wiki.bi.up.ac.za/j_multiqc). The Phred scores for all samples were above 25.  

 

The average number of genes expressed in a single HSPC was between 5000 and 7000 

(Figure 5.6a). None of the cells expressed less than 200 genes and only a few cells expressed 

more than 10 000 genes. The majority of the CD34+ HSPCs expressed mitochondrial genes 

(Figure 5.6b), ranging from between 2.5 – 10%. Cells that expressed more than 10 000 genes 

and/or more than 10% mitochondrial genes were removed from further analysis.  

 

The presence of cell cycle genes was also investigated since it has been shown that these genes 

can affect downstream differential gene expression (325). Figure 5.6c and 5.6d illustrate the S 

and G2/M phase scores for each cell, respectively. The scores were calculated based on the 

expression of S and G2/M phase gene markers. Cells with low scores in both were either not 

cycling or were in the G1 phase. The majority of CD34+ HSPCs showed low S and G2/M phase 

scores. Bone marrow-derived LT-HSCs have been shown to be cell cycle dormant (329,330). A 

recently published study showed that 30 – 40% of UCB-derived CD34+ HSPCs were in G0 phase, 

while less than 1% were in the S and G2M phases (309). The mitochondrial and cell cycle genes 

were regressed out of the datasets to prevent interference with differential gene expression.  

 

http://wiki.bi.up.ac.za/j_multiqc
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Figure 5.6. Quality control parameters assessed during pre-processing of the data. Violin plots showing 

(a) the number of genes, (b) the percentage mitochondrial genes, (c) the S and (d) G2/M phase scores 

per cell. Each dot represents a single cell. Phase scores ≤ 0 in (c) and (d) indicate that no S or G2/M 

genes were expressed. 

 

5.3.4. Clustering and differential gene expression  

Preliminary clustering of the CD34+ HSPCs identified two clearly defined clusters (Figure 5.7). 

However, in-depth analysis of the individual clusters revealed that the cells were clustering 

according to the different kits that were used to obtain cDNA (SMARTer and SMART-Seq V4).  

We ascribed the clustering observed to batch effect, since batch effect refers to differences 

observed in gene expression measurements as a result of technical or non-biological 

variation (327). 

 

(a) (b) 

(d) (c) 
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Figure 5.7. A t-SNE plot illustrating the batch effect. t-SNE clustering identified two clusters of CD34+ 

HSPCs clustering according to the two different kits, SMARTer (blue) and SMART-Seq V4 (green), that 

were used for lysis, reverse transcription and cDNA amplification.  

 

A computational strategy introduced by Butler et al. (331) was used to correct for the batch 

effect observed by importing each dataset (data generated from the SMARTer and SMART-Seq 

V4 kits) into R as individual datasets. A Seurat object was created separately for the individual 

datasets. The SMARTer Seurat object contained 58 735 genes across 107 samples, while the 

SMART-Seq V4 Seurat object contained 58 735 genes across 69 samples. Before the datasets 

could be aligned for further analysis, a set of variable genes was identified for each dataset. 

Seurat identified 13 406 variable genes for the SMARTer dataset and 12 234 variable genes for 

the SMART-Seq V4 dataset. The variable genes present in both datasets (12 146) were 

identified and used for downstream analysis.  

 

The first step in the Seurat alignment was to perform CCA, to identify common sources of 

variation, after which the cells were combined into a shared low dimensional space. A 

MetageneBicorPlot and CC heatmaps were used to choose the CCs to use for downstream 

analysis. The MetageneBicorPlot showed the shared correlation strength versus the canonical  
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correlation vectors (CCs) to determine the useful dimensions. A drop-in correlation strength 

indicated the CCs to use for alignment. The two curves from each dataset reached a saturation 

point (flattened) at approximately five CCs (Figure 5.8). 

 

 
Figure 5.8. A MetageneBicorPlot. A CC Bicor saturation plot showing the correlation strength vs. 

canonical correlation vectors (CCs) between the SMARTer and SMART-Seq V4 kits. The green and blue 

coloured lines represent the SMARTer and SMART-Seq V4 datasets, respectively. This plot was used to 

determine the dimensions to proceed with for alignment of the datasets in Seurat. 

 

The genes associated with each of the 12 CC heatmaps could also be used in combination with 

the MetageneBicorPlot to indicate the number of CCs to use. An output file containing 12 CC 

heatmaps (CC1 – CC12) (Figure 5.9) showed the top 20 differentially expressed genes (rows) 

identified for each cell (columns) in the individual CCs. Differentially expressed genes could be  

visualised for CC1 – CC5. There were no clear gene expression patterns observed from 

CC6 – CC12. Based on the results obtained from the MetageneBicorPlot (Figure 5.8) and the 

CC heatmaps (Figure 5.9), CC1 – CC5 were used to align the datasets.  
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Figure 5.9. Heatmaps for CC1 – CC12. Heatmaps showing the correlation strength for the first 12 CCs of 

the different datasets. The top 20 differentially expressed genes (rows) identified for each cell (columns) 

in the individual CCs. Yellow indicates highly expressed genes (positive values), while purple indicates 

genes expressed at a low level (negative values). 

 

The CCA subspaces for the two datasets were aligned using CC1 – CC5 to make the dimensions 

more comparable for clustering. t-SNE clustering was performed after alignment to confirm 

that the batch effect was indeed corrected. The t-SNE plot (Figure 5.10) showed no clear 

separation between the datasets as before.  
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Figure 5.10. A t-SNE plot illustrating the removal of the batch effect. The two different coloured dots 

represent the two different datasets based on the two kits that were used. After adjusting for batch 

effect, no clear separation between the two datasets was observed. 

 

The final integrated analysis to identify clusters was conducted on 122 cells from six 

independent donors. The results were visualised using a t-SNE plot. The function used to 

cluster the cells enabled adjustment of the resolution. An increase in the resolution, resulted 

in an increase in the number of clusters identified.  

 

A resolution of 0.7 and 0.8 identified two transcriptionally distinct populations (Figure 5.11a). 

Differentially expressed genes were identified for each population. The differentially expressed 

genes reported had a logFC ≥ 0.5 with a p-value of   0.01. A positive logFC identified 

upregulated genes per cluster. Cells within each cluster were characterised using heat maps to 

illustrate the different gene expression patterns. The heatmaps showed distinct gene 

expression profiles, confirming the presence of two sub-populations present within the CD34+ 

HSPC population (Figure 5.11b). Table 5.8 shows the top 20 statistically significant differentially 

expressed genes identified in the two clusters. Appendix C shows the full list of all the genes 

expressed in the two clusters identified at a resolution of 0.7 and 0.8. 
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Figure 5.11. t-SNE plot and heatmap identifying three sub-populations. (a) t-SNE clustering identified 

three clusters at a resolution of 0.8. (b) A heatmap illustrating the top 20 differentially expressed genes 

(based on the average logFC) in each of the three clusters identified, showing distinct gene expression 

profiles. Yellow indicates highly expressed genes (positive values), while purple indicates lowly 

expressed genes (negative values).

(a) 

(b) 
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Table 5.8. The top 20 significantly differentially expressed genes in the two clusters identified. 

Cluster 1 Cluster 2 

Gene LogFC P-value Gene LogFC P-value 

GSTP1 1.24 3.60E-11 MXD1 2.26 2.38E-04 

CD34 0.91 3.23E-08 S100A8 3.29 2.47E-03 

SPINK2 1.00 5.39E-08 BTN3A2 1.31 3.91E-03 

PRDX1 0.87 1.93E-07 S100A9 2.99 4.00E-03 

FAM30A 1.06 2.53E-07 C19orf38 1.14 4.27E-03 

HOPX 1.00 3.66E-07 FAM178B 1.07 7.12E-03 

MDK 0.86 8.83E-07 TET2 1.01 1.03E-02 

FDFT1 0.99 1.22E-06 FPR1 2.19 1.31E-02 

EAF2 1.04 1.48E-06 NDUFB9 1.21 1.56E-02 

LAT2 1.05 5.86E-06 TRIM23 1.68 1.58E-02 

EIF3D 0.90 5.34E-05 KLF6 1.09 1.77E-02 

ASAH1 0.89 6.83E-05 NDUFA8 1.59 2.30E-02 

IL1B 0.89 2.46E-04 ALMS1 2.27 2.38E-02 

LAMP2 1.16 2.62E-04 SHLD3 1.28 2.43E-02 

BCAT1 0.86 1.01E-03 LINC00635 1.66 2.49E-02 

PHGDH 0.87 1.47E-03 ELOVL5 1.12 2.55E-02 

GSTM5 0.95 2.27E-03 CLEC4E 1.52 2.88E-02 

ADH5 0.87 3.81E-03 PACRG 1.08 3.27E-02 

RUVBL2 0.93 4.20E-03 WWTR1 1.01 4.59E-02 

NAT9 1.87 1.44E-02 PRUNE1 1.01 4.59E-02 

LogFC = Log fold change 
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Cluster 1 expressed CD34, SPINK2, CD74 and MHC-related genes. CD34 and SPINK2 are 

generally expressed in HSCs (332), while the expression of CD74 and MHCII-related genes, such 

as HLA-DPA1, is indicative of the presence of dendritic cell progenitors in Cluster 1 (333). 

Cluster 2 expressed genes, such as HBB and S100A8, which indicates the presence of erythroid 

and neutrophil progenitors in a single cluster (333). We recognise that cells belonging to 

different clusters might share gene expression patterns to some extent. However, the 

presence of genes frequently used to identify distinct populations of HSPCs were observed in 

single clusters using resolutions 0.7 and 0.8. Therefore, we decided to increase the resolution 

to identify additional clusters and determine whether the HSPCs cluster according to the 

predefined classification of populations previously identified within the CD34+ HSPC 

population. The resolution was increased to 0.9 and 1.0. Both these resolutions identified four 

transcriptionally distinct populations (Figure 5.12a). Differentially expressed genes were 

identified for each of the four populations. As stated previously, the differentially expressed 

genes reported had a logFC ≥ 0.5 with a p-value  0.05. The heatmap showed distinct gene 

expression profiles, confirming the presence of four (Figure 5.12b) sub-populations. Table 5.9 

shows the top 20 statistically significant differentially expressed genes identified in the four 

clusters. Appendix C shows the full list of all the genes expressed in the four clusters identified 

at a resolution of 0.9 and 1.0. 
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Figure 5.12. t-SNE plot and heatmap identifying four sub-populations. (a) t-SNE clustering identified four 

clusters at both resolutions 0.9 and 1.0. (b) A heatmap illustrating the top 20 differentially expressed 

genes in each of the four clusters identified, showing distinct gene expression profiles. 

(a) 

(b) 
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Table 5.9. The top 20 significantly differentially expressed genes in the four clusters identified. 

Cluster 1 Cluster 2 Cluster 3 Cluster 4 

Gene LogFC P-value Gene LogFC P-value Gene LogFC P-value Gene LogFC P-value 

GSTP1 0.93 7.59E-08 S100A8 2.85 1.30E-06 AKAP10 1.23 8.99E-04 EIF3E 1.11 6.70E-05 

C1QTNF4 0.90 2.63E-07 S100A9 3.28 3.00E-05 CHP1 1.06 4.48E-03 DCUN1D1 1.01 6.74E-05 

FDFT1 0.89 4.40E-07 CLEC4E 1.98 2.25E-04 MYL4 2.89 5.04E-03 TBL1XR1 1.10 3.22E-04 

BAALC 0.85 3.34E-06 MEFV 0.82 5.59E-03 ADK 1.26 5.29E-03 PAN3 1.07 6.26E-03 

CD34 0.87 4.44E-06 FPR1 2.69 1.08E-02 TTC1 1.33 5.84E-03 VPS13C 1.06 8.51E-03 

HLA-DPA1 0.82 5.62E-06 NRIP1 0.78 1.13E-02 MBNL2 1.01 6.16E-03 PRR14L 0.91 9.70E-03 

CD99 0.82 1.24E-05 RAC2 0.82 1.18E-02 MBD5 2.52 8.61E-03 RAPGEF2 0.95 1.03E-02 

ATP6V1F 0.79 1.89E-05 EXOC6B 0.79 1.33E-02 ZNF738 1.10 9.85E-03 CA8 0.98 1.27E-02 

RGS19 0.79 3.77E-05 ANAPC16 1.08 1.34E-02 PSMD6-AS2 1.21 1.03E-02 EIF2S3 1.03 1.50E-02 

APEX1 0.81 1.07E-04 LINC00635 2.16 1.51E-02 MAP4K4 1.24 1.23E-02 LINC01138 1.18 1.77E-02 

PHGDH 0.92 3.21E-04 SLC43A2 0.87 1.64E-02 HNRNPD 1.61 1.32E-02 CAPZA2 0.97 2.00E-02 

EIF3D 0.85 3.40E-04 ALMS1 2.58 2.02E-02 PLK3 1.81 1.67E-02 NFATC2 1.11 2.17E-02 

LAT2 1.08 5.51E-04 NPAT 0.85 2.24E-02 IKBIP 1.20 2.00E-02 CHD1L 1.00 2.18E-02 

TIMM10 0.91 1.60E-03 SCN3A 2.10 3.14E-02 CEP162 1.19 2.13E-02 TXLNA 1.01 2.50E-02 

RAB7A 0.79 3.87E-03 IL6ST 0.78 3.38E-02 MLH3 1.03 2.43E-02 DDX50 1.42 2.61E-02 

TG 1.42 5.26E-03 CSF1R 0.93 3.42E-02 HNRNPK 2.06 2.84E-02 PWWP2A 1.12 3.37E-02 

ZNF862 1.02 6.31E-03 MXD1 2.58 3.82E-02 SLC30A4 1.14 3.81E-02 THUMPD1 1.04 3.97E-02 

DEPP1 0.82 1.11E-02 NCF2 0.79 3.98E-02 LARP4B 1.14 3.91E-02 ATP8B4 1.10 3.98E-02 

NAT9 2.10 1.29E-02 UBR4 1.92 4.22E-02 SHLD3 1.77 4.05E-02 KIAA0087 1.02 4.21E-02 

KEAP1 0.81 3.20E-02 KCNQ1OT1 2.99 4.80E-02 MS4A2 1.00 4.72E-02 OGT 1.07 4.32E-02 
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Several cell surface markers are classically used to identify HSPCs. UCB-derived HSPCs are 

typically CD34+ (CD34), CD38– (CD38), CD45dim (PTPRC), CD133+ (PROM1), CD117+ (KIT) and 

CD90+ (THY1) at the protein level. Since the correlation between transcript and protein level 

expression is not well known for these markers, the transcript level expression of these 

markers was explored. The previously identified cell surface markers (Figure 5.13) were 

mapped onto the original t-SNE plot to display the clusters in which the markers were 

expressed. Blue indicates high expression, while grey indicates no expression. The CD34 

surface marker expression was used to identify and isolate CD34+ HSPCs from UCB. Despite the 

high sort purity obtained for each sample (> 95%, Table 5.7), the results indicated that CD34 

expression was absent at the transcript level in some populations.  

 

Figure 5.12a shows that CD34 was expressed in a subset of the cells (Clusters 1 and 4), while 

Clusters 2 and 3 showed no expression of CD34. CD38 expression at the protein level is 

generally negative on HSCs and early progenitors, while being positive on later progenitors 

(232). Figure 5.13b shows expression of CD38 on only a few cells, while most of the cells 

expressed low or no CD38 at the transcript level. Previous reports have indicated a positive 

correlation between CD38 transcript presence and protein level expression (334,335). The 

CD45 antigen, encoded by the PTPRC gene, is a leukocyte marker typically intermediately 

expressed on freshly isolated CD34+ cells. Figure 5.13c shows high expression of PTPRC in 

several random cells. The majority of the cells, however, expressed intermediate/low levels of 

PTPRC, which is similar to its protein expression. As mentioned in previous chapters, CD133 

expression at the protein-level, together with CD34 expression, identifies progenitor cells with 

multipotent potential (249). The CD133 antigen is encoded by the PROM1 gene. PROM1 

expression was more pronounced in Clusters 1 and 4, while being almost absent in Clusters 2 

and 3, similar to CD34 expression (Figure 5.13d). The CD117 and CD90 antigens are encoded 

by the KIT and THY1 genes, respectively, and play important roles in HSPC function (47). CD117 

and CD90 proteins are typically expressed at low levels on CD34+ HSPCs (47). Transcript-level 

expression of KIT and THY1 was low or absent in the majority of the HSPCs analysed in this 

study (Figure 5.13e and Figure 5.13f).  
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Figure 5.13. t-SNE plots showing expression of various HSPC-associated surface markers at the transcript 

level. Expression of (a) CD34, (b) CD38, (c) PTPRC (CD45), (d) PROM1 (CD133), (e) KIT (CD117) and (f) 

THY1 (CD90) is represented as blue dots while no expression is represented as grey dots. Purple dots 

indicate intermediate expression. 

 

  

(a) (b) 

(d) (c) 

(e) (f) 
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Several transcription factors have been identified to play an important role in hematopoiesis; 

these include GATA1, GATA2, EGR1 and SPI1. The GATA-binding factor 1 and 2 (GATA1 and 

GATA2) belong to the family of GATA transcription factors. In humans, the transcription factor 

PU.1 is encoded by the SPI1 gene and has also been shown to be involved in hematopoietic 

development (336). A direct interaction between PU.1 and GATA1 has previously been 

described (337,338). Early growth response 1 (EGR1) is encoded by the EGR1 gene and has 

been shown to play a role in proliferation and localisation of HSPCs in the bone marrow (339). 

The abovementioned transcription factors were also mapped onto the original t-SNE plot to 

display the clusters in which these genes were expressed. Figure 5.14 illustrates the 

HSPC-associated transcription factor expression in the various clusters identified.  

 

  
Figure 5.14. t-SNE plots showing expression of various HSPC-associated transcription factors. Expression 

of (a) SPI1, (b) EGR1, (c) GATA1 and (d) GATA2 is represented as blue dots while no expression is 

represented as grey dots. 

  

(a) (b) 

(c) (d) 
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5.4. DISCUSSION AND CONCLUSION 

CD34 is a well-established marker for HSPCs and is used clinically to predict engraftment 

success. It is well accepted that CD34+ HSPCs are extremely heterogeneous and encompass 

primitive HSCs as well as early and late progenitor cells. Single-cell transcriptome analysis is a 

powerful tool to study the heterogeneity within cell populations. The purpose of this study was 

therefore to characterise the heterogeneity (or lack thereof) of CD34+ HSPCs isolated from UCB 

using single-cell transcriptome analysis.  

 

The results from this study revealed the absence of CD34 expression in some populations at 

the transcript level (Clusters 2 and 3). The exact correlation between CD34 transcript and 

protein level expression is not well understood. Hittinger et al. (340) showed a positive 

correlation of 68.2% between CD34 transcript and protein level expression in Sca+/CD34+ 

murine cells. The phenomenon of stochastic variation in gene expression has been repeatedly 

reported and suggests that genes can transition from being transcriptionally active to being 

transcriptionally inactive (341). This would explain the variation observed between cell surface 

CD34 expression used to sort CD34+ HSPCs and the lack of CD34 expression at the transcript 

level noticed during RNA-seq analysis.  

 

Four sub-populations within the CD34+ HSPC population were identified in this study. A recent 

study by Zheng et al. (311) identified 10 sub-populations present within the CD34+ HSPCs from 

UCB. However Zheng et al. analysed > 19 000 single cells in their study. Twenty sub-populations 

were identified in mobilised peripheral blood CD34+ cells when > 44 000 single cells were 

analysed (333). Even though fewer sub-populations were identified in the current study, we 

nevertheless wanted to determine whether the four sub-populations resemble previously 

identified sub-populations of CD34+ HSPCs.  

 

A sub-population of cells (Cluster 1, Figure 5.12) was identified that expressed CD34, SPINK2 

and HOPX. The same sub-population also expressed SELL (CD62L) and CD99. SPINK2 has been 

shown to be expressed in UCB-derived CD34+CD133+ cells using microarray technology (332). 

Zheng et al. (311) showed that SELL and CD99 identify HSCs transitioning into MPPs. A study 

by Lai et al. (333) identified CD34 and SOX4 to be expressed in the MPP population; however, 
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SOX4 was not differentially expressed in the HSC or MPP (Cluster 1) populations identified in 

this study. HOPX is a stem cell marker and has been identified to play a role in murine HSPC 

biology (342). High HOPX expression is associated with normal HSPC expression patterns in 

humans (343). CD74 and the MHCII-related gene HLA-DPA1 were also expressed in Cluster 1. 

These two markers are frequently used to identify dendritic progenitors (333,344). This 

observation might indicate the presence of CD34+ dendritic progenitors in Cluster 1. Several 

studies that included thousands of CD34+ cells observed a distinct dendritic progenitor 

population that expressed CD74 and MHCII-related genes (310,333,344). Co-expression of 

CD74 and MHCII-related genes with transcription factors IRF8 and ID2 is also seen in dendritic 

cell progenitors (344). However, these transcription factors were not significantly upregulated 

in the current study. It is possible that by increasing the number of cells in the current study, 

that the HSC and dendritic progenitor populations might split to form two distinct clusters.  

 

Cluster 2 expressed S100A8, S100A9 and FOSB, which are frequently observed in 

granulocyte-macrophage progenitors (GMPs). Cluster 2 likewise expressed CFS1R and IRF8, 

which are associated with monocyte development (345,346). Similarly, Zhu et al. (347) 

identified a population of cells that expressed high levels of GMP-associated genes, such as 

EGR1, FOSB, JUN, GATA2 and GATA1. Several other genes have been identified to be critical 

for neutrophil development, which include GFI1, CEBPA, CEBPE, PER3, and ETS1 (347). Not all 

genes previously identified as GMP and neutrophil-associated were detected in our dataset.  

Lai et al. (333) identified a sub-population expressing S100A9, CSF1R and CD177.  

Paul et al. (344) likewise identified a neutrophil progenitor population, in which S100A8 and 

S100A9 were upregulated.  

 

Cluster 3 expressed GATA1, HBD, HBB and TFRC, which are genes frequently expressed in 

erythroid progenitors (344). GATA1 plays a well-established role in erythrocyte development 

(344), where it regulates the transcription of various genes involved in the maturation of 

erythrocytes and platelets. GATA1 expression is usually suppressed in HSPCs, since its 

activation leads to loss of self-renewal capacity (348,349). We also found that GATA1 was not  

expressed in Clusters 1 and 4 (Figure 5.14), which are thought to be more primitive populations  
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of HSPCs. Although the number of cells in this cluster was limited, the presence of these four 

genes provides strong evidence for erythroid development.  

 

The FLI1 gene was expressed in Cluster 4, which usually directs megakaryocyte-erythroid fate 

(350). Several other genes, such as HOXA9, MEIS1 and MLLT3 were also expressed in Cluster 4. 

The HOX genes and MEIS1 are known regulators of HSPCs (351), while MLLT3 has been shown 

to be involved in the self-renewal of HSPCs (352). Paul et al. (344) found that early progenitors 

expressed transcription factors, such as GATA2 and MEIS1; however, reduced expression of 

these transcription factors was observed in more differentiated cells. A study by Tan et al. (353) 

obtained long-term HSCs from induced pluripotent stem cells (iPSCs) by transducing several 

transcription factors, including HOXA9. HOXA9-deficient HSPCs lacked the ability to repopulate 

the bone marrow of irradiated recipients in competitive transplantation assays (354). In a study 

by He et al. (332), MLLT3, among several other genes, showed the highest differential 

expression in CD34+CD133+ HSPCs from UCB. An ABC transporter protein gene, ABCD4 was also 

expressed in Cluster 4. This gene has been reported to distinguish HSCs from non-HSCs (355).   

