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Abstract 
 

Vitamin-C (Vit-C) has been shown to modulate hematopoietic stem cells and leukemia stem cell 

frequency in-vivo. Herein, Vit-C analogue, L-ascorbic acid 2-phosphate (AA2P), was investigated 

as a new potential HSC expansion agonist. Cord blood CD34+ cells were expanded in cultures 

with or without AA2P. AA2P induced a 2-fold increase in the expansion of stem and progenitor 

subsets including lymphoid-primed multi-potential progenitors (p<0.05, n=3) and functional 

colony forming progenitors. The functional properties of AA2P grafts was evaluated with a 

xenotransplant model. Superior platelet levels in the periphery (p<0.05) and human bone marrow 

engraftment (median 75% hCD45+ cells for AA2P Vs. 48% for PBS control at week-22, n=3, 

p<0.05) was detected in AA2P cohorts Vs. control. In summary, my results demonstrate that AA2P 

is a new stem and progenitor expansion agonist with AA2P-expanded stem and progenitor cells 

capable of increased engraftment and higher platelet recovery. These findings may aid to overcome 

cord blood limitations; thereby, improving clinical relevance.  
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Chapter 1: Introduction 

1.1 Hematopoiesis—The Hematopoietic Stem Cell 

A continuous process involving renewal, proliferation, differentiation, and maturation of 

all blood lineages, hematopoiesis is described as a cellular hierarchy where at the apex resides—

the multipotent hematopoietic stem cell (HSC)1–4. All components of blood are derived from this 

common cell which produces progenies responsible for the formation, development, and 

specialization of all functional blood cells that are released from the bone marrow (BM) into 

circulation in an adult1-2. Within this system, only HSCs possess both multipotency and long-term 

self-renewal. The ability to differentiate into all functional blood cells is termed multipotency; the 

ability to give rise to HSC itself without differentiation is termed self-renewal—these encompass 

the hallmark properties of HSCs5. Proliferation and differentiation behaviour of HSCs are key for 

maintaining a balanced and lifelong blood supply.  

To ensure enough mature blood cells are generated, as many are short-lived5, more than 1 

million cells are produced per second6,7. HSCs, which represent 0.01% of the total BM cell 

population8, remain quiescent under normal conditions, but induced to proliferate under demand 

or conditions of stress6. To meet these demands, the tight regulation of HSC is required—

dysregulation of these programs lead to unchecked growth of cells such as those disorders found 

in leukemia9. Control of HSC pool is maintained by asymmetrical and symmetrical division9. 

Asymmetrical division produces one stem and one differentiated10–12; symmetrical division 

produces two differentiated or two stem cells13–16(Figure-1).  

HSC self-renewal is regulated by intrinsic and extrinsic signals that are managed by 

localized microenvironments termed “niche”17. Niche support stem cell function by producing 

factors that act directly on stem cells18.  In adult mammals, the BM is the specialized niche where 
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hematopoiesis largely takes place and is regulated by cellular vascular endothelial cells and 

osteoblasts17,19(Figure-2). These cells make up structures and extracellular matrix that tightly 

regulate steady expansion, stemness, and differentiation20—maintaining the integrity and function 

of HSCs.  

Specifically, BM endothelial cells act as a mechanical barrier that prevent entry of mature 

red blood cells and platelets into the BM from circulation, regulate cellular trafficking, 

hematopoiesis and osteogenesis21–23—contributing to a specialized perivascular niche where most 

hematopoietic stem and progenitor cells (HSPC) reside24–27 Here, HSCs that remain quiescent have 

been identified to shelter close to the endosteal surface in the trabecular bone17. Interestingly, HSC 

maintenance is dependent on less permeable endosteal blood vessels that support a low reactive 

oxygen species (ROS) niche28. To reinforce this, BM arteries retain HSC populations by 

downregulating nitric oxide production, improving adhesion, and reducing migration29. However, 

the existence of a diverse vascular niche exists whereby quiescent HSCs must egress and home to 

other distinct locations for differentiation to proceed27,28.  

 The release of factors to promote HSC maintenance is another important function of niche 

cells, most important of which include stem cell factor (SCF), CXC-chemokine ligand 12 

(CXCL12/SDF-1a), and thrombopoietin (TPO). Available in both membrane-bound and soluble 

forms, SCF is an important growth factor that requires binding to the receptor tyrosine kinase, 

expressed by HSCs, for maintenance properties30–33. Similarly, CXCL12 activates signalling 

through CXC-chemokine receptor 4 (CXCR4), expressed by HSCs, to promote HSC maintenance 

and retention in the BM34—deletion of either these proteins deplete HSCs from the BM35,36. In 

addition, their role in homing properties of transplanted HSCs is integral for increased engraftment 

and proliferation activity37,38.  Finally, by activating myeloproliferative leukaemia protein 
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signalling on HSCs, TPO is an important growth factor for megakaryocyte and platelet production, 

and important for HSC maintenance39–41. However, it is still unknown whether local or distant 

production of TPO is key for HSC maintenance as the liver produces the highest levels of TPO42,43. 

Overall, perivascular stromal- and endothelia-cells together express or secrete factors that promote 

proliferation, differentiation, and maintenance of HSCs that are necessary for long-term (LT) 

hematopoiesis.  
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Figure 1. HSC Differentiation: Asymmetric and Symmetric. Two models of division an HSC 
can undergo. Model one (left): asymmetrical division where a stem cell produces one daughter and 
one differentiated cell. Model two (right): symmetrical division where an HSC produces two 
differentiated cells or two daughter cells. Figure adapted from Shahriyari et. Al9, 2013. (Content 
of the legend is from my thesis).  
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Figure 2. Bone marrow & the hematopoietic niche. Visualization of the HSC niche at increasing 
resolution (A) HSCs can circulate and take up residence in organs like the spleen and liver, but the 
majority of functional HSCs in an adult reside in the BM (B) Localization of HSCs in perivascular 
or endosteal regions, where they interact directly or indirectly with different kinds of cells that make-
up the HSC niche (C) HSC at the cellular level (D) Niche cells release factors that maintain 
hematopoietic balance by favouring HSC quiescence, and self-renewal or differentiate when needed. 
This figure shows how HSC location is becoming increasingly more detailed with the introduction 
of novel tools and refined approaches. Figure adapted from Ugarte et al.220 (Content of the legend is 
from my thesis).  
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Recent single cell study such as transplant and RNA sequencing has revealed that the HSC 

subpopulation is highly heterogenous (Figure-3). This HSC heterogeneity consists of varying 

differentiative and proliferative potential, which have been elucidated via single HSC 

transplantation44,45. Unlike LT-HSCs that replenish a lifelong supply of blood with their ability to 

self-renew and contribute to multilineage reconstitution, short-term (ST) HSCs can only 

accomplish this for up to 6 weeks46–48. Loss of self-renewal potential is evident in ST-HSCs 

developing into progenitors that become increasingly lineage restricted with further 

differentiation49. The first descendant from HSCs, the multipotent progenitor (MPP), proliferate 

extensively before maturing to terminally differentiated cells6. Here, MPPs are cells that initiate 

differentiation—bridge LT self-renewal of HSCs and first lineage-committed progenitors. MPPs 

can generate all mature blood cell types but have limited self-renewal capacity; therefore, only 

able to support transient hematopoiesis46,47.  

CD34, a transmembrane phosphoglycoprotein50, is expressed on most human 

hematopoietic repopulating cells and progenitor populations51–53. Further enrichment of human 

HSCs within the CD34+ population can be achieved by combining other markers, such as the 

multi-functional transmembrane protein CD3854,55. Expressed in various immune cells and 

progenitors56, only cells that reside in the CD38 low or negative fraction give rise to multilineage 

colonies and engraftment51,57–60. Moreover, cells positive for CD90 are highly enriched for LT 

culture-initiating cells and capable of repopulating immunodeficient mice58,61. Furthermore, an 

isoform of CD45 that negatively regulates certain classes of cytokine signaling, CD45RA, is 

important for identifying HSPC62. Here, HSPCs that are functionally multipotent but have 

incomplete self-renewal capacity are CD34+ CD38− CD45RA−CD90−63. Ultimately, 

repopulating activity can be probed using the following phenotypic markers: 
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CD34+CD38−CD45RA−CD90+57,64–66. More recently, CD49f positive cells with a 

CD34+CD38−CD45RA−CD90+ phenotype have been shown to be highly enriched in HSC 

activity, while CD34+CD38−CD45RA−CD90+CD49f− are enriched in MPP; thereby, further 

distinguishing HSC and MPP subsets67. These phenotypic profiles are tailored for primitive HSC 

populations that begin LT cultures, capable of repopulating immunodeficient mice, and present in 

human transplants50.  

Blood cells can be categorized into either the myeloid or lymphoid lineage by MPPs 

(CD34+CD38–CD45RA–CD90–)68 that give rise to precursors—separable at the progenitor 

level69. Although hematopoietic progenitor cells (HPC) are CD34+, they co-express CD38 with 

cell surface proteins specific to lineages such as CD33 (myeloid lineage)70 and CD19 and CD10 

(B-lymphoid lineage)71. Of importance is the oligopotent intermediate, the common myeloid 

progenitor (CMP: CD34+CD38+CD45RA–CD123–)68, capable of differentiating into 

granulocyte-monocyte progenitor (GMP: CD34+CD38+CD45RA+CD123+)68 or the 

megakaryocyte-erythroid progenitor (MEP: CD34+ CD38+CD45RA–CD123−)68,2. GMPs can 

produce granulocytes (basophils, eosinophils, neutrophils, and mast cells) or monocytes 

(macrophages); MEPs go on to make red blood cells and platelets—all transient mature cell 

populations72. Unlike MPPs capable of multi-lineage differentiation, lymphoid-primed multi-

potent progenitors (LMPP: CD34+CD38–CD45RA+CD90–)72 that are downstream of MPPs 

replenish durable adaptive immune cells (B and T) and natural killer cells through the common 

lymphoid progenitor (CLP: CD34+ CD38– CD45RA+CD90–)68, granulocytes, and monocytes—

all but erythrocytes and megakaryocyte72,73.  
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Figure 3. Hierarchical models of hematopoiesis. Changes in the understanding of HSC hierarchy 
and hematopoiesis. a) year 2000: homogenous HSC population, downstream of which common 
myeloid progenitor (CMP) and common lymphoid progenitor produce indicated cells221 b) 2005-
2015: new observations that HSC pool is heterogenous in self-renewal and differentiation. The 
addition of lymphoid primed multipotent progenitor (LMPP) and heterogenous granulocyte-
monocyte progenitor (GMP)222 c) 2016-present: continuum of differentiation where each red dot 
represents a single cell and its localization221. (Figure adapted from E Laurenti and B Göttgens, 
2018 (Content of the legend is from my thesis).  
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1.2 Functional Assays Available to Track HSC and Progenitors  

 HSC populations can be identified based on their differential expression of multiple surface 

proteins50. Positive selection for CD34 and CD90 combined with negative selection of mature 

hematopoietic markers (lineage markers) enriches HSPCs74. Although fluorescent activated cell 

sorting (FACS) methods are important for revealing enriched HSC populations, identification of 

HSCs is determined by assays intended to measure stem cell function74. Functional analysis of 

HSPCs are important for providing the highest quality of stem cell product needed by transplant 

recipients. Functional properties of HPCs can be assessed using the colony forming unit (CFU) 

assay by examining the growth and morphological colonies of cells grown in a specialized 

semisolid medium75. Progenitors detected with this assay include burst-forming unit-erythroid 

(BFU-E), colony-forming unit erythroid (CFU-E), colony-forming unit monocyte (CFU-M), 

colony-forming unit granulocyte (CFU-G), CFUs containing granulocyte and monocyte (CFU-

GM), and immature CFUs containing granulocytes, erythrocytes, monocyte, and megakaryocytes 

(CFU-GEMM)44. These enumerated colonies provide important information for measuring 

functional progenitors present in stem cell products; therefore, underscoring its clinical 

relevance76. More importantly, there exist a well-established positive correlation between the graft 

CFU content and engraftment activity, despite the fact that HSC are not detected using the CFU 

assay77. The long-term culture initiating cell assay, or LTC-IC, is another in vitro assay that can 

detect progenitors that are far more primitive than those detected by the CFU assay78. However, 

due to its long processing time (up to 7 weeks), this assay is not routinely used in clinic and 

reserved for research work. 

