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Abstract
Background  Ex vivo haematopoietic stem/progenitor cell (HSPCs) expansion constitutes an important area 
of research, and has the potential to improve access to umbilical cord blood (UCB) as a source of stem cells for 
haematopoietic stem cell transplantation (HSCT). The ability to improve stem cell dose and thereby reduce delayed 
engraftment times, which has plagued the use of UCB as a stem cell source since inception, is a recognised 
advantage. The extent to which cluster of differentiation (CD)34 sub-populations are affected by expansion 
with StemRegenin1 (SR1), and whether a particular subtype may account for better engraftment than others, is 
currently unknown. The purpose of this study was to determine the impact of SR1-induced HSPC expansion on 
CD34+ immunophenotypic subsets and gene expression profiles.

Methods  UCB-derived CD34+ HSPCs were characterised before (D0) and after expansion (D7) with SR1 using an 
extensive immunophenotypic panel. In addition, gene expression was assessed and differentially expressed genes 
were categorised into biological processes.

Results  A dose-dependent increase in the number of CD34+ HSPCs was observed with SR1 treatment, and unbiased 
and extensive HSPC immunophenotyping proved to be a powerful tool in identifying unique sub-populations within 
the HSPC repertoire. In this regard, we found that SR1 promotes the emergence of HSPC subsets which may aid 
engraftment post expansion. In addition, we observed that SR1 has a minimal effect on the transcriptome of 7-day 
expanded CD34+ HSPCs when compared to cells expanded without SR1, with only two genes being downregulated 
in the former.

Conclusion  This study revealed that SR1 selects for potentially novel immunophenotypic HSPC subsets post 
expansion and has a minimal effect on the transcriptome of 7-day expanded HSPCs when compared to vehicle 
controls. Whether these distinct immunophenotypic sub-populations possess greater engraftment capacity remains 
to be tested in animal models.
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Background
The first paediatric umbilical cord blood (UCB) trans-
plantation (UCBT) in a child with Fanconi anaemia in 
1988 [1] opened an exciting and pivotal area of research 
and treatment. Subsequently however, the limited 
number of cluster of differentiation (CD)34+ haemato-
poietic stem and progenitor cells (HSPCs) in a single 
UCB unit has meant that in order to reach the optimal 
CD34+ cell dose for haematopoietic stem cell transplan-
tation (HSCT) of 1-1.75 × 105 cells/kg body weight [2], 
two or more UCB units need to be combined for UCBT 
in adults. This is done to overcome the consequence of 
delayed engraftment [3] and the ensuing increased risk of 
infection, hospitalisation and non-relapse mortality [4]. 
With present global trends showing a decline in UCB use 
as an HSPC source [5] due to these disadvantages, ex vivo 
expansion of HSPCs has provided a potential opportu-
nity to put UCBT “back on the map”.

Expansion of HSPCs outside their natural environment 
is challenging, since in vitro culture conditions induce 
spontaneous differentiation resulting in reduced stem 
cell characteristics. Numerous efforts have been made 
to expand these cells and to simulate their natural envi-
ronment in vitro. These efforts have been aimed at iden-
tifying ex vivo conditions that promote self-renewal and 
proliferation of HSPCs, while at the same time restricting 
their differentiation. The cytokine combination consist-
ing of stem cell factor (SCF), FMS-like tyrosine kinase 
3 ligand (FLT3L), and thrombopoietin (TPO) has been 
extensively studied for the ex vivo expansion of HSPCs, 
collectively referred to as “early acting” cytokines [6]. 
These cytokines are used in several clinical and pre-
clinical HSPC expansion protocols [7–9] and have been 
shown to promote quiescence and self-renewal [10]. 
The use of interleukin (IL)-3 and IL-6 is critical for the 
expansion of CD133+ HSPCs, with IL-6 being important 
in maintaining an immature HSPC phenotype follow-
ing expansion [11]. Expansion of HSPCs exclusively with 
cytokines has not significantly improved engraftment 
parameters [12], and thus harnessing intrinsic regula-
tors and biochemical pathways through the use of small 
molecules has been employed to support expansion. 
Supplementing ex vivo HSPC cultures with nicotinamide 
(NAM), a form of vitamin B3, resulted in delayed dif-
ferentiation and increased engraftment of UCB-derived 
CD34+ HSPCs. Expansion in the presence of NAM 
increases the number of early HSPCs (CD34+CD38–) 
and decreases the number of lineage-restricted cells 
[13]. StemRegenin1 (SR1), an aryl hydrocarbon recep-
tor (AhR) antagonist, has also been used for the ex vivo 

expansion of CD34+ HSPCs with long-term engraft-
ment potential [14–16]. SR1 was discovered during an 
unbiased screening of a library of potential compounds 
using primary human HSPCs [15]. Recent studies have 
further explored the impact of SR1 on haematopoietic 
lineages [16–18]. Furthermore, it has shown to maintain 
the expression of stem cell markers, including CD34 on 
endothelial progenitor cells [19]. AhR regulates the effect 
of environmental toxins and plays a role in modulating 
haematopoiesis and the immune system [16] through its 
role as a DNA-binding transcription factor [20]. A phase 
I/II clinical trial has demonstrated improved neutrophil 
and platelet engraftment following UCBT with a single ex 
vivo SR1-expanded UCB unit [9].