 

CD164, also expressed in Cluster 4, has been shown to identify a primitive population of HSPCs 

(356,357). It has been suggested that CD164 facilitates CD34+ cell adhesion in the bone marrow 

niche and also functions in preventing HSPC proliferation (356). Pellin et al. (310) likewise 

identified a population of HSPCs that expressed CD164. Phenotypic and functional assays 

identified two populations of CD164-expressing cells (CD164high and CD164low) in human CD34+ 

bone marrow cells. By combining CD164 with several classical HSPC flow cytometric markers, 

the authors confirmed that the CD164high population is enriched for primitive progenitors, 

megakaryocyte-erythroid progenitors (MEPs) and early common myeloid progenitors (CMPs) 

(310). CD34+CD164+ HSPCs constitute a population with greater myeloid and megakaryocyte-

differentiating potential compared to CD34+CD90+ HSPCs. Pellin et al. (310) further suggested 

that this CD34+CD164+ HSPC population could serve as a potential new population for 

transplantation purposes. Since CD34+CD90+ cells are typically rare in UCB HSPCs (47), the 

CD164 marker might be a better marker to use in identifying early HSPCs for future in vitro and 

in vivo experiments. The presence of CD164 as a cell surface marker on a sub-population of 

these cells allows us to identify and isolate these cells for future experiments.  
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The Fluidigm C1 system was used to capture single cells for this study. The main limitations 

include the limited range of cell sizes that one is able to capture using the various C1 IFC plates. 

We overcame this limitation by using small and medium sized IFC plates to capture the CD34+ 

HSPCs. Also, the maximum number of cells that can be captured at a time (96) is limited, and 

with a capture efficiency of 46% on average for the HSPCs (Table 5.7) it will be challenging to 

increase the cell numbers in order to be competitive in the single-cell field. Another limitation 

is the high cost associated with the consumables for this system, especially if these 

experiments need to be repeated several times in order to reach the cell numbers required in 

single-cell publications. Even though SMART technologies drastically improved the coverage of 

the transcriptome and had superior sensitivity over other methods at the time of development, 

there were several limitations (358). Lower read coverage towards the 5’ end, under-

representation of transcripts with a higher GC-content and the effect of complex RNA 

structures insurmountable by the DNA polymerase were some limitations observed with the 

SMART technologies (359,360). A recent publications compared frequently used methods with 

regard to sensitivity, accuracy and cost efficiency (361). Smart-Seq showed increased 

sensitivity and reproducibility, as a result of increased mappable reads. It is important to keep 

in mind that sensitivity is also a function of sequence depth. At a sequencing depth of 1 x 106 

reads/sample there is somewhat of a plateau in sensitivity and the sequenced mRNA 

complexity reaches a level of saturation (361).  

 

In conclusion, a total of 122 cells (out of 234 sequenced) were analysed for this particular study 

and four definitive clusters were identified. The clusters identified and the genes expressed 

within the various clusters are in strong agreement with previously defined clusters. We 

identified two populations of earlier undifferentiated HSPCs (Cluster 1 and 4). Another 

population identified GMP gene signatures and genes associated with neutrophil development 

(Cluster 2) and lastly, an erythrocyte progenitor population (Cluster 3) was identified. Both the 

neutrophil and erythroid sub-populations form part of the myeloid lineage during HSPC 

differentiation. Our data therefore suggest that the transcriptomic profiles of progenitor cells, 

especially late myeloid progenitors, are sufficiently distinct from early, primitive HSPC 

populations to allow resolution of these populations with a limited number of single cells  
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analysed. However, a clear pitfall of this study is the limited number of cells analysed compared 

to other similar studies, which did not allow discovery of the total extent of heterogeneity 

within the CD34+ HSPC population. 

 

Previous knowledge regarding HSPCs was based on flow cytometry analysis and bulk 

transcriptome analysis. Although limitations remain to be overcome, single-cell technologies 

are improving rapidly and are starting to provide a detailed atlas of the gene expression 

patterns of all cell types in the human body. Although this study was unable to define the 

extent of heterogeneity within the CD34+ HSPC population, several other studies have 

explored this heterogeneity. These cells are heterogeneous in their differentiation potential 

and their functional abilities, and the heterogeneity is not exclusive to the CD34+ population 

but extends to the sub-populations within the already heterogeneous CD34+ HSPC 

population. Even though the hierarchical model of hematopoiesis has been studied for many 

years, single-cell technologies are unravelling the classic HSPC hierarchy, which is more 

complex than previously assumed. A recent study on single-cell transplantation revealed a 

population of myeloid-restricted progenitors with long-term repopulating ability, a concept 

that was disregarded before the advent of single-cell technologies (32). Another study 

identified HSPCs expressing platelet-biased genes that have the ability to self-renew, which 

immediately put these cells at the top of the HSPC hierarchy (33). These two examples are 

only a fraction of the data and information emerging as a result of single-cell analysis. This 

fast-evolving technology provides a powerful tool to dissect cellular heterogeneity and 

uncover the uniqueness of each cell, and also to identify new markers and pathways that 

previously could not be identified. New emerging single-cell techniques enable the 

simultaneous study of multiple omics (genome, transcriptome and proteome) of the same cell. 

This will further contribute to and improve our understanding of the heterogeneity of cell 

populations in the future.
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CHAPTER 6. HEMATOPOIETIC STEM AND PROGENITOR CELL  

SUSCEPTIBILITY TO HIV-1 

6.1. INTRODUCTION 

Hematopoietic stem cell therapies lend themselves to the development of gene therapy 

approaches, which integrate ex vivo gene transfer strategies into well-established HSCT 

practice to treat neoplastic, monogenic and infectious diseases. Clinical success in treating 

several monogenic disorders through genetic modification of autologous HSPCs support the 

feasibility, amongst other things, of using this approach to treat HIV. 

 

HIV-1 depletes CD4+ T-cells eventually leading to AIDS. AIDS refers to the advanced stages of 

HIV and is defined by the occurrence of HIV-associated opportunistic infections and/or 

malignancies. South Africa has a high prevalence of HIV, with more than 7 x 106 individuals 

living with HIV, which contributes significantly to the health burden in South Africa (135). HIV 

infects cells expressing CD4 in combination with the co-receptors CCR5 or CXCR4; however, 

the mechanism of infection is not limited to these receptors. Effective cART has reduced 

morbidity and mortality of AIDS-related diseases (136) and although cART can keep the virus 

from replicating, it cannot completely eliminate the virus and therefore needs to be 

maintained for life. This is expensive, requires lifelong compliance and has several associated 

side-effects, providing a rationale for the development of an HIV cure. 

 

There has been increased interest in developing an HIV cure using HSPCs ever since Timothy 

Brown, also known as the ‘Berlin patient’, received an HSCT with cells from a CCR5 null donor 

and who has been HIV-free ever since (131,362). The CCR5-delta32 (Δ32) mutation results in 

the absence of CCR5 on the surface of CD4+ cells, making these cells resistant to infection by 

an R5-tropic virus. CCR5 null donors are not readily available and the shortage in CCR5 null 

donors has resulted in research focusing on genetically modifying HSPCs by disrupting the CCR5 

chemokine receptor. Reconstitution of the immune system after HSCT using genetically 

modified cells would result in an HIV-resistant hematopoietic system. The use of healthy  
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unrelated donors would be favourable for this approach; however, an HLA-matched donor is  

not always available. Autologous transplantation of genetically modified cells overcomes 

last-mentioned challenge and also reduces the risk of transplant-related complications.  

 

HSPCs were thought to be resistant to HIV infection (185,186,188,363,364); however, several 

studies revealed that HSPCs express receptors and co-receptors required for HIV-1 entry, and 

are therefore susceptible to infection (183,189,190), at least theoretically. The susceptibility of 

HSPCs to HIV infection has implications for HSPC-based HIV gene therapy, as this could affect 

outcomes when using autologous cells. Direct infection of HSPCs could result in the genetic 

modification and transfusion of latently infected cells, which would produce latently infected 

progeny.  

 

The purpose of this study was to determine whether HSPCs are susceptible to HIV-1 infection 

and/or whether a subset of HSPCs exists that is resistant to HIV-1 infection. Such a subset of 

HSPCs would be ideal for HSPC-based HIV gene therapies. Unfortunately, the aim of this study 

was not fully achieved due to several unforeseen circumstances and time constraints. This 

chapter will describe several HIV-related techniques and the problems encountered that 

resulted in this section not being fully completed. 

 

6.2. MATERIALS AND METHODS 

6.2.1. HIV-1 propagation using PBMCs 

HIV is a single-stranded (ss) RNA virus that is reverse transcribed into double-stranded (ds) 

proviral DNA able to integrate into a host cell genome. The transcription and translation of 

HIV-related proteins is facilitated by host cell mechanisms, resulting in the production and 

packaging of HIV virions.  

 

For experimental purposes, HIV was produced by exposing susceptible PBMCs from healthy 

uninfected donors to either HIV+ PBMCs or HIV-containing supernatant. The production of virus 

depletes the number of viable cells as the virus replicates and buds from host cells, resulting 

in cell death. The depleted PBMC population was replaced with a fresh/new pool of PBMCs at  
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numerous timepoints to ensure constant viral production. Released virus was harvested as part 

of the cell culture supernatant. Viral production and titration were determined using a p24 

enzyme-linked immunosorbent assay (ELISA) detection method (Section 6.2.2.1) and a 

functional GHOST cell assay (Section 6.2.2.3), respectively.  

 

6.2.1.1. HIV-1 isolates 

Primary HIV-1C isolates of three different tropisms (R5-tropic, R5X4-tropic and X4-tropic) were 

produced for this study (Table 6.1). These viral isolates were provided by Professor Lynn Morris 

from the National Institute for Communicable Disease (NICD) and were propagated using 

activated PBMCs according to an adapted Montefiori Laboratory protocol. 

 

Table 6.1. Primary HIV-1C isolates used for this study. 

HIV tropism Isolate Accession number Reference 

R5 CM1 AY505003 (162) 

 Du422F Ay043175.1 (365) 

 Du156 Ay529660 (365) 

 Du123 AF544007 (365) 

 COT1 DQ235624 (147) 

R5X4 CM9 AF411966 (162) 

X4 SW7 AF411966 (162) 

 

6.2.1.2. Processing of PBMCs 

6.2.1.2.1. Peripheral blood collections 

Peripheral blood was obtained from healthy donors at the Clinical Research Unit (CRU), 

Pathology Building, Prinshof Campus, University of Pretoria. Donors completed an informed 

consent document, after which 250 mL peripheral blood was collected into CPD collection bags 

(Tianhe Pharmaceuticals, China). HIV testing of the PBMC samples was performed as described 

in Chapter 3, Section 3.2.3. Ethical approval for collecting peripheral blood at the CRU and 

testing for HIV from consenting donors was granted by the Faculty of Health Sciences Research 

Ethics Committee at the University of Pretoria (Protocol Number 204/2016). 
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6.2.1.2.2. PBMC isolations from peripheral blood 

PBMCs were isolated by density-gradient centrifugation using Histopaque-1077 as described 

in Chapter 3, Section 3.2.4. An additional step was included to remove platelets. Platelets serve 

as a possible binding site for infectious HIV particles which could compromise HIV production 

in PBMCs (366). Platelets were removed by centrifugation at 100 x g for 10 min without the 

brake. The supernatant was aspirated and the cells were washed by filling the tube to 30 mL 

with TP buffer and centrifugation at 300 x g for 10 min. Supernatant was aspirated and cells 

were resuspended in 10 mL TP buffer. A 100 µL aliquot was taken to determine absolute cell 

count. 

 

6.2.1.2.3. PBMC counting by flow cytometry 

Viability, absolute number of PBMCs and phenotype were determined by flow cytometry using 

the Gallios flow cytometer. A 100 µL aliquot was stained with 3 µL of 7AAD, CD4 FITC and 

CD45 KO and incubated for 15 min, protected from light. Flow-Count fluorospheres (100 µL) 

were added to each sample immediately prior to analysis on the flow cytometer. CD4 

phenotyping was performed for parallel, but independent projects using the same samples. 

The Gallios flow cytometer filter configurations and channels used to detect the relevant 

fluorochromes are shown in Table 6.2. All flow cytometer analyses were performed using 

Beckman Coulter Kaluza Analysis Software (version 2.1) (Beckman Coulter, California, USA).  
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Table 6.2. Gallios flow cytometer laser and filter configurations for PBMC counting and phenotyping.  

Laser Filter FL Fluorochrome/Dye Clone 

488nm, 22mW 252/40 1 CD4 FITC Okt4 

 575/30 2 - - 

 620/30 3 Flow-Count fluorospheres - 

 695/30 4 7AAD - 

 755LP 5 - - 

638nM, 25mW 660/20 6 - - 

 725/20 7 - - 

 755LP 8 - - 

405nM, 40mW 450/40 9 - - 

 550/40 10 CD45 KO J33 

 

Viable cells were measured, using 7AAD viability dye [Excitation: 488 nm; Emission: 

635/75 nm], which was gated on region [Not Beads] (Figure 6.1a). The [Not Beads] region is a 

NOT Flow-Count fluorospheres Boolean gate applied post-acquisition and used to exclude the 

Flow-Count fluorospheres from downstream flow cytometric plots during data analysis. 

“PBMCs” were measured using a FS vs. SS plot, which was gated on “Viable” (7AAD-negative) 

cells (Figure 6.1b). Leukocytes (CD45+ cells) were measured in the FL10 channel [CD45 KO; 

Excitation: 398 nm; Emission: 528 nm] (Figure 6.1c), which was gated on “PBMCs”. 

“Monocytes” (CD45+CD4dim) and “CD4 T-cells” (CD45+CD4+) were measured in the FL1 channel 

[CD4 FITC; Excitation: 488 nm; Emission: 504/41 nm] (Figure 6.1d), gated on “Leukocytes”. 

Flow-Count fluorospheres were detected in the FL3 channel (Figure 6.1e) and used for PBMC 

counting. The absolute number of PBMCs present in each sample was calculated using the 

equation in Chapter 2, Section 2.2.3.1.  
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Figure 6.1. PBMC counting and phenotyping. A schematic illustration of the sequential gating strategy 

used for PBMC counting and phenotyping. Density plots showing (a) viable (7AAD-negative) cells  

(b) PBMCs, (c) cells stained with CD45 KO and (d) CD4 FITC monoclonal antibodies. Density plot showing 

the Flow-Count fluorospheres in “Cal” region. 

 

6.2.1.2.4. PBMC cryopreservation 

Once the number of PBMCs had been determined, the cells were centrifuged at 300 x g for 

10 min and resuspended in 1 mL freezing medium (90% FBS and 10% DMSO) per 10 x 106 

PBMCs. Aliquots were transferred to a 1.5 mL cryotubes, which were stored at -80°C in a 

Mr. Frosty™ freezing container for 24 hours, after which the cryotubes were transferred to 

liquid nitrogen until further use.   

 

6.2.1.3. Propagation of HIV-1C isolates in PBMCs 

Propagation of HIV-1C isolates was performed according to a modified Montefiori method for 

the production of HIV using activated PBMCs. The Montefiori protocol includes the various 

stages of HIV propagation: (i) activating PBMCs, (ii) infecting activated PBMCs with HIV-1C 

(a) (b) (c) 

(d) (e) 
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isolates, (iii) feeding co-cultures with newly activated PBMCs and (iv) harvesting 

virus-containing supernatant and cells (Figure 6.2). 

 

 

Figure 6.2. HIV-1 propagation in PBMCs. An illustration of our adapted method for propagating HIV-1C 

isolates in PBMCs. This protocol included activating PBMCs, infecting activated PBMCs with HIV-1C 

isolates (Day 1), feeding co-cultures with newly activated PBMCs (Day 4 and Day 7) and harvesting virus-

containing supernatants and cells (Day 10). (Figure was created by Juanita Mellet). 

 

6.2.1.3.1. PBMC activation 

A combination of phytohemagglutinin (PHA-P, Sigma-Aldrich, USA) and T-cell growth factor, 

IL2 (Roche, Switzerland) was used to activate PBMCs. Mitogen stimulation of PBMCs with 

PHA-P upregulates the IL-2 receptor on the surfaces of PBMCs. Cryopreserved PBMCs were 

removed from liquid nitrogen and the tube content was diluted in 30 mL pre-warmed Roswell 

Park Memorial Institute-1640 medium (RPMI, Thermo Fisher Scientific, USA) and centrifuged 

at 300 x g for 10 min. The supernatant (containing DMSO) was aspirated and cells were 

resuspended in IL-2 growth medium (IL2GM, RPMI supplemented with 50 μL/mL from 

10 units/mL IL-2 stock, 20% FBS and 2% pen/strep, 1 mL per 1 x 106 PBMCs) supplemented 

with 5 µg/mL PHA-P. PBMCs were activated three days prior to infection, since HIV requires 

activated cells for productive infection (367). PBMCs were incubated for 24 hours in culture  

 



160 

 

flasks that were kept in an upright position at 37°C and 5% CO2. After a 24 hour incubation, the 

activation medium was removed by centrifugation at 300 x g for 10 min, and replaced with 

fresh IL2GM (1 mL per 1 x 106 PBMCs). Activated PBMCs were cultured for an additional 

48 hours after medium change.  

 

6.2.1.3.2. Infection of PBMCs with HIV-1 

Activated PBMCs were centrifuged at 300 x g for 10 min and resuspended in 2 mL pre-warmed 

RPMI (2% pen/strep). Supernatant was aspirated and activated PBMCs were exposed to either 

HIV+ PBMCs or HIV-containing supernatant for 2 hours in a small volume (usually 1 – 2 mL) at 

37°C in 50 mL centrifuge tubes. The small volumes used for HIV infection are more likely to 

increase contact between the activated PBMCs and HIV. After incubation, the volume was 

increased to 30 mL with RPMI (2% pen/strep) for the HIV-exposed PBMCs and transferred to a 

T75 culture flask. Flasks were incubated in an upright position at 37°C and 5% CO2 until the 

feeding cycle.  

 

6.2.1.3.3. Feeding 

Freshly activated PBMCs were added to the HIV/PBMC co-cultures on Day 4 and Day 7 of 

production to maintain a pool of viable cells for HIV to infect. PBMCs for each feeding were 

thawed and activated as described earlier in Section 7.2.1.3.1. On feeding days, the activated 

PBMCs were centrifuged at 300 x g for 10 min and cells were resuspended in 2 mL RPMI 

(2% pen/strep). The HIV/PBMC co-cultures from a single HIV-1C isolate were pooled in 50 mL 

centrifuge tubes and centrifuged at 300 x g for 10 min. The cell pellets were resuspended in 

2 mL RPMI (2% pen/strep). The activated PBMCs and HIV/PBMC co-culture were pooled in a 

50 mL tube, after which it was split in two and transferred to two T75 flasks. The volume in 

each T75 flask was increased according to the number of activated PBMCs present (1 mL per 

1 x 106 PBMCs). The co-cultures were incubated in an upright position at 37°C and 5% CO2.  

 

6.2.1.3.4. Harvesting HIV-1 

In preliminary experiments, we determined that the viral load is highest at Day 10 (Appendix 

D). Therefore, virus-containing supernatant was harvested on day 10. The HIV/PBMC  

co-cultures were transferred to 50 mL centrifuge tubes and centrifuged at 300 x g for 10 min. 
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The virus-containing supernatants from a single isolate were then collected and pooled in 

50 mL centrifuge tubes. Cells and debris were removed from the supernatant by filtration using 

a 0.22 µm filter. Supernatant aliquots were stored at -80°C until further use. HIV+ PBMCs were 

resuspended in 1 mL freezing medium and stored at -80°C until further use. 

 

An appropriate control should be considered when working with virus-containing supernatant, 

since viral particles are harvested and frozen in supernatant containing an overabundance of 

growth factors. A control supernatant was therefore produced and used to distinguish 

between the effects of HIV and the effects of the supernatant. Production of PBMC control 

supernatant was performed in parallel with HIV-1 production, however, without exposure to 

HIV. Control supernatant was harvested every three days, filtered using a 0.22 µm filter and 

stored at -80°C.  

 

6.2.2. HIV-1 detection methods 

HIV can be detected through direct and indirect methods. Direct detection methods target the 

viral proteins, viral mRNA transcripts or viral RNA/DNA, while indirect detection methods target 

antibodies produced in response to HIV infection. Several HIV detection methods, such as PCR 

and p24 ELISA, were optimised to detect HIV. The GHOST cell assay was used to titrate the 

produced HIV.  

 

6.2.2.1. p24 ELISA 

A p24 ELISA using the Lenti-X™ Rapid Titre p24 ELISA kit (ClonTech, USA) was used to detect 

HIV and determine productive infection. The HIV Gag gene encodes core/capsid protein, p24, 

typically involved in virion assembly and often indicates productive infection (368). The p24 

ELISA kit allows for the calculation of the number of viral particles present using a standard 

curve. It does, however, not provide information on whether the viral particles are infectious.  

 

The p24 ELISA kit consists of 12 separable 8-well strips, which were used individually. Before 

each use, the 20X wash buffer (provided as part of the kit) was diluted to 1X wash buffer using 

distilled water. Positive p24 controls were prepared by diluting the p24 control (provided as 

part of the kit) to 12.5 pg/mL (low concentration control) and 200 pg/mL (high concentration 
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control) respectively, using RPMI. Figure 6.3 illustrates the 8-well strip layout, including the (1) 

negative control, (2) low (12.5 pg/mL) and (3) high (200 pg/mL) positive controls, (4, 6 and 8) 

undiluted and (5 and 7) 1/10 diluted samples. Undiluted samples can yield absorbance (OD) 

values outside the detection range of the spectrophotometer and therefore a 1/10 dilution of 

each sample was included.  

 

 
 

Figure 6.3. p24 ELISA sample layout. A schematic illustration of the sample layout of an 8-well Lenti-X 

Rapid p24 ELISA kit. Samples include: (1) negative control, (2) low (12.5 pg/mL) and (3) high (200 pg/mL) 

positive controls, (4, 6 and 8) undiluted and (5 and 7) 1/10 diluted samples. 

 

A total of 200 µL of sample, followed by 20 µL of lysis buffer, was added to each well, and 

incubated for 60 min at 37°C. Upon lysis, p24 protein is released and binds to anti-p24 

antibodies in the wells. After incubation, cell lysates were aspirated and wells were washed six 

times by adding 200 µL of wash buffer to each well. A 100 µL secondary biotinylated anti-p24 

antibody was added to each well and incubated at 37°C for 60 min to tag the antibody-bound 

p24. After incubation, unbound antibody was aspirated and wells were washed again six times 

as described above. A streptavidin-HRP conjugate (100 µL) was added to each well and 

incubated at room temperature for 30 min. After incubation, wells were once again aspirated 

and washed six times using 200 µL of wash buffer. TMB substrate (100 µL) was added to each 

well, and incubated for 20 min, protected from light. After incubation, stop solution (100 µL) 

was added to each well. The absorbance was measured at 450 nm on a PowerWaveX 

spectrophotometer (Bio-Tek, USA). Absorbance values were normalised by subtracting the 

blank value from the measured values.   

 

6.2.2.2. GHOST cells for HIV-1 titrations 

Functional titrations of propagated HIV-1C isolates were performed using the GHOST cell 

infectivity assay, which makes use of the HIV indicator GHOST cell line. 
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6.2.2.2.1. GHOST/X4/R5 indicator cells 

The GHOST/X4/R5 indicator cell line (GHOST cells) is derived from human osteosarcoma (HOS) 

cells expressing CD4 (Figure 6.4a), CCR5 (Figure 6.4b) and CXCR4 (Figure 6.4c). These cells 

contain a GFP under the control of an HIV-2 LTR promoter. Upon infection with HIV-1, the GFP 

gene is transactivated through Tat, which can be detected within 24 hours post-infection 

through a flow cytometric-based assay. These cells were used to determine the number of 

infectious viral particles per milliliter viral supernatant. The GHOST cell line was obtained 

through the National Institutes of Health (NIH) AIDS Reagent Program, Division of AIDS, NIAID, 

NIH from Dr V.N. KewalRamani and Dr D.R. Littman.  