 Only transplantation experiments can truly measure HSC function. The transplantation 

assay is performed to evaluate HSC activity via transplantation into irradiated mice in research 

settings—it is the gold standard assay which requires serial transplantation to confirm engraftment 
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and self-renewal capabilities79. Human HSC ‘grafts are transplanted intravenously (i.v.) or intra-

femoral into immunodeficient mice such as the NOD-SCID interleukin (IL)-2Rγ (NSG)80. The 

mice carry two mutations on the NOD/ShiLtJ genetic background; severe combined immune 

deficiency (scid) and a complete null allele of the IL-2 receptor common gamma chain 

(IL2rgnull)81. Unlike NOD/Scid mice that prevent LT studies because they develop lymphoma, 

NSG mice lack B, T, NK cells, support 5-fold higher human CD34+ engraftment, and defects in 

lymphomagenesis allow for LT investigation81. While NSG mice are a viable model for 

reconstituting human HSPC, there are some developmental function defects that remain81–83. For 

example, differentiation of human HSC into functional myeloid cells and NK cells is limited84,85, 

B-cells do not undergo optimal maturation to become memory and antibody-producing cells86,87, 

and T-cell maturation is disturbed due to the lack of thymic support which follows a strong bias in 

B-lymphocyte differentiation88,89,.  

LT engraftment is now evaluated 4-months post transplantation since ST-HSCs and MPPs 

produce progenies for up to 16 weeks post-transplantation90. LT-HSC potential requires evaluating 

engraftment 4-months following transplantation or performing secondary transplantation to assess 

self-renewal ability of HSCs present in the primary graft91,92. The ability to generate serial 

progenies and subtypes in addition to sustaining a lifelong supply of blood components can be 

tested using serial transplantation assays. Serial transplantation assays are used to test the power 

of HSCs’ ability to self-renew; therefore, testing LT potential93. Self-renewal capacity of HSCs 

inevitably declines with time, leading to the accumulation of unrepaired and damaged cells as well 

as mature differentiated cells94. Ultimately, the serial transplantation assay is great for assessing 

HSC exhaustion and aging, which accompany a decline in stem cell function. Finally, HSC 

frequency in a given graft or cell aliquots can be estimated using the limiting dilution assay44. A 
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series of dilutions of test cells are transplanted into mice and the actual frequency of HSC can be 

calculated by Poisson distribution44.  

1.3 Umbilical Cord Blood: The Good and The Bad 

 HSC transplantation (HSCT) is the most successful and final course of action available to 

treat patients with hematological malignancies, BM failure, severe anemia, and many other health 

related problems68. Umbilical cord blood (CB) is readily available, efficiently stored, HLA-

mismatch friendly, and less associated with graft-versus-host disease 68,95. The first CB transplant 

was used to treat and save the life of a child with Fanconi anemia, a fatal genetic disorder96. The 

successful transplant cured the hematological manifestation of Fanconi anemia by replacing the 

recipients genetically diseased blood cells96. 25 years later, the recipient of the first CB transplant 

is alive and well—now, all disorders treated with BM transplants can be successfully treated with 

a CB transplant97,98. However, CB has slow early neutrophil and platelet engraftment; reduced LT 

immune reconstitution or homing that is associated with faulty adhesion receptor fucosylation on 

HSPCs; and higher risk for graft failure99–102. Furthermore, a single CB unit does not contain 

enough cells for an adult transplant recipient103. Ultimately, a low number of HSPC in CB units 

are thought to be the cause of this problem104.  

1.4 Overcoming CB limitations: The Strategies  

 The main limitation of CB transplantation is the small number of HSPCs per CB unit which 

often leads to delayed engraftment68. Two independent strategies are currently under investigation 

to improve the engraftment and use of single CB units; increasing the homing efficiency of HSC 

and progenitors by priming cells to the BM and, ex vivo expansion of CB HSPCs to produce large 

quantities of HSC and progenitors105–107. 
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 Successful HSC transplantation requires transplanted cells to harbour into their niche, the 

BM, and engraft108. HSPCs normally reside in the BM to function as intended—to proliferate, 

differentiate, and propagate hematopoiesis108. However, HSPC egress from the BM and enter 

circulation via process of mobilization or to harbour the BM by homing109. Homing activity is 

dependent on chemoattractant CXCL12 that is expressed by endothelial cells in the BM110,111. 

CXCL12 binds and activates CXCR4 that is found on hematopoietic cells112. Evidently, improved 

homing and repopulation of HSCs in the BM is associated with increased production of CXCL12 

and expression of CXCR4113. For example, short exposure of prostaglandin E2 (PGE2) to human 

HSCs significantly enhances homing by increasing CXCR4 mRNA and surface expression; 

thereby, boosting migration towards SDF-1a and homing to the BM which accompany improved 

engraftment114. These migratory properties can be examined by transwell migration assays that 

determine the capacity of these processes. HSPC transmigration is achieved through the use of 

stimulating agents, such as CXCL12, that act to direct hematopoietic migration109. Here, cells are 

positioned in the upper well and must transmigrate, bypassing micropores, towards the bottom 

chamber where the chemoattractant resides108 (Figure-4). The transwell migration assay allows for 

reliable and cost-efficient results that are important for insight into HSPC migratory behaviour. 
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Figure 4. Transwell migration assay. Cell plated at the upper chamber must bypass 5µm pores 
to the lower chamber where the chemoattractant CXCL12/SDF1-a is present. The chemoattract 
binds cells expressing CXCR4 receptor and directionally pulls the cells towards its concentration.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

14 
 

This interaction regulates retention, migration, and mobilization of HSCs in hemostasis 

and injury113.  Additionally, homing of HSPCs requires binding to P- and E-selectins found on the 

BM vasculature115. This binding supports transmigration of HSPCs to their respective niche; 

therefore, improving engraftment. CB CD34+ cells have reduced binding affinity to selectins 

because of reduced fucosylation of receptor such as P-selectin glycoprotein ligand-1102. To 

overcome this problem, Popat et al. treated HSPCs with guanosine diphosphate fucose and the 

enzyme fucosyltransferase116. By improved surface fucoslyation, HSPCs can better bind selectins; 

thus, improving HSPC homing to the BM. This strategy resulted in enhanced engraftment in 

patient and shorter time to neutrophil and platelet engraftments. 

Conversely, the other strategy to improve clinical application of CB units is to produce a 

large number of HSCs and progenitors in culture for transplantation104. As exemplified, early 

acting cytokines such as SCF, fms like tyrosine kinase 3 (FLT-3), and TPO at high concentrations 

together promote cell cycle entry of HSC and their proliferation in individual and synergistic 

manner104. However, in recent years, it is the use of small molecules that has achieved the greater 

expansion of HSC and progenitors. These small molecules can collaborate with early acting 

cytokine and promote high cell growth along with maintenance of HSC-markers. 

Here, SCF, TPO, and FLT-3 are the core cytokine mix that best support HSC growth in-

vitro58. Removal of these cytokines result in cell death and reduced expansion, which necessitates 

their use in HSC cultures106. However, loss of CD34 and CD133, cell surface-proteins expressed 

by HSPCs, is followed by differentiation, and is inevitable with cultures supplemented with 

cytokines alone5—thereby, limited and transient. With that being said, expansion protocols that 

combine small molecule activity to modify genomic and epigenetic regulators of HSCs together 

with early acting cytokines is the current popular strategy117. 
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1.5 Identification of Small Molecules as New Stem Cell Agonists 

 Ex-vivo expansion remains important for HSC-based therapy for maintenance of self-

renewal and inhibition of differentiation properties118,119. Most HSPCs are CD34+ and enriched 

with ST and LT repopulating potential120. However, as indicated above, expansion of HSPC with 

engraftment activity with cytokine alone failed to move the field forward. The identification of the 

so-called, stem cell agonists, revolutionized the field in recent years. 

1.5.1 Trichostatin A (TSA) and 5-aza-2-deoxycytidine  

 TSA is a histone deacetylase (HDAC) inhibitor that interacts with the catalytic site of 

HDACs121. 5-aza-2-deoxycytidine (5azaD) is a cytosine analogue that acts as a DNA methyl 

transferase inhibitor122. 5azaD is added into the DNA and covalently binds to and irreversibly 

blocks maintenance of methyltransferase, allowing passive demethylation when cells replicate 

their DNA and divide—causing demethylation of genomic DNA as a secondary event123. Alone 

and in the presence of fetal bovine serum (30%) and cytokines, these molecules have a much lower 

potential to expand CD34+CD90+ population: a 1.8-fold expansion with TSA and a 1.7-fold 

expansion with 5azaD124. However, CD34+ cells treated with 5azaD/TSA (ex vivo) had 

significantly higher acetylated histone H4, which resulted in a 5-fold of CD34+ and 12.5-fold 

expansion of CD34+CD90+ after 9-days when compared to control124. Functional quantification 

of these cells using NSG mice showed that not only cells expanded with 5azaD/TSA retained 

multilineage differentiation but showcased a 9.6-fold expansion of the absolute number of severe 

combined immunodeficient (SCID) repopulating cells (SRC)124. These results suggest that by 

adding 5azaD/TSA to culture conditions, a slower rate of cell division and expansion of the 

absolute number of SRC will be the case124. 
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1.5.2 Valproic Acid (VPA) 

          VPA is another HDAC inhibitor. HSCs treated with VPA exhibited more immature 

morphologies than control after 7 days, consistent with increased G0-G1 phase of cell cycle—this 

accompanied increased expression of CD34+CD90+ and reduced apoptotic cells125. However, 

VPA treated cells resulted in reduced cell proliferation, which suggest that VPA prolonged the 

duration of the cell cycle instead of inducing cell death125. This evident in slower loss of CD34+ 

cells overtime. Although reduced cell proliferation, VPA significantly improved expansion of 

primitive HSCs and early subsets of CD34+CD90+ (16.1-fold), CD34+CD38- (7.2-fold), and 

CD34+CD133+ (16.2-fold) by week 3125. Primary plating of VPA treated cells showcased reduced 

colonies as opposed to an increased replating potential of secondary colonies when compared to 

control; thereby, indicating a more immature HSPC population125. With loss of CD34 expression 

in LT cultures, CD34+ mRNA was 3- to 7-fold higher in VPA treated cells than control125. 