The assessment of expanded UCB HSPCs as a stand-
alone treatment is underway in clinical trials [21, 22]. 
This approach could be an important option in South 
Africa, where the cost of procuring two stand-alone UCB 
units is prohibitive and the identification of potential 
HSCT donors is difficult. Indeed, the odds of finding a 
match for HSCT are about 75% for individuals of Euro-
pean descent [23], while this drops to < 20% for ethno-
linguistic groups of sub-Saharan African descent [23]. 
We could thus capitalise on the major advantage of UCB, 
which is a less stringent human leukocyte antigen (HLA)-
matching requirement when compared to other stem cell 
sources [24], particularly in a setting such as our own in 
which the genetic diversity in sub-Saharan African popu-
lations may be restrictive [25].

Expanded UCB plays an important role in the context of 
limited donor availability, and it has the potential to make 
a local public UCB bank more cost-effective by utilising 
UCB units that are historically inadequate in terms of cell 
numbers [26]. Furthermore, should a particular immuno-
phenotypic subset of CD34+ HSPCs be found to harbour 
superior intrinsic engraftment capacity after expansion, 
an expansion agent may be found to be superior to oth-
ers. An example may be revealing stem cell subsets with 
known ‘true’ stem cell markers such as CD90 and CD49f 
[27], which can be exploited for the purposes of HSCT. 
Some studies have shown that the Lin-CD34+CD38-
CD133+CD45RA- population harbours multipotent 
progenitors (MPP) [28, 29] while others believe true 
stem cells exist in the CD34+CD90+ population, with 
an approximate frequency of 0.2% in the CD34+ popu-
lation [30]. The identification of specific immunophe-
notypic subsets within CD34+ HSPCs may thus provide 
insight into how expansion affects these cells. Limited 
immunophenotypic data is available in the literature 
on the impact of expansion with SR1 on CD34+ HSPC 
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subsets [9, 15, 18, 31]. Additionally, there is limited data 
on the effect of SR1 on the side population (SP), an indi-
cation of stem cell primitivity [32] as well as on the gene 
expression profiles of expanded CD34+ cells [15, 31] and 
how this compares to gene expression in non-expanded 
CD34+ cells.

The purpose of this study was to provide detailed anal-
yses on the impact of SR1 on CD34+ HSPCs from UCB 
by means of extensive unsupervised clustering immuno-
phenotyping analysis, SP analysis after in vitro expansion 
and gene expression analysis of CD34+ HSPCs before and 
after expansion.

Materials and methods
Sample collection
Informed consent was obtained from healthy human 
immunodeficiency virus (HIV)-negative mothers sched-
uled for caesarean section at 37 to 40 weeks gestation 
at a private hospital in Pretoria, South Africa. UCB was 
collected into bags containing citrate phosphate dextrose 
anticoagulant (Tianhe Pharmaceutical, China), stored at 
4°C and used within 24 h. The HIV status of the mothers 
was obtained from their files or verbally during informed 
consent, and confirmed using the GeneXpert 1 System 
(Cepheid, USA) and Xpert® HIV-1 Qual or HIV-1 Qual 
XC cartridges (Cepheid, USA). Three individual donor 
samples were used for SR1 concentration optimisation, 
three samples for the 4-colour immunophenotype panel, 
and five samples for the 8-colour immunophenotype 
panel. For the gene expression, three pooled samples 
(each containing two UCB units) were used.

CD34+ HSPC enrichment
UCB was layered onto Histopaque®-1077 (Sigma-Aldrich, 
USA) in sterile 50 mL Falcon tubes at a 2:1 volume ratio 
and centrifuged for 30 min at 388 x g. The plasma fraction 
was aspirated, and the mononuclear cell (MNC) layer 
collected. Red blood cells were lysed using ammonium 
chloride (NH4Cl, pH 7.4) and the samples incubated at 
4°C. Samples were centrifuged at 300 x g for 10  min at 
4°C and NH4Cl was aspirated after which the cells were 
washed twice with TP buffer [phosphate buffered saline 
(PBS, pH 7.4), 10 µg/mL human albumin (Sigma-Aldrich, 
USA), and 2 mM ethylenediaminetetraacetic acid 
(EDTA)]. The supernatant was aspirated, and the cells 
were resuspended in up to 10 mL of TP buffer. A MNC 
aliquot was stained with CD45 (clone J33) FITC, CD34 
(clone 581) PE and the viability dye, 7AAD (Stem-Kit™ 
HSPC enumeration kit, Beckman Coulter, Miami, USA) 
to identify viable CD34+ HSPCs. A second aliquot of the 
MNC suspension was stained with CD45 FITC (clone 
J33) and IsoClonic control PE and 7AAD (Stem-Kit™ 
HSPC enumeration kit, Beckman Coulter, Miami, USA) 
to determine the negative/positive boundary of CD34 

expression. Viable CD34+ cells from the MNC fraction 
were sorted into 24-well plates using the BD FACSAria™ 
Fusion cell sorter (BD Biosciences, USA). Sorting purities 
of > 90% were achieved. Depending on the experiment, 
CD34+ HSPCs were sorted into serum-free expansion 
medium (StemSpan ACF/AOF; StemCell Technologies, 
Canada) or directly into lysis buffer (Qiagen, Germany).