 

 

Figure 6.4. HIV-1 receptor and co-receptor expression on GHOST cells. A schematic illustration of the 

percentage HIV-1 receptor, (a) CD4 and co-receptor (b) CCR5 and (c) CXCR4 expression on GHOST cells 

stained with CD4 APC, CCR5 PE-Cy7 and CXCR4 BV605. The negative/positive region boundaries were 

created for each phenotypic marker using an isotypic controls. 

 

6.2.2.2.1.1. Cell culture and maintenance of GHOST cells 

GHOST cells were removed from liquid nitrogen and the tube content was diluted in 30 mL 

complete medium (DMEM, 10% FBS and 2% pen/strep). The sample was washed twice by 

centrifugation at 300 x g for 10 min. The supernatant was aspirated and the cells were 

resuspended in 8 mL complete medium supplemented with 1 µg/mL puromycin 

(Sigma-Aldrich, USA), 100 µg/mL hygromycin (Sigma-Aldrich, USA), and 500 µg/mL G418 

(Roche, Switzerland), seeded in a T75 flask and incubated at 37°C and 5% CO2 until confluent. 

These antibiotics ensure stable expression of CD4 and co-receptors, CCR5 and CXCR4. The  

 

(a) (c) (b) 
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medium was replaced every three days by aspirating the medium and washing cells with 

3 – 4 mL PBS (2% pen/strep) before adding fresh complete DMEM (8 mL) was added to the 

flask. The culture flasks were then incubated at 37°C and 5% CO2 until confluent. 

 

When the cells covered the majority of the surface area of the flask, the cells were considered 

to be confluent. Once the cells reached confluency, the medium was aspirated from the flask 

and the cells were rinsed twice with 3 – 4 mL PBS (2% pen/strep). Pre-warmed 0.25% 

Trypsin-EDTA (Thermo Fisher Scientific, USA) was added (4 mL) to the flask and incubated for 

3 – 5 min, until cells were dissociated. For some experiments, GHOST cells were dissociated 

with a non-enzymatic dissociation buffer (Sigma-Aldrich, USA) instead of trypsin. To inactivate 

the trypsin or dissociation buffer, 4 mL complete DMEM was added to the flask. The dissociated 

cells were transferred to 15 mL centrifuge tubes. The flasks were rinsed twice with 2 – 3 mL of 

PBS (2% pen/strep) and the supernatant added to the cell suspension. The cells were 

centrifuged at 300 x g for 10 min after which the supernatant was aspirated. Cells were 

resuspended in 2 mL complete DMEM for each T75 flask used. The absolute number of GHOST 

cells was determined by flow cytometry. After counting, cells were either seeded again for 

culturing or were cryopreserved at 2 x 106 cells per cryovial in freezing medium (1 mL per 

2 x 106 cells).  

 

6.2.2.2.1.2. GHOST cell count and phenotype 

GHOST cells were counted and phenotyped by flow cytometry using the Gallios flow 

cytometer. Table 6.3 indicates the laser and filter configurations of the Gallios flow cytometer. 

A 100 µL aliquot of GHOST cells was stained with 3 µL 7AAD. For phenotyping, two aliquots 

were stained with 3 µL of each antibody, one with CD4 APC (Beckman Coulter, USA), and the 

second with an appropriate isotype control, mouse IgG1 (Beckman Coulter, USA). Cells were 

incubated for 15 min, protected from light. Before analysis, 100 µL Flow-Count fluorospheres 

was added to the flow tube.  
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Table 6.3. Gallios flow cytometer laser and filter configurations for GHOST cell counting and phenotyping.  

Laser Filter FL Fluorochrome/Dye Clone 

488nm, 22mW 252/40 1 GFP - 

 575/30 2 - - 

 620/30 3 Flow-Count fluorospheres - 

 695/30 4 7AAD - 

 755LP 5 - - 

638nM, 25mW 660/20 6 CD4 APC 13B8.2 

   CD4 APC isotype mouse IgG1 

 

The sequential gating strategy used during data analysis is shown in Figure 6.5. The region “Not 

Beads” is a NOT Flow-Count fluorospheres Boolean gate applied post-acquisition and used to 

exclude the Flow-Count fluorospheres from downstream flow cytometric plots during data 

analysis. Viable (7AAD-negative) cells were measured, using 7AAD viability dye [Excitation: 

488 nm; Emission: 635/75 nm], in the FL4 channel, which was gated on region “Not Beads” 

(Figure 6.5a). “GHOST cells” were measured using a FS vs. SS plot, which was gated on “Viable” 

(Figure 6.5b). “CD4+” GHOST cells were measured in the FL6 channel [Excitation: 650 nm; 

Emission: 660 nm], which was gated on “GHOST cells” (Figure 6.5d and Figure 6.5e). “GFP+” 

GHOST cells were measured in the FL1 channel [Excitation: 395 nm; Emission: 509 nm], which 

was gated on “GHOST cells” (Figure 6.5f and Figure 6.5g). For this protocol, Flow-Count 

fluorospheres were detected in the FL3 channel (Figure 6.5c). The number of GHOST cells in a 

sample was calculated using the equation in Chapter 2, Section 2.2.3.1.  
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Figure 6.5. GHOST cell count and phenotype. A schematic illustration of the sequential gating strategy 

used for the GHOST cell count and phenotype. Density plot showing (a) viable (7AAD-negative) cells. A 

FS vs. SS density plot showing (b) GHOST cells. (c) Density plot indicating Flow-Count fluorospheres in 

“Cal” region. Density plots showing GHOST cells stained with (d) APC isotype and (e) CD4 APC 

monoclonal antibodies. Density plots showing (f) GFP- (HIV-unexposed) and (g) GFP+ (HIV-exposed) 

GHOST cells. 

 

(a) (b) (c) 

(d) (e) 

(f) (g) 
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6.2.2.2.1.3. GHOST cell sorting 

GHOST cells tend to lose CD4 expression over time. GHOST cells with high CD4, CCR5 and 

CXCR4 expression should be used to titrate HIV-1. Initial phenotyping indicated a  

sub-population of GHOST cells with lower CD4 expression. Therefore, it was decided to sort 

GHOST cells with higher CD4 expression to obtain a population with more uniform CD4 

expression. GHOST cells were sorted by FACS using CD4 APC. Low-passage GHOST cells were 

removed from liquid nitrogen and cultured until confluent. GHOST cells were  

non-enzymatically dissociated as described earlier. Once dissociated, GHOST cells were stained 

with 7AAD and CD4 APC (approximately 2 µL antibody per 1 x 106 cells) and incubated for 15 

min, protected from light. Cells were centrifuged at 300 x g for 10 min to remove unbound 

antibody, and were resuspended in PBS for sorting. Viable, high CD4-expressing (CD4high) 

GHOST cells were sorted with > 95% post-sort purity into 15 mL centrifuge tubes (containing 

2 mL DMEM). The flow cytometry protocol and sequential gating strategies used for sorting 

are indicated in Figure 6.6. CD4high GHOST cells were seeded at 5 x 105 cells per T75 flask in 

complete DMEM with puromycin, hygromycin, and G418 as described earlier for expansion. 

Once cells reached confluence, they were enzymatically dissociated and cryopreserved for 

future use.   
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Figure 6.6. Sorting protocol for high CD4-expressing GHOST cells. (a) FS vs. SS plot used to identify the 

cell populations before sorting. (b) Density plots showing cell viability (7AAD-negative) before sorting. 

(c) Density plot showing cells stained with CD4 APC conjugated antibody before sorting. (d) A FS vs. SS 

plot used to identify the sorted cell population (post-sort). (e) Density plot showing cell viability (7AAD-

negative) of sorted cells. (f) Density plot showing cells stained and sorted with CD4 APC conjugated 

antibody. 

 

Primary HIV-1C isolates were titrated using the GHOST infectivity assay. As mentioned earlier, 

GHOST cells express GFP upon infection with HIV-1. HIV-exposed (GFP+) and unexposed  

(GFP–) GHOST cells were sorted for various optimisation procedures. Cells were prepared for 

sorting by centrifugation at 300 x g for 10 min and resuspended in PBS. GFP+ and GFP– cells 

were sorted into 1 mL PBS and a post-sort purity of 99.95% HIV-unexposed GHOST cells was 

achieved (Figure 6.7). 

  

(a) (b) (c) 

(d) (e) (f) 
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Figure 6.7. Sorting protocol for HIV-exposed and non-exposed GHOST cells. (a) FS vs. SS plot used to 

identify the cell populations before sorting. (b) Density plots showing cell viability (7AAD-negative) 

before sorting. (c) Density plot showing GFP+ and GFP– GHOST cells before sorting. (d) A FS vs. SS plot 

used to identify the sorted GHOST cell population (post-sort). (e) Density plot showing cell viability 

(7AAD-negative) of sorted cells. (f) Density plot showing cells GFP- sorted GHOST cells. 

 

6.2.2.2.2. GHOST cell assay 

Functional titration of HIV-1 using the GHOST cell assay was achieved by making serial dilutions 

of viral stocks and exposing HIV-susceptible GHOST cells to the various dilutions of the viral 

stocks (Figure 6.8). The GHOST cell assay was performed in 12-well plates (Greiner Bio-One, 

Austria) at a seeding density of 1.5 x 105 cells per well in 1 mL complete DMEM, and was 

performed in triplicate.  

 

(a) (b) (c) 

(d) (e) (f) 
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Figure 6.8. GHOST cell assay. A schematic representation of the GHOST cell assay using the GHOST 

reporter cell line. (Figure was created by Juanita Mellet). 

 

6.2.2.2.2.1. Day 1 count 

Seeded GHOST cells were allowed to attach for 24 hours prior to infection. The absolute counts 

of three triplicate wells seeded for the GHOST cell assay were determined 24 hours  

post-seeding of the GHOST cells. Cells were dissociated using 200 µL trypsin per well and 

centrifuged at 300 x g for 10 min. Cell pellets were resuspended in 100 µL PBS for counting. 

 

6.2.2.2.2.2. HIV-1 exposure 

Four-fold serial dilutions were prepared in 15 mL tubes and included: undiluted virus (neat), 

1/4, 1/16, 1/64 and 1/256 dilutions. An HIV-unexposed control was also included. Polybrene® 

(20 µg/mL; Sigma-Aldrich, USA) was added to increase the efficiency of HIV infection (Davis, 

Morgan, & Yarmush, 2002). Cells were incubated together with the viral dilutions for two hours  
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at 37°C and 5% CO2, after which the volume in each well was increased to 1 mL with complete  

DMEM and incubated overnight. After overnight incubation, HIV-containing supernatants were 

aspirated from wells and replaced with 1 mL complete DMEM.  

 

6.2.2.2.2.3. GFP expression 

GFP expression was analysed 48 hours after HIV-exposure. Ghost cells were dissociated and 

collected in 2 mL microcentrifuge tubes and centrifuged at 300 x g for 10 min. Supernatants 

were aspirated and cells were resuspended in 300 µL intracellular (IC) fixation buffer (Thermo 

Fisher Scientific, USA) and incubated for 10 min at 4°C, as per the manufacturer’s instructions. 

After incubation, the fixation buffer was removed and cells were washed by adding 1 mL PBS 

to each tube, followed by centrifugation at 300 x g for 10 min. The supernatants were 

aspirated, and cells were resuspended in 400 µL PBS and transferred to corresponding flow 

cytometry tubes. The percentage GFP-expressing cells was determined by flow cytometry as 

described in earlier in this section. 

 

6.2.2.2.2.4. HIV-1 titration calculation 

Percentage GFP+ cells were averaged over triplicates for each dilution. The HIV titers, 

expressed as infectious units per milliliter (IU/mL), were calculated based on the percentage 

GFP-expressing cells for the various dilutions (averaged over triplicates) and relating the 

number to the dilution factor. The following equation was used to calculate the number of 

infectious units:  

 

Infectious units (IU)/mL = (cell number) × (% GFP+ cells) × (dilution factor). 

 

6.2.2.3. Nucleic acid detection 

6.2.2.3.1. DNA extraction and purification 

The QIAamp DNA Micro kit (Qiagen, Germany) was used to perform DNA extractions according 

to manufacturer’s instructions. Cells for DNA extraction were centrifuged at 300 x g for 10 min 

in 1.5 mL microcentrifuge tubes and cell pellets were resuspended in 50 µL PBS. ATL buffer 

(100 µL) and 10 µL proteinase K were added to each sample to lyse the cell membranes and 

digest proteins that could potentially influence DNA extraction. Samples were mixed and 
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incubated for 10 min in a 56°C pre-heated water bath to allow for proteinase K digestion. 

Absolute ethanol (50 µL) was added to samples to precipitate proteins after which the samples 

were incubated for another 3 min. Lysates and precipitated proteins were transferred to 

QIAamp MinElute columns inserted in 2 mL collection tubes and centrifuged at 6000 x g for 

1 min. AW buffer (1500 µL) was applied to the silica membrane of the column and centrifuged 

for 1 min at 6000 x g to wash bound nucleic acids. The column was washed once more with 

500 µL AW2 buffer. The column was transferred to a new 2 mL collection tube and centrifuged 

at 14 000 x g for 1 min to dry the membrane of the spin column. The column was placed in a 

new collection tube and 20 – 50 µL of nuclease-free water was added directly to the center of 

the membrane and incubated for 5 min, followed by centrifugation at 14 000 x g for 1 min to 

elute the DNA. To maximise DNA recovery, the eluate was placed back onto the membrane for 

1 min and centrifuged again at 14 000 x g for 1 min. DNA sample concentrations were 

measured using the NanoDrop® ND 1000 spectrophotometer (Thermo Fisher Scientific, USA) 

and stored at -80°C until further use. 

 

A low 260/230 ratio usually indicates contamination. For DNA samples with a low 260/230 

ratio, an ethanol precipitation was performed to remove contaminants. Sodium acetate (3 M 

NaAc; pH 5.2; Sigma-Aldrich, USA) was added to each sample in a 1:10 ratio. Ice-cold absolute 

ethanol (70 µL; 2.5 x total volume) was added to each tube and mixed gently. The solutions 

were incubated at -20°C for 1 hour. This incubation allowed salts and protein contaminants to 

dissolve in the NaAc solution, and the DNA to precipitate in the absolute ethanol. The DNA was 

pelleted by centrifugation at 14 000 rpm for 30 min, after which the supernatant (containing 

contaminants) was removed. The DNA pellets were washed once more with 100 µL 70% 

ethanol and centrifuged for 30 min at 14 000 rpm. As much supernatant as possible was 

removed. Any remaining ethanol was removed by air-drying in a pre-heated heating block to 

50°C for 10 – 15 min. Air-dried pellets were resuspended in 25 µL nuclease-free water before 

NanoDrop quantification. 

 

6.2.2.3.2. RNA extraction and reverse transcription 

Extractions were performed using the Qiagen RNeasy Mini Kit (Qiagen, Germany) according to 

the manufacturer’s instructions. Prior to each use, RLT buffer was prepared by adding 
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β-mercaptoethanol (Sigma-Aldrich, USA) to a final concentration of 1%, as per manufacturer’s 

instructions. Cells were transferred to 1.5 mL microcentrifuge tubes and pelleted by 

centrifugation at 300 x g for 10 min. The supernatant was discarded and the pellets were 

resuspended in 350 µL RLT buffer for each extraction, followed by vortexing for 1 min to 

homogenise the sample. RLT buffer contains β-mercaptoethanol and guanidine thiocyanate to 

lyse cells. A total of 350 μL of 70% ethanol was added to the flow-through and mixed by 

pipetting. The sample was transferred to an RNeasy MinElute spin column inserted in a 2 mL 

collection tube and centrifuged at 8 000 x g for 15 seconds. After discarding the supernatant, 

a total of 700 µL RW1 buffer was added to the MinElute column and centrifuged at 8000 x g 

for 15 seconds.  The silica membranes were washed twice by adding 500 µL of buffer RPE to 

the MinElute column and centrifuged at 8000 x g for 15 seconds. A total volume of 500 µL of 

80% ethanol was added to the MinElute column and centrifuged at 8000 x g for 2 min to wash 

the membrane of the spin column. The flow-through was discarded after each step. The 

MinElute column was placed in a new 1.5 mL collection tube and 20 – 30 µL of RNase-free 

water was added directly to the center of the membrane and incubated for 2 min, followed by 

centrifugation at maximum speed for 1 min to elute the RNA. The eluates were placed back on 

the column membranes and incubated for 1 min, followed once again by centrifugation at 

8000 x g for 1 min to improve the RNA yield. RNA sample concentrations were measured using 

the NanoDrop ND 1000 spectrophotometer (Thermo Fisher Scientific, USA) and stored at -80⁰C 

until further use. 

 

RNA was reverse transcribed to cDNA using the Bioline SensiFast cDNA Synthesis kit (Meridian 

Life Sciences, Inc, USA) according to the manufacturer’s instructions. A no template control 

(NTC) and no reverse transcriptase control (NRC) were included. Approximately 1 µg RNA was 

added per reaction, which was prepared on ice in 0.2 mL PCR tubes. The SensiFAST cDNA 

reagent kit uses a high-fidelity (HiFi) reverse transcriptase enzyme and optimised buffer 

system. Gene Amp™ thermocycler conditions for reverse transcription were as follows: 25°C 

for 10 min to anneal primers; 42°C for 15 min for reverse transcription; 85°C for 5 min to 

inactivate reverse transcriptase; 4°C hold to prepare for sample storage.  
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6.2.2.3.3. Polymerase chain reaction (PCR) 

Polymerase chain reaction mixes were prepared in 0.2 mL PCR tubes to detect HIV-1 proviral 

DNA using the 2X Kapa Taq ReadyMix PCR kit (Kapa RM; Kapa Biosystems, USA). The final 

volume of 25 µL included Kapa RM, forward and reverse primers, 50 ng DNA and molecular 

grade water. Table 6.4 indicates the primers that were used to detect the different HIV-1 

isolates. The Gene Amp Thermal Cycler conditions were as follows: 94°C for 2 min to denature 

the DNA, 94°C for 30 seconds to extend denaturation of the DNA, 58°C for 30 seconds to anneal 

primers; 72°C for 1 min to elongate primers; 72°C for 10 min to extend the elongation step; 

4°C hold. Annealing, elongation and extended elongation were subjected to 30 cycles of 

amplification. 

 

A positive PCR control containing primers targeting the human large ribosomal subunit (L32) 

was included with each reaction. Primer sequences for the L32 primer pair were obtained from 

Dr Patrick Salmon’s Lentviral Vectors Lab, University of Geneva, Switzerland. The forward 

primer sequence is 5’- GTG AAG CCC AAG ATC GTC AA -3’ (L32F), and the reverse primer 

sequence is 5’- TTG GTG ACT CTG ATG GCC AG -3’ (L32R). The annealing temperature for L32 

primers is 65°C. 

 

Table 6.4. HIV-1C primer pairs for CM9 and SW7. 

Isolate and region Primer name Sequence (5’-3’) Product size (bp) 

CM9 V3-loop Forward GGACCATGCAATAATGTCAGC 
406 

 Reverse GTGTTGTAATTTCTAGGTCCCC 

CM9 LTR/Gag Forward CCCTCAGATGCTGCATATAAGCAGCTGC 
983 

 Reverse TCCTTTAACATTTGCATGGCTGCTTG 

SW7 V3-loop Forward GGACCATGCCATAATGTCAGC 
551 

 Reverse CCTACCCCCTGCCACATG 

SW7 LTR/Gag Forward CCCTCAGATGCTGCATATAAGCAGCTGC 
978 

 Reverse TCTTTTAACATTTGCATGGCTGCTTG 
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For detection of CD4 mRNA expression, forward (CD4F) 5’- GTC CCT TTT AGG CAC TTG CTT 

CT - 3’ and reverse (CD4R) 5’- TCT TTC CCT GAG TGG CTG CT -3’ primers for a CD4 region were 

obtained from the literature (370). Reactions were prepared with approximately 50 ng/µL 

cDNA per reaction. Thermocycling was performed as described earlier with a temperature of 

65°C for primer annealing of CD4 primer pairs. Controls for the PCR included a non-template 

control (NTC) for the PCR and an L32 positive PCR control. 

 

6.2.2.3.4. Gel electrophoresis 

 1X BlueJuice™ Gel Loading Buffer (Thermo Fisher Scientific, USA) was added to the PCR 

products and run using agarose gel eletrophoresis at 90 V for 60 min. The FastRuler™  

Low-range DNA ladder (Thermo Fisher Scientific, USA) was included to estimate the amplicon 

sizes. DNA was visualised under UV light in a Gel Doc™ XR+ Gel Documentation System  

(Bio-Rad Laboratories Inc., USA).  

 

6.2.3. CD34+ HSPCs for HIV-1 infection 

6.2.3.1. Sample collections 

Umbilical cord blood and leukapheresis products were used as sources of HSPCs for this study. 

Informed consent and UCB sample collections were performed as described in Chapter 2. 

Collected UCB samples were used within 24 hours of collection. Autologous and allogeneic 

cryopreserved leukapheresis products were donated by the Alberts Cellular Therapy (ACT) unit 

at a private hospital in Pretoria, after consent and approval was obtained to donate the 

products (otherwise to be discarded) for research purposes. Leukapheresis products were 

anonymised by ACT staff. On arrival, sample identities were assigned and products were 

catalogued and transferred to liquid nitrogen storage.  

 

6.2.3.2. HIV testing 

Only HIV-negative samples were included for this study. HIV testing was performed as 

described in Chapter 3, Section 3.2.3. HIV testing of leukapheresis donors is routinely 

performed prior to HSCT. Leukapheresis donor HIV status was therefore provided by the ACT 

staff. Leukapheresis products were not tested using the GeneXpert, since the GeneXpert was 

validated for testing whole blood samples only.   
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6.2.3.3. Sample processing 

6.2.3.3.1. UCB samples 

UCB processing was performed as described in Chapter 3, Section 3.2.4, while counting of 

UCB-derived HSPCs was performed as described in Chapter 2, Section 2.2.3.1. 

 

6.2.3.3.2. Leukapheresis products 

Cryopreserved leukapheresis products were obtained from cryobags that contained 10% 

DMSO as a cryoprotectant. A thawing protocol supplied by the ACT was used to thaw the 

leukapheresis products, with some minor adjustments. The leukapheresis collection bags were 

removed from liquid nitrogen storage and placed on the bench at room temperature for 

precisely 2 min. The sample bag was then transferred to a 2 L glass beaker in a water bath 

containing pre-heated (37°C) 1% NaCl (Sigma-Aldrich, USA). The leukapheresis product was 

thawed for a maximum of 2 min, by gently massaging the bag while submerged in the NaCl. 

Once an icy consistency was achieved, 10 mL was aliquoted into several 50 mL tubes containing 

40 mL cold PBS. Tubes were mixed by inversion and centrifuged at 300 x g for 10 min at 4°C. 

Cell pellets were resuspended in TP4 buffer (TP buffer supplemented with 40 µg/mL human 

albumin) and strained through 70 µM Falcon™ cell strainers (Falcon, Corning, USA). Cells were 

pelleted once more by centrifugation at 300 x g for 10 min after which several pellets from 

different tubes were pooled and resuspended in 50 mL RPMI (2% pen/strep) to determine the 

absolute number of HSPC in the sample. A 100 µL aliquot of the cell suspension was taken for 

counting.  Antibodies were added to samples (approximately 2 – 3 µL per 1 x 106 viable cells) 

and incubated for 15 min prior to counting. A 100 µL of Flow-Count fluorospheres was added 

to each sample immediately prior to analysis on the flow cytometer. Counting and analysis on 

the Gallios flow cytometer was performed as described in Chapter 2, Section 2.2.3.1. 