Increased histone acetylation levels promote HOXB4 self-renewal gene in HSCs, which can 

explain the prolonged CD34 mRNA by VPA125. Finally, transplantation of VPA-treated CB 

CD34+ cells showed significantly higher human CD45+ and CD45+CD34+ chimerism compared 

to control126. This can be attributed to epigenetic reprogramming of CD34+ for upregulation of 

SOX2, OCT4, and NANOG that are important pluripotent genes126. Therefore, these results explain 

the importance for targeting and modifying epigenetic regions for ex vivo expansion of HSCs. 

1.5.3 StemRegenin1 (SR1) 

 The first small molecule identified in a chemical screen directed at finding stem cell 

agonists is StemRegenin 1 (SR1). SR1 is a small molecule discovered by Boitano et al. that 

maintains less differentiated CB precursors. CB CD34+ cells cultured with SR1 after 5 weeks 

resulted in a 10-fold increase in total nucleated cells (TNC) and 47-fold increase in HSPC 
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populations127. Furthermore, production of multilineage colonies using the CFU assay suggests 

that SR1 promotes the expansion of multipotent progenitors127. Transplanted SR1-expanded CB 

CD34+ cells into NSG mice showcase significant ST and LT engraftment, while appropriate 

multilineage capacity is demonstrated by distribution of human myeloid and lymphoid cells127. 

Poisson statistics reveal SRC frequency of SR1 cultured cells is 1 in 40 compared to 1 in 597 found 

in control127. Without SR1, SRC frequency is reduced by 1000-fold where most of the progenitor 

cells in these control cultures have lost the ability to engraft NSG mice127. Adding SR1 greatly 

improves these results as an 8-fold increase in SRC frequency is the case and accounts for an 

overall 17-fold increase in SRC content when compared to control127. SR1 accomplishes this by 

directly binding and inhibiting the aryl hydrocarbon receptor (AHR), which represses cytochrome 

P450 1B1 and the AHR repressor127. Importantly, removal of SR1 from culture conditions resulted 

in quick differentiation, which indicate SR1 activity to be reversible127. Similarly, expansion 

results using SR1 were negligible without cytokines—underscoring the importance of cytokine 

supplementation117,127. Ultimately, these results demonstrate a promising small molecule capable 

of promoting self-renewal and multilineage engraftment capacity for CB HSPCs. 

1.5.4 Pyrimidoindole–UM171  

Most expansion systems achieve progenitor expansion at the expense of LT-HSC. Fares et 

al. developed a delivery system that produces CB cells with repopulation properties using small 

molecules with potent LT-HSC potential. Of 5280 small molecules, UM729 was selected for its 

superior ability to expand enriched CD34+CD45RA- cells. Optimization of UM729 by structure 

activity relationship produced a superior analogue, UM171, with improved expansion potential on 

CD34+ cells128. The presence of UM171 in culture resulted in CD34+ frequencies similar to SR1, 

but proportionally higher, and a 3-fold improved engraftment potential of CD34+ macaque cells128. 
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Moreover, CB CD34+ treated with UM171 produced a 13-fold higher frequency of LT-HSCs 

when compared to control128. Enriched LT-HSC populations were significantly greater in presence 

of UM171 when compared to SR1 and control128. This suggests that both SR1 and UM171 

stimulate HSC proliferation, but UM171 favours the expansion of LT-HSCs, while SR1 may 

preferentially expand ST-HSCs. This evident in transplantation results that indicate UM171 to 

significantly increase HSC number (6-fold) and HSC potential in comparison to SR1128. Of 

important note, reconstitution potential of UM171 transplanted cells exhibit an increased myeloid 

differentiation phenotype, which is commonly found in unexpanded cells128,129. Although SR1 

presence in UM171 treated cultures hinder the proliferative activity of expanded cells, expansion 

of CFU-GEMM and suppression of mature cell production, especially erythroid and 

megakaryocytic differentiation, was enhanced with the addition of SR1—showcasing synergistic 

activity to promote ex vivo expansion of progenitor subsets over mature cells128. Overall, UM171 

treated cells upregulate surface molecules such as endothelial protein C receptor (EPCR) and 

transmembrane protein 183A that are important for maintaining a balance between pro- and anti-

inflammatory mediators128,130. By doing so, UM171 activates a negative feedback loop regulated 

by EPCR that protects HSPCs from inflammation borne cytotoxicity130. Additionally, UM171 

treated CB CD34+ cells are increasingly stimulated to express EPCR proteins that are found on 

primitive HSCs. Therefore, CB CD34+ cells treated with UM171 result in robust ex vivo 

expansion and LT engraftment by maintaining pro- and anti-inflammatory responses that are 

important for HSC survival.  

1.6 Stem Cell Agonist Cocktail promote Robust HSPC Expansion  

Dr. Manesia’s work, in the Pineault lab, aimed to maximize the expansion of HSCs through 

complementary individual and synergistic activities of stem cell agonists. For this, he first screened 
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12 molecules and narrowed down SR1, UM171, VPA and L-Ascorbic acid 2-phosphate (AA2P) 

as small molecules of greater interest. Predicative models for HSC expansion were developed by 

design of experiments. Using response surface methodology and machine learning, we identified 

a series of SCACs composed of these 4 agonists at varying concentrations. A series of stem cell 

agonist cocktails (SCAC) X2A, X2B and SM6 composed of the small molecules at varying 

concentrations sustained greater expansion CB CD34+CD45RA- and CD34+CD45RA-EpcrHigh 

(EpcrHg), HSC-enriched cells.  

The results showed that significant differences on cell growth and type of HSPC is 

expanded when changing the small molecule concentration. For example, SM-2 containing high 

concentrations of UM171 produced high expansion of EpcrHg, but low cell growth. SM-A and 

SM-6 maximized expansion of CD34+CD45RA- cells but had lower EpcrHg expansion partly due 

to lower UM171 levels. Furthermore, improved expansion of HSC-enriched cells 

(CD34+CD45RA-CD38-CD90+), MPPs, and LMPPs were observed when compared to serum 

free culture (SFM) controls, but not downstream progenitors. The best cocktail combination, X2A, 

produced a balanced expansion of EpcrHg and CD34+CD45RA- cells. Moreover, expansion of 

both HSC-enriched fractions were significantly reduced by lowering AA2P concentrations.  

The activity of SCACs on the engraftment properties of expanded HSPCs was tested using 

the NSG transplant models. As our phenotypic results depicted, the strongest ST recovery of 

platelets and leukocytes were X2A-expanded HSPCs. Likewise, LT human reconstitution in BM 

was better for X2A- and SM-6-expanded HSPCs. With that being said, limiting dilution 

transplantation assay showed a net 15-fold increase in HSC number in X2A cultures over the non-

expanded primary cells. In accordance with the reduction in cell expansion achieved ex vitro, a 
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loss in ST and LT engraftment activity was observed with X2B, which is a cocktail essentially 

identical to X2A but with negligible amount of AA2P.  

Ultimately, phenotypic and functional analysis of SCAC-expanded HSPCs show that small 

molecules can act with each other to promote engraftment. AA2P can synergize with strong stem 

cell agonists to promote ST- and LT-engrafting HSPCs. However, whether AA2P is capable of 

independently expanding HSC and progenitors with high engraftment activity remains unclear—

and is one objective of my research project.  

1.7 Vitamin-C and Stem Cells: Antioxidant Properties  

Living organisms continuously generate reactive oxygen species (ROS) from internal or 

external sources because of aerobic life131. The real problem is apparent when excessive levels and 

constant exposure to ROS is the case—capable of damaging cellular biomolecules like DNA, 

proteins, and lipids132. However, they are important biochemical processes that control cell 

proliferation and cell signaling133. Cellular antioxidant defenses such as catalase, peroxidase, 

superoxide etc. and water-soluble vitamins like vitamin-C (Vit-C) are essential for balance as they 

scavenge and neutralize unstable ROS products132,134. Nonetheless, ROS production is capable of 

overwhelming antioxidant defences and causing oxidative stress, which is involved in an array of 

diseases132.  

A cofactor for several enzymes, L-ascorbic acid or Vit-C is a water-soluble antioxidant 

found in human plasma and mammalian cells135. Humans are unable to synthesize Vit-C and must 

thus acquire it through diet132. Readily undergoing two consecutive and reversible oxidation steps 

to generate dehydroascorbate and ascorbate free radical, Vit-C can become an efficient electron 

donor involved in various redox reactions133,132. Furthermore, Vit-C can cooperate with glutathione 

to maintain a stable redox environment136,137. However, transient oxidative stress can be the case 
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with increasing intracellular Vit-C levels138. In this case, Vit-C can behave as an antioxidant and a 

prooxidant, the latter of which is needed at high concentrations in the presence of catalytic iron 

and copper ions to generate O2− and H2O2139—therefore, indicating a potential benefit of having 

low concentrations of intrinsic Vit-C in cells.  

1.8 Epigenetic Modulation via Methylation/Demethylation  

HSC behavior is regulated in part by exogenous and intrinsic mechanism, the latter of 

which is the result of complement transcription factors expressed in HSC74. Transcription factors 

also recruit co-factors that modulate the chromatin around target genes, to facilitate or impede 

transcription of specific regions of the genome—this is epigenetic regulation of gene expression74. 

Epigenetic modifications by DNA methylation is important in hematopoiesis by controlling HSC 

self-renewal and lineage differentiation140. Complications in regulating these epigenetic programs 

can lead to abnormal stem cell function and cellular modifications. Ten-eleven translocation (TET) 

family proteins act through Fe2+ and a-ketoglutarate-dependent dioxygenases to demethylate 

DNA141. By catalyzing the oxidation of 5-methylcytosine (5mC) to 5-hydroxymethycytosine 

(5hmc) allows DNA demethylation by replication-dependent dilution or base excision repair141. 

Myeloid and lymphoid malignancies are common in TET-2 loss-of-function, which is associated 

with DNA hypermethylation, tumor development, and poor prognosis141.  

Unmethylated cytosine-phosphate-guanine dinucleotides (CpG) are targeted by DNA 

methyltransferase proteins and mediate the transfer of a methyl group to a cytosine142. DNA 

methylation patterns take place within regions highly conserved with repeating CpGs, which cover 

sites of transcriptional initiation—accounting for 60-70% of tissue specific gene promoters that 

include housekeeping and developmental genes143. Essentially, hypermethylated regions interfere 

with transcription factor binding thus inhibiting gene expression144. 
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1.9 Stem-Cells and Metabolites 

Physiological changes in metabolites and whether these changes can alter stem-cell fate 

and hematopoiesis, has been a central question in the recent years. Genetic changes in metabolic 

enzymes alter stem-cell function and cause cancer progression145,146. Likewise, dietary changes 

regulate signaling pathways that stimulate stem-cell function147. However, it has yet to be 

confirmed whether physiological or dietary changes can alter stem-cell function via changes in 

metabolite levels.  

The most enriched metabolite (in vivo) in HSCs and MPPs is Vit-C, 2-20 folds higher than 

in downstream cells140. Interestingly, Vit-C depleted mice have significantly higher HSC 

frequency, underscoring its role as a metabolite that alters stem cell fate by modulating HSC 

frequency140. Vit-C accomplishes this by promoting and restoring TET enzymes in culture, which 

catalyze some steps towards unmethylated cytosine148,141. Early events of leukemogenesis increase 

HSC frequency and self-renewal that are associated with mutations that inactivate TET-2, similar 

to findings after Vit-C depletion149–152. Moreover, these abnormal self-renewal programs increase 

cell survival and have a myeloid differentiation bias that is observed in TET-2 knockout cells153. 