Culture conditions
CD34+ HSPCs were cultured in 24-well plates (1 × 104 
cells/well) in 1 mL StemSpan ACF/AOF medium supple-
mented with 2% penicillin (100 units/mL, GibcoBRL, 
USA), streptomycin (0.1  mg/mL, GibcoBRL, USA) and 
recombinant human growth factors, each at 100 ng/mL: 
SCF, TPO, FLT3L, granulocyte colony-stimulating fac-
tor (G-CSF) and IL-3 (Life Technologies, Thermo Fisher 
Scientific, USA). Cytokine combinations were optimised 
prior to starting these experiments (Additional file 1: 
Tables S1-2 and Figures S1-S6). Cultures were maintained 
at 37°C and 5% CO2 in a humidified atmosphere for 7–8 
days. SR1 (StemCell Technologies, Canada) was dissolved 
in dimethyl sulfoxide (DMSO; Sigma-Aldrich, USA) and 
further dilutions were made using StemSpan ACF/AOF. 
The following concentrations were tested to determine 
the optimal SR1 concentration for HSPC expansion: 
0.25, 0.5, 0.75 and 1 µM. A vehicle control (VC) contain-
ing DMSO (0.01%) was included. Subsequent expansion, 
immunophenotype and gene expression experiments 
were performed using 1 µM SR1.

Flow cytometry
Two separate antibody panels, one with four and another 
with eight colours, were used to determine viability 
and CD34+ percentages on Day 0 (D0) and Day 7 (D7). 
The 4-colour immunophenotype panel was acquired 
using a 3-laser, 10-colour Gallios flow cytometer (Beck-
man Coulter, Miami, USA), while the subsequent larger 
8-colour panel was acquired using a CytoFLEX flow 
cytometer (Beckman Coulter, Miami, USA). The D7 sub-
sets were analysed in those cells expanded with (SR1) and 
without SR1 (VC).

The 4-colour immunophenotypic panel included the 
following anti-human monoclonal antibodies: Lin FITC 
(clones: CD3, UCHT1; CD14, HCD14; CD16, 3G8; 
CD19, HIB19; CD20, 2H7; CD56, HCD56; BioLegend, 
USA), CD34 PE-Cy7 (clone: 581; BioLegend, USA), CD38 
APC-Cy7 (clone: HIT2; BioLegend, USA), CD133/2 PE 
(clone: 293C3; Myltenyi Biotec, Germany) and Mouse 
IgG2b PE isotype (clone: IS6-11E5.11; Myltenyi Bio-
tec, Germany). The analysis was performed using either 
a Gallios flow cytometer or BD FACSAria Fusion cell 
sorter. Post-acquisition analyses were performed using 
Kaluza Analysis Software (version 2.1; Beckman Coulter, 
Miami, USA). The flow cytometric protocol and gating 
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strategy are summarised in Additional file 2: Fig. S1. Fold 
increase in absolute cell numbers as well as percentage 
was used to determine cell sub-populations before and 
after a 7-day expansion. Fold increase refers to the factor 
by which the number of cells observed on D7 increased 
relative to the number of cells seeded on D0, and was cal-
culated as follows:

	

Fold Increase =

Total number of cells on D7− Total number of cells seeded on D0

Total number of cells seeded on D0

The 8-colour immunophenotype panel included the fol-
lowing anti-human monoclonal antibodies: Lin FITC 
(clones: CD3, UCHT1; CD14, HCD14; CD16, 3G8; 
CD19, HIB19; CD20, 2H7; CD56, HCD56; BioLegend, 
USA), CD34 APC AF700 (clone: 581; Beckman Coul-
ter, Miami, USA), CD38 ECD (clone: LS198-4-3; Beck-
man Coulter, Miami, USA), CD133 PE-Violet 770 (clone: 
REA753; Miltenyi Biotec, Germany), CD117 PE (clone: 
104D2; BioLegend, USA), CD90 BV510 (clone: 5E10; 
BioLegend, USA), CD45RA APC (clone: 2H4; Beckman 
Coulter, Miami, USA), CD49f SB780 (clone: G0H3; Bio-
Legend, USA). Prior to determining the antibody vol-
umes for the 8-colour panel, antibody titrations were 
performed and decisions on volumes were made based 
on the staining index [Stain Index = (Median of Positive 
– Median of Negative) / (Standard Deviation of Nega-
tive * 2)]. Post-acquisition analyses were performed using 
Kaluza Analysis Software (version 2.1; Beckman Coul-
ter, Miami, USA) and Cytobank software (http://www.
cytobank.org; Beckman Coulter, Miami, USA). The gat-
ing strategy employed prior to Cytobank analysis is sum-
marised in Additional file 2: Fig. S2. Once uploaded into 
the Cytobank platform, data clean-up was performed 
using Peak Extraction and Cleaning Oriented Quality 
Control (PeacoQC) to identify and exclude any anoma-
lous events. For the description of the D0 and D7 immu-
nophenotype, all associated files were concatenated prior 
to Cytobank analysis. For statistical analysis, sample files 
were analysed individually and compared. Dimension-
ality reduction was performed using t-distributed sto-
chastic neighbour embedding (tSNE) plots, after which a 
flow cytometry self-organising map (FlowSOM) was per-
formed to determine statistically significant differences in 
populations in the D7 subsets (SR1 versus VC) using box 
plots and heat maps. Statistical analysis was performed 
using non-parametric Kruskal-Wallis and Mann-Whit-
ney U tests where appropriate.