 

6.2.3.4. Enrichment of CD34+ HSPCs 

The proportion of CD34+ HSPCs is low in the MNC fraction of UCB and leukapheresis products. 

To ensure that a pure population of HSPCs is used for downstream experiments, selection for 

cells expressing CD34 was performed by MACS (Chapter 2, Section 2.2.3.2) and/or FACS 

(Chapter 2, Section 2.2.3.3) enrichment.  
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6.2.3.4.1. FACS sorting of leukapheresis products 

Fluorescent activated cell sorting was used to sort viable HSPCs directly from either 

MACS-enriched CD34+ HSPCs or HSPC populations post-infection with HIV. The MACS-enriched 

CD34+ cell suspension was stained for sorting with an appropriate volume of CD34 PE-Cy7 

(Beckman Coulter, USA) and 7AAD based on the absolute number of cells present 

(approximately 2 – 3 µL per 1 x 106 viable cells), determined during counting. Cells were stained 

for 30 min at 4°C, protected from light. Stained cells were washed with TP buffer and 

centrifuged at 300 x g for 10 min and the supernatant was aspirated. The pellet was 

resuspended in the desired volume based on the absolute cell number (final concentration of 

approximately 7 x 106 cells/mL). Cells were sorted based on CD34 expression by FACS using the 

BD FACSAria™ Fusion cell sorter (BD Biosciences, USA). Viable, MACS-enriched CD34+ HSPCs 

were sorted into 15 mL centrifuge tubes containing 2 mL pre-warmed (37°C) StemSpan ACF 

medium (2% pen/strep). HIV-infected CD34+ HSPCs were sorted into 24-well plates containing 

1 mL medium StemSpan ACF medium (2% pen/strep) supplemented with five cytokines, FLT3L, 

SCF, TPO, IL-3 and G-CSF, each at 100 ng/mL. 

 

6.2.3.5. HIV-1 infection and detection  

6.2.3.5.1. UCB-derived HSPC infection 

A total of 2 x 105 CD34+ HSPCs were sorted (as described in Chapter 2) per well into 500 µL 

RPMI (2% pen/strep, 10% human albumin) of a 24-well plate. Half of the HIV-exposed and 

unexposed wells were supplemented with 100 ng/mL of the following cytokines: FLT3L, SCF 

and TPO. Plates were incubated overnight at 37°C and 5% CO2 to recover (Figure 6.9). 

 

Following overnight incubation, cells from each well were transferred to 1.5 mL 

microcentrifuge tubes and pelleted by centrifugation at 300 x g for 10 min, after which the 

supernatant was aspirated. Cell pellets were resuspened in 1 mL appropriate medium as 

follows. HIV-exposed cells were resuspended in CM9-containing supernatant and  

HIV-unexposed wells were resuspended in control supernatant and incubated for two hours. 

Following incubation, cells were incubated at 37°C and 5% CO2. Half the volume  
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of each well was collected after 24 hours by gently pipetting to ensure a homogenous cell 

suspension, and the other half was collected in the same way after 48 hours. Cells collected at 

each time point were pelleted for DNA extraction by centrifugation at 300 x g for 10 min. 

 

 

Figure 6.9. HIV-1 infection of UCB-derived HSPCs. Freshly isolated HSPCs were incubated overnight to 

recover. Cells were aspirated and pelleted by centrifugation in two separate centrifuge tubes. Cell 

pellets were resuspended in virus-containing supernatant and control supernatant, respectively, and 

incubated for two hours in a small volume. After the two-hour incubation, cells were transferred to a 

24-well plate for 24 and 48 hours. (Figure was created by Juanita Mellet).  

 

6.2.3.5.2. Leukapheresis-derived HSPC infection 

Differences were observed in susceptibility of UCB-derived HSPCs when infected with and 

without the presence of cytokines. Therefore, the HSPCs were exposed to three different 

infection conditions, including and excluding five cytokines: (1) Control, (2) control supernatant 

and (3) HIV-1-exposed. For the conditions that included cytokines, 100 ng/mL of each of the 

following cytokines were added: SCF, TPO, FLT3L, IL-3 and G-CSF. Initial exposure to HIV-1 was 

performed in a rotating incubator at 37°C for two hours. This was to ensure adequate contact 
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between virus and cells. After the initial two hour exposure, aliquots were split in half and 

plated in a 6-well plate. Pre-warmed StemSpan ACF (2% pen/strep) was added to reach a final 

volume of 1.5 mL per well. The cells were incubated at 37°C and 5% CO2 for 24 hours. 

 

After 24-hour incubation, cells from each well were collected into separate 2 mL 

microcentrifuge tubes. Each well was washed with 400 µL PBS and transferred to the 

corresponding tubes. Cells were centrifuged at 300 x g for 10 min and the supernatants were 

aspirated. The cell pellets were resuspended in 300 µL TP4 buffer and 200 µL was used to sort 

for expansion, while 100 µL was stained to sort for CFU assays. The CFU assays formed part of 

Ms. Candice Herd’s MSc project. The aliquots were stained for sorting with 3 µL CD34 PE-Cy7 

and 3 µL 7AAD as described in Section 7.2.4.4.1. Viable CD34+ HSPCs (1 x 104) were sorted in 

triplicate into wells of a 24-well plate containing 1 mL StemSpan ACF (2% pen/strep) per well. 

The five cytokines were once again added to each well at 100 ng/mL. The plate was incubated 

for seven days at 37°C with 5% CO2. 

 

6.2.3.6. HSPC immunophenotypic analysis 

The immunophenotypic profiles of sorted CD34+ HSPCs were assessed after sorting, on the day 

of infection and 24 hours post-infection. Two antibody panels containing different 

immunophenotypic markers were assessed using the FACSAria Fusion (Table 6.5 and 6.6). 

Viability dyes, Zombie Violet (panel 1) and 7AAD (panel 2) were included and allowed for the 

exclusion of non-viable cells. HIV-1 receptor (CD4) and co-receptor (CCR5 and CXCR4) 

expression was also assessed. The monoclonal antibodies (3 – 5 μL) were added to flow tubes 

containing 50 μL of the cell suspension. Single-colour antibody staining controls were used to 

correct for spectral overlap between the fluorochromes (colour compensation). 
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Table 6.5. Antibody panel 1. 

Antibody  Fluorochrome Clone Supplier 

Lineage cocktail 

CD3 

CD14 

CD16 

CD19 

CD20 

CD56 

FITC  

UCHT1 

HCD14 

3G8 

HIB19 

2H7 

HCD56 

 

Biolegend, USA 

CCR5 PE J418F1 Biolegend, USA 

Rat IgG2b PE isotype RTK4530 Biolegend, USA 

CD34 PE-Cy7 581 Beckman Coulter, USA 

CD133/2 APC 293C3 Myltenyi Biotec, Germany 

Mouse IgG2b APC isotype IS6-11E5.11 Myltenyi Biotec, Germany 

CD38 APC-Cy7 HIT2 Biolegend, USA 

Zombie Violet BV510 - Biolegend, USA 

CXCR4 BV605 12G5 Biolegend, USA 

 

Table 6.6. Antibody panel 2. 

Antibody  Fluorochrome Clone Supplier 

CD4 BB515 RPA-T4 BD Biosciences, USA 

Mouse IgG1 BB515 X40 BD Biosciences, USA 

Lineage cocktail 

CD3 

CD14 

CD16 

CD19 

CD20 

CD56 

APC  

UCHT1 

HCD14 

3G8 

HIB19 

2H7 

HCD56 

Biolegend, USA 

CD34 PE-Cy7 581 Beckman Coulter, USA 

CCR5 PE J418F1 Biolegend, USA 

CXCR4 BV605 12G5 Biolegend, USA 

7AAD - - Beckman Coulter, USA 
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The gating strategy for antibody panels 1 (Figure 6.10) and 2 (Figure 6.11) was performed as 

follows. The HSPCs (“Cells” region) was identified using a FS vs. SS plot.  A 7AAD vs. FS plot, 

gated on “Cells” was used to identify viable cells (“Viable” region). CD34+ HSPCs were identified 

using CD34 PE-Cy7 [Excitation: 488/532/561 nm; Emission: 575/780 nm] and gated on “Viable” 

cells. Lin+ and Lin- cells were identified using the lineage cocktail FITC [Excitation: 488 nm; 

Emission: 520 nm]. CD38+ and CD38- cells were identified using CD38 APC-Cy7 [Excitation: 

633 nm; Emission: 776 nm]. CD133+ cells were identified using CD133 PE [Excitation: 496 nm; 

Emission: 578 nm]. CD4+ HSPCs were identified using the CD4 BB515 [Excitation: 490 nm; 

Emission: 515 nm]. CCR5+ and CXCR4+ HSPCs were identified using CCR5 PE [Excitation: 

496 nm; Emission: 578 nm] and CXCR4 BV605 [Excitation: 405 nm; Emission: 603 nm], 

respectively. All plots were gated on CD34+ cells. The negative and positive regions for each 

phenotypic marker were created based on positive and negative populations present in a 

sample (if applicable) or whole blood when the distinction between the negative and positive 

populations were not clear. The CD4, CCR5, CXCR4 and CD133 regions were created using 

isotypic controls. 
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Figure 6.10. Immunophenotypic gating strategy for antibody panel 1. Sequential gating strategy for 

HSPC-associated immunophenotypic markers. Density plots showing (a) FS vs. SS and cells stained with 

(b) CD34 PE-Cy7, (c) Lin FITC, (d) CD38 APC-Cy7, (e) CD133 APC and (f) CCR5 PE and CXCR4 BV605. 

Zombie violet plot not shown in this illustration.  

(a) (b) (c) 

(d) (e) (f) 
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Figure 6.11. Immunophenotypic gating for antibody panel 2. Sequential gating strategy for 

HSPCs-associated immunophenotypic markers. Density plot showing (a) HSPC cell population (FS vs. SS) 

stained (b) 7AAD (viable, 7AAD-negative), (c) CD34 PE-Cy7, (d) CD4 BB515 and CCR5 PE, (e) CD4 BB515 

and CXCR4 BV605 and (f) CCR5 PE and CXCR4 BV605. 

 

6.3. RESULTS  

6.3.1. Propagated HIV-1 isolates and stocks 

HIV-1C primary isolates were propagated using activated PBMCs. HIV RNA is reverse 

transcribed to DNA upon viral entry into target cells. The error-prone reverse transcriptase 

introduces mutations that lead to unpredictable loss-of-function, ultimately resulting in low 

levels of infectious virus produced. HIV was required for several HIV-related projects in our 

research group. Therefore, multiple HIV propagations were performed to produce sufficient 

HIV for all experiments. We aimed to use HIV produced from single productions where 

possible, to keep the HIV genomic variations to a minimum. Producing sufficient HIV-1C was 

particularly challenging. Although initial R5-tropic (CM1) productions yielded infectious virus, 

multiple production rounds resulted in non-infectious virus being produced (Appendix D). 

Despite attempts to pre-concentrate HIV, infectious units for CM1 remained low. We 

(a) (b) (c) 

(d) (e) (f) 
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attempted to produce R5-tropic virus from several other HIV-1C isolates, which was not 

successful. We were able to produce sufficient CM9 and SW7 over multiple production rounds. 

Table 6.7 summarises the HIV produced during this study, together with the respective 

functional titres as determined by the GHOST cell assay. 

 

Table 6.7. HIV-1C stocks. 

Isolate Stock description Date harvested Functional titer (IU/mL) Standard deviation (SD) 

CM1 CM1-250217 25-02-2017 1.60 x105 5.18 x104 

 CM1-110618 11-06-2018 1.20 x105 5.60 x104 

CM9 CM9-290118 29-01-2018 9.47 x105 2.47 x105 

 CM9-280218_P 28-02-2018 2.39 x105 3.20 x104 

 CM9-020518 02-05-2018 1.05 x106 6.28 x105 

 CM9-270618 27-06-2018 3.60 x105 2.25 x105 

SW7 SW7-240618 24-06-2018 7.74 x104 2.72 x104 

 SW7-110718 11-07-2018 2.87 x105 1.26 x105 

 SW7-010818 01-08-2018 4.71 x105 4.70 x104 

 SW7-220918 22-09-2018 7.90 x103 6.34 x102 

Du422F Du422F-240718 24-07-2018 2.60 x104 5.95 x103 

 

6.3.2. Immunophenotyping of GHOST cells  

Immunophenotypic analysis of GHOST cells, which should express high CD4, CCR5 and CXCR4, 

revealed high expression of CCR5 and CXCR4. However, low expression of CD4 was detected 

using CD4 FITC (Figure 6.12).   
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Figure 6.12. HIV receptor and co-receptor expression on GHOST cells. HIV receptor (CD4) and co-

receptor (CCR5 and CXCR4) expression on GHOST cells. Density plots showing GHOST cells stained with 

(a) CD4 FITC, (b) CCR5 PE-Cy7 and (c) CXCR4 BV605. The negative/positive region boundaries were 

created for each phenotypic marker using an isotypic controls. 

 

The low expression observed was postulated to be due to destabilisation of the CD4 construct 

(MX-CD4). If the low CD4 expression observed was due to construct destabilisation, then 

theoretically there should be less mRNA in CD4low- compared to CD4high-GHOST cells. To test 

this hypothesis, CD4low- and CD4high-expressing GHOST cells were sorted, mRNA isolated and 

mRNA was reverse transcribed into cDNA and PCR was performed. 

 

Three negative controls were included (NTCPCR, NTCRT, and NRC) and as expected, no amplicons 

were produced in any of the negative control samples. The NTCPCR controlled for DNA 

contamination, the NTCRT controlled for RNA contamination and the NRC controlled for DNA 

contamination during RNA preparation. TZM-bl cells and PBMCs were included as positive 

controls since these cells express high CD4, while HEK293T cells were included as a negative 

control. An L32 control was included to ensure that the reagents and thermocycler were 

functioning. PCR of CD4 was expected to yield a single amplicon of 67 bp in size. Bands 

observed in TZM-bl cells, PBMCs, CD4high and CD4low GHOST cells were of the expected size 

(approximately 200 bp) (Figure 6.13). The intensities of the CD4 amplicons in CD4low and CD4high 

GHOST cells were similar, which suggested that decreased CD4 expression as observed by flow 

cytometry, was not due to destabilisation of the CD4 construct. 

(a) (b) (c) 
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Figure 6.13. Gel image of CD4 mRNA in GHOST cells. Lanes 1 and 11 represent the FastRuler LR DNA 

ladder for size estimation. Lanes 2 and 3 represent the NTCPCR and L32 PCR positive control, respectively. 

Lanes 4 and 5 represent the NTCRT and NRC reverse transcription controls, respectively. Lanes 6 – 10 

represent CD4 amplicons for TZM-bl (lane 6), PBMC (lane7), GHOST CD4high (lane 8), GHOST CD4low 

(lane 9), and HEK293T (lane 10) cells. 

 

Since no difference was observed at the mRNA level between CD4low and CD4high cells, flow 

cytometric detection and dissociation methods were investigated. We initially used the CD4 

FITC monoclonal antibody to detect CD4 expression. Antibody-conjugated fluorochromes 

differ in relative brightness, resulting in differences in detection even when the same antibody 

and cells are used. A general rule applied in flow cytometry is to visualise/analyse weakly 

expressed epitopes (low level expressed on the cell surface) using brightly excited 

fluorochromes. FITC is a weak fluorochrome and could restrict discrimination between CD4 

positive and negative populations if weakly expressed on GHOST cells. Applying the last 

mentioned rule, we opted for CD4 conjugated to a brighter fluorochrome (APC) to detect 

CD4-expressing GHOST cells.  

 

Preliminary results indicated reduced CD4 expression on enzymatically dissociated compared 

to non-enzymatically dissociated GHOST cells. We designed an experiment that simultaneously 

compared FITC- and APC-conjugated CD4 detection on GHOST cells, and determined the rate 

of CD4 recovery following dissociation (non-enzymatic vs. enzymatic) (Figure 6.14). Enzymatic 

(trypsin-EDTA) dissociation was investigated and CD4 expression was measured every 24 hours 

for four days using CD4 FITC and CD4 APC. Five biological replicates at different passages were 
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analysed for this purpose (Table 6.8). Three biological replicates from our laboratory were 

compared to two biological replicates kindly donated by Dr Janine Scholefield, a senior 

researcher at the Council for Scientific and Industrial Research (CSIR), South Africa. Assessment 

of the average CD4 recovery revealed improved detection of CD4 using a brighter 

fluorochrome (APC). CD4 FITC analysis indicated that only 56.3% (± 9.3%) of GHOST cells 

express high CD4 after dissociation, which decreased upon culturing to 13.5% (± 5.8%). CD4 

APC analysis showed 94.3% (± 2.7%) expression of CD4 on GHOST cells after dissociation, which 

further increased upon culturing to 99.4% (± 0.3%). These results indicate that prior knowledge 

of expected levels of expression and fluorochrome choice are important considerations when 

enumerating CD4-expressing GHOST cells. 

 

Table 6.8. GHOST cell cultures used for CD4 phenotyping. 

Replicate Passage Date frozen Laboratory 

BR1 P4 09-03-2017 ICMM 

BR2 P7 23-07-2017 ICMM 

BR3 P3 39-06-2016 ICMM 

BR4 P14 01-01-2017 CSIR 

BR5 P11 08-09-2014 CSIR 

 

 

Figure 6.14. GHOST cell CD4 recovery following dissociation. Flow cytometric CD4 expression on GHOST 

cells after enzymatic dissociation using CD4 FITC (blue) and CD4 APC (green), respectively.  
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6.3.3. PCR limit to detect HIV-1 

A limit of detection (LOD) refers to the lowest quantity of a substance to be reliably detected 

by an assay (371). The extent of susceptibility of HSPCs to HIV-1 is unknown and failure to 

identify the presence of HIV-1 proviral DNA through PCR could be due to the inability of the 

assay to detect low levels of HIV-1 proviral DNA. For that reason, a LOD experiment was 

performed using different proportions of HIV-infected (GFP+) to HIV unexposed (GFP-) GHOST 

cells (Table 6.9). GHOST cells were infected with two different HIV-1C tropic viruses, namely 

SW7 (X4-tropic isolate) and CM9 (R5X4-tropic isolate). The DNA concentrations extracted from 

the different proportions of HIV unexposed/HIV-infected GHOST cells are summarised in 

Table 6.10. 

 

Table 6.9. The number of HIV-infected to HIV unexposed GHOST cells. 

 0.1% HIV+ 1% HIV+ 5% HIV+ 10% HIV+ 20% HIV+ 

HIV-infected (GFP+) cells 100 1000 5000 10 000 20 000 

HIV unexposed (GFP–) cells 99 900 99 000 95 000 90 000 80 000 

 

Table 6.10. DNA samples for PCR limit of detection. DNA samples with their respective DNA 

concentrations, 260/280 and 260/230 ratios. 

Isolate Sample description 
DNA concentration 

(ng/µL) 
260/280 ratio 260/230 ratio 

CM9 0.1% HIV+ cells 53.47 2.41 1.72 

 1% HIV+ cells 55.26 2.64 2.23 

 5% HIV+ cells 44.08 2.74 1.93 

 10% HIV+ cells 49.91 2.42 1.38 

 20% HIV+ cells 51.5 2.47 1.87 

SW7 0.1% HIV+ cells 53.92 2.50 1.98 

 1% HIV+ cells 54.14 2.29 1.62 

 5% HIV+ cells 57.04 2.35 1.53 

 10% HIV+ cells 51.71 2.66 1.08 

 20% HIV+ cells 58.54 2.24 1.56 
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Primers specific for the LTR-gag region of HIV were used to detect proviral DNA. Detection of 

5000 infected cells in 1 x 105 total cells (5%) was established to be the limit of detection of our 

PCR method to detect proviral DNA. This is assuming that each cell is infected with a single HIV 

proviral genome copy. When visualised on a gel, the amplicons of CM9-exposed cells were 

better defined compared to the bands observed for the amplicons from SW7-exposed cells 

(Figure 6.15). 

 

 

Figure 6.15. Gel images for PCR limit of detection. Gel electrophoresis images representing LTR-gag 

amplicons (white boxes) from different concentrations of HIV-infected GHOST cells to determine the 

PCR limit of detection for HIV-1C isolates, (a) CM9 and (b) SW7. Lanes 1 and 10 represent the FastRuler™ 

MR, lane 2 was loaded with the no template control (NTC) for each primer pair, and lane 3 was loaded 

with the L32 positive control performed on HIV-unexposed GHOST cell DNA. Lanes 4 – 9 were loaded 

with the respective isolate-specific LTR-gag PCR products containing 0.1%, 1%, 5%, 10%, 20%, and no 

HIV-infected cell DNA, respectively. 

 

6.3.4. HIV-1 infection of UCB-derived HSPCs  

In previous chapters, enrichment of CD34+ HSPCs from UCB was achieved using FACS. 

However, for this study, an increased number of cells was required (> 5 x 106 CD34+ HSPCs), 

which exceeded the number of cells that could be isolated from a single UCB unit. As shown in 

Chapter 2, Section 2.3.1, FACS enrichment results in increased cell loss, while MACS results in 

decreased purity of CD34+ HSPCs. We therefore decided to pre-enrich for CD34+ HSPCs using 

MACS prior to FACS. However, the already low number of CD34+ HSPCs present in a single UCB 

unit further decreased upon sequential MACS and FACS enrichment, which ultimately resulted  

 

(a) (b) 



190 

 

in insufficient cell numbers to perform the experiments for this study using a single UCB unit. 

Multiple UCB units (three to five) were therefore pooled in an attempt to ensure isolation of a 

sufficient number of CD34+ HSPCs for these experiments.  

 

A single experiment was performed using pooled UCB-derived HSPCs from five independent 

donors to determine the optimal multiplicity of infection (MOI), exposure time and infection 

medium. Two MOIs (MOI3 and MOI10), two exposure times (24 and 48 hours), and the effect 

of cytokine stimulation on HSPC susceptibility to infection was simultaneously tested. Infection 

of HSPCs with CM9 was performed in medium with and without cytokines (FLT3L, SCF, TPO, 

IL-3 and G-CSF), which were included to determine whether the addition of cytokines affect 

the susceptibility of HSPCs to HIV infection in vitro. HSPC infection was determined by PCR of 

proviral DNA. DNA concentrations were high considering the number of cells from which DNA 

was extracted (Table 6.11). Protein contamination (260/280 ratio) was within range, while salt 

and small molecule contamination (260/230 ratio) was higher than typically accepted for PCR 

applications. 
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Table 6.11. DNA samples for HIV-1 proviral detection. The respective DNA concentrations, 260/280 and 

260/230 ratios of the DNA samples analysed. 

Sample description 

DNA 

concentration 

(ng/µL) 

260/280 ratio 260/230 ratio 

24 hours Cytokines HIV– (MOI3) 26.38 1.80 0.14 

  HIV+ (MOI3) 30.92 1.70 0.26 

  HIV– (MOI10) 26.37 1.96 0.12 

  HIV+ (MOI10) 24.45 1.76 0.63 

 No cytokines HIV– (MOI3) 12.37 1.43 0.23 

  HIV+ (MOI3) 34.73 1.72 0.16 

  HIV– (MOI10) 11.23 1.58 0.17 

  HIV+ (MOI10) 28.24 1.78 0.46 

48 hours Cytokines HIV– (MOI3) 17.89 1.88 0.05 

  HIV+ (MOI3) 16.23 2.10 0.05 

  HIV– (MOI10) 21.15 1.98 0.07 

  HIV+ (MOI10) 23.31 1.80 0.05 

 No cytokines HIV– (MOI3) 15.44 1.85 0.09 

  HIV+ (MOI3) 19.05 1.94 0.08 

  HIV– (MOI10) 33.24 2.05 0.10 

  HIV+ (MOI10) 28.83 1.98 0.09 

HIV+ = HIV-positive; HIV– = HIV-negative; MOI = multiplicity of infection. 