Biochemical studies suggest that Vit-C restores iron to the Fe2+ state in the TET catalytic cycle 

by binding TET-2 and acting as a targeted electron donor; thereby, increasing the rate of 5mC 

oxidation by 8-fold154. Hence, promoting epigenetic remodeling by increasing 5-

hydroxymethylcytosine formation, Vit-C reverses abnormal HSPC self-renewal programs that are 

observed in hematological cancers like leukemia153.  

However, Vit-C is unstable in solution and prone to degradation when exposed to heat, 

light, metal ions, and oxygen—hindering its biochemical activity155–157. More importantly, 

complicating its use in prolonged studies because of its apparent limitations as a stable molecule. 

AA2P, a more stable oxidation-resistant and bioactive derivative of Vit-C, has been adapted in 
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several studies and effectively used to grow various cells158–163. This exemplified in studies that 

investigate increase in myogenin expression, promote differentiation in muscle cells, and enhance 

proliferation and collagen synthesis in stellate cells and skin fibroblasts163–166. Thus, AA2P 

demonstrates great potential to substitute Vit-C as a more suitable candidate for ex vivo studies 

done on HSPCs.  

Ultimately, our understanding of the synergetic work of TET family enzymes and Vit-C 

require further investigation. Addressing the mechanism by which Vit-C augments TET function, 

specifically TET-2, is integral for elucidating whether TET-2 is an optimal target for expansion of 

HSCs and other subsets. 

 

1.10 Hypothesis and Objectives 

 
Hypothesis: AA2P acts as a promoter of TET-family proteins to expand hematopoietic stem and 

progenitor cell populations in vitro 

Objective 1: Define the impact of AA2P on the expansion of CB HSPC enriched cells   
 

Define the impact of AA2P individual activity on the growth and expansion of CB CD34+ 

cells. Define the impact of AA2P on the expansion of HSPCs through phenotypic characterization 

of CB cells in culture by multicolor flow cytometry analyses.  Define the functional impact of 

AA2P on progenitors using the CFU assay.  

Objective 2: Investigate the migration activity of AA2P-expanded CD34+ CB cells 

Define the impact of AA2P on CXCR4 expression by flow cytometry analysis and 

determine the homing properties towards SDF-1/CXCL12 using a SDF-1 transwell migration 

assay.  
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Objective 3: Impact of AA2P-expanded cells on engraftment using a transplant model  

Determine whether addition of AA2P to culture improves the engraftment properties of CB 

expanded cells. Test the functional properties of AA2P-expanded CB CD34+ cells to reconstitute 

NSG mice. Peripheral blood (PB) analyses will be done on weeks 3, 10, and 18 to track ST and 

LT-engraftment, while also monitoring platelet and leukocyte levels. Investigate the LT human 

BM multilineage engraftment in control and AA2P mice cohorts. 
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Chapter 2: Materials and Methods  
2.1 Collection and Processing of CB units and CD34+ Enrichment 

UCB was collected following healthy term delivery and informed consent from mothers, 

in accordance with institutional approval from the Research Ethics Board of the Canadian Blood 

Services ahead of the study. Mononuclear cells were extracted from UCB using Ficoll-Paque Plus 

(GE, Pittsburgh, PA) following manufacturer instructions. CD34+ cells were isolated from 

mononuclear cells using EasySep™ Human CD34 Positive Selection Kit II (catalog no. 17856; 

StemCell Technologies) according to manufacturer guidelines. CD34+ purified cells were 

determined by stained monoclonal antibodies (Mab) against CD34, CD45RA, and CD38 using 

flow cytometry. CD34+ enriched cells were cryopreserved until use. CD34+ cells were 

supplemented with cryoprotectant solution containing 40% IMDM, 50% FBS and 10% DMSO.  

Cryovials were placed in a Mr. Frosty rate-controlled freezing container, which was then placed 

in a −80 °C freezer for 24 h. After 24 h, the cryovials were transferred to a liquid nitrogen Dewar 

flask for storage until thawed for analysis. Only ≥90% purified CD34+ cells were used for culture 

conditions. A total of two CB units and 6x104 to 1x106 CD34+ enriched cell preparations were 

used for this work.  

2.2 CD34+ Expansion Culture 

Pooled CD34+ cells (two donors) cultures were carried out in 24-well plates (Corning, 

New York, United States) or T-175 flasks (ThermoFisher Scientific) in serum-free expansion 

medium (SFM) (SFEM, StemCell Technologies) supplemented with SCF, TPO, FLT-3 each at 

100 ng/ml, low-density lipoprotein (LDL) (LDL, StemCell Technologies) at 10 μg/ml and 1% 

Penicillin-Streptomycin (Gibco). All cytokines were purchased from Peprotech (Rocky Hill, NJ, 

USA). Cell cultures were maintained in humidified 5% carbon dioxide (CO2) incubator at 37°C 
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for the required duration. Trypsinized CB CD34+ enriched cells were counted by hemocytometer 

and plated (3.6x103cells/mL) in SFM. Empirically optimized 14-day expansion protocol was 

followed which included replenishment of cytokines and small molecule on days: 4, 7, and 10. 

Medium refreshment by adding 400 µL volume of fresh medium with supplements was done on 

day-4. Conditions were diluted 1 in 6 with fresh media on day-7 (final volume 600 µL); and diluted 

1 in 3 with fresh media on day-10 (final volume 900 µL). AA2P, obtained from SigmaAldrich, 

was dissolved in PBS and diluted in SFM for the intended concentration range (0.01 to 2500 µM). 

The control condition consisted of phosphate-buffered saline (PBS). Cell expansion was monitored 

on day 0, 7 and 14 by flowcytometric analysis using Attune cytometer (Thermo Fisher Scientific 

Inc, Nepean, Canada). Absolute number of stem and progenitor cells were determined on day 7 

and 14, and net fold expansions were derived by dividing absolute numbers obtained by absolute 

number plated on day 0. The production was calculated by multiplying the frequency of intended 

population with net fold expansion of total nucleated cells. Only the optimal concentration of 

AA2P (500µM) was used for the rest of the investigation. 

2.3 Flow Cytometry 

A portion of cultured cells on days 0 (fresh), 7, and 14 were analysed for HSCs and their 

downstream progenitors using flow cytometry. Antibodies were purchased from Becton Dickinson 

Pharmingen (Mississauga, Ontario, Canada). All Mabs were used at the optimal dilution based on 

titration results, and the list of antibodies and combination used for different screens are detailed 

in the table below. Compensation beads were used to set voltages and gating parameters for 

accurate fluorescence signals for all fluorophore-conjugated antibodies (Thermo Fish Scientific). 

A fluorescence minus one control for all antibodies was used to discriminate between positive and 

negative signals for the gating parameters. Cells were stained in 100ul in FACS buffer (PBS+2% 
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FBS) and stained with fluorescence-conjugated antibodies for 30 minutes on ice, washed and 

resuspended in FACS buffer. A maximum of 1x106 events were acquired for all samples. Flow 

cytometry analysis of all cultures was done using an Attune® Cytometer (Thermo Fisher 

Scientific).   

Table 1. Antibodies used to probe for expansion of CB CD34+ cells via FACS 

Antibody Conjugate Catalog # 
CD34 PE 555822 
CD38 FIT-C 555459 
CD38 APC 555462 

CD45RA APC 550855 
CD45RA APC-H7 560674 

CD90 PECY7 561558 
CD49f Aexa647 562473 
CD49f PERCP-cy5.5 562473 
CD133 FIT-C 5190531666 
CD123 PERCP-cy5.5 558714 
CD45 APC 555485 
CD45 FIT-C 555482 
CD19 FIT-C 555412 
CD33 PE 555450 
CD3 APC 555335 
CD14 PE 555399 
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2.4 Functional Progenitor Population using the Colony Forming Unit Assay  

Freshly isolated CD34+ cultured CB cells (800/plate) from AA2P or control cultures were 

resuspended in MethoCult™ Classic H4435 (StemCell Technologies) and incubated for 2-weeks 

in humidified incubator at 37°C and 5% CO2. After culture, plates were scored based on 

morphological features which included CFU-GEMM, granulocyte, erythroid, macrophage, 

megakaryocyte; CFU-GM, granulocyte and monocyte; BFU-E, erythroid; CFU-G, granulocyte; 

CFU-M, monocyte. Finally, the sum of all different type of colonies was compiled as CFU-Total. 

Cumulative CFU was calculated as follows (the average number of colonies enumerated in 2 

dishes × total mononuclear cell number)/input mononuclear cell number. 

2.5 Chemotaxis Assay 

The in vitro migratory behavior of CB CD34+ cells were performed using 6.5-mm 

diameter, 5-μm pore transwell plates (Corning, USA). 1x105 of control- or AA2P-expanded 

CD34+ cells, counted using Accucheck beads (Thermofisher), were suspended in 100μL of SFM 

and placed on the upper chamber of the transwell. Presence or absence of SDF-1a [100 ng/mL] at 

650μL was added to the lower compartment. The Transwell plates were incubated at 37°C, 5% 

CO2 for 4 hours. Cells that had migrated to the lower compartment were collected and stained 

using Mab CD34-PE, CD38-FIT-C, CXCR4-APC, CD45RA-APC-H7, CD90-PECY7, and 

CD49f-PERCP-cy5.5. MFI results were attained using the CXCR4 channel with the intended 

population. The migration percentage of populations from the 1x105 was determined by flow 

cytometry. 
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2.6 Transplantation of CB Cells into NSG Mice 

All mice procedures were approved by University of Ottawa Institutional Animal Care and 

Use Committee. Immunodeficient NOD.Cg-PrkdcscidIl2rgtm1Wjll/SzJ (NSG) (catalog # 005557) 

mice were purchased from The Jackson Laboratory. This study used sex- and age-matched mice. 

Following acclimation and successful breeding, sub-lethally irradiated (300cGy) 8-12 weeks old 

recipient mice were randomly divided for tail vein administration of: (a) saline; (b) PBS control-

expanded progenies of CB CD34+ cells; and (c) AA2P-expanded progenies of CB CD34+ cells 

after 2-weeks of culture. The final culture equivalent to the 5x103 progenies of SFM control- or 

AA2P-expanded CB CD34+ cells resuspended in IMDM+2%FBS were injected after 14 days. 

Saline control was used as a negative control. Assessment of human cell reconstitution were done 

using either PB samples collected via the submandibular vein at weeks 3, 10, and 18 or from the 

BM of sacrificed mice 22 weeks post transplantation.  

2.7 Humanized Mice Engraftment Analysis  

Human platelet and leucocytes were tracked in the murine blood from saphenous vein 3 to 

18 weeks after transplantation at indicated time points. Murine blood was collected in heparin 

coated-capillary and then transferred into heparin containing tube. For platelet analysis, 5μl of 

blood was diluted 10 times with PBS and stained for 20 mins at 4°C with 2μl of human CD41a 

PE-conjugated (BD, cat# 555467). After incubation, red cells were lysed by an incubation of 15 

mins at room temperature with 250 μl of 1X BD Pharm Lyse™ solution (BD). Samples were then 

diluted with 250ul of PBS followed by addition of 50ul of Accucheck Beads (Thermofisher). 