Side population (SP) analysis
SP analysis has proven to be a valuable tool to iden-
tify a population of immature HSPCs [33]. SP data 
was obtained from two different donors. Primitive 
(immature) stem cells preferentially efflux cytoplasmic 

lipophilic fluorescent dyes, such as the DNA binding dyes 
Vybrant® DyeCycle™ (VDC) Violet and Hoechst, resulting 
in a sub-population of cells displaying lower fluorescent 
intensity levels. The SP fraction (displayed as a percent-
age) was identified as cells with higher dye efflux ability 
and therefore cells with low/negative VDC Violet fluores-
cence compared to the rest of the population. SP analy-
sis was performed after eight days in culture. Triplicate 
wells were pooled for SP analysis at a concentration of 
103 viable cells/µL medium, in a total of 1 mL per tube. 
A Verapamil control (100 µM; Sigma-Aldrich, USA) was 
included for each condition. VDC Violet (5 µg/mL; Life 
Technologies, Thermo Fisher Scientific, USA) was added 
to all tubes and incubated at 37°C for 120 min, protected 
from light. Following incubation, cells were placed on 
ice and analysed on the BD FACSAria Fusion. Cells were 
stained with Annexin V FITC (Beckman Coulter, Miami, 
USA), 7AAD, CD34 PE-Cy7 and CD38 APC-Cy7 prior to 
analysis. The flow cytometric protocol and gating strat-
egy are summarised in Additional file 1: Fig. S3.

RNA extractions, integrity and quality
The Qiagen RNeasy Micro Plus kit (Qiagen, Germany) 
was used to perform RNA extractions according to the 
manufacturer’s instructions. Cells (105) were sorted into 
300 µL lysis buffer and were kept at 4°C throughout the 
sorting process. RNA was extracted from two aliquots of 
cells (105 each) on D0 and concentrated by vacuum cen-
trifugation using a SpeedVac SVC-100 (Savant Instru-
ments, USA). RNA integrity and quality were assessed 
using the TapeStation® 2200 (Agilent Technologies, 
USA), RNA ScreenTape® (Agilent Technologies, USA) 
and Sample Buffer Kit (Agilent Technologies, USA).

Gene expression
Gene expression analysis (50 ng total RNA in each sam-
ple) was performed using Affymetrix GeneChip® Human 
Gene 2.0 ST arrays (Affymetrix, USA) and Affyme-
trix GeneChip® WT PLUS Reagent Kit (Affymetrix, 
USA) according to the manufacturer’s manual. Puri-
fied, fragmented and labelled complementary RNA was 
added to the hybridization cocktail using Hybridization 
Wash and Stain Kit (Affymetrix, USA). The hybridiza-
tion cocktail was hybridized to Affymetrix GeneChip® 
Human Gene 2.0 ST arrays for 17  h. The GeneChips 
were placed in an Affymetrix GeneChip® Hybridiza-
tion Oven-645 (Affymetrix, USA) at 45°C rotating at 
60  rpm. The hybridized chips were washed and stained 
in an Affymetrix GeneChip® Fluidics Station-450Dx 
(Affymetrix, USA) before scanning using an Affymetrix 
GeneChip® Scanner-7G (Affymetrix). Analyses were per-
formed using the Affymetrix Transcriptome Analysis 
Console™ (TAC) Software 4.0 (Affymetrix, USA). Genes 
with a fold change ≥ 2.5 and ≤ -2.5 and (P < 0.05) were 

http://www.cytobank.org
http://www.cytobank.org
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considered to be differentially expressed. The microar-
ray data files of this study have been submitted to NCBI 
GEO (Gene Expression Omnibus) with accession num-
ber GSE146810. The Database for Annotation, Visual-
ization, and Integrated Discovery (DAVID) analysis tool 
(https://david.ncifcrf.gov) was used to classify differen-
tially expressed genes into biological processes [34].