 

A gel image illustrating the data for 24 hours post-infection samples and the respective controls 

is shown in Figure 6.16. Proviral DNA was detected after 24 hours in cells infected at both MOI3 

and MOI10 when cytokines were included. Proviral DNA was detected at MOI10 irrespective 

of cytokine addition. These results suggest that 24 hours post-infection is sufficient to detect 

HIV-1 proviral DNA. Interestingly, no proviral DNA could be detected 48 hours post-infection 

in samples exposed to HIV (data not shown). 
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Figure 6.16. Gel image for detection of proviral DNA in HSPCs. Gel electrophoresis image representing 

detection of HIV-1 proviral DNA (LTR-gag amplicons, white box) in CD34+ HSPCs at MOI3 and MOI10, 

24 hr post-infection, with and without cytokines. Lane 1 represents the FastRuler™ LR DNA ladder. 

Lanes 2 and 4 represent a no template control (NTC) for the L32, positive control (lane 2) and LTR 

(lane 4) primer pairs. Lane 3 represents PCR products amplified using the L32 primer as the positive 

reaction control. Positive (CM9-infected PBMC DNA, lane 5) and negative (HIV-unexposed PBMC DNA, 

lane 6) controls were included to show primer specificity. Lanes 7 – 10 represent PCR products for MOI3 

+CYT (lane 7), HIV+ MOI3 –CYT (lane 8), HIV+ MOI10 +CYT (lane 9) and HIV+ MOI10 –CYT (lane 10). 

Lanes 11 – 14 represent PCR products for HIV- MOI3 +CYT (lane 11), HIV– MOI3 –CYT (lane 12),  

HIV– MOI10 +CYT (lane 13) and HIV– MOI10 –CYT (lane 14). 

 

Initial infection of HSPCs was performed using multiple UCB units. However, the logistical 

challenges associated with obtaining multiple UCB units on the same day resulted in the 

abandonment of UCB as a source of HSPCs for subsequent HIV experiments. The number of 

CD34+ HSPCs in leukapheresis products is higher compared CD34+ HSPCs in UCB (372), and 

leukapheresis products were therefore selected as an alternative source of CD34+ HSPCs.  

 

6.3.5. CD34+ HSPCs from leukapheresis products 

Initial attempts to thaw cryopreserved leukapheresis products yielded low viability, resulting 

in low numbers of viable CD34+ HSPCs. In addition, the high number of non-viable cells present 

in leukapheresis products resulted in clot formation, which blocked the magnetic columns used 

for MACS and/or the sample line of the FACSAria cell sorter. It was therefore important to 

improve sample viability prior to MACS and/or FACS enrichment before we could proceed with 

experiments. In order to improve post-thaw viability the following parameters were optimised: 

processing temperature, resuspension solution and dead cell removal. 
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6.3.5.1. Processing temperatures 

Initial thawing of leukapheresis products was performed in a 37°C incubator which took 

approximately 5 – 10 min. Subsequent processing steps were carried out at room temperature 

and solutions were pre-heated to 37°C. An optimised protocol from the ACT suggested using a 

waterbath, which decreased thawing time to less than 4 min. Sample processing at colder 

temperatures generally halts the metabolic activity of cells (373) and decreases the cytotoxicity 

of DMSO exposure. In addition, processing leukapheresis products on ice versus using cold 

(4°C) solutions and keeping cells at 4°C during processing was explored to improve post-thaw 

viability. 

 

Leukapheresis products from two different donors were independently thawed in a 37°C water 

bath. The first product was diluted on ice, while the second product was diluted in pre-cooled 

PBS (4°C) and cell pellets were resuspended in cold (4°C) TP4 buffer. Viability was assessed by 

flow cytometry as described in Chapter 2, Section 2.2.3.1. Post-thaw viability was significantly 

improved at 4°C processing (using pre-cooled solutions) compared to processing on ice 

(Figure 6.17). It is, however, important to note that two independent samples from two 

different donors were used to test processing temperatures. The improved viability could thus 

be sample specific. Sample processing at 4°C was therefore adopted for leukapheresis products 

and the trend of improved viability was sustained after switching from processing on ice to 

processing at 4°C. 
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Figure 6.17. The effect of processing temperatures on leukapheresis product viability. Viability of cells 

processed and resuspended on (a) ice and (b) pre-cooled (4°C) solutions. 

 

6.3.5.2. Resuspension solution  

Two leukapheresis bags were thawed on two separate days. After the first centrifugation using 

pre-cooled (4°C) PBS, the supernatant was aspirated. One half of the cell pellets was 

resuspended in 50 mL cold RPMI and the other half in 50 mL cold TP4 buffer. Sample viability 

was again determined by flow cytometry as before. Representative results are illustrated in 

Table 6.12 and Figure 6.18, and indicate that no significant difference in viability 

(7AAD-negative population) between RPMI and TP4 buffer. However, different cell profiles 

were observed for cells resuspended in RPMI compared to TP4 buffer, indicating a clear 

population of intact (7AAD-negative) cells present in RPMI-resuspended cells. RPMI was 

therefore used as the resuspension medium for future experiments. 

 

Table 6.12. The effect of resuspension solutions on viability. 

 Resuspension solution 

 RPMI TP4 buffer 

AP181122-01 88.87% 89.10% 

AP181211 75.42% 89.94% 

(a) (b) 
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Figure 6.18. Effect of post-thaw resuspension solution on viability. Viability of cells resuspended in  

(a) RPMI and TP4 buffer after thawing.  

 

6.3.5.3. Removal of non-viable cells 

Two leukapheresis products were thawed on two separate days to test post-thaw removal of 

dead cells by separately performing density-gradient- and slow-centrifugation steps after 

viability assessment (as described in the previous section). In previous experiments, poor 

separation was achieved after density-gradient centrifugation when cells were resuspended in 

TP4 buffer, possibly due to the density of TP4 buffer. Cells were therefore resuspended in RPMI 

and layered onto Histopaque-1077 (1:2 ratio). Mononuclear cells were collected after 

centrifugation. For the slow centrifugation, cells were resuspended in TP4 buffer and 

centrifuged at 300 x g for 10 min without brake in an attempt to separate debris and intact 

cells.  

 

Sample viability and percentage CD34+ HSPCs were assessed to determine the number of 

CD34+ HSPCs lost in the additional steps. Results comparing proportions of cells 

post-histopaque and post-slow centrifugation are shown in Table 6.13. Viability was not 

improved using either of the two techniques and no significant effect on the respective 

leukocyte or CD34+ HSPC proportions was observed. For this reason, neither of the two 

techniques were included in the leukapheresis processing protocol for this study. 

 

(a) (b) 
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Table 6.13. Viability, leukocyte and CD34+ HSPC percentages after dead cell removal methods. 

 Histopaque-1077 Slow centrifugation 

 Viability Leukocytes CD34+ Viability Leukocytes CD34+ 

AP181122-01 92.67% 89.96% 0.08% 88.38% 78.04% 0.02% 

AP181211 76.14% 87.22% 0.65% 72.57% 92.42% 0.24% 

 

6.3.6. HIV-1 infection of leukapheresis-derived CD34+ HSPCs 

Due to time constraints and the numerous challenges encountered, only a single experiment 

was performed to determine the susceptibility of leukapheresis-derived HSPCs to HIV-1 

infection. One leukapheresis product bag was thawed and processed as described in 

Section 6.2.4.3.2. Post-thaw counting indicated 76.57% viable cells, and viable CD34+CD45dim 

HSPCs were present at a frequency of 1.81% (Figure 6.19a – d). The sample contained a total 

of 4.24 x 109 viable leukocytes, and 3.02 x 107 viable CD34+CD45dim HSPCs. HSPCs were enriched 

by MACS and post-MACS enumeration indicated 87.20% viable CD34+CD45dim HSPCs with a 

purity of 91.12% (Figure 6.19e – h). A total of 3.7 x 106 CD34+ HSPCs were FACS sorted from 

the MACS-enriched product as described in Section 6.2.4.4. 



197 

 

 

Figure 6.19. Viability and HSPC percentages after thawing and MACS-enrichment. Flow cytometry protocol and analysis of CD34+ HSPCs after thawing and MACS-

enrichment, respectively. (a) Colour dot plots showing viable (7AAD-negative) cells after thawing and cells stained with (b) CD45 FITC, (c) CD34 isotype and (d) 

CD34 PE after thawing. (e) Colour dot plot showing viable (7AAD-negative) cells after MACS enrichment. Colour dot plots showing cells stained with (f) CD45 

FITC, (g) CD34 isotype and (h) CD34 PE after MACS-enrichment. Colour dot plots allow for tracking of cells in all plots of the flow cytometry protocol used. 

Turquoise cell population indicate HSPCs; grey cell population indicate dead (7AAD-positive) cells; purple cell population represents lymphocytes; dark blue cell 

population is representative of all leukocytes; green cell population indicated all viable cells. Colour tracking is based on the following hierarchy precedence 

(referring to the preferred visualisation of the population): HSPCs (turquoise) > Lymphocytes (purple) > Leukocytes (blue) > Viable cells (green), all cells (grey).

(a) (b) (c) (d) 

(e) (f) (g) (h) 
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Immunophenotypic analysis was performed on MACS and FACS enriched cells as described in 

Section 6.2.4.7. As expected, 85.55% of the cells were viable and 93.42% expressed CD34 after 

sorting (Figure 6.20a). Most of the CD34+ cells did not express any lineage markers (99.69%, 

Figure 6.20b), while 83.09% expressed CD133 (Figure 6.20c) and 64.92% expressed CD38 

(Figure 6.20d). CD34+ HSPCs expressed low CXCR4 (21.56%) and CCR5 (12.79%) (Figure 6.20e). 

Even though CD4 expression was not detected in these CD34+ HSPCs, a small fraction  

co-expressed CXCR4 and CCR5 (8.19%). The negative/positive boundaries for CD4, CCR5 and 

CXC4 were set using the appropriate isotypic controls and were kept the same for analysis of 

the sample aliquot stained with the respective mouse anit-human antibodies. However, we 

acknowledge that isotypic controls are not always “perfect” controls and the 8.19%  

co-expression might be an overestimate (based on the lack in evidence of a clear separation 

between negative and positive populations).  

 

 

Figure 6.20. Immunophenotype of CD34+ HSPCs on the day of isolation. Immunophenotype of CD34+ 

HSPCs after MACS- and FACS-enrichment. Density plots showing cells stained with (a) CD34 PE-Cy7, 

(b) LIN FITC, (c) CD4133 APC, (g) CD38 APC-Cy7, (h) CCR5 PE, CXCR4 BV605 and (f) CD4 BB515. 

(a) (a) (b) (c) 

(d) (e) (f) 
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The sorted CD34+ HSPCs were placed in medium and incubated overnight to recover from the 

sequential MACS and FACS. After overnight recovery, CD34+ HSPCs were infected with control 

medium (unexposed control medium) and CM9-containing supernatant. Comparison using 

different HIV-1C tropic viruses would have required more HSPCs than we were able to isolate 

for this experiment. Previous experiments indicated an MOI of 3 to be sufficient for HSPC 

infections. However, the low volumes of virus available and propagations resulting in  

non-infectious virus, resulted in us having to use a lower MOI (MOI2). Immunophenotypic 

analysis on the day of infection showed similar HSPC marker expression compared to the day 

of isolation. However, CXCR4 expression increased to > 70% (Figure 6.21b) overnight and only 

9.31% of the cells were viable based on 7AAD staining (Figure 6.21a).  

 

 

Figure 6.21. Viability and immunophenotype of CD34+ HSPCs after overnight incubation. Viability and 

immunophenotypic analysis of CD34+ HSPCs after overnight incubation. Density plots showing cells 

stained with (a) 7AAD and (b) CCR5 PE and CXCR4 BV605. 

 

Early apoptotic cells can recover in appropriate medium with the addition of cytokines (248). 

Even though 7AAD detects necrotic cells and not early apoptotic cells, the cells were still sorted 

for expansion in the hope that they would recover. Unfortunately, the cells that were seeded 

for expansion did not expand and the experiment was terminated. Since the initial viability of 

the sample was good, failure to expand could be due to a decrease in viability observed after 

sequential MACS and FACS enrichment. The cells that remained after expansion and CFU 

sorting were pooled for HIV-1 nucleic acid detection as described in Section 6.2.2.3. The DNA 

(a) (b) 
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concentrations ranged from between 19 to 27 ng/µL, with relatively high and low 260/280 and 

260/230 ratios, respectively (Table 6.14). DNA purification resulted in improved 260/280 and 

260/230 ratios. However, the DNA concentrations were significantly decreased and therefore 

these DNA samples could not be used to detect HIV-1 proviral DNA. The DNA concentrations, 

260/280 and 260/230 ratios of the purified DNA are shown in Table 6.14.  

 

Table 6.14. DNA concentration of HSPC sample before and after purification. DNA samples with their 

respective DNA concentrations, 260/280 and 260/230 ratios. 

  Pre-purification Post-purification 

  
DNA 

(ng/μL) 
260/280 260/230 

DNA 

(ng/μL) 
260/280 260/230 

Cytokines Control 21.50 3.32 0.79 13.92 2.07 2.05 

 Control medium 23.85 3.01 0.87 3.46 2.24 1.48 

 HIV supernatant 22.55 3.09 0.51 1.90 1.60 1.12 

No cytokines Control 19.92 3.72 0.72 2.71 2.07 0.93 

 Control medium 22.38 3.36 0.76 1.35 22.09 1.36 

 HIV supernatant 27.86 2.85 0.89 13.08 2.31 1.89 

 

Due to the reduced viability after sequential MACS and FACS enrichment, we decided to repeat 

the experiment in an attempt to determine the cause for the decreased viability observed. The 

thawed leukapheresis product was split, one half was used to enrich for CD34+ HSPCs using 

MACS, while the other half was used to enrich for CD34+ HSPCs using FACS. MACS-enrichment 

yielded 3 x 106 CD34+ cells with a low purity (50%), while a total of 2.5 x 105 CD34+ HSPC were 

FACS sorted with a higher purity (> 90%). The purified CD34+ HSPCs were cultured for three 

days in the presence of the five cytokines as before. Viability was determined after 72 hours 

and most of the cells were non-viable. Due to time constraints, the cause of the reduced 

viability of CD34+ HSPCs from leukapheresis products after enrichment with either MACS 

and/or FACS could not be resolved. 
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6.4. DISCUSSION AND CONCLUSION 

The purpose of this study was to determine whether HSPCs are susceptible to HIV-1 infection 

and whether a subset of HSPCs exist that are resistant to infection. 

 

6.4.1. HIV-1C isolates 

Most HIV-related studies make use of HIV-1B viruses or use patient samples from cohorts 

infected with HIV-1B. However, individuals infected with HIV-1B only represent a fraction of 

the infections worldwide. Most HIV-1 infections in India, Brazil and sub-Saharan Africa are due 

to HIV-1C (142–144). Primary HIV-1C viruses were used for this study with varying levels of 

infectivity (Table 6.12). It has been estimated that only 1% of HIV particles are infectious (374). 

Various factors can affect the mutation frequency and assembly of HIV, resulting in different 

proportions of infectious virus (375). The use of primary HIV-1 isolates represent viral 

populations replicating in vivo. However, to retain high viral infectivity and reduce genomic 

variation, HIV-1C molecular clones will need to be considered for future experiments, and 

these experiments planned for the near future. HIV-1 molecular clones are replication-

competent HIV-moieties that are cloned into plasmids to produce clonally identical infectious 

HIV particles when transfected into a packaging cell line (376). Reverse transcription does not 

occur during the production of molecular clones by transfection, since the viral genome is 

encoded by a plasmid which eliminates loss-of-function mutations (377). The use of HIV-1C 

molecular clones would reduce the proportion of non-infectious or replication-incompetent 

virus produced. Two studies have demonstrated successful production of HIV-1C molecular 

clones from primary isolates (378,379).  

 

Large volumes of viral supernatant were added to CD34+ HSPCs to reach the desired MOI 

despite attempts to concentrate the virus during propagation. As the volume surrounding the 

cells increases, the efficiency of infection decreases (380). There are several methods available 

to concentrate virus, which include: polyethylene glycol (PEG) precipitation (381), 

ultrafiltration (380) and ultracentrifugation (382). Use of these methods in the future might 

enable us to concentrate the propagated virus and reduce the volumes added to cells in future 

experiments.  
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6.4.2. HIV-1 detection methods 

Several HIV-related methods were established and optimised in our laboratory for the 

detection and titration of HIV. The p24 ELISA was not used to titrate the virus, since p24 is 

released from all cells and could originate from defective HIV (383). It was therefore used 

rather to determine productive infection. p24 ELISA is a more suitable method for titrating 

HIV-1 molecular clones, assuming that each HIV-1 clone produced is infectious. Since primary 

HIV-1C was used for this study and production of non-infectious virus is well-described (375), 

p24 ELISA was considered to be unsuitable for titrations. Functional titrations to determine the 

number of infectious units per millilitre were performed using the GHOST infectivity assay.  

 

A PCR-based HIV-1 proviral detection method was optimised with HIV-1C-specific primers. The 

lowest limit of detection of this method was established to be 5000 infected cells per 105 total 

cells. A study by Izopet et al. (384), was able to detect four proviral genomes per 106 total cells. 

The infection frequency of highly susceptible CD4+ T cells in vivo is low (< 1%) (385–387). Since 

the frequency of HSPC infection is not known, but expected to be less than CD4+ T cells, lack of 

detection of the method used in this study (PCR) is likely not to be sensitive enough to detect 

few proviral genomes. Sensitivity of our current method therefore needs to be improved or a 

similar more sensitive method needs to be established to detect proviral DNA in HSPCs. Some 

studies suggest that HSPCs are susceptible to infection, but that a pre-integration block 

prevents the HIV genome from integrating the host cell genome (188,388). An integration 

detection method such as Alu-gag PCR, which allows for amplification of HIV DNA only when 

integrated, still needs to be established in our laboratory. 

 

Resting CD4+ T cells are a well-described HIV reservoir (176,177). HSPCs are another long-lived 

cell type able to self-renew and if/when infected will produce cell progeny that harbour 

integrated HIV. Long-lived cells that harbour replication-competent provirus make eradication 

of the virus difficult, since cART does not act on stable integrated provirus (389). Most proviral 

genomes are inactive and detectable by PCR-based methods. However, PCR provides no 

information on whether the provirus is replication-competent or not. The viral outgrowth assay  
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is currently the method of choice to determine replication compentency of virus produced. 

Establishing the viral outgrowth assay in our laboratory would be important for future HIV 

research in our laboratory. 

 

6.4.3. HIV-1 infection of CD34+ HSPCs 

Controversy exists in the literature on whether HSPCs are susceptible to infection with HIV. 

Several studies have shown that HSPCs express receptor and co-receptors and are therefore 

susceptible to infection with HIV and serve as a latent reservoir (183,184,189,192), while other 

studies suggest that these cells are resistant to infection (185,186,188). CD34+ HSPCs 

encompass a heterogeneous population of cells including HSCs, early and late progenitors. HIV 

integration and replication in vitro is dependent on the activation state of the target cells (367). 

However, very few T cells, the primary target of HIV, are active in vivo (367). This is also true 

for freshly isolated HSPCs from UCB, where > 90% of the cells are dormant (309).  

 

Cytokines regulate hematopoiesis and are often added to cultures for the purpose of expansion 

(Chapter 4). The addition of cytokines to in vitro cultures activates HSPCs to divide. Stevenson 

et al. (367) have shown that HIV is able to enter target cells and remain extrachromosomal 

until the cell is activated. HIV is only able to integrate into the host cell genome upon cell 

activation. Once cells divide they are considered to be active and more susceptible to infection 

with HIV. The initial infection experiment of UCB-derived HSPCs was unable to detect HIV 

proviral DNA in HSPCs infected without cytokines. It is therefore possible that these cells are 

not susceptible to infection initially, but rather become susceptible upon culturing. Whether 

susceptibility is due to the addition of cytokines is currently unknown and needs further 

investigation. Infection of HSPCs has been performed with (190,192,196,390) and without 

cytokines (188,364,388), possibly contributing to the lack of consensus regarding the 

susceptibility of HSPCs to HIV infection.  

 

This study was unable to detect CD4 on CD34+ HSPCs; however, HSPC subsets expressing CXCR4 

and CCR5 were identified. The subset of CCR5-expressing HSPCs was smaller than the subset 

of CXCR4-expressing HSPCs. Contrary to the findings of this study, Sebastian et al. (184) 

identified CD34+ progenitors expressing CD4 that harbour X4- and R5-tropic HIV. Nixon et al. 
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(189) also showed that common myeloid progenitors (CMP) and granulocyte-megakaryocyte 

progenitors (GMP) express CCR5 and can become infected with R5-tropic virus. Carter et al. 

(192) indicated that X4-tropic virus is more likely to infect HSPCs. The use of CD4 in 

combination with either co-receptors is well-described. However, several CD4-independent 

mechanisms have been described and therefore these cells cannot be completely disregarded 

as target cells (170,172,391,392). Another possibility is that HSPCs express CD4, but at very low 

levels, undetectable with the detection approaches used in this study. 

 

This study revealed expression of CXCR4 on CD34+ HSPCs of approximately 20% on the day of 

isolation which increased to > 70% after overnight incubation. Carter et al. (192) demonstrated 

in vivo and in vitro susceptibility of HSPCs to HIV infection. However, increased expression of 

CXCR4 upon culturing would result in increased susceptibility of HSPCs to infection, which is 

not inherent. A study by Skinner et al. (393) likewise showed upregulation of CXCR4 cell surface 

expression on murine HSPCs after overnight culture. It has been suggested that CD34+CXCR4– 

HSPCs represent a more primitive population of HSPCs compared to the CD34+CXCR4+ cells, 

which have already initiated commitment towards the lymphoid lineage (394). A study by 

Rutella et al. (395) showed that G-CSF upregulates CXCR4, since CXCR4 was found to be 

expressed on > 90% of mobilised peripheral blood CD34+ HSPCs, which is inconsistent with the 

findings from this study. The results from this study are based on a single experiment using a 

single biological replicate. Therefore, these experiments would need to be repeated. If this 

observation can be repeated then in vitro infection of HSPCs would need to be evaluated. 

HSPCs from HIV-infected individuals for this type of experiment would be an advantage and a 

true reflection of HSPC susceptibility and response to HIV. 

 

In conclusion, failure of the infection experiment was likely due to loss of viability, which 

occurred between MACS and FACS enrichment and the day of infection. It was not caused by 

the combination of MACS and FACS enrichment, since the last experiment performed MACS 

and FACS separately, which still resulted in reduced viability. Before infection experiments are 

repeated, the decreased viability of the leukapheresis products need to be resolved. Different 

overnight media could also be tested to determine whether this contributed to the reduced 

viability. For future in vitro experiments, the use of primary isolates versus molecular clones 
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and the source of HSPCs would need to be considered. Primary HIV-1 isolates acquire 

mutations upon viral replication, but might be considered more clinically relevant, whereas the 

use of molecular clones will produce virus that is less mutation prone. UCB is an easy accessibly 

source of HSPCs. However, the number of CD34+ HSPCs that can be isolated from these 

products is low and often not sufficient for experimental purposes. Leukapheresis products 

generally contain more CD34+ HSPCs. However, the loss of viability after enrichment would 

need to be resolved before further experiments are conducted. 