450uL of each sample was then acquired by Attune Flowcytometer. Human platelet levels were 

calculated based on the dilution factor, human platelet gate, and bead concentration over bead 

count. For human leucocyte analyses, 40μl of PB was stained with anti-CD45-APC, CD33-PE, 
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and CD19-FIT-C. Post 20 minutes incubation at 4°C, 550 µL of PBS+2%FBS was added and then 

removed after 6 minutes of centrifusion at 250g.  Finally, 50 µL of accucheck beads (Thermofisher, 

cat #PCB100) was added, and engraftment was quantified using frequency of CD45+ cells via 

FACS. 

2.8 Detection of human BM Chimerism and Multilineage Engraftment  

Mice hind limb long BM cells of recipient AA2P or PBS cultured progenies were flushed 

and resuspended in 600 µL of IMDM (StemCell Technologies) +2% FBS. Cells were treated with 

2mL of pharm lyse solution (BD, cat# 555899) diluted 1:10 with distilled water, and incubated at 

room temperature for 10 minutes. Cells were centrifuged at 300g for 10 minutes and resuspended 

in 1mL IMDM+2%FBS. For analysis, 2x105 was stained with various lineage-specific Mab (BD): 

Panel A: CD45-APC, CD19-FIT-C, CD33-PE; Panel B: CD45-FIT-C, CD3-APC, CD14-PE; and 

Panel C: CD45-APC, CD34-PE, CD38-FIT-C. Post 20-minute incubation at 4°C, cells were 

resuspended with 450 µL of PBS+2%FBS and assayed by cytometry with a maximum of 1x106 

acquired events.  

2.9 Statistical Analysis  

Results are reported as mean ± SEM for the specified n value shown in the figures. The 

significance of difference between two groups for in vitro data was determined using either the 

two-tailed Student t test or multiprobe analysis using other appropriate tests such as ANOVA 

(unless stated otherwise). Significant difference in 2-way ANOVA is determined between 

independent variables, control and AA2P, on the cell population. The significance of difference 

for in vivo data was determined using the unpaired t-test or 2-way ANOVA. Data processing and 

statistical analyses were performed with GraphPad Prism 8.0 (GraphPad Software, Inc., USA) and 
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Microsoft Office Excel (Microsoft, USA). A P value of less than 0.05 was considered as 

statistically significant. 

Chapter 3: Results 
3.1 Impact of AA2P on CD34+ CB cell growth 

The amount of metabolite available for absorption in culture can alter cell growth. Herein, 

I sought to evaluate whether AA2P, its structure is shown in Figure 5A, could expand CB CD34+ 

cells, and if so, identify the dose needed to produce the best expansion. AA2P was screen for an 

optimal working concentration from a minimum of 0.01µM to the maximum 2500µM 

concentration. Preliminary experimental results, not presented herein, provided guidance for this 

range of AA2P to be tested. The ideal scenario would be to achieve reasonable expansion at a short 

time to have higher HSPC content. Day-7 results showed that control and AA2P were comparable 

in cell growth (data not shown), and so I extended the time required for growth to 2-weeks (Fig. 

5A).  

Enriched CD34+ CB cells were cultured in SFM supplemented with the early acting 

cytokines SCF, FL, TPO in the presence of increasing concentration of AA2P. Flow cytometry 

analysis was used to track expansion of the TNC, CD34+CD45RA-, or CD34+CD38-CD45RA- 

as these cell populations have been shown to be progressively enriched in progenitor and stem cell 

activities. The gating strategy utilized to qualitatively investigate the above-mentioned cell 

populations are presented in Figure-5B. The increased cell growth and expansion of AA2P on 

CD34+ populations are presented in Figure-5C-E. The minimum dose of 0.01µM up to 10µM of 

AA2P had negligible expansion when compared to control, but nascent growth was achieved at 

concentrations greater than 50µM. An increase in CD34+, CD34+CD45RA-, and 

CD34+CD45RA-CD38- is the case from 50µM to 250µM, but not always significant. Although 

HSPC populations are not significant within the 50µM to 250µM range, a significant difference in 
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TNC is evident from 100µM to 2500µM. Furthermore, a significant two-fold increase in 

CD34+CD45RA- and CD34+CD45RACD38- was achieved between SFM control and AA2P at 

500µM, 1000µM, and 2500µM, with the best response at the 500µM. Similar effects are obtained 

in the CD34+CD45RA-CD38- population, 1000µM being the exception. AA2P at 500µM yielded 

a 2-fold (more or less) increase in TNC, CD34+CD45RA-, and CD34+CD45RA-CD38- cell 

populations, and no cytotoxic activity was observed within the 0.01µM to 2500µM range (p<0.05, 

n=3; Figure-5C-E). In summary, AA2P at 500µM produced the most significant expansion in the 

TNC, CD34+CD45RA- and CD34+CD45RA-CD38- populations. Based on these results, all 

further investigation of AA2P activity were conducted with AA2P at the optimal 500µM 

concentration. 
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Figure 5. AA2P promotes expansion of HSPC populations. AA2P was added to plated CB-
derived CD34+ cells in SFM cultures. (A) Chemical structure of Vitamin-C analogue, AA2P, 
and culture procedures. The effects of AA2P on CB CD34-derived cells were measured via 
FACS on day-7 (no difference; not presented) and day-14. (B) Representative flow cytometry 
dot plots of CB cells after 14 days of culture. (C-E) Fold expansion of phenotypically defined 
cell subsets after 14 days in cultures with or without AA2P at varying concentrations (0.01µM-
2500µM). Significant difference when compared to SFM control in (C) TNC and (D-E) HSPC 
enriched subpopulations (CD34+CD45RA- and CD34+CD45RA-CD38-) following treatment 
with AA2P. Data presents the mean ± SEM of 3 independent experiments. Significant difference 
is in 2-way ANOVA and is determined between independent variables, control and AA2P, on 
the cell population. (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).  
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3.2 Impact of AA2P on ex vivo production of HSPC subsets in cultures 

The previous results suggested that AA2P may be a new agonist capable of promoting 

expansion of HSPC populations. To gain further insight into this phenomenon, I tracked the 

production of phenotypically defined subpopulations known to be enriched in HPCs. For my work, 

I adapted Tarunina et al68 and Notta et al67 flow cytometry analyses to carry out panels of cell 

surface antigens that are used to identify and quantify HPCs (Figure-6A). Expanded cultures were 

probed for CD34+CD38- and further enriched for multipotential (MPP) or primed progenitors 

(LMPP) based on surface CD90 and CD45RA expression. MPPs (CD34+CD45RA-CD38-CD90-

) in AA2P treated cultures were 2.5-fold higher in production than in SFM control, but the results 

were non-significant (p=0.1, Figure-6B). AA2P-expanded CD34+ cells resulted in a 82.3 ± 53.1 

production of downstream LMPPs, herein defined as CD34+CD45RA+CD38-CD90- cells, 

compared to a 23.9 ± 16.5 in SFM control, a significant 3.4-fold difference in LMPPs in AA2P 

treated cultures (p<0.001, n=3; Figure-6B). Next, I sought to investigate downstream myeloid 

progenitors within the CD34+CD38+ fraction. These myeloid progenitors can be 

compartmentalized based on CD123 and CD45RA expression, and their phenotypic profiles are 

as follows: MEP (CD34+CD45RA-CD38+CD123-); CMP (CD34+CD45RA-CD38+CD123+); 

and GMP (CD34+CD45RA+CD38+CD123+). Among the myeloid progenitors, a 2.3-fold 

increased production was exhibited in the CMP subset (p>0.05, Figure-6B), while MEP and GMP 

were comparable to SFM control. In summary, a non-significant increase in MPP and CMP 

production was the case, while other progenitors remain unaffected by AA2P treatment. Only 

LMPPs that are marked by their CD34+ CD45RA+CD38- CD90- expression showed a significant 

3.4-fold increase in production.  
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Furthermore, I wanted to investigate whether these expanded progenitor populations 

exhibited functional properties by using the CFU-assay, which is also a good indicator for graft 

potential77.Post 2-weeks culture, control- or AA2P-expanded CB CD34+ cells were plated on 

methylcellulose that contains growth factors necessary for myeloid lineage colonies; and formed 

colonies were scored 14 days after initial plating (Figure-6C). Combined colonies of CFU-M; 

CFU-G; CFU-B; and CFU-GM (CFU-Total) in AA2P-plated CD34+ cells were 1.9-fold higher 

than in control (p<.0001, two-way ANOVA; n=3, Figure-6D). Among the CFU-Total of AA2P 

treated cultures, the CFU-M fraction produced the largest fold increase in net CFU number (3.9-

fold, p<0.001), with equal contribution from both CFU-GM and BFU-E at 2.9-folds higher 

(p>0.05) than in control. Overall, AA2P-derived colonies exhibited increased CFU-Total—a 

significant portion of the CFU-Total was CFU-M and increased CFU-GM and BFU-E.  

Finally, I needed to confirm whether the HSC population is increased by AA2P. Again, 

FACS was used to probe for HSCs that expressed CD34+CD45RA-CD38-CD90+. A paired t-test 

was performed to determine the mean difference between AA2P-treated HSCs and SFM control-

HSCs. AA2P-expanded CD34+ cells resulted in a 3.9 ± 1.8 production of HSC-enriched subset 

compared to a 2.3 ± 0.2 in SFM-control (p=0.16, n=4; Figure-6E). Although CD90 is very good 

at segregating HSC from MPP, it cannot absolutely segregate these subsets as heterogeneity still 

exists among these populations67. CD49f is an integrin that was recently shown to provide better 

enrichment of HSC from MPP67. The addition of CD49f to CD34, CD38, CD45RA, CD90 will 

better compartmentalize these rare HSC populations. Again, production was calculated to 

determine if any difference exists among AA2P and SFM control in the HSC enriched 

CD34+CD45RA-CD38-CD90+CD49f+ compartment. Still, no significant difference was 

observed in the above-mentioned HSC compartment in AA2P-expanded CB CD34+ cells (p>0.05, 



 
 

37 
 

n=4; Figure-6F). In summary, my ex vivo results concluded that AA2P preferably increased the 

expansion of HPCs, specifically LMPPs, while HSC populations remained largely unchanged. 