Statistical analysis
Experiments were performed in triplicate using two 
to eight independent UCB samples. Values represent 
mean ± standard deviation (SD). Statistical analyses were 
performed using GraphPad Prism (Version 10.0.2) as 
well as the Cytobank platform. A non-parametric one- or 
two-way analysis of variance (ANOVA), a Kruskal-Wallis, 
a Mann-Whitney U test and a Dunn’s Multiple Compari-
son Test were performed where appropriate to determine 
statistical significance (P < 0.05).

Results
SR1 concentration optimisation
Expanded CD34+ sub-populations
Mean Lin-CD34+ HSPC percentages significantly 
increased (p = 0.0349) with increasing SR1 concentra-
tions (Fig.  1a and b), recorded as 38.6 ± 1.8% at 1 µM 
SR1, compared to 16.2 ± 5.5% in the VC (n = 3). The 
Lin-CD34+CD38- population remained stable across 
the different SR1 concentrations (p = 0.9453), maintain-
ing percentages of 66.4 ± 2.8% at 1 µM SR1, in compari-
son to 63.3 ± 4.3% in the VC (Fig.  1c). Meanwhile, the 
Lin-CD34+CD38-CD133+ sub-population showed a 
decrease in mean percentages with higher SR1 concen-
trations (p = 0.0306), recording 74.3 ± 5.8% at 1µM SR1, as 
opposed to 87.9 ± 5.3% in the VC (Fig. 1d). These experi-
ments were performed on three biological replicates.

Immunophenotyping of the side population sub-populations
Side population (SP) experiments were performed on 
two biological replicates (n = 2). The SP disappeared when 
cells were treated with Verapamil (Fig.  1d), a calcium 
channel blocker. The SP had previously been identified in 
CD34+ [35, 36] and CD34- HSPCs [33, 36, 37] and was 
therefore investigated in our study in both CD34+CD38- 
and CD34-CD38- HSPCs. The mean percentage SP in the 
control was similar for CD34+CD38- (1.03 ± 0.11%) and 
CD34-CD38- (1.04 ± 0.20%) cells (Fig. 1e). Although not 
statistically significant when compared to the control, 
the highest mean percentage of SP cells was identified for 
both CD34+CD38- cells (1.40 ± 1.34%) and CD34-CD38- 
cells (1.91 ± 0.95%) using SR1 at 0.25 µM. In addition, and 
although not statistically significant, SP percentages were 
numerically higher in CD34-CD38- cells compared to 
CD34+CD38- cells for all SR1 concentrations (Additional 
file 1: Table S3). Additional file 1: Table S3 shows the 

percentage SP in CD34+CD38- and CD34-CD38- popu-
lations after expansion with SR1.

Immunophenotyping
Immunophenotyping using a 4-colour immunophenotype 
panel
Immunophenotypic profiles using a 4-colour immu-
nophenotypic panel were then assessed before and after 
expansion in the presence of SR1 at a concentration of 1 
µM. Clear differences were observed between D0 and D7 
immunophenotypic profiles of Lin-CD34+ HSPCs. On 
D0, 54.7 ± 7.9% of the Lin-CD34+ population expressed 
CD133. The CD38 expression was continuous, making it 
difficult to set a boundary with manual gating (Additional 
file 2: Fig. S1).

On D7, a very small proportion of the cells were lineage 
positive. The most noticeable difference was the total 
proportion of Lin-CD34+ HSPCs present on D7 after SR1 
expansion (38.0 ± 8.9%), which was larger than for con-
trol cells (22.9 ± 11.9%), albeit not statistically significant 
(Fig.  2a). Within the Lin-CD34+ population, 39.6 ± 7.1% 
of cells were CD133-positive after SR1 expansion, which 
was lower than for control cells at 59.2 ± 11.5% (Fig. 2a). 
Although the CD38-positive population within the Lin-
CD34+ population was still continuously expressed, it 
was easier to identify a CD38+ and CD38- population.

An additional five independent samples (total samples 
n = 8) were then expanded using SR1 at 1 µM to corrobo-
rate the data obtained from the three initial samples. Fig-
ure  2b shows the mean fold change in total viable cells 
for SR1 (89.2 ± 29.4) compared to the VC (124.3 ± 41.7). 
The total viable CD34+ cell number was, however, 
increased by 42.8 ± 15.4 versus 23.7 ± 5.4, respectively. 
These changes confirm the potency of SR1 to increase 
CD34+ cells, even though not statistically significant 
when compared to the VC. The contribution of each indi-
vidual sample to this fold change is shown in Fig. 2b.