 

Hematopoietic stem cell gene therapy is a promising approach to treat HIV. A pilot clinical trial 

has reported on the safety of stem cell-based gene therapy for HIV treatment (396). Genetically 

modified and non-modified autologous HSPCs were transplanted and CD34+ HSPCs in the 

non-modified graft exceeded the number of CD34+ HSPCs in the modified graft, resulting in 

low level gene marking in vivo (396). Although promising, this type of approach would require 

the presence of significant numbers of long-term repopulating HSPCs to enable successful 

long-term engraftment of gene-modified cells. One aspect that could result in this approach 

not succeeding is the presence of proviral DNA in HSPCs. It would therefore be important to 

identify a population of HSPCs resistant to HIV infection or inactivate latent proviral genomes 

from infected HSPCs for gene therapy. 
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CHAPTER 7. CONCLUDING REMARKS AND FUTURE PERSPECTIVES 

 

This study consisted of multiple aims relating to the use of HSPCs and their clinical applications. 

In order to achieve the first aim, an isolation method producing pure and viable CD34+ HSPCs 

was needed. This included testing two isolation techniques, MACS and FACS. Second, serum- 

and animal-component free culture conditions and optimal cytokine combination needed to 

be determined for the ex vivo culturing of HSPC. Different serum-free media and two 

commonly used cytokine combinations, FLT3L, SCF, TPO, IL-3 and FLT3L, SCF, TPO, IL-6, were 

tested with and without the addition of G-CSF to determine their influence on HSPC expansion.  

 

Comparing MACS and FACS for the isolation of HSPCs indicated that it is not essential to 

perform MACS before FACS for enrichment of HSPCs, as is usually done in the field. MACS yields 

greater HSPC cell numbers with acceptable sample viability, while FACS results in pure and 

viable HSPCs, but with increased cell loss. Therefore, for experiments that require high HSPC 

numbers, MACS isolation should be the preferred method of choice, whereas, if increased 

purity is desired, FACS isolation would be better suited. Cell loss is inevitable and a great 

disadvantage regardless the isolation technique.  

 

Expansion of HSPCs aims to increase both short- and long-term repopulating cells to ultimately 

enable successful short- and long-term engraftment following HSCT. The three different 

serum-free culture conditions demonstrated improved expansion of HSPCs compared to 

DMEM supplemented with FBS when cultured for seven days. Expansion was measured by 

viability, proliferation, HSPC immunophenotype and SP analysis. We found that StemSpan ACF 

is better suited for ex vivo culturing of HSPCs and allows compliance with GMP standards. We 

do, however, acknowledge that this study did not include all serum-free media commercially 

available. This study further revealed that heterogeneity exists in response to different media 

conditions, which might be due to different serum-free medium formulations favouring and 

increasing certain populations of cells. Greater expansion was observed in cultures 

supplemented with FLT3L, SCF, TPO, IL-3 and G-CSF and was therefore used for subsequent 

HSPC expansion and culturing. This study did not include functional in vitro and in vivo assays, 

which would need to be performed to confirm the presence of LT-HSCs following in vitro 
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expansion of HSPCs. Expansion of HSPCs could be applied to other non-stem cell-based 

therapies, such as cases of prolonged neutropenia, where patients have increased risk of 

infection. This particular type of treatment would require a large number of cells and could 

therefore benefit from HSPC expansion. The cytokines and combinations of cytokines used 

would depend on individual applications. However, it will be essential to move towards global 

standardisation of ex vivo HSPC culture conditions in the future.  

 

To achieve the second aim, the optimal concentration of SR1 first needed to be determined 

which was once again measured by viability, proliferation, HSPC immunophenotype and SP 

analysis. A seven-day ex vivo expansion of UCB-derived CD34+ HSPCs, showed an SR1 

concentration-dependent increase in CD34+ sub-populations, while a decrease was observed 

in the number of CD34– HSPCs. No functional assays were included during this study; several 

studies have however shown the engraftment potential of SR1-treated HSPCs in in vivo mouse 

models and in a recent Phase I/II clinical trial where SR1-expanded HSPCs were co-transplanted 

with non-expanded cells. Based on these results, 1 µM SR1 was used for the expansion of 

CD34+ HSPCs for gene expression experiments. 

 

The effect of SR1 on gene expression of HSPCs has previously been evaluated for shorter 

culture periods. To the authors’ knowledge, this is the first time that the effect of SR1 has been 

reported on the transcriptome of seven-day expanded HSPCs. This is relevant since SR1 is 

currently being used to expand HSPCs ex vivo for extended periods. This study did not report 

differential expression among the AhR pathway-related genes, such as AHRR and HSP90AA1, 

as other studies have shown. This might suggest that SR1 initially acts on the above-mentioned 

genes, but that this effect is restored after seven days. Cytochrome P450 1B1 (CYP1B1) and 

erythrocyte membrane protein band 4.1-like 3 (EPB41L3) were most significantly reduced after 

seven-day expansion with SR1. Downregulation of CYP1B1 has previously been observed at 

earlier time points, but was even further reduced in this study possibly due to continuous 

downregulation over a longer period compared to shorter time periods assessed by other 

studies. This suggests that the effect of SR1 on CYP1B1 seems to be long lasting, since it remains  
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significantly downregulated after seven days of expansion with SR1. The effect of SR1 is 

reversible, suggesting that CYP1B1 expression would return to normal once SR1 is removed 

from the culture medium.  

 

This is the first time that gene expression analysis has been compared between SR1-expanded 

and non-expanded CD34+ HSPCs. The gene expression profiles between seven-day expanded 

CD34+ HSPCs and non-expanded CD34+ HSPCs were noticeably different. GO classification 

revealed upregulated genes in expanded vs. non-expanded CD34+ HSPCs enriched for 

processes including regulation of cell cycle, macrophage activation, DNA replication, neutrophil 

activation and positive regulation of population proliferation. This indicates that ex vivo 

expansion of cells activates genes involved in proliferation and differentiation, as expected, 

since several cytokines were included in addition to SR1 to promote expansion of HSPCs. GO 

classification revealed downregulated genes in expanded vs. non-expanded CD34+ cells to be 

enriched for processes such as chromatin silencing at recombinant DNA (rDNA), nucleosome 

assembly and regulation of myeloid cell differentiation. The limitations of the study include 

that these experiments were performed using bulk RNA, which represents the average 

expression of the cells in the population of interest, while the effect on smaller populations is 

often masked. Another limitation is that an increased number of cells is generally required to 

obtain sufficient good quality RNA. To obtain enough cells and RNA from smaller 

sub-populations, such as the CD34– population of HSPCs, is challenging. It would therefore be 

beneficial to study the effect of SR1 on CD34+ and CD34– HSPC populations at a single-cell 

transcriptome level. This would allow us to determine whether the effect of SR1 is more 

pronounced in specific sub-populations. The use of CD34+ HSPCs exclusively expanded with 

SR1 would be useful in cases where the HSPC cell dose in the initial harvested cell therapy 

products is suboptimal and therefore not a feasible option for HSCT when used alone. The use 

of SR1 for ex vivo expansion of cell therapy products is promising, however, the long-term 

effects are still unknown and need to be elucidated. Novel expansion agents with similar 

expansion and engraftment properties to SR1 are likely to emergence in future and may 

provide greater benefit than those currently available. 

 

  



209 

 

To achieve the third aim, a total of 122 single cells were analysed and four definitive clusters 

were identified. The clusters identified and the genes expressed within the various clusters are 

in strong agreement with previously defined clusters. We identified two populations of earlier 

undifferentiated HSPCs (Cluster 1 and 4). Two additional populations had gene signatures 

associated with GMP and neutrophil development (Cluster 2) and erythrocyte progenitors 

(Cluster 3). Our data therefore suggest that the transcriptomic profiles of progenitor cells are 

sufficiently distinct from early, primitive HSPC populations to allow resolution of these 

populations with a limited number of single cells analysed. However, a clear pitfall of this study 

is the limited number of cells analysed compared to other similar studies, which did not allow 

discovery of the total extent of heterogeneity within the CD34+ HSPC population. The use of 

more efficient single-cell platforms with the ability to capture more cells will be considered for 

future experiments in our laboratory in order to be competitive in this rapidly-growing field. 

 

Several other studies have explored this heterogeneity and have revealed diversity with 

regard to HSPC differentiation potential and functional ability, which is not exclusive to the 

CD34+ population but extends to the sub-populations. Even though the hierarchical model 

of hematopoiesis has been studied for many years, single-cell technologies are challenging 

the classical HSPC hierarchy model, which is more complex than previously assumed. This 

fast-evolving technology provides a powerful tool to dissect cellular heterogeneity and 

uncover the uniqueness of each cell, and also to identify new markers and pathways that 

previously could not be identified. New emerging single-cell techniques enable the 

simultaneous study of multiple omics (genome, transcriptome and proteome) in the same cell. 

This will further contribute to and improve our understanding of the heterogeneity of cell 

populations in the future. 

 

To achieve the fourth aim, several experimental components were performed before HSPCs 

could be infected with HIV. Primary HIV-1C virus stocks needed to be produced with sufficient 

titres to infect target cells. Detection of target cell infection was required to determine whether 

the effect observed was die to direct infection of HSPCs with HIV. 
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HIV productions were performed based on the Montefiori protocol and adapted to suit the 

unique replication dynamics of our primary isolates. This enabled successful production of two 

primary isolates, CM9 (R5X4-tropic) and SW7 (X4-tropic) with relatively low infectivity. Despite 

several attempts to produce infectious R5-tropic virus from various isolates, severe loss of 

infectivity possibly due to the mutation frequency of HIV resulted in us only using the 

above-mentioned isolates. The use of primary HIV-1 isolates represents viral populations 

replicating in vivo. However, to retain high viral infectivity and reduce genomic variation, 

HIV-1C molecular clones need to be considered for future experiments. Reverse transcription 

does not occur during the production of molecular clones by transfection, since the viral 

genome is encoded by a plasmid which eliminates loss-of-function mutations. The use of HIV-

1C molecular clones would reduce the proportion of non-infectious or replication-incompetent 

virus produced.  

 

Several HIV-related methods were established and optimised in our laboratory for the 

detection and titration of HIV. Functional titrations to determine the number of infectious units 

per millilitre were performed using the GHOST infectivity assay. These HIV-susceptible target 

cells were also useful to optimise the PCR detection method and establish the limit of detection 

of this assay. The lowest limit of detection was established to be 5000 infected cells per 105 

total cells (5%). The infection frequency of HSPCs is not known, but is expected to be less than 

CD4+ T cells, which is roughly 1%. Lack of detection using our current PCR method would 

therefore be due to the inability of this assay to detect few proviral genomes. Sensitivity of the 

current method would need to be improved or a similar more sensitive method needs to be 

established to detect proviral DNA in HSPCs. Some studies suggest that HSPCs are susceptible 

to infection, but that a pre-integration block prevents the HIV genome from integrating into 

the host cell genome. An integration detection method such as Alu-gag PCR, which allows for 

amplification of HIV DNA only when integrated, still needs to be established in our laboratory. 

However, PCR provides no information on whether the provirus is replication-competent, 

which is achieved through viral outgrowth assays. This method would allow us to determine 

whether HSPCs are latently infected with replication-competent provirus.  
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Controversy exists in literature as to whether HSPCs are susceptible to infection with HIV. 

Several studies have shown that HSPCs express the receptor and co-receptors and are 

therefore susceptible to infection with HIV and serve as a latent reservoir, while other studies 

suggest that these cells are resistant to infection. The initial infection experiment of 

UCB-derived HSPCs was unable to detect HIV proviral DNA in HSPCs infected without cytokines. 

It is therefore possible that these cells are not susceptible to infection initially, but rather 

become susceptible upon culturing. Whether susceptibility is due to the addition of cytokines 

is still not completely known. Although UCB is an easy accessible source of HSPCs and was used 

initially for infection experiments, the number of CD34+ HSPCs is low and the logistical 

challenges associated with obtaining multiple UCB units resulted in the abandonment of UCB 

as a source of HSPCs for these experiments. The number of CD34+ HSPCs in leukapheresis 

products is generally higher compared to CD34+ HSPCs in UCB which led us to use leukapheresis 

products as an alternative source of HSPCs.  

 

A single experiment was performed to determine the susceptibility of leukapheresis-derived 

HSPCs to HIV-1 infection. HSPCs were enriched by sequential MACS and FACS and left to 

recover overnight. Viability analysis the following day indicated that only a small fraction 

(9.31%) of the cells were viable. A similar experiment was performed to determine the cause 

for the decreased viability observed. A thawed leukapheresis product was split, one half was 

used to enrich for CD34+ HSPCs using MACS and the other half using FACS. Again, most of the 

cells were non-viable after 72 hours. Due to time constraints, the reduced viability of CD34+ 

HSPCs from leukapheresis products after enrichment with either MACS and/or FACS could not 

be resolved. Before infection experiments are repeated, the decreased viability of the 

leukapheresis products need to be resolved. 

 

Expression of receptor and co-receptors on HSPCs was assessed by flow cytometry at various 

timepoints. We were unable to detect CD4 on CD34+ HSPCs; however, HSPC subsets expressing 

CXCR4 and CCR5 were present. The subset of CCR5-expressing HSPCs was smaller compared 

to CXCR4-expressing HSPCs. Interestingly, expression of CXCR4 on CD34+ HSPCs was 

approximately 20% on the day of isolation and increased to > 70% after overnight incubation. 

Increased expression of CXCR4 upon culturing would result in increased susceptibility of HSPCs 
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to infection, which is not inherent. However, these findings are based on a single experiment 

using a single biological replicate and would therefore need to be verified. If this observation 

is confirmed then in vitro infection of HSPCs need to be evaluated. HSPCs from HIV-infected 

individuals for this type of experiment would be an advantage and a true reflection of HSPC 

susceptibility and response to HIV.   

 

Hematopoietic stem cell gene therapy is a promising approach to treat HIV. A pilot clinical trial 

has reported on the safety of stem cell-based gene therapy for HIV treatment (396). Genetically 

modified and non-modified autologous HSPCs were transplanted, and CD34+ HSPCs in the 

non-modified graft exceeded the number of CD34+ HSPCs in the modified graft, resulting in 

low level gene marking in vivo (396). Although promising, this type of approach would require 

the presence of significant numbers of long-term repopulating HSPCs to enable successful 

long-term engraftment of gene-modified cells. One aspect that could result in this approach 

not succeeding is the presence of proviral DNA in HSPCs. It would therefore be important for 

gene therapy to identify a population of HSPCs that is resistant to HIV infection or to inactivate 

latent proviral genomes from infected HSPCs. 

 

The ability to expand HSPCs while maintaining their stem cell properties has several 

advantages. Expansion of HSPCs to clinically relevant cell numbers in cases where insufficient 

numbers are available, will further extend the use and benefits of HSCT-based therapies. 

Exploring the heterogeneity of both expanded and non-expanded stem cell products will be 

key to the future success of these therapies in treating a variety of diseases including HIV. In 

addition, a better understanding of the balance of interactions in the HSPC microenvironment, 

and how proliferation and differentiation of HSPCs are affected by HIV, could result in 

enhanced treatment strategies in future.
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APPENDIX A. RUNNING THE TUBE CONTROLS 

A.1. RNA EXTRACTION AND PURIFICATION 

The RNeasy Micro Plus kit (Qiagen, Germany) was used to perform RNA extractions from CD34+ 

HSPCs. Prior to starting, 10 µL of β-Mercaptoethanol (Sigma-Aldrich, USA) was added to 1 mL 

RLT buffer. A total of 350 µL RLT buffer was added to 20 µL (100 – 200 cells/µL) of cells. The 

mixture was vortexed for 1 min. The lysate was transferred to a gDNA Eliminator column in a 

2 mL collection tube and centrifuged at 8000 x g for 30 seconds. This removed the genomic 

DNA from the sample. The gDNA column was discarded after centrifugation. 70% Ethanol 

(350 μL) was added to the flow-through and mixed by pipetting. The sample was transferred 

to an RNeasy MinElute spin column in a 2 mL collection tube and centrifuged at 8 000 x g for 

15 seconds and the flow-through was discarded. RW1 buffer (700 µL) was added to the 

MinElute column and centrifuged at 8000 x g for 15 seconds and the flow-through was again 

discarded. Buffer RPE (500 µL) was added to the MinElute column and centrifuged at 8000 x g 

for 15 seconds and the flow-through was once again discarded. 80% Ethanol (500 µL) was 

added to the MinElute column and centrifuged at 8000 x g for 2 min to wash the spin column 

membrane. After centrifugation the collection tube with the flow-through was discarded. The 

RNeasy MinElute column was transferred to a new collection tube and centrifuged at 

maximum speed for 5 min to dry the membrane of the spin column. The collection tube with 

the flow-through was discarded. The MinElute column was placed in a new 1.5 mL collection 

tube and 14 µL of RNase-free water was added directly to the center of the membrane and 

centrifuged at maximum speed for 1 min to elute the RNA.  

 

A.2. LYSIS, REVERSE TRANSCRIPTION AND AMPLIFICATION  

The lysis mixture was prepared as described in Chapter 5. A positive control (tube 1) and a no 

template control (NTC, tube 2) were prepared as indicated in Table A.1 below. The lysis thermal 

cycle (Table A.2) was then run in a Thermal Cycler (Gene Amp®, PCR System 9700, Applied 

Biosystems, Life Technologies, Thermo Fisher Scientific, USA). 
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Table A.1. Tube control lysis mixture. 

Components Tube 1: Positive control Tube 2: NTC 

RNA 1 µL - 

Cell wash buffer - 1 µL 

Lysis mixture 2 µL 2 µL 

Total 3 µL 3 µL 

 

Table A.2. Lysis thermal cycle. 

Temperature Time 

72°C 3 min 

4°C 10 min 

25°C 1 min 

4°C hold 

 

The reverse transcription mixture was prepared as described in Chapter 5, combined with the 

lysis product (3 µL) from the previous step (Table A.3) and mixed briefly. The reverse 

transcription reaction (Table A.4) was run in a Thermal Cycler as before. 

 

Table A.3. Tube control reverse transcription mixture. 

Components Tube 1: Positive control Tube 2: NTC 

Cell lysis product 3 µL 3 µL 

Reverse transcription mixture 4 µL 4 µL 

Total 7 µL 7 µL 

 

Table A.4. Reverse transcription cycle. 

Temperature Time 

42°C 90 min 

70°C 10 min 

4°C hold 
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The PCR mixture was prepared as described in Chapter 5 and combined with 1 µL of the reverse 

transcription reaction product from the previous step (Table A.5) and mixed briefly. The PCR 

reaction (Table A.6) was run in a Thermal Cycler as before.  

 

Table A.5. Tube control PCR mixture. 

Components Tube 1: Positive control Tube 2: NTC 

PCR mixture 9 µL 9 µL 

Reverse transcription product 1 µL 1 µL 

Total 10 µL 10 µL 

 

Table A.6. PCR cycle. 

Temperature Time Cycles 

95°C 1 min 1 

95°C 20 sec 

5 58°C 4 min 

68°C 6 min 

95°C 20 sec 

9 64°C 30 sec 

68°C 6 min 

95°C 30 sec 

7 64°C 30 sec 

68°C 7 min 

72°C 10 min 
1 

4°C hold 

 

A.3. DILUTE PRODUCTS 

The prepared products were briefly vortexed and spun down to collect the content at the 

bottom of the tube. The final PCR-amplified product was diluted by combining it with the C1 

DNA Dilution Reagent as shown in Table A.7.  
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Table A.7: Final dilution. 

Components Tube 1: Positive control Tube 2: NTC 

PCR product 1 µL 1 µL 

C1 DNA Dilution Reagent 45 µL 45 µL 

Total 46 µL 46 µL 

 

The final diluted tube controls were quantified using the Quantus and the cDNA fragment size 

distribution was determined using the TapeStation 2200, as described in Chapter 5. 
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APPENDIX B. SINGLE-CELL R SCRIPTS 

 

--- 
Title: "Single-cell HSPC analysis" 
Author: "J Mellet" 
Date: "September 2019" 
--- 

 

# Activate/install necessary packages 
> library(Seurat) 
> library(dplyr) 
> library(Matrix) 
> library(Cairo) 
 
# Import datasets 
> sc.HSC <- read.delim("E:/Juanita/Single-cell 
Experiments/R/SC_HSC_090419/renamed_annotated_combined_genes.counts", header = 
TRUE, sep = "\t" ) 
> sc.HSC 
> rownames(sc.HSC) <- sc.HSC$id 
> sc.HSC <- sc.HSC[ -c(1) ] 
 

# Remove pseudogenes (Columns 58678 to 58735) from the dataframe 

Several pseudogenes skewed the data and were therefore removed 

> sc.HSC <- sc.HSC[ -c(19308, 41144, 4172, 45380, 31391, 26419, 58677:58735), ] 

 

# Convert dataframe to matrix 

> sc.HSC <- as(as.matrix(sc.HSC), "dgCMatrix") 

 

# Create and correct dataframes for every dataset 

Additional/incorrect columns were present in the dataframe, which were removed. 

Cells that did not pass the QC from the MultiQC report was also removed.  

> V1 <- sc.HSC[, -c(108:177)] 

> V1 

 

> V4 <- sc.HSC[, -c(1:107, 177)] 

> V4 
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# Create a Seurat Object for every dataset 

Genes need to be expressed in a minimum of 3 cells and cells need to express a minimum of 

200 genes to be considered for downstream analysis 

> sc.V1 <- CreateSeuratObject(V1, min.cells = 3, min.genes = 200, project="scHSC") 

> sc.V1 

> sc.V1@meta.data[, "dataset"] <- 1 

> head(x=sc.V1@meta.data) 

 

> sc.V4 <- CreateSeuratObject(V4, min.cells = 3, min.genes = 200, project="scHSC") 

> sc.V4 

> sc.V4@meta.data[, "dataset"] <- 4 

> head(x=sc.V4@meta.data) 

 

# Pre-processing of the data 

# Determine the number of mitochondrial genes present in each Seurat object 

Dying/low quality cells often express high percentages mitochondrial genes. 

Mitochondrial genes start with MT-, making it easy to identify them in the dataset. 

There are 37 human mitochondrial genes. 

> mito.genesV1 <- grep(pattern = "^MT-", x = rownames(x = V1), value = TRUE) 

> mito.genesV1 

> percent.mitoV1 <- Matrix::colSums(V1[mito.genesV1, ])/Matrix::colSums(V1) 

> percent.mitoV1 

> sc.V1 <- AddMetaData(object = sc.V1, metadata = percent.mitoV1, col.name = 'percent.mito') 

head(sc.V1@meta.data) 

 

> mito.genesV4 <- grep(pattern = "^MT-", x = rownames(x = V4), value = TRUE) 

> mito.genesV4 

> percent.mitoV4 <- Matrix::colSums(V4[mito.genesV4, ])/Matrix::colSums(V4) 

> percent.mitoV4 

> sc.V4 <- AddMetaData(object = sc.V4, metadata = percent.mitoV4, col.name = 'percent.mito') 

> head(sc.V4@meta.data) 
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# Determine cell cycle scores for each Seurat object 

A list of cell cycle genes are imported and separated into S phase genes and G2M phase genes 

The gene expression levels of the cell cycle genes were scored in every cell. 

Each cell was then categorised as being either in the S phase or G2M phase. 

> cc.genes <- readLines(con = "E:/Juanita/Single-cell 

Experiments/R/SC_HSC_090419/regev_lab_cell_cycle_genes.txt") 

> cc.genes 

> s.genes <- cc.genes[1:43] 

> g2m.genes <- cc.genes[44:97] 

 

> sc.V1 <- CellCycleScoring(object = sc.V1, s.genes = s.genes, g2m.genes = g2m.genes, set.ident 

= FALSE) 

> head(x=sc.V1@meta.data) 

 

> sc.V4 <- CellCycleScoring(object = sc.V4, s.genes = s.genes, g2m.genes = g2m.genes, set.ident 

= FALSE) 

> head(x=sc.V4@meta.data) 

 

# Filter, normalize and scale the data for each Seurat object 

The minimum and maximum number of genes included was 200 and 10 000 per cell, 

respectively. 