However, HSC functional properties have yet to be determined; therefore, require a functional 

assay to successfully answer these limited qualitative analyses. 
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Figure 6. AA2P promotes the expansion of lymphoid primed multipotential progenitor and 
CFU. (A) Representative FACS profile of CB cells for the CD34+CD38- and CD34+CD38+ 
subsets after 14 days of culture. (B) The production of phenotypically defined subsets after 14 
days of culture: control (blue) and AA2P (red) multipotent progenitor (MPP), lymphoid-primed 
multipotential progenitor (LMPP), common-myeloid progenitor (CMP), megakaryocyte-
erythroid progenitor (MEP), granulocyte-monocyte progenitor (GMP). Data presents the mean 
± SEM of 3 independent experiments. Significant differences were determined by 2-way 
ANOVA (**p<0.01) from SFM control. (C) CFU schematic showcasing the plating of 800 cells 
from control or AA2P-expanded CB cells. Colonies were scored 2-weeks after plating. (D) CFU-
Total, total content; BFU-E, erythroid; CFU-G, granulocyte; CFU-M, monocyte; CFU-GM, 
granulocyte and monocyte. CFU-total and CFU-M. Data presents the mean ± SEM of 3 
independent experiments. Significant differences (**p<0.01 and ****p<0.0001) is in 2-way 
ANOVA and determined between independent variables, control and AA2P, on the cell 
population. (E) Production of CD34+CD45RA-CD38-CD90+ per starting cell and (F) 
Production of CD34+CD45RA-CD38-CD90+CD49f+ HSC-enriched subsets per starting cell. 
Production quantified after 14 days of cultures. Data presents the mean ± SEM of 4 independent 
experiments. P values were determined by a paired t-test (p>0.05) from SFM control. 
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3.3 Impact of AA2P on the migration activity of CB expanded Cells 

 Afterwards, I wanted to determine whether AA2P would stimulate the capacity of CB 

progenitors to migrate towards SDF-1a since the migration activity of CB progenitors is 

intrinsically hindered when compared to their adult counterpart 102,116. First, I set out to investigate 

if cultured CB progenitors in the presence of AA2P would increase the expression of CXCR4. 

This receptor and its ligand, CXCL12/SDF-1a, play a pivotal role in the homing activity of HSPCs 

to the BM. Furthermore, increased CXCR4 expression significantly improves homing and 

retention of transplanted HSC content in situ112. With that being said, I investigated the mean 

fluorescence intensity (MFI) of the FITC conjugated CXCR4 channel in cell populations gated for 

TNC, CD34+, CD34+CD45RA-CD38-, and CD34+CD45RA-CD38-CD90+. CXCR4 MFI results 

of AA2P-expanded CD34+ exceeded SFM grown cells (p=0.053), while other populations 

remained the same (n=4, Figure-7A).  

Thereafter, expanded cells were placed in an SDF-1a transwell migration assay to examine 

whether expansion under AA2P could affect the chemotaxis properties of progenitors. Post 4hr 

incubation, media in the lower chamber containing migrated cells were quantified by cytometry. 

In addition to SFM control, a condition plated with cells containing no SDF-1a was used as a 

negative control. As expected, AA2P-expanded CD34+ cells that expressed the highest MFI for 

CXCR4 accompanied the highest number in migrated cells, though the difference failed to be 

significant. Additionally, TNC and CD34+CD45RA-CD38- of AA2P-expanded CD34+ cells 

showed migration activity similar to that of control. A trend of reduced migration was seen for the 

CD34+CD45RA-CD38-CD90+ population, but again, this was not significant (p=0.5, n=4, Figure-

7B). Ultimately, MFI parameters of CXCR4 showed that cells expressing the highest CXCR4 

followed an improved migratory response to SDF-1a.  
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Figure 7. Impact of A22P on CXCR4 expression and on the migration CB cells. AA2P-
expanded CD34+ cells were plated on the upper chamber of a transwell assay. Lower chamber 
contained SDF-1⍺ (100nM). Migrated cells were quantified 4hrs post incubation using markers 
indicated above (CD34+, CD34+38-45RA-, CD34+38-45RA-90+). (A) MFI of CXCR4+ 
channel was quantified in addition to markers examined above. AA2P-expanded CD34+ cells 
showcase near significant CXCR4+ expression after 14 days (p=0.053). Data presents the mean 
± SEM of 4 independent experiments. P values were determined by 2-way ANOVA (p>0.05) 
from SFM control. (B) Migratory activity of AA2P-expanded CD34+ cells exhibit no significant 
difference, although improved migratory activity is observed in CD34+ cells alone (p=0.3). Data 
presents the mean ± SEM of 4 independent experiments. Significant differences in 2-way 
ANOVA and is determined between independent variables, control and AA2P, on the cell 
population 
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3.4 Impact of AA2P on the engraftment properties of CB expanded HSPCs   

Successful engraftment is largely dependent on HSPC content in both ST and LT 

engrafting stem and progenitors104. Transplant models are great for measuring the functional 

properties of HSPC to sustain early engraftment and prolonged hematopoiesis65,167,168. In this case, 

I wanted to test whether AA2P could enhance the engraftment properties of CB progenitors 

expanded ex vivo with early acting cytokines. The total progeny of 5x103 of PBS control- and 

AA2P-expanded CD34+ cells were transplanted into sublethally irradiated NSG immunodeficient 

mice by intravenous tail injection, while a PBS saline injection was used as a negative control 

(Figure-8A).  

Engraftment was tracked first in the periphery via PB analyses of platelets and leucocytes 

on weeks 3, 10, and 18 post transplantation to observe short-, intermediate, and long-term 

engraftment (Figure-8B). Platelets are small enucleated cells that are released by mature 

megakaryocyte into circulation169. Platelet recovery after CB transplantation is significantly 

delayed170; which therefore pushed me to monitor these cells. PB extracted from humanized mice 

was stained for human CD41 to account for platelets, which lack expression of the pan-

hematopoietic marker CD45+. (Figure-8C). My results revealed that mice cohorts of transplanted 

AA2P-expanded progenitors had significantly higher human platelet levels throughout the 

observation periods (week 3, median of 24 and 46 for control and AA2P, platelet 103/mL), mid 

(week 10, median of 198 and 505 for control and AA2P, platelet 103/mL) and late (week 18, 

median of 178 and 765 for control and AA2P, platelet 103/mL) (p<0.05, n=3, Figure-8E).  

As with platelets, neutrophil engraftment is also delayed following CB 

transplantation171,172, so myeloid leucocytes were monitored using the marker combination 

CD45+CD33+. It is also important to measure multilineage capacity of transplanted cells as some 

are lineage restricted67; here, tracked using lymphoid CD45+CD19+. Representative FACS profile 
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of lineage specific CD45+ with or without CD33+ and CD19+ are presented in Figure-8D. 

Although improved throughout all weeks, engraftment of CD45+ with or without human CD33+ 

or CD19+ in AA2P grafts were comparable to control grafts (p>0.05, n=3; Figure-8F). Thus, my 

in vivo findings show increased ST to LT platelet levels among AA2P cohorts. However, no 

significant difference was observed in leukocyte engraftment. Together, these results demonstrate 

improved activity of AA2P on the engraftment kinetics of platelets by expanded CB HSPCs 

because of their ability to speed recovery of platelet levels.  
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Figure 8. AA2P grafts increased circulating platelets in humanized mice. (A) Mice were 
injected with a fraction of the final culture equivalent to the progeny of 5x103 CB CD34+ cells 
cultured for 14 days with or without AA2P (5-7 mice per group; each symbol represents an 
individual mouse). (B) Circulating human CD41+ platelets were monitored on weeks 3, 10, and 
18 via peripheral blood to account for early to late engraftment. (C) Representative FACS profile 
for human platelets using the CD41 marker in control and AA2P grafts. (D) Representative 
FACS profile for human leukocyte pan-hematopoietic CD45 with or without lineage specific 
CD19 and CD33 markers. (E) Significant early to late human platelets in mice transplanted with 
AA2P expanded CB cells compared to SFM control; lines show the median of indicated graft. 
Data presents the median of 3 independent experiments. Significant differences were determined 
by unpaired t-test (*p<0.05 and **p<0.01) from SFM control. (F) Frequency of human CD45+ 
cells, CD45+ CD19+ B-cells and CD45+ CD33+ myeloid cells in the periphery of humanized 
mice. Background levels for human leukocyte engraftment measured in saline control mice were 
inferior to 0.03%. Data presents the mean ± SEM of 3 independent experiments. P values were 
determined by 2-way ANOVA (p>0.05) from SFM control.  
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3.5 Impact of AA2P on multilineage chimerism of CB expanded HSPCs 

The BM is the best-known location for HSCs and contains a large pool of progenitors 

important for the release of mature cells from all lineages, including neutrophils and platelets22. 

LT-hematopoiesis was measured 22 weeks after transplant to reduce potential contribution of 

ST-HSCs91,92. To evaluate the activity of HSCs in transplanted AA2P or SFM control grafts, 

isolated BM cells were used to measure human lympho-myeloid LT BM engraftment (Figure-

9A). Representative of myeloid and lymphoid flow cytometric analyses of human BM 

engraftment in mice are presented in Figure-9B. Human chimerism was measured with CD45, 

which is a marker equally distributed on cytoplasmic membranes of most hematopoietic cells173. 

A stronger contribution for CD45+ engraftment was observed in AA2P-humanized mice cohorts 

when compared to control, with a median of 48% and 75% of CD45+ cells for control and AA2P 

(p<0.01), respectively (Figure 9C).  

Furthermore, multilineage chimerism in AA2P or SFM control groups was assessed by 

BM cells positive for CD45 with lympho-myeloid lineage specific markers (Figure-9C). All 

lineages were found present in AA2P cohorts, and for the most part, at similar frequency to 

control groups. This included myeloid restricted lineage progenitors (CD45+CD33+)172 and 

downstream monocytes (CD14+)174. Lymphoid T-cell populations (CD3+)174 were revealed to 

be low in both groups, while B-cells (CD19+)175 showed the strongest difference with a median 

of 3.1% for control and 6.6% for AA2P cohorts (%CD45+CD19+, p=0.8).  Another population 

that exhibited increased engraftment was the CD34+ HSPCs51–53 with a median of 3.1% and 

6.6% for control and AA2P cohort groups. 

In summary, in vivo findings of AA2P graft cohorts showed a significant increase in 

human BM chimerism. Moreover, normal differentiation was observed in AA2P grafts that 
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produced all major lineages, which suggests that AA2P can support the maintenance and perhaps 

expansion of HSCs when used with early acting cytokines.  

 

 

 

 

 

 



 
 

47 
 

 
 
 
 
 
 



 
 

48 
 

Figure 9.  AA2P grafts promote leukocyte engraftment in BM. (A) Mice hind limb long 
BM of SFM control- or AA2P- cells were isolated 22 weeks post transplantation (B) Gating 
and flow cytometry analyses of CD45+ with various hematopoietic lineages: myeloid cells 
(CD33+), monocyte (CD14+), T-cell (CD3+), B-cell (CD19+), and HSPC (CD34+). (C) 
Frequency of human CD45+ BM cells and other human hematopoietic lineages in mice 
transplanted with expanded CD34+ in AA2P or SFM control cultures. Each symbol represents 
an individual mouse; data derived from 5-7 mice per group. Significant differences is in 2-
way ANOVA and is determined between independent variables, control and AA2P, on the 
cell population. Data presents the median of 3 independent experiments. Significantly 
different (**p<0.01) from SFM control. 
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3.6 Mechanism of Action of AA2P 

My results thus far were attained using the synthetic Vit-C analogue, AA2P. I therefore 

wanted to investigate whether the natural molecule176, Vit-C (Figure-10A), would elicit a similar 

response. As aforementioned, Vit-C can act as both an anti- or pro-oxidant, and results presented 

in literature show that hematopoietic cells are sensitive to Vit-C at high concentrations; thereby, 

narrowing my concentration range139.  