Immunophenotyping using an 8-colour immunophenotype 
panel
Data analysis of five concatenated files (n = 5) compar-
ing the differences in immunophenotype between D0, 
D7 SR1, and D7 VC is demonstrated in Fig. 3. An equal 
number of events for each concatenated file was used 
in this analysis. The input population for the concat-
enated sample analysis was Lin-CD34+. Significant dif-
ferences were observed between Lin-CD34+ cells on 
D0 and D7. Manual gating of tSNE-CUDA islands was 
guided by the FlowSOM metaclustering analysis run 
within the tSNE-CUDA experiment. Identified popula-
tions were named according to pre-existing population 
nomenclature [29, 30, 38] as it pertained to the immuno-
phenotypic profiles (Fig. 3b and c, only D0 and D7 SR1 
shown). As our panel contains more colours than the 

https://david.ncifcrf.gov
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Fig. 1  SR1 concentration optimisation. (a) A graphical illustration of flow cytometry density plots and minimum/maximum floating bar graphs indicat-
ing the (b) Lin-CD34+ and (c) Lin-CD38-CD34+ and Lin-CD38-CD34+CD133+ HSPC percentages present on D7 as the concentration of SR1 increases 
(n = 3). (d) A representation of the SP analysis, (i) VDC Violet with verapamil and (ii) VDC Violet without verapamil. (e) The percentage SP cells observed in 
the CD34+CD38- and CD34-CD38- populations after an 8-day expansion with different concentrations of SR1 (n = 2). Data is represented in minimum/
maximum floating bar graphs with the solid horizontal line in each bar representing the mean. Significant differences are indicated as *(p < 0.05)
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usual populations described, the term extended (Ext) 
was added to the population names. Population names 
and percentages are shown in Fig. 3b and c respectively, 
and the phenotypes of these distinct clusters are pro-
vided in Table  1. Six dominant clusters were identified 
on D0 and nine on D7. Overall, CD38 was expressed 

abundantly on D0, while the D7 populations, both in 
the presence and absence of SR1, were predominantly 
CD38- [31]. A very small CD49f+ seed population was 
seen on D0, making up 0.33% of the Lin-CD34+ popu-
lation, with a marked increase in this population on D7 
with SR1 (7.78% of the Lin-CD34+ population). The 

Fig. 2  The effect of SR1 (1 µM) on CD34+ populations. The percentage (a) Lin-CD34+ and Lin-CD34+ CD133+ populations on D7 after expansion (n = 4). 
(b) The fold change and mean fold change of total viable and CD34+ cells on D7 after expansion (n = 8). Data is represented in minimum/maximum float-
ing bar graphs with the solid horizontal line in each bar representing the mean
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Fig. 3 (See legend on next page.)
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Lin-CD34+CD38+ populations made up five of the six 
clusters on D0 and were further identified to be extended 
common myeloid progenitor (ExtCMP), -granulocyte-
macrophage progenitor (ExtGMP), ExtGMP2, and 
-erythro-myeloid progenitor (ExtEMP) populations. The 
largest identified cluster was ExtCMP, which made up 
41.19% of the Lin-CD34+ population and is in keeping 
with what is known about this population in UCB on D0 
[30]. This population additionally expressed both CD133 
and CD117. In contrast, extended lymphoid primed mul-
tipotent progenitors (ExtLMPP) which give rise to multi-
lymphoid progenitors (MLP) made up only 4.7%, and this 
population was the only D0 population on which CD117 
was not expressed.

The D7 phenotype revealed an entirely different pic-
ture. Although many of the dominant clusters had very 
small seed populations which could be seen on D0, there 
were also new clusters present which were not pres-
ent on D0. The two dominant clusters were ExtLMPP1 
(63.02% in the VC and 25.58% in SR1) and a new popula-
tion termed HSPC1 (18.12% in VC and 33.56% in SR1). 
The former, unlike its counterpart on D0 (Ext LMPP), 
expressed both CD90 and CD49f in small proportions 
and was brightly positive for CD117. The HSPC1 popu-
lation is intriguing, as it lacked both CD38 and CD133, 
showed bright CD45RA expression, and included a 
small proportion which was CD90+. The highest CD90 
expression was found in a distinct cluster present on D7 
(CD90+). A minimal difference in its percentage between 
the VC and SR1 groups was observed. CD90 expression 
is associated with stemness [39] suggesting that the dis-
tinct CD90-expressing cluster observed on D7 represents 
primitive (immature) HSPCs. CD49f was not present on 
this CD90+ population but rather formed its own unique 
cluster on D7 and was much more prominent in the pres-
ence of SR1 (7.78% versus 0.51% in the VC). Variable 
expression of CD90 was present within this CD49f popu-
lation with intermediate/dim expression of CD133 and 
CD45RA. Variable expression here means that the pres-
ence and frequency of a specific cell surface marker var-
ies among different cells within the same population. A 
second, very small CD90+ population (CD90+(2)), mak-
ing up 1.67% of the SR1 population and 0.39% of the VC, 
had a different phenotype from the first CD90+ popula-
tion, in that CD38 was present and CD133 was absent. 
This phenotype is in keeping with erythro-myeloid 

progenitors (EMPs), except for the presence of CD90. 
The second HSC population (HSPC2) seen on D7 had 
a phenotype similar to HSPC1, except for CD45RA, 
which was variably expressed in HSPC2, and positive on 
HSPC1. HSPC2 also showed limited CD90 expression 
and clustered differently from HSPC1. Six of the clusters 
on D7 did not express CD38. Of the three clusters that 
did express CD38, namely D7ExtEMP, D7ExtGMP, and 
CD90+(2), all were more prominent in SR1 than in the 
VC. The absence of CD38 is evidence of a more imma-
ture HSPC population. The differences in the presence 
and abundance of these populations on D0 and D7 are 
illustrated in Fig. 3, which shows overlaid manually gated 
populations on the tSNE-CUDA (Fig.  3d), with corre-
sponding bar graphs displaying event count per popu-
lation (Fig.  3e). Statistical analysis of the different MCs 
identified by FlowSOM showed a statistically significant 
difference in all MCs between D0 and D7 as portrayed in 
the box plot in Fig. 4a.