Cells with high number of mitcohondrial genes (>10%) were removed. 

Seurat employs a global-scale normalisation (LogNormalize) that normalises the gene 

expression measurements for each cell by the total expression, multiplies this by a scale factor 

(10 000) and log-transform the results.  

> sc.V1 <- FilterCells(object = sc.V1, subset.names = c("nGene", "percent.mito"),  

                      low.thresholds = c(200, -Inf), high.thresholds = c(10000, 0.10)) 

> sc.V1 <- NormalizeData(object = sc.V1, normalization.method = "LogNormalize", scale.factor 

= 10000) 

> sc.V1 <- ScaleData(object = sc.V1, vars.to.regress = c("percent.mito", "S.Score", 

"G2M.Score")) 
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> sc.V4 <- FilterCells(object = sc.V4, subset.names = c("nGene", "percent.mito"),  

                      low.thresholds = c(200, -Inf), high.thresholds = c(10000, 0.10)) 

> sc.V4 <- NormalizeData(object = sc.V4, normalization.method = "LogNormalize", scale.factor 

= 10000) 

> sc.V4 <- ScaleData(object = sc.V4, vars.to.regress = c("percent.mito", "S.Score", 

"G2M.Score")) 

 

# Identify variable genes 

This function calculates the average expression and dispersion for each gene, places these 

genes into bins, and then calculates a z-score for dispersion within each bin.  

> sc.V1 <- FindVariableGenes(object = sc.V1, mean.function = ExpMean, dispersion.function = 

LogVMR, x.low.cutoff = 0.0125, x.high.cutoff = 2.5, y.cutoff = -1.5, do.plot = FALSE) 

> length(x = sc.V1@var.genes)  

 

> sc.V4 <- FindVariableGenes(object = sc.V4, mean.function = ExpMean, dispersion.function = 

LogVMR, x.low.cutoff = 0.0125, x.high.cutoff = 2.5, y.cutoff = -1.5, y.high.cutoff = 3, do.plot = 

FALSE) 

> length(x = sc.V4@var.genes)  

 

# Genes to use for CCA 

Only the top 5000 highly variable genes will be used for downstream analysis. 

> g.V1 <- head(rownames(sc.V1@hvg.info), 5000) 

> g.V4 <- head(rownames(sc.V4@hvg.info), 5000) 

> genes.use <- unique(c(g.V1, g.V4)) 

> genes.use <- intersect(genes.use, rownames(sc.V1@scale.data)) 

> genes.use <- intersect(genes.use, rownames(sc.V4@scale.data)) 

 

# Canonical Correlation Analysis (CCA) 

This is the suggested approach by Seurat to circumvent batch effect. 

CCA identifies common sources of variation between datasets. 
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> sc.combined <- RunCCA(sc.V1, sc.V4, genes.use = genes.use, num.cc = 30) 

 

# Choose the CCs for CCA 

This function will choose the CCs for downstream analysis. 

Either the MetageneBicorPlot or the CC Heatmaps can be used to identify the significant CCs. 

The MetageneBicorPlot examines a measure of correlation strength for each CC, which 

generally saturates after a reasonable number of CCs. 

> X <- MetageneBicorPlot(object=sc.combined, grouping.var = "dataset", dims.eval = 1:20, 

display.progress = FALSE) 

 

 

 

> CC_heatmaps <- DimHeatmap(object = sc.combined, reduction.type = "cca", cells.use = NULL, 

remove.key = FALSE, num.genes = 20, dim.use = 1:12, do.balanced = TRUE, do.return = TRUE, 

cexRow = 0.5) 

> CC_heatmaps 
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# Alignment 

The ‘AlignSubspace’ function aligns subspaces across a given grouping variable. 

This also provides a new dimentional reduction called cca.aligned that is used for downstream 

analysis such as clustering. 

> sc.combined <- AlignSubspace(sc.combined, reduction.type = "cca", grouping.var = "dataset", 

dims.align = 1:5) 

 

# tSNE clustering 

Different resolutions were run to determine the number of distinct and stable clusters. 

> sc.combined <- FindClusters(sc.combined, reduction.type = "cca.aligned", 

                            dims.use = 1:5, force.recalc = TRUE, save.SNN = TRUE, resolution = 0.8) 

> sc.combined <- RunTSNE(sc.combined, reduction.use = "cca.aligned", 

                       dims.use = 1:5, check_duplicates = FALSE) 

 

> TSNEPlot(sc.combined, do.return = T, pt.size = 1.5, group.by = "dataset") 

> TSNEPlot 

 

 

# Identify differentially expressed genes for each cluster 

Identifies the differentially expressed genes and displays the top 20 differentially expressed 

genes in the form of a heatmap. 

Determine the presence of well-described HSPC markers in distinct clusters. 

 

> sc.markers <- FindAllMarkers(object = sc.combined, only.pos = TRUE, logfc.threshold = 0.5, 
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test.use = "wilcox", return.thresh = 0.05, min.pct = 0.1) 

 

> top20 <- sc.markers %>% group_by(cluster) %>% top_n(20, avg_logFC) 

top20 

 

> Heatmap_2C <- DoHeatmap(object = sc.combined, genes.use = top20$gene, draw.line = 

TRUE,  

                        slim.col.label = TRUE, cex.col = 6, group.cex = 10, 

                        cex.row = 6, remove.key = TRUE, 

                        do.plot = TRUE) 

 

> HSPC.markers <- FeaturePlot(object = sc.combined, features.plot = c("CD34", "CD38", 

"PROM1", "PTPRC"), cols.use = c("grey", "blue"), reduction.use = "tsne") 
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APPENDIX C. DIFFERENTIALLY EXPRESSED GENES 

 

Table C.1. A full list of all the differentially expressed genes in Cluster 1 (resolution 0.7 and 0.8). 

GSTP1 LDHA COX5B EDF1 ARHGAP15 BEX2 
RPL31 CD74 APRT ATOX1 SH3BGRL3 UXT 
RPL15 FDFT1 TRBC2 RPS12 IFITM3 TRAPPC1 
CD34 EAF2 LRRC75A-AS1 PSME1 CYTL1 SNRPB2 
RPS14 BAALC RFLNB ANGPT1 LAPTM4B ACTB 
SPINK2 CD37 CD99 SAP18 EMC4 MGST2 
GAPDH HLA-DPA1 ATP6V1F MORF4L1 ACTG1 ASAH1 
RPS7 MRPL57 CD81 NDUFB11 ATP5MD RPS5 
PRDX1 RPL7 CLIC1 RACK1 EIF3D RPS2 
FAM30A HSPB1 RPL13 TRAPPC6A C1QTNF4 ESD 
UBB SKP1 APEX1 LAMP2 CNBP HSPA8 
HOPX SMIM24 MYL12B RPUSD3 PFDN1 UBE2L3 
FXYD5 ARPC2 PKM TSG101 MRPL16 IGLL1 
NDUFA2 SOD1 NPR3 PPCS TMEM230 PCNP 
SNRPD2 LAT2 TMEM106C CRHBP PRMT1 TXN2 
RPS6 TALDO1 EGR1 CYC1 NDUFB10 RGS19 
GNG11 SELL CNPY3 MRPS18C RAB4A CAPG 
BTF3 PSMA4 ATP6V1G1 ATRAID TSPAN3 CD164 
MDK SSBP1 IL1B RNPS1 VAMP8 EIF3I 
OST4 PSMB7 UBE2L6 TFPI PUF60 BCAT1 
SNX3 EIF5 PHGDH DYNLT1 GSTM5 TMEM147 
MAT2B TIMM50 NSA2 GHITM AKR1A1 FAR2 
BID GNAI1 JUP RALY ATP6V0E1 NIPAL3 
LAMTOR1 CCT3 COA3 STMN1 CAPZA2 TINF2 
CMTM7 SERPINB1 MDH2 GAS5 PRDX6 DNAJC8 
MYD88 RPS4X PRR14L ATP8B4 COMMD10 ADH5 
NREP ERI3 ATP5PB LAPTM4A MTCH2 STXBP3 
SPINT2 C19orf48 ATP5F1A VCP VDAC3 GAPT 
HEMGN VPS72 PCBD1 VPS35 MPI RUVBL2 
MRPS21 HM13 PARVG ERG28 FAM219B IL12RB2 
CORO1A SYPL1 MTCH1 MAD2L2 CHD1L AKR1B1 
CARD19 ACAT2 PSMD8 SPTBN1 SLC25A20 IWS1 
EXOSC5 OSGEP RAB7A MCFD2 DEPP1 OXA1L 
NBN PRDX4 RTCB KLF10 MGLL IDI1 
IFRD2 WDR54 BSG LINC01278 MARCKSL1 ZNF711 
MDH1 CSRP1 PAN3 CLNS1A SMAD4 STOML2 
ADA EIF3H RBM22 NAT9 IGFBP7 FAHD2A 
ST13 DFFA ZNF862 RNF217 TRO EIF3E 
ETHE1 TRAF3IP2 NAE1 FIBP UFC1 FAM50B 
RPS4Y1 PCID2 PHPT1 TIMM17B PSMC3 H2AFZ 
TMEM263 TRIM22 PDCD6IP POLD2 SLC30A4 ELP6 
UNC50 DNTTIP2 USP47 PPT1 SLC30A4 ELP6 
UBE2J1 PDE7A HIST1H2AC MKLN1 PHF10 SPOP 
C2orf68 PHF10 SPOP    
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Table C.2. A full list of all the differentially expressed genes in Cluster 2 (resolution 0.7 and 0.8). 

AIF1 EXOC6B FAM178B NDUFB9 NDUFA8 USP14 
TRIB2 FOSB VNN2 TRIM23 CCNE1 GOLGA4 
MXD1 BTN3A2 JHY LINC00899 ALMS1 SETD5 
CD36 LCOR CSF1R PHACTR1 SHLD3 FNDC3A 
ZFP36L1 S100A9 HERC1 KLF6 LINC00635 PHTF1 
ITPR2 TPRKB STX10 PHF7 MEFV PACRG 
PPAT NOL9 TET2 ITPR1 ELOVL5 S100A6 
RNASEH1 C19orf38 TMPO STAT5B SYT14 DNAJB4 
MALAT1 NPAT FPR1 TENT5C PNMT TOP2B 
S100A8 C6orf89 FRYL HBB CLEC4E HIPK3 
FBXO42 WWTR1 SIRPG CBWD1 ATP2B1 EFCAB8 
CNRIP1 ESR1 PRUNE1 ANAPC16 EFCAB8  
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Table C.3. A full list of all the differentially expressed genes in Cluster 1 (resolution 0.9 and 1.0). 

GSTP1 APRT EVL HHEX SCCPDH ARF5 
RPS14 RPS2P5 LAT2 RPUSD3 PSMC6 RAB32 
C1QTNF4 PRDX1 CFAP97 TIMM10 TECR NAT9 
FDFT1 CYBA LIMD2 PPP4C ATRAID POLD2 
UBB APEX1 CD37 MSRB3 MRPL43 TRIM22 
FXYD5 SH3BGRL3 SLC9A3R1 CAPG FAM219B PUF60 
CD74 VAMP8 SELENOH LAPTM4B ZNF862 SERP1 
BAALC MZB1 RPS5 SIRT5 DDAH2 ADH5 
CD34 UBC GNPDA1 ZNF672 PLEKHO1 ZSCAN26 
RPL13 NAALADL1 RBM22 NUDT14 BCAP31 MYD88 
HLA-DPA1 TRAPPC6A IPO13 NKG7 TMEM106C CPNE2 
MDK TAGLN2 CCT3 UBE2L6 MPI IRF5 
ACTG1 TALDO1 TCTEX1D1 TMEM147 COA3 TFEC 
SPINK2 SPINT2 SRSF7 ADA IGFBP7 ATP6V0E1 
CD99 LDHA NDUFAF3 RAB7A TM2D2 KLF10 
GAPDH SELL HOPX TMEM230 DNAJB12 LOXL3 
IFITM3 PHGDH CYYR1 FIS1 METTL26 GLA 
FAM30A MAT2B SLC25A5 VPS35 GRAMD1A FDPS 
ATP6V1F APRT R3HCC1 HHEX SCCPDH SNAP47 
GSTP1 RPS2P5 PYCARD RPUSD3 PSMC6 RRAGD 
RPS14 PRDX1 CFAP97 TIMM10 TECR DDOST 
C1QTNF4 CYBA LIMD2 PPP4C ATRAID HM13 
FDFT1 APEX1 CD37 MSRB3 MRPL43 HTRA2 
UBB SH3BGRL3 SLC9A3R1 CAPG FAM219B ZNF16 
FXYD5 VAMP8 SELENOH LAPTM4B ZNF862 CORO1A 
CD74 MZB1 RPS5 SIRT5 DDAH2 HIST1H2AC 
BAALC UBC GNPDA1 ZNF672 PLEKHO1 PSMD8 
CD34 NAALADL1 RBM22 NUDT14 BCAP31 PFDN1 
RPL13 TRAPPC6A IPO13 NKG7 TMEM106C KEAP1 
HLA-DPA1 TAGLN2 CCT3 UBE2L6 MPI ISYNA1 
MDK TALDO1 TCTEX1D1 TMEM147 COA3 PRKCH 
ACTG1 SPINT2 SRSF7 ADA IGFBP7 EIF3I 
SPINK2 LDHA NDUFAF3 RAB7A TM2D2 WDR54 
CD99 SELL HOPX TMEM230 DNAJB12 FAM50B 
GAPDH PHGDH CYYR1 FIS1 METTL26 MRPS26 
IFITM3 MAT2B SLC25A5 VPS35 GRAMD1A DGKE 
FAM30A EIF3D R3HCC1 CYB5R3 CTSW INTS13 
ATP6V1F VPS28 PYCARD RALY CNPY3 COPRS 
BST2 PSMB7 TSG101 CMTM7 SULT1A1 BSG 
CCND3 PSMB6 TAZ RABIF ARL16 HGSNAT 
IGHM EDF1 MTCH2 AKR1A1 BUD23 FOXO1 
RGS19 S100A4 LAMP2 SERPINB1 DEPP1 DRAM1 
RPS2 CLIC1 MDH2 TG SDHA CANX 
EAF2 IGLL1 ETHE1 NDUFB10 CARD9 USE1 
C1GALT1 MPL     
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Table C.4. A full list of all the differentially expressed genes in Cluster 2 (resolution 0.9 and 1.0). 

S100A8 FRMD8 CD36 ALG6 TMCC1 RAC2 
S100A9 MEFV SLC43A2 SAR1A CHN2 COPS6 
CBWD1 PDE11A ZNF439 SCN3A ATP6V0B MIPEP 
CLEC4E RBM4 DDX59 HSP90B1 RPL36A SLC15A4 
AIF1 TOP2B SRP72 IL6ST PPME1 LRRK2 
WRNIP1 NUTF2 KCNN4 CSF1R TPRKB EXOC6B 
MALAT1 ZSCAN31 ALMS1 LRRC1 ATM ANAPC16 
FOSB NEDD8 SNRPF SMPD1 SIRPG RANBP9 
SERPINA1 FPR1 VNN2 ZFP36L1 BTN3A2 CCNE1 
MT-RNR2 NRIP1 ZNF33A LINC01618 RNASEH1 BPTF 
URB2 IRF8 NPAT MXD1 RN7SL174P LINC00635 
ZNFX1 UBR1 KPNA6 CCR7 UBR4 CACUL1 
BCL2 BCL6 NPC2 NCF2 PCYT1A KCNQ1OT1 
PARP4 CD55 AKNA POGZ TOX4 FAM171B 
NEAT1 RHEBP2 MAP3K1 MXD1   
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Table C.5. A full list of all the differentially expressed genes in Cluster 3 (resolution 0.9 and 1.0). 

ACSM3 UPF3B ABCF1 USP3 NUDT19 TFRC 
GATA1 HBD FECH AKAP10 ROCK1 TFIP11 
CNRIP1 HNRNPA2B1 CLPX CENPJ MPC2 PPM1A 
POLE2 CHD7 CSE1L BBS4 GINS2 SEC24A 
ING3 PHAX CASP3 PJA2 RALA REXO2 
MRFAP1 HBB IARS USP33 CCNB2 SCFD1 
DNAJA4 ANAPC4 RCL1 HELLS CBLL1 NKTR 
NOC3L BLZF1 SLC25A17 ZNF33B ZNF605 TBK1 
BRI3BP KDM1A AP1G2 RBBP4 NAA25 CLTC 
PSMD10 NELFCD GAB3 NCAPG2 NOP58 SMC3 
CHP1 ZNF28 SFXN4 COX15 ZNF701 TAF1D 
ZBTB16 PLXNC1 MTHFD2 PSMD6-AS2 TRIB2 HNRNPD 
SAR1A TTC1 MBD5 SMARCAD1 PIK3C3 IVNS1ABP 
NIPSNAP2 CCT2 NRDC EZR MAP4K4 RABGGTB 
MGME1 GDAP2 GNB4 CCL20 EIF2S1 PHTF1 
THOC7 MBNL2 VPS9D1 DDX41 UFD1 SETD2 
MYL4 CCDC88B PATL1 GUSB PA2G4 TMEM87A 
PRKAR2B ZNF714 ZNF738 FEN1 PRPF4B DNTTIP2 
ADK CTNNBL1 KDM5A CREBZF DNAJA2 GLUD1 
TIMM17A MRPS9 PLK3 TAF7 NORAD TMEM14C 
IKBIP CEP162 TMEM181 MLH3 HNRNPK GGNBP2 
AHCTF1 ANKRD12 EPGN ANXA2 TTC19 COASY 
PDS5A ZNF24 DNAJB4 YIPF4 CAND1 BAZ2B 
TTC13 RAF1 DHX9 ETF1 BCL7B HNRNPA0 
RHBDF2 PTBP3 MAT2A CSNK1A1 MS4A2 SOS1 
BCAP29 MUT GPN1 NCL GTF3C4 SHLD3 
ST7 VPS35L LARP4B MTX2 RIF1 SLC30A4 
ZNF12      
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Table C.6. A full list of all the differentially expressed genes in Cluster 4 (resolution 0.9 and 1.0). 

IKZF1 RAD1 ABRACL CD164 MARCH7 NUP133 
FAM111A OSBPL2 FLI1 CASP4 SLITRK4 GPBP1L1 
EIF3E ZC3H13 TIAL1 CNOT4 TYW5 HOXA9 
DCUN1D1 TBL1XR1 ADGRG6 FNBP1 MMRN1 NAP1L1 
AP1S2 CLEC9A PLCB2 PPIP5K2 PSMA3 TIMM23 
NEURL1 PER2 IQGAP2 SCN9A HIST1H2BC COPS8 
ADSS SELENOF METTL18 VPS13C TMEM41B RAPGEF2 
ADPRM GNG11 GAPT LRMDA PRR14L PCNP 
MALSU1 PAN3 RNF217 TPT1-AS1 RBBP7 RBM5 
RPS4X MAPK1IP1L ZDHHC17 NSA2 TRIM21 RAB22A 
MTRR CDC42SE2 FDXACB1 LINC01138 MAPK6 UTP3 
TOR1AIP2 MAVS ARHGAP15 IRF2BP2 CAPZA2 NFATC2 
ANKRD28 STK32C KIN DTWD1 CRHBP CHD1L 
TMEM173 PDE1A TAP1 SLC15A2 MRTFB ETNK1 
CA8 EIF2S3 SENP7 SLC35E3 MPP6 ZNF649 
MLLT3 SCOC ATP6V1H PSMA3-AS1 TAX1BP1 CAMKK2 
TXLNA ARID1B PTEN WDR12 VPS29 TPP2 
ANXA4 TFPI TPST2 PWWP2A VDAC3 THUMPD1 
DDX50 ZBTB14 HEMGN ING3 IFI16 ATP8B4 
DPPA4 GOLPH3L ANGPT1 HADHB CLNS1A CCP110 
ZNF84 DAP3 NOG ABCD4 MEIS1 NBEAL2 
SLA TXNDC9 MTPAP OGT LEPROT P4HTM 
HIVEP1 KIAA0087 HMGN4 LAIR1 EBPL SSBP1 
UBE2W PSMC3     
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APPENDIX D. OPTIMISING THE VIRUS PRODUCTION PROTOCOL 

 

In vitro HIV experiments require the use and production of infectious HIV. Viral stocks needed 

to be propagated to produce increased quantities for infection experiments. The production 

of R5X4-tropic (CM9) and X4-tropic (SW7) strains was successfully achieved through modifying 

the Montefiori protocol to accommodate the unique replication dynamics of each isolate. This 

protocol makes use of activated PBMCs which contain a large number of susceptible host cells 

for the virus to infect. Upon infection, susceptible PBMCs have the ability to produce and 

release viral particles into the culture supernatant which can then be harvested for subsequent 

experiments. Although this is the most physiological model for the production of viral particles, 

viral mutations occur naturally during each round of replication resulting in an array of viral 

quasispecies present after production (397). For this study, the p24 ELISA and GHOST cell assay 

were used to determine the presence of replication competent virus and infectious units per 

mL, respectively. 

 

D.1. PROPAGATION OF R5- AND R5X4-TROPIC VIRUS 

Primary HIV-1C R5-tropic (CM1) and R5X4-tropic (CM9) isolates were used to establish and 

optimise the HIV production protocol. Activating PBMCs, infecting activated PBMCs with HIV-

1C isolates, feeding co-cultures with newly activated PBMCs and harvesting virus-containing 

supernatants and HIV-infected cells were carried out as described in Section 6.2.1.3. The CM9 

isolate was used for initial production performed as described in the Montefiori protocol. 

During this production experiment, HIV-1C virus was harvested on Day 7 and Day 10. Aliquots 

of harvested supernatant were tested using p24 ELISA to determine whether viral replication 

had occurred. Viral p24 protein was clearly present in aliquots from both days, but was 

noticeably higher on Day 10 (Table D.1). We therefore decided to increase the length of 

production time during the next production. Viral isolate CM1 was used for the next production 

and virus was harvested on Day 10 and Day 15. The p24 ELISA results indicated higher p24 

protein present in Day 10 supernatant compared to Day 15 (Table D.1). Increased production 

time did not result in increased virus produced. Since harvesting on Day 10 yielded good overall 

virus for both CM9 and CM1, virus was harvested on Day 10 for future productions. 
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Table D.1. p24 ELISA results for initial CM1 and CM9 productions.  

Isolate Sample description Raw OD Normalised OD p24 concentration (pg/mL) 

CM9 Blank 0.364 1 - 

 Day 7 1.116 3.066 67.7 

 Day 10 3.577 9.826 1057.1 

CM1 Blank 0.322 1 - 

 Day 10 3.824 10.875 1210.7 

 Day 15 2.514 6.807 615.3 

 

In an attempt to further increase viral output, the co-culture was split into two separate flasks 

at the first feed. Each flask was given a fresh/new pool of 10 x 106 activated PBMCs every three 

days, which is double the number of target cells usually available for the virus to infect. 

Increasing the number of PBMCs on feeding days minimises the possibility of depleting the 

target cells to be infected. This strategy improved the concentration of virus produced 

(Table D.2). The produced virus from the two separate flasks of a single production was quite 

different. Since flasks were kept separate, viral divergence could be different in each flask, 

resulting in different quasispecies. Therefore, in the adapted protocol, the contents from the 

two separate flasks were pooled before each feed to homogenise the viral quasispecies and 

ensure that replication-competent virus is present in each flask after each feed. 

 

Table D.2. p24 ELISA results for modified CM1 and CM9 productions. 