Preliminary experimental results, not presented herein, guided the 0.01µM to 500µM 

concentration range for Vit-C testing. Following the previously mentioned procedures, enriched 

CB CD34+ cells were cultured in the presence or absence of Vit-C and examined for TNC and 

HSPC fractions. Vit-C activity on cell growth and expansion of CD34+ populations are 

presented in Figure-10B-E. Vit-C cultured CD34+ cells showed a small but non-significant 

difference in TNC among all concentrations. An absent response is the case in Vit-C at low 

doses, 0.01µM and 2.5µM, while cytotoxic activity is evident beyond 250µM. A significant 

response in CD34+ expansion was attained from 5µM to 250µM. This was a 1.5-fold expansion 

in CD34+ when Vit-C was added at 5µM, 10µM, and 250µM, while the best working 

concentration of 100µM produced a 2-fold expansion within this population. Furthermore, only 

the 100µM and 250µM concentrations resulted in a significant 2-fold expansion in the 

CD34+CD45RA- and CD34+CD45RA-CD38- populations, with higher expansion in the 

100µM. Unlike the increased TNC number achieved by AA2P, Vit-C seems to only effect the 

expansion of HSPCs. Finally, I further examined the functional properties of Vit-C treated CB 

CD34+ cells using the transplant model. Preliminary in vivo results of transplanted Vit-C grafts 

displayed engraftment properties similar to AA2P grafts with increased mid (week 10, median 

of 16 and 159 for control and Vit-C, platelet 103/mL) to late (week 18, median of 13 and 21 for 
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control and Vit-C, platelet 103/mL) platelet levels when compared to SFM control though 

differences were nor significant (n=1, Figure-10F). Likewise, peripheral myeloid 

(CD45+CD33+) and lymphoid (CD45+CD19+) engraftment in Vit-C groups remained similar 

to SFM control as previously observed with A2P cohorts (data not shown). Consistent with the 

increased LT engraftment observed in the BM of AA2P grafts, Vit-C cohorts exhibited a 

promising trend with a median of 3% for control and 36% for Vit-C groups (%CD45+; Figure-

10G). Taken together, my results support that AA2P acts similarly to Vit-C as both molecules 

stimulate ex vivo expansion of HSPCs, and when transplanted, AA2P/Vit-C grafts are capable 

of increased platelet levels and LT BM engraftment.  
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Vit-CControl
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Figure 10. Vit-C replicates some of the effects of AA2P on CB HSC and progenitors. Vit-
C was added to CB CD34+ cells in SFM cultures. (A) Chemical structure of Vitamin-C (Vit-C). 
(B-E) Ex vivo fold expansion of phenotypically defined cell subsets after 14 days of culture 
supplemented with or without Vit-C at varying concentrations (0.01µM-500µM). SFM control 
(blue) and Vit-C (red) treated cultures. Significant difference when compared to SFM control in 
(C-E) HSPC enriched subpopulations (CD34+, CD34+CD45RA-, and CD34+CD45RA-CD38-
) following treatment with Vit-C. Significant differences in 2-way ANOVA and is determined 
between independent variables, control and AA2P, on the cell population. Data presents the 
mean ± SEM of 3 independent experiments. (F) Human platelet levels in mice transplanted with 
SFM and Vit-C expanded CB cells. Data shows value in each mouse and the median of 1 
independent experiment. (G) Frequency of human CD45+ BM cells in mice transplanted with 
expanded CD34+ in Vit-C or SFM control cultures 22-weeks post-transplantation. Each symbol 
represents an individual mouse and the median; data derived from 4-5 mice of 1 independent 
experiment. Significantly different (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001) from SFM 
control. 
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3.7 TET Inhibition and Mechanism of Action for AA2P 

Gene expression can be epigenetically regulated by modulating the chromatin around target 

genes74. TET proteins aid in the demethylation of DNA by catalyzing oxidation of 5mc to 5hmc149. 

These enzymes are important epigenetic modifiers that govern HSC frequency, but deficiency or 

loss of their function causes DNA hypermethylation that is associated with various hematological 

diseases140. It is now clear that Vit-C modulates chromatin by augmenting TET-2149. I 

hypothesized that AA2P expands HSPCs by augmenting TET activity. With that being said, my 

final objective was to find a way to disrupt or inhibit TET-2 activity ex vivo, and whether this 

accompanies lower expansion of HSPCs in AA2P cultures. BOBCAT-339 (BOB; Figure-11A) is 

a mid-tier TET-1 and TET-2 inhibitor that prevents the removal of methyl groups on the 

genome177. Global 5hmc levels were significantly reduced in cells treated with BOB in comparison 

to vehicle control177. Overall, these results demonstrate a novel cytosine-based TET enzyme 

inhibitor that can used in culture to investigate AA2P and its mode of action. Preliminary effective 

concentration using BOB was tested on KG1 cell line to acquire faster results. KG1 cells were 

treated with BOB within a concentration range of 1μM to 500μM for 7 days. On day 7, cells were 

quantified by FACS for total nucleated cell count. Cytotoxic concentrations effecting the TNC 

population is achieved at 50μM and more when using BOB (figure-11B). Future dose-response 

assays using BOB on CD34+ CB enriched cells will range from 1μM to 50μM as cytotoxic levels 

are evident beyond the 50μM concentration. 
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Figure 11. TET-2 inhibition with BOBCAT-339. BOB is a TET-2 inhibitor that will be used to 
hamper Vit-C induced expansion of CB CD34+ cells. (A) BOBCAT-339 chemical structure. (B) 
Optimal working concentration range using KG1 cell line; toxicity is the case beyond the 10µM 
concentration. Data presents 1 independent experiment.  
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Chapter 4: Discussion 
 

HSC behavior is regulated by exogenous and intrinsic mechanisms that can be manipulated 

to alter differentiation and self-renewal programs74. Doing so can promote HSC expansion by 

functional maintenance of self-renewal and differentiation potential178. Many cytokines have been 

identified that regulate hematopoietic cells; however, cytokines alone cannot sustain self-renewal 

of HSCs and inevitably lead to differentiation5. Better results are achieved by adding small 

molecule to culture medium for ex vivo expansion of enriched CD34/CD133 HSPC grafts179. 

Examples of such molecules include 5azaD and TSA HDAC inhibitors that increase acetylation 

of histone H4124; VPA is another HDAC inhibitor that expands primitive HSCs by increased 

histone acetylation levels to promote expression of self-renewal genes125; SR1, that maintains less 

differentiated cells by inhibition of the AHR127; and the pyrimidoindole agonist UM171, which 

expands immature HSC by protecting these cells from inflammation128,130. All these compounds 

support expansion of CD34+ CB cells that have ST- and LT-repopulating potential.   

Vit-C has recently been elucidated to modulate HSC frequency in vivo by augmenting TET 

protein activity—with ex vivo studies needed to further investigate this phenomenon154. 

Additionally, it is naturally the most enriched metabolite in primitive HSCs, underscoring its role 

as an important regulator for HSC frequency140. However, Vit-C is unstable in solution and prone 

to degradation; therefore, complicating its use in prolonged studies155–157. Herein, AA2P was 

adopted into this study as a more stable alternative because it has long acting activity and similar 

bioactivity to Vit-C158–163. Combining some of the above-mentioned molecules, our lab has 

maximized the expansion of HSCs through individual and synergistic activities of SCACs. Of 

importance, we have shown that AA2P can synergize with strong stem cell agonists like UM171 

and SR1 to promote robust ST- and LT-engrafting HSPCs, but its individual activity is still 
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unknown (J. Manesia et al., manuscript in preparation). In my thesis, I was interested in studying 

the individual effect of AA2P on the ex vivo expansion of CB CD34+ cells, as this has yet to be 

explored. To the best of my knowledge, this is the first study to investigate AA2P activity on CB-

derived CD34+ cells.  

4.1 Impact of AA2P on the growth and expansion of CB HSPCs 

I first investigated whether AA2P could increase the proliferation of CB cells including 

progenitor cells when used in combination with early acting cytokines. AA2P was screened for an 

optimal working concentration; a dose-dependent increase in TNC, CD34+CD45RA- and 

CD34+CD45RA-CD38- populations was observed with optimal expansion achieved at 500µM.   

The growth of CB CD34+ cells were dependent on the concentration of AA2P. Such 

variations in cell growth are also seen in other culture systems180, and under in vitro conditions is 

associated with the effects of excess O2181. Nonetheless, nascent growth stimulated by AA2P is 

evident in TNC; CD34+CD45RA-; and CD34+CD45RA-CD38- beyond 10µM (Figure-5C-D). 

Furthermore, similar results were reproduced in Vit-C cultures, which suggested that both natural 

and synthetic forms have analogous behavior and likely act through similar mechanisms (Figure-

10B-E). The modification of DNA methyl groups is regulated by TET proteins whereby Vit-C acts 

as cofactor for such enzymes182. By catalyzing intermediate steps in DNA demethylation, the 

conversion of 5mc to 5hmc, TET-2 can transform chromatic regions; thereby, modifying gene 

expression182,141. The removal of TET-2 or Vit-C leads to increased HSC numbers, as well as a 

block in HSC differentiation150. Consistent with previous studies done using other cell lines183184, 

AA2P treated CB CD34+ displayed increased TNC number likely due to enhanced TET-2 

enzymes.  
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Further examination of the increased TNC population, HSPC markers were found to be 

significantly increased, here identified as CD34+CD45RA- and CD34+CD45RA-CD38-. In this 

specific study, I have shown that qualitative progenitor populations displayed elevated LMPP 

production (Figure-6B). Other progenitor population downstream of MPP such as CMP, GMP and 

MEP were not found to be differently expanded, at least not to a significant level. Genes involved 

in lymphoid and myeloid commitment are simultaneously expressed in HSCs, and down- or up-

regulation of these genes prime HSCs for lineage restriction and differentiation185. The HSC 

compartment contains a large population of lineage specific HSCs that generate all hematopoietic 

lineages, but with skewed myeloid lineage differentiation186. Several studies have imitated TET-2 

loss or deficiency in mice and the consequent preference for myeloid lineage 

expansion151,152,186,187. These processes accompany a loss of 5hmc in HSPCs, DNA 

hypermethylation, and gene expression tailored for myeloid lineage bias in self-renewing 

progenitors153. Such observations align with findings made by An et al. that showed TET-2 

deficiency followed impaired LMPP production, while myeloid progenitor production remained 

normal188. MPPs exhibit much less lineage-affiliated genes, and commitment is a consequence of 

alterations in chromatin structure that requires transcription machinery185. As discussed earlier, 

AA2P induced differentiation via activated TET-2. This data strongly argues that AA2P-increased 

LMPP production is caused by stimulated TET-2 epigenetic remodeling of transcription factor-

binding regions that induce leukocyte differentiation by promoting genes such as CEBPβ, HIF1α, 

RUNX1; and obstructing PU.1—described by a recent study done by Mingay et al.189.  

However, the results mentioned above on HPC subsets are based on phenotypic 

characterization and have their limitation, as a substantial number of CD34+CD38+ populations 

become CD34+CD38- during culture, which may present unreliable data190. Overcoming this 
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limitation requires functional assays that are necessary to clarify whether the expanded population 

is in fact enriched in HSPCs190. My qualitative findings of increased expansion of immature HPC 

subsets were successfully complemented with functional morphological readings using the CFU 

assay, where significant increases in the production of CFU and CFU-M were observed. This is 

interesting given the close relationship between engraftment potential and CFU content of graft77. 