To determine if any statistically significant differences 
occurred in sub-populations between treatment with 
SR1 and the VC on D7, a separate tSNE-CUDA experi-
ment was performed using the five biological replicates 
(n = 5) in each condition. A FlowSOM was run within this 
tSNE-CUDA experiment, and FlowSOM MCs were visu-
alized on the tSNE-CUDA map. A Mann-Whitney U Test 
was applied to the generated FlowSOM MC box plots, 
shown in Fig. 4b, which identified three MCs indicating 
statistically significant differences between SR1 and VC. 
They were MC 13, 14, and 16. The three MCs in question 
were independently displayed on the FlowSOM MC dot 
overlays of one sample in Fig.  4c. Heat maps were then 
generated for these three MCs in the same sample to 
determine their unique phenotype (Fig. 4d). MC 13 was 
shown to have a phenotype similar to D7ExtGMP, MC 
14 had similarities to D7ExtEMP, and MC 16 had a phe-
notype similar to CD90+(2) (see Table 1). These are the 
three CD38+ populations on D7 which were more abun-
dant in the presence of SR1, as shown in Table 1, corrob-
orating the findings.

Gene expression
Gene expression analysis was performed on D0 and 
7-day-expanded (with and without SR1) CD34+ HSPCs 
(Fig. 5a). Two UCB units, collected on the same day from 
two different donors, were pooled to obtain sufficient 

(See figure on previous page.)
Fig. 3  Concatenated D0 and D7 samples showing the differences in clusters present. (a) Shows the tSNE-CUDA map visualisation of concatenated D0 
and D7 samples from the 8-colour immunophenotyping panel, coloured by expression of marker labelled above each plot as the z-dimension and plot 
scale indicated on the right. Significant expansion induced changes in clusters and phenotype are evident between D0 and D7. (b) Manual gating of the 
islands on the tSNE-CUDA was done using the FlowSOM metaclusters as guidance (MCs; not shown) and population names identified are shown in (b) 
while (c) shows relative percentages of the identified named populations. The tSNE-CUDA map shown in coloured by CD38 expression for concatenated 
D0 and D7 SR1 samples. To further describe the dynamic changes that occurs from D0 to D7, the manual gates guided by the FlowSOM MCs (not shown) 
were overlaid on the tSNE-CUDA map, illustrated in (d) for D0, D7 VC and D7 SR1). (e) Bar graphs showing the dramatic difference between populations 
present on D0 and D7, SR1 and VC, and relative abundance of each. (f) Event counts are shown in the tables below each bar graph
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CD34+ HSPCs for subsequent RNA extraction and gene 
expression analysis. Three pooled samples, each consist-
ing of two UCB units represented three biological repeats 
(n = 3). Bulk gene expression analysis represents an aver-
age gene expression pattern of a population of cells. 
Figure  5b illustrates the conditions that were compared 
at the transcriptome level. Figure  5c shows two distinct 
clusters representing CD34+ HSPCs with different gene 
expression patterns through principal component analy-
sis (PCA). A clear distinction between CD34+ HSPCs 
on D0 (blue) and D7 [with SR1 (purple) and VC (red)] 
was observed. Minimal gene expression differences were 
observed between cells expanded with and without SR1.

CD34+ cells expanded with and without SR1
Two genes, namely cytochrome P450, family 1, subfamily 
B, polypeptide 1 (CYP1B1) and erythrocyte membrane 
protein band 4.1-like 3 (EPB41L3) (Table 2) were signifi-
cantly downregulated in CD34+ cells expanded with SR1 
when compared to the VC. No biological processes were 
associated with these genes.

D7 vs. D0 CD34+ HSPCs
A total of 1037 and 1017 genes were differentially 
expressed in D7 CD34+ cells with and without SR1, 
respectively, when compared to CD34+ cells on D0. Of 
these, 470 genes were significantly upregulated and 567 
were significantly downregulated in cells expanded with 
SR1 (Fig.  5b and Additional file 3: Table S1), while 489 
genes were significantly upregulated and 528 were signif-
icantly downregulated in the VC (Fig. 5b and Additional 
file 3: Table S4). The heat map shows the gene expres-
sion patterns for D0 and D7 (SR1 and VC) CD34+ HSPCs 
(Fig.  6a). The volcano plots further show the significant 

changes in gene expression with fold changes and sta-
tistical significance (Fig.  6b). GO classification revealed 
the biological processes enriched in the up- (Fig. 6c and 
Additional file 3: Tables S2 and S5) and downregulated 
(Fig. 6d and Additional file 3: Tables S3 and S6) gene sets.