Sample description Raw OD Normalised OD p24 concentration (pg/mL) 

Blank 0.212 1 - 

CM1 Day 10 (Flask 1) 3.596 16.962 2101.6 

CM1 Day 10 (Flask 2) OUT* - - 

CM9 Day 10 (Flask 1)  18.792 2369.5 

CM9 Day 10 (Flask 2) 0.484 2.281 47.4 

OUT* = OD value is higher than the higher limit of detection of the spectrophotometer. 
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Despite our efforts to increase viral production, the number of infectious units remained low 

and required the addition of large volumes of virus to achieve the desired MOI. Efficiency of 

infection decreases as the volume surrounding target cells increases (380). Since the initial 

productions were performed in 30 mL medium, we decided to reduce the volume to 15 mL 

and later 10 mL. Decreasing the volume pre-concentrated the virus and also increased the viral 

yield before harvesting, as detected through the GHOST cell assay (Table D.3). Another attempt 

to concentrate the virus included a 3000 x g spin overnight and collecting the virus at the 

bottom of the tube, while the virus-depleted supernatant at the top was discarded. As 

detected by the GHOST cell assay, both these methods improved viral yield and increased 

infectious units per mL. The pre-concentration step resulted in increased IU/mL and was 

therefore included in the modified protocol.  

 

Table D.3. GHOST cell assay results for centrifugation and pre-concentration methods. 

 Centrifugation Pre-concentration 

 % GFP IU/mL % GFP IU/mL 

Neat 24.34 1.1 x 106 33.81 1.5 x 106 

1/4 dilution 2.10 3.8 x 105 4.94 8.9 x 105 

1/16 dilution 0.88 6.4 x 105 1.47 1.1 x 106 

Average    7.1 x 106  1.2 x 106 

 

Although initial CM1 productions were successful, this viral isolate lost infectivity following 

several rounds of production. Despite numerous attempts to produce infectious CM1, this was 

unsuccessful. Various R5-tropic stocks were obtained from the NICD and since inclusion of an 

R5-tropic isolate is important, small productions were initiated using four different R5-tropic 

isolates (COT1, Du123F, Du156 and Du422) over three days to determine their production 

potential. Virus-containing supernatants were harvested from each isolate on Day 3 for p24 

ELISA (Table D.4). Isolates that showed increased p24 on Day 3 (COT1 and Du156) were taken 

through the full ten-day production. Despite the promising p24 results from Day 3 

supernatants for COT1 and Du156, little to no infectivity was achieved, as determined by the 

GHOST cell assay (Figure D.1). 
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Table D.4. p24 ELISA results for small productions of R5-tropic isolates. 

Sample description Raw OD Normalised OD p24 concentration (pg/mL) 

Blank 0.199 1 - 

COT1 1.867 9.382 288.2 

Du123F 0.676 3.397 78.7 

Du156 1.767 8.879 270.6 

Du422 0.402 2.020 30.8 

 

 

Figure D.1. GHOST assay results for COT1 and DU156 isolates. Density plots (FS vs. GFP) illustrating the 

GFP expression of HIV-1 isolates, (a) COT1 and (b) Du156, during a Ghost cell assay after full (ten-day) 

productions. Results for unexposed controls (left) and HIV-exposed samples (neat, undiluted viral stock) 

(right) were selected for this illustration. Both unexposed controls and HIV-exposed samples were 

GFP-negative. It was therefore concluded that these HIV-1 isolates were non-infectious. 

  

(a) 

(b) 
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D.2. PROPAGATION OF X4-TROPIC VIRUS 

Propagation of HIV-1C X4-tropic isolate (SW7) resulted in massive cell death. During the initial 

production, virus-containing supernatant was harvested on Day 4 and Day 10. Although Day 4 

supernatant indicated viral production, this was significantly decreased in Day 10 supernatant. 

This suggested that SW7 is more cytotoxic and therefore results in more rapid target cell 

depletion when compared to the other isolates. This observation directed us to include more 

frequent feeds with an increased number of PBMCs in a seven-day production for the 

production of SW7 isolates. The shortened protocol maintained viral productions at various 

timepoints, with the highest viral yield on Day 7. These results were also achieved for 

subsequent productions (Table D.5). 

 

Table D.5. p24 ELISA results for initial and modified X4-tropic productions. 

Sample description Raw OD 
Normalised 

OD 

p24 

concentration 

(pg/mL) 

Initial production Blank 0.166 1 - 

 Day 4 (1/10 dilution) 0.404 2.434 45.26 

 Day 10 (1/10 dilution) 0.24 1.446 10.71 

Modified production_1 Blank 0.169 1 - 

 Day 3 (1/10 dilution) 0.227 1.343 7.13 

 Day 5 (1/10 dilution) 0.297 1.757 21.61 

 Day 7 (1/10 dilution) 1.099 6.503 187.54 

Modified production_2 Blank 0.199 1 - 

 Day 7 (1/5 dilution) 3.855 19.372 637.5 
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APPENDIX E. INFORMED CONSENT DOCUMENT 

 

UMBILICAL CORD BLOOD COLLECTION 

 

PATIENT INFORMATION LEAFLET AND INFORMED CONSENT 

(Each patient must receive, read and understand this document before the start of the study) 

 

STUDY TITLE 

 

The susceptibility of hematopoietic stem and progenitor cells to acute and latent HIV-1 infection 

 

Secondary study title (to improve some of the laboratory techniques):  

Novel approaches to conventional quality assurance parameters usually performed before freezing and 

after thawing cord blood units 

 

INTRODUCTION  

 

This information leaflet is to help you to decide whether you would like to participate in a research 

project. Before agreeing to take part in the study, please make sure you understand and is comfortable 

with all procedures involved and please do not hesitate to ask the investigator about anything you might 

be uncertain of. You should not agree to take part unless you are completely satisfied about all 

procedures involved. 

 

WHAT IS THE PURPOSE OF THE STUDY? 

 

Researchers at the University of Pretoria would like to investigate the properties of hematopoietic stem 

cells. Hematopoietic stem cells are very early (young) cells that have the potential to become any of 

the cells (more mature) in your bone marrow and blood. These hematopoietic stem cells can be found 

in the afterbirth (placenta), peripheral (circulating) blood, and bone marrow. There are more 

hematopoietic stem cells in cord blood than in peripheral (circulating) blood. It is important to realize 

that hematopoietic stem cells can only be collected from peripheral blood in sufficient numbers, after 

the donor was treated with a drug that will stimulate the production and release of these hematopoietic 

stem cells in the circulating blood. This is usually done when a donor donate hematopoietic stem cells 

to be used in treatment of blood-related cancers and other blood diseases. However, the higher 

numbers of hematopoietic cells in umbilical cord occurs naturally and is not due to any treatment 

received by the expecting mother. Please note that this consent form serves for the purpose of 

umbilical cord blood collection only. Hematopoietic stem cells could potentially be used to treat 

patients with various kinds of diseases such as cancer, blood diseases and HIV. In order to use these 

cells to treat humans in the future, researchers must first study these cells in a laboratory. The research 

also involves improving the current techniques in the laboratory in order to detect these very rare cells 

more efficiently and optimally. As mentioned, these cells are very rare and researchers also look in to 

ways to store these precious cells optimally as well as how to expand (increase) the cell numbers in the 
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laboratory. Please be assured that the collection of these cells and the research will not use any 

unethical procedures. 

 

Hematopoietic stem cells make up only approximately 1% of all the cells present in the umbilical cord 

blood. After isolation of the hemapoietic stem cells the rest of these cells are discarded, but these cells 

can be very useful for other research projects. For example, monocytes (one of the cell types present 

in the blood) can be very useful to researchers that are doing tuberculosis research and lymphocytes, 

especially T-lymphocytes, are very useful to researchers that are doing HIV research. Blood cells are 

usually mature. Therefore, the genetic make-up of these cells are often used by researchers as a 

reference point of how a mature cell looks like and to what extend the genetic make-up of immature 

(young) cells, such as hematopoietic cells, differ from the mature cells.  

 

By signing this document you give the researchers permission to use the other cells (otherwise regarded 

as biological waste) in research projects.  Please note that researchers are not allowed to do any 

research with these cells, before they received permission from the relevant ethics committees for their 

individual research projects.  

 

WHEN AND HOW IS THE BLOOD COLLECTED? 

 

Under normal circumstances, the umbilical cord and placenta is discarded after a baby is born, since 

they serve no further purpose for either the mother or the baby.  Researchers could however use the 

normally discarded blood for research purposes. After the birth of the baby, the umbilical cord is cut 

and cord blood will then be collected from the cord. Collecting the blood does not harm the mother or 

the baby in any way. The collection can only take place at the time of delivery and is performed by your 

doctor. 

 

 

WHAT WILL BE EXPECTED OF ME? 

 

Researchers will have access to your medical information, however, all your personal information will 

be regarded as confidential and anonymous during the study. 

 

By signing this document you give the researchers permission to request your HIV status from your 

doctor, since it is important for the study that only HIV-negative blood is used. If your HIV status is 

unknown, please indicate below whether you give the researchers permission to test for HIV. If you do 

not wish us to know the result of your HIV test, we will not be able to include you in the study. In the 

case of an HIV positive result, you will be counselled by qualified medical personnel.  

 

In some isolated cases it might however be important for the doctors or researchers involved in the 

study to convey medical information to medical personnel or appropriate Research Ethics committees. 

In such a case, you by signing this document, give permission to the investigator to release your medical 

records to regulatory health authorities or an appropriate Research Ethics committee. If necessary, 

these medical professionals will discuss the results with your doctor and everyone will act in your best 

interest.  
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HAS THE STUDY RECEIVED ETHICAL APPROVAL? 

 

A protocol for the study was submitted to the Research Ethics Committee of the Faculty of Health 

Sciences at the University of Pretoria and received written approval from the committee. The study is 

structured in accordance with the Declaration of Helsinki, which deals with the recommendations 

guiding doctors in biomedical research involving humans.  

 

WHAT ARE MY RIGHTS AS A PARTICIPANT IN THE STUDY? 

 

Your participation in the study is entirely voluntary and you can refuse to participate or withdraw 

consent at any time without stating any reason. Your withdrawal will not affect your access to medical 

care or the quality of medical care that you or your baby will receive.   

 

IS THERE ANY RISK OR DISCOMFORT DURING COLLECTION? 

 

No. The cord blood is collected after your baby has been born. The collection is painless, easy, and does 

not involve you or your baby, and takes about 5 minutes. 

 

IS THERE FINANCIAL GAIN / LOSS FOR MY ACCOUNT IN THE STUDY? 

 

There will be no gain or loss for you or your baby should you participate/withdraw from the study. The 

research could potentially lead to future profitable treatments. Neither you nor your baby will have 

access to these profits. There will be no additional financial costs for you to participate in the study. 

 

SOURCE OF ADDITIONAL INFORMATION 

 

If at any time you have any questions about the study, please do not hesitate to contact Ms. Juanita 

Mellet (079-523-6401), Mr. Carlo Jackson (082-259-4553), Dr. Chrisna Durandt (084-484-5561) or Prof. 

Michael Pepper (012-319-2190). You are also welcome to contact the Faculty of Health Sciences Ethics 

Committee at the University of Pretoria if you have any concerns or questions. Their contact details are: 

 

The Research Ethics Office: 

Tel: 012 - 354 1330 or 012 - 354 1677 

Fax: 012 - 354 1367 

 

For information regarding the collection procedure, you may contact your doctor. 

 

CONFIDENTIALITY 

 

No personal information will be collected from you, the participant. Each participant will be assigned a 

code and this code will be the only information that the researchers will have. Research reports and 

articles in scientific journals will not include any information which identifies you or your baby in the 

study. Only anonymous details which include date of birth, ethnicity and gender will be used in the 

study. 
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INFORMED CONSENT 

 

I confirm that the person asking for my consent to take part in the study has told me about the nature, 

conduct, benefits and risks of the study. I have also received, read and understood the above written 

information (Patient Information Leaflet and Informed Consent) regarding the study. 

 

I am aware that the results of the study, including anonymous personal details (ethnicity, gender, age, 

and date of birth) will be processed into a study report.  

 

I hereby give the researchers permission to request my HIV status from my doctor. 

 

I may, at any stage, withdraw my consent and participation in the study. I have had time to ask questions 

and have no objection to participating in the study. 

 

I hereby give the researchers permission to request my HIV status from my doctor. 

 

 

 

Laboratory tests sometime require the isolation of genetic material, also known as DNA and RNA. 

Genetic material contains information about the cell that only can be revealed if researchers perform 

specialized tests on the genetic material. These tests are often needed in order to completely 

understand the characteristics of cells. Genetic information also allows researchers to look into what 

effect infectious agents, such as Mycobacterium tuberculosis (cause tuberculosis in humans) and HIV, 

might have on these cells. In addition, molecular biology tests (tests that make use of DNA or RNA) are 

often the most sensitive tests available to detect if cells are infected with bacteria (such as 

Mycobacterium tuberculosis) and/or viruses (such as HIV). Please indicate below if you give the 

researchers permission to perform these tests. Please note that as soon as the genetic material is 

extracted from the cells, it would receive an anonymous code to protect your identity. 

  

I hereby give consent for genetic tests and studies to be performed on the source donated. 

 

 

 

Patient's name __________________________________ (Please print)  

Patient's signature _______________________________ Date     _______________ 

 

I herewith confirm that the above patient has been informed fully about the nature, conduct and risks 

of the above study. 

 

Investigator's name ________________________________ (Please print) 

Investigator's signature _____________________________ Date     ________________ 

 

 

Doctor’s name ___________________________________ (Please print) 

Doctor’s signature ________________________________ Date     ________________ 

YES NO 

YES NO 
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APPENDIX F. AMENDED INFORMED CONSENT DOCUMENT 

 

UMBILICAL CORD AND CORD BLOOD COLLECTION 

 

PATIENT INFORMATION LEAFLET AND INFORMED CONSENT 

 

(Each patient must receive, read and understand this document before the start of the study) 

 

Dear Patient/Participant: ______________________________________________ 

 

This information leaflet provides information on why you have been approached to donate umbilical 

cord blood/umbilical cord tissue for research purposes. Please note that your decision to donate cord 

blood/umbilical cord tissue for research purposes is completely voluntary, and we hope the information 

below will be sufficient to allow you to make an informed decision regarding donation for research 

purposes. 

 

STUDY TITLE 

 

The samples you donate will be used in one or more of the research studies listed below that are 

underway at the Institute for Cellular and Molecular Medicine (ICMM), University of Pretoria: 

 

Study titles:   

1. The susceptibility of hematopoietic stem and progenitor cells to acute and latent HIV-1 

infection; 

2. Evaluating the effects of HIV-1 infection on haematopoietic stem cell colony formation 

3. Novel approaches to conventional quality assurance parameters usually performed before 

freezing and after thawing cord blood units 

4. The role of Pref-1 in in vitro adipogenic differentiation of mesenchymal stromal/stem cells 

5. Correlation of hematopoietic stem cell transplantation quality assurance parameters with 

engraftment success in multiple myeloma patients 

 

INTRODUCTION  

 

This information leaflet is to help you decide whether or not you would like to donate your samples for 

use in a research project. Before agreeing to take part, please make sure you understand and are 

comfortable with all procedures involved. Please do not hesitate to ask the investigator about anything 

about which you may be uncertain. You should not agree to take part unless you are completely 

satisfied that you fully understand all procedures involved. 

 

WHAT IS THE PURPOSE OF THE STUDY? 

 

Researchers at the University of Pretoria would like to investigate the properties of stem cells. These 

researchers are interested in two types of stem cells. Hematopoietic stem cells which are very early 
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(young) cells that have the potential to become any of the more mature cells in your blood. These 

hematopoietic stem cells can be found in the afterbirth (placenta), peripheral (circulating) blood, and 

bone marrow. Hematopoietic stem cells could potentially be used to treat patients with various kinds 

of diseases such as cancer, blood diseases and HIV. In order to use these cells to treat humans in the 

future, researchers must first study these cells in a laboratory. The research also involves improving the 

current techniques in the laboratory in order to detect the haematopoietic stem cells more efficiently 

and optimally. Researchers are looking in to ways to store these precious cells optimally as well as how 

to expand (increase) cell numbers in the laboratory. Please be assured that the collection of these cells 

and the research will not use any unethical procedures. 

 

Hematopoietic stem cells make up only approximately 1% of all the cells present in the umbilical cord 

blood. After isolation of the hematopoietic stem cells the rest of these cells are discarded, but these 

cells can be very useful for other research projects (see below). For example, monocytes (one of the 

cell types present in the blood) can be very useful to researchers that are doing tuberculosis research 

and lymphocytes, especially T-lymphocytes, are very useful to researchers that are doing HIV research. 

Blood cells are usually mature. Therefore, the genetic make-up of these cells is often used by 

researchers as a baseline for maturity, and to determine the extent to which the genetic make-up of 

immature (young) cells, such as hematopoietic stem and progenitor cells, differs from mature cells. 

 

Researchers at the University of Pretoria are also investigating the biological properties of mesenchymal 

stromal/stem cells. These cells are isolated from the umbilical cord tissue itself. Researchers at the 

University of Pretoria would like use these mesenchymal stem cells to investigate the process of fat cell 

maturation (adipogenesis), as obesity is becoming an increasing problem worldwide. The mesenchymal 

stem cells isolated from the umbilical cord can be used to investigate this maturation process. However, 

in order to better understand fat cell maturation, researchers must first study the behaviour and growth 

of the stem cells isolated from the umbilical cord in the laboratory and/or in animal models. The 

collection of adult stem cells does not make use of any unethical procedures. 

 

Please note that this consent relates to umbilical cord and umbilical cord blood collection only.  

 

By signing this document you give the researchers permission to use cells from the cord and cord blood 

(otherwise regarded as biological waste) in research projects.  Please note that researchers are only 

allowed to do any research with these cells for which they have obtained permission from the relevant 

ethics committees for their individual research projects.  

 

WHEN AND HOW IS THE BLOOD AND UMBILICAL CORD COLLECTED? 

 

There is no risk or discomfort involved in the collection of cord or cord blood, for you or for your baby. 

The birth of the child would still render the normal risks and discomforts associated with your normal 

birth procedure. 

 

Under normal circumstances, the umbilical cord and placenta are discarded after a baby is born, since 

they serve no further purpose for either the mother or the baby.  Researchers could however use the 

normally discarded blood and tissue for research purposes. After the birth of the baby, the cord blood 

will be collected from the cord and a 15 cm long piece of cord will be cut and collected. The remainder 
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of the cord will be discarded as normal. Collecting the blood does not harm the mother or the baby in 

any way. The collection can only take place at the time of delivery and is performed by your doctor. 

 

WHAT WILL BE EXPECTED OF ME? 

 

Researchers will have access to your medical information. However, all your personal information will 

be regarded as confidential and anonymous during the study. 

 

Laboratory tests will be performed on the cord blood and umbilical cord samples if you wish to donate 

them to the study. Laboratory tests sometimes require the isolation of genetic material. Genetic 

material is the means by which cells store information and transfer “instructions” from one generation 

to the next. Genetic material is stored within the cell as molecules called DNA and RNA. The information 

contained within the genetic material of the cell can only be revealed if researchers perform specialized 

tests on the genetic material. These tests are often needed in order to completely understand the 

characteristics of cells. Genetic information also allows researchers to look into what effect infectious 

agents, such as Mycobacterium tuberculosis (cause tuberculosis in humans) and HIV, might have on 

these cells. In addition, molecular biology tests (tests that make use of DNA or RNA) are often the most 

sensitive tests available to detect if cells are infected with bacteria (such as Mycobacterium 

tuberculosis) and/or viruses (such as HIV). By signing this document, you give researchers permission 

to perform these tests. Please note that as soon as the genetic material is extracted from the cells, it 

will receive an anonymous code to protect your identity.  

 

It is important that we only use HIV-negative samples for our research. We thus perform a test for HIV 

in our laboratory as one of our quality assurance steps. By signing this document you give the 

researchers permission to test the sample for HIV. Should there be a positive HIV test result from our 

laboratory, we will convey this information to your doctor. Please take note that our laboratory is a 

research laboratory and not an accredited diagnostic facility. Any test that is positive on our testing 

platform will have to be confirmed by an accredited diagnostic laboratory. 

 

HAS THE STUDY RECEIVED ETHICAL APPROVAL? 

 

Protocol for the studies mentioned herein were submitted to the Research Ethics Committee of the 

Faculty of Health Sciences at the University of Pretoria and have received written approval from the 

Committee to proceed. The studies are structured in accordance with the Declaration of Helsinki, which 

deals with the recommendations guiding doctors in biomedical research involving humans.  

 

WHAT ARE MY RIGHTS AS A PARTICIPANT IN THE STUDY? 

 

Your participation in the study is entirely voluntary and you can refuse to participate or withdraw 

consent at any time without stating any reason. Your withdrawal will not affect your access to medical 

care nor the quality of medical care that you or your baby will receive.   
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IS THERE ANY RISK OR DISCOMFORT DURING COLLECTION? 

 

No. The cord blood is collected after your baby has been born. The collection is painless, easy, and does 

not involve you or your baby, and takes about 5 minutes. 

 

IS THERE FINANCIAL GAIN / LOSS FOR MY ACCOUNT IN THE STUDY? 

 

There will be no gain or loss for you or your baby should you participate/withdraw from the study. The 

research could potentially lead to future profitable treatments. Neither you nor your baby will have 

access to these profits. There will be no financial costs for you to participate in the study. 

 

SOURCE OF ADDITIONAL INFORMATION 

 

If at any time you have any questions about the study, please do not hesitate to contact Ms. Juanita 

Mellet (079-523-6401), Dr. Chrisna Durandt (084-484-5561) or Prof. Michael Pepper (012-319-2190). 

You are also welcome to contact the Faculty of Health Sciences Research Ethics Committee at the 

University of Pretoria if you have any concerns or questions. Their contact details are: 

 

The Research Ethics Office: 

Tel: 012 - 356 3085 

 

For information regarding the collection procedure, you may contact your doctor. 

 

CONFIDENTIALITY 

 

Each participant’s sample and the material derived therefrom will be assigned a specific code and this 

code will be used in all research studies. Certain information, including race, ethnicity, gender and 

medical history, may be important for scientific reasons. This information will be linked to the sample 

code and not to your identity. Research reports and articles in scientific journals will not include any 

information that may lead to your personal identification. 

 

In some isolated cases it might however be important for the doctors or researchers involved in the 

study to convey medical information to medical personnel or appropriate Research Ethics Committees. 

In such a case, by signing this document, you give permission to the investigators to release your 

medical records to regulatory health authorities or an appropriate Research Ethics Committee. If 

necessary, these medical professionals will discuss the results with your doctor and everyone will act in 

your best interest.  
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INFORMED CONSENT 

I confirm that the person asking my consent to take part in this study has told me about the nature, 

process, risks, discomforts and benefits of the study.  

 

I have received, read and understood the above written information (Information Leaflet) regarding the 

study.  

 

I am aware that the results of the study, including personal details, will be anonymously processed into 

research reports.  

 

I am participating willingly. I have had time to ask questions and have no objection to participate in the 

study.  

 

I understand that there is no penalty should I wish to discontinue with the study and my withdrawal 

will not affect my access to medical care or the quality of the medical care I will receive. 

 

I hereby give consent for genetic tests specifically related to the current research projects to be 

performed on the source donated. 

 

 

I hereby give the researchers permission to test the sample for HIV for experimental purposes. 

 

 

In the case of a positive HIV test result I would like my doctor to disclose the result of the test to me. 

 

 

I hereby consent to donate the source indicated below to the present study (please tick appropriate 

box):  

                   Umbilical cord ………………... 

                   Umbilical cord blood ………… 

 

 

I have received a copy of the accompanying information leaflet. 

 

Participant full names (print): __________________________________________________ 

Participant signature: ______________________________ Date:  _____________________ 

 

Investigator full names (print): _________________________________________________ 

Investigator signature: _____________________________ Date:  _____________________ 

 

Doctor full names (print): _____________________________________________________ 

Doctor signature: _____________________________ Date: _________________________ 

YES NO 

 

 

YES NO 

YES NO 
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