Furthermore, HSCs treated with Vit-C have been shown to reduce monocytic differentiation and 

promote erythroid differentiation via FACS140. These findings are consistent with studies that show 

Vit-C/AA2P to increase TET-2 function; whereby, TET-2 deficiency encourages monocytic 

differentiation and reduces erythroid differentiation in vitro191,192. On the contrary, my findings 

and others have shown the addition of AA2P to improve plating efficiency of all colonies, BFU-E 

and CFU-M included, in both CB and BM (Figure-6D)193. Although FACS analyses are important 

for revealing differentiation capacity through phenotypic expression, probing functional properties 

by CFU is better suited for determining Vit-C effects on HSC activity74.  

I also used combinations of 4 and 5 markers to decipher the effects of AA2P on MPP and 

HSC-enriched cells. Two subsets enriched in HSC activity were found increased in AA2P cultures, 

CD34+CD38-CD45RA-CD90+ and CD34+CD38-CD45RA-CD90+CD49f+ but the difference 

failed to be significant likely due in part to the high variation between independent experiments 

which is compounded by the very low frequency of HSC subsets. It was nonetheless reassuring to 

obtain results that are consistent with previous evidence that HSC frequency remains stable in 

AA2P cultures140,153. Early events in leukemogenesis inactivate TET-2 that is associated with 

increased HSC frequency and self-renewal149,150,152,191. Likewise, the same effects are provoked in 

Vit-C depleted HSCs that had much less 5hmc levels140. Taken together, these results completed 
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my 1st objective demonstrating that AA2P can, on its own, promote the expansion of hematopoietic 

subsets enriched in progenitor activity, and likely support the maintenance of HSC. 

4.2 Migration response in AA2P treated CB CD34+ cells  
My second objective was to determine whether culturing CB progenitors in the presence 

of AA2P would increase their capacity to migrate towards CXCL12/SDF-1a—a crucial step 

necessary for successful homing of HSPCs and engraftment potential113. First, I investigated 

whether AA2P could increased expression of CXCR4 by indirectly evaluating its expression based 

on fluorescent intensity measured by cytometry.  For the most part, my results revealed that 

CXCR4 expression remained unchanged in most populations, except however, for a significant 

increase in the MFI of CXCR4 within the CD34+ population, raising the possibility that those cells 

may migrate towards SDF-1a more efficiently; thereby, leading to increased migration activity. 

Consistent with this, enhanced migration activity for the CD34+ population was observed 

with AA2P cultured progenitors. This is aligned with a large body of work that elucidated the 

method of action for CXCR4 to be the most important determinant for homing and mobilization 

of hematopoietic cells34,35,113. Also, these results displayed that HSPC-enriched CD34+ cells in the 

CD34+CD45RA-CD38- and CD34+CD45RA-CD38-CD90+ fraction had migration activity 

comparable to control. Evidently, HSPCs in CB units have been shown to have intrinsically 

impaired migration activity that is likely the case in these reduced migration observations102. 

4.3 AA2P graft to support NSG engraftment in a transplant model  

Finally, I investigated whether ex vivo expanded HSC and progenitors in AA2P treated 

cultures could improve engraftment outcome. The use of a xenotransplant model like NSG mice 

provide direct functional proof of the engraftment activity of graft of interest. Human chimerism 
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observed in the PB and BM of AA2P/Vit-C and SFM control mice cohorts were used to examine 

engraftment activity of the transplanted graft. 

This study provides the first evidence for elevated early to late platelet levels in the PB 

among mice cohorts transplanted with AA2P progenies, with similar observations made in in 

preliminary Vit-C results. Megakaryocytes that produce platelets can be derived from MPPs and 

downstream CMPs that are shown to be increased in AA2P cultured CD34+ cells (Figure-

6B)194,195. It is possible that the increased production with AA2P in the MPP/CMP population 

translates into increased ST platelet levels in vivo196. On that note, the sheer number in TNC (2-

fold) of the transplanted AA2P fraction is maybe enough to elevate short- to mid-term (weeks 3-

10) platelet levels when compared to vehicle control, which is associated with improved CB 

transplantation outcome197. However, these elevated platelet levels cannot be sustained by ST-

HSCs and MPPs alone after 16 weeks and require LT-HSC to continue this trend90. With that being 

said, the origin of megakaryocyte is one of the most debated subjects, with recent studies 

suggesting that megakaryocytes can be generated from various pathways or not required to 

undergo the stages of differentiation that is followed by other progenitors219. Some studies have 

presented that HSCs are capable of spontaneous differentiation into megakaryocytes upon bodily 

demand2,198–203. Both HSCs and MPPs contain lineage-biased subsets that have not been 

thoroughly investigated in my study90,204,205. Although my FACS-based findings did not show 

significant increase in the expansion of HSC-enriched populations, it is clearly possible that AA2P 

did increase expansion of primitive HSC missed by the current markers defined. This is supported 

by the increased engraftment seen in AA2P mice. Moreover, it is also possible that AA2P-HSCs 

are more primitive than control-HSCs due to increased epigenetic 5hmc levels induced by 

AA2P/TET2153. This suggests that the composition of the HSC compartment established in the 
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primary recipients of AA2P grafts contain more primitive HSCs, which accompanied increased 

ST and LT platelet levels.  

Studies using embryonic stem cells have shown that Vit-C can modify differentiation 

programs and enhance somatic cell reprogramming—pushing embryonic stem cells further to the 

naïve pluripotent state206–208. By modifying the chromatin landscape through Vit-C induced 

demethylation, HSCs are maybe reprogrammed to become more primitive. Herein, a fraction of 

transplanted AA2P progenies could consist of distinct platelet-primed HSCs demonstrated to 

reside at the apex of the hierarchy198,209,199. In vivo outcomes using AA2P progenies show ST to 

LT megakaryocyte engraftment activity, here marked by early to late platelet levels (weeks 3-18; 

Figure-8F) in the periphery, which is evident in platelet-primed HSCs that also generated higher 

ST and LT platelet output198. Although further research is needed to validate this rare and 

functional population in human HSCs—it is of interest because HSCs share characteristics closely 

similar to megakaryocytes that AA2P could increase210. Moreover, leucocyte engraftment was also 

tracked and in contrast to platelets, their levels was not significantly different between both mice 

groups at all time points analyzed. Also monitored was the B-lymphocyte population that, although 

increased, were not significant possibly because these cells have a longer lifespan (52+ days)211 

than other leucocyte subpopulations (1-5 days)212,213. More importantly, HSCs in AA2P grafts 

represented a multipotent population as platelets and lympho-myeloid leucocytes were readily 

detectable as in control.  

Onwards, I wanted to track hematopoietic cells within the BM to investigate whether AA2P 

grafts exhibit increased BM engraftment, while also evaluating LT hematopoiesis that is solely 

reconstituted by LT-HSCs after 16-weeks90. BM CD45+ engraftment evaluated 22-weeks 

posttransplant was found to be superior among the AA2P-graft cohorts when compared to control 
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(Figure-9C), with comparable data established in the BM of Vit-C groups (Figure-10G). It is 

plausible that a fraction of AA2P-HSCs are lymphoid biased. These lymphoid biased HSCs have 

been found to remain longer in quiescence and display a significantly lower demethylation 

profile—thereby contributing to the LT increased leukocyte engraftment in AA2P groups214. With 

that being said, superior LT contribution to CD45+ engraftment in AA2P cohorts can also be 

associated with an in vivo niche in NSG mice that has recently been confirmed to mainly support 

LMPP populations215. This LMPP fraction, here identified as CD34+CD38–CD45RA+CD90–, 

has been shown to be significantly increased in AA2P cultures; thereby, warranting AA2P-grafts 

for their superior leucocyte engraftment.  

Furthermore, multilineage capacity of LT-HSCs was assessed by CD45+ with lineage 

specific markers. This encompassed cells positive for CD33, CD14, CD3, CD19 and CD34. All 

lineages were found to be present in AA2P cohorts demonstrating normal multi-differentiation 

capacity of AA2P-grafts. The increased human chimerism in AA2P cohorts was the combine result 

of small increases mostly not significant on their own of several lineages including CD19 and 

CD34. Aside from other studies that have found Vit-C to promote leukocyte differentiation189, B-

lymphoid cells that express CD19 have been shown to be completed silenced for myeloid genes216. 

It is therefore possible that some contributed CD19 engraftment in AA2P-grafts, largely made up 

of LMPPs, is by facilitated myeloid silenced genes. Likewise, AA2P cultures were able to 

significantly expand the CD34+ population when compared to control. This can be associated with 

an increased contribution to the CD34+ engraftment found in AA2P grafts.  

4.5 Future Directions 

Pending TET-2 inhibition will help determine whether CB CD34+ expansion elicited by 

AA2P is dependent on TET-2 activity as many Vit-C effects are. However, like TET-2, TET-3 is 
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abundantly expressed in HSPCs and deficiency in this protein causes severe depletion of 5hmc in 

HSPC DNA that follows decreased efficacy of Vit-C in suppressing abnormal self-renewal 

programs; thereby, suggesting complementary activity153,188. Herein, TET-3 inhibition could also 

determine whether these programs play an important in the expansion of CB CD34+ cells. It should 

be taken into account that some cultures could have hypermethylated DNA or imbalanced DNA 

methylation.  

Interestingly, HSPCs expressed the highest levels of Vit-C transporters, SLc23a2, 14-fold 

higher than in restricted HPC populations140. Also, both Vit-C concentrations and Slc23a2 

expression were decreased with differentiation140. It is therefore important to determine whether 

in vitro expansion of CB HSPCs convey similar results, and specifically, in the LMPP population 

that has been found to be significantly expanded in my culture results.  

 Next, ascorbate acts as a cofactor for prolyl hydroxylases that reduce hypoxia inducible 

factors (HIFs)217but are said to not be required for HSC function218. However, other studies have 

found that Vit-C induced HIF1α could play an important role in Vit-C induced differentiation 

programs189. Tracking these enzymes and HIF1a in HSCs would be worth looking into. 

 Finally, full understanding of AA2P’s activity on HSC populations requires the completion 

of a serial transplantation and limited dilution assay. Serial transplantation will determine AA2P’s 

activity on self-renewal capacity in expanded HSCs, while the limited dilution assay will aid in 

defining the frequency of HSCs in AA2P grafts to determine whether HSC were expanded or just 

better maintained in the presence of AA2P. 

4.6 Conclusion 

In conclusion, CB units accompany delayed engraftment in neutrophil and platelet levels 

that is associated with low HSC content. The rarity of human HSCs and the limited ability to study 
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these cells in the human niche hurdle our understanding of the regulatory processes and cues that 

control self-renewal and differentiation—thereby, limiting their therapeutic application. 

Nonetheless, natural and synthetic small molecules promoting HSC expansion have been 

identified, such as UM171 and the HDAC inhibitor VPA. Similarly, AA2P is a putative molecule 

capable of inducing ex vivo expansion in CB-derived CD34+ cells and progenitors, when 

combined with cytokines. AA2P also appeared to have either increased HSC expansion or 

improved HSC maintenance as suggested by the superior engraftment of platelet and human BM 

in AA2P-recipients over a 22-week course. Interestingly, AA2P may do so by modulation of the 

epigenetic landscape that, in combination with complementary molecules, has been shown in our 

lab to induce robust HSPC expansion with exceptional ST and LT reconstitution. Overall, my 

study shows the independent activity of AA2P as a moderate HSPC agonist, and its potential to 

advance clinical application of CB transplantations as a complementary molecule.  
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