Discussion
The purpose of this study was to determine the effect of 
SR1 on immunophenotypic subsets and gene expression 
profiles of expanded CD34+ HSPCs as compared to a 
VC. These populations were then compared to HSPCs on 
D0, which are clinically used for HSCT and are known to 
engraft.

We first optimised the SR1 concentration for expan-
sion, as previous studies used a variety of SR1 concentra-
tions to expand HSPCs ex vivo [14, 15, 40, 41]. We found 
that 1 µM SR1 was the most effective; previous studies 
used concentrations ranging from 0.1 to 10 µM [14, 40]. 
CD34+ percentages were higher in SR1-expanded cul-
tures compared to the VC (without SR1) and increased 
with higher concentrations of SR1, while the absolute 
number of viable cells was similar across the different 
concentrations. This indicates that SR1 increased the 
proportion and absolute number of CD34+ cells without 
affecting total cell number. This highlights the role of SR1 
in promoting the expansion of CD34+ cells from UCB, 
which is in keeping with other studies [14, 15].

Immunophenotypic analysis revealed increased pro-
portions of both CD34+CD38- and CD34+CD38+ pop-
ulations as the concentration of SR1 increased. The 
CD34+CD38- fraction is known to be enriched in primi-
tive HSPCs that have long-term repopulating potential, 
while CD34+CD38+ cells are enriched for short-term 
repopulating cells [15, 42]. On D7, an increase in the 

Table 1  Identified populations, their phenotypes and frequencies on D0 and D7 with (SR1) and without SR1 (VC)
Population name Phenotype % D0 % D7 VC % D7 SR1
ExtMPP Lin-CD34+CD38-CD133+CD45RA-CD117+CD90-CD49f- 5.42 0.01 0.01
ExtCMP Lin-CD34+CD38+CD133+CD45RA-CD117+CD90-CD49f- 41.19 0 0.03
ExtGMP Lin-CD34+CD38+CD133vCD45RAdimCD117+CD90-CD49f- 19.93 0.02 0
ExtEMP Lin-CD34+CD38+CD133-/dimCD45RA-CD117+CD90-CD49f- 18.07 0.01 0.13
ExtLMPP Lin-CD34+CD38-CD133+CD45RAdimCD117-CD90-CD49f- 4.7 0 0.01
ExtGMP2 Lin-CD34+CD38+CD133dimCD45RA+CD117vCD90-CD49f- 8.16 0 0.15
D7ExtEMP Lin-CD34+CD38+CD133-CD45RA-CD117+CD90dimCD49f- 0.08 1 9.31
ExtLMPP1 Lin-CD34+CD38-CD133+CD45RA+CD117+CD90vCD49fv 0.04 63.02 25.58
ExtLMPP2 Lin-CD34+CD38dimCD133+CD45RA+CD117+CD90vCD49fdim 0.01 3.15 1.34
CD90+ Lin-CD34+CD38-CD133+CD45RAvCD90+CD49f- 0.01 4.32 3.77
CD49f+ Lin-CD34+CD38-CD133dimCD45RAdimCD117vCD90vCD49f+ 0.33 0.51 7.78
HSPC1 Lin-CD34+CD38-CD133-CD45RA+CD117vCD90vCD49f- 0.05 18.12 33.56
HSPC2 Lin-CD34+CD38-CD133-CD45RAvCD117+CD90vCD49f- 0.01 5.94 9.89
D7ExtGMP Lin-CD34+CD38+CD133-/dimCD45RAvCD117+CD90vCD49fv 0.01 0.79 3.05
CD90+(2) Lin-CD34+CD38+CD133-CD45RA-CD117dimCD90+CD49fv 0.01 0.39 1.67
CD, cluster of differentiation; CMP, common myeloid progenitor; D0, day 0; D7, day 7; EMP, erythro-myeloid progenitor; Ext, extended; GMP, granulocyte-macrophage 
progenitor; HSPC, haematopoietic stem/progenitor cell; LMPP, lympho-myeloid primed progenitor; MPP, multipotent progenitor; SR1, stemregenin1; v, variable; VC, 
vehicle control
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CD34+CD38- population was observed, which indi-
cates a more primitive population of cells. However, 
this expanded population is not associated with SCID-
repopulation capacity, as reported by Dorrell et al. [43]. 

Our findings are in line with other studies [14, 15], which 
also showed an increase in CD34+ sub-populations when 
UCB-derived CD34+ HSPCs were expanded ex vivo for 
five weeks with 1 µM SR1. Tao et al. [14] likewise showed 

Fig. 4  Statistical differences in Lin-C34+ sub-populations. The figure illustrates the differences in percentages of Lin-CD34+ sub-populations on D0 and 
D7 (with and without SR1) samples using Cytobank analysis software files from five individual donors (D0 and D7) were imported as individual files for 
statistical analysis (n = 5). (a) Significant differences are indicated on the boxplot as *(p < 0.05) and **(p < 0.01). Files from five individual donors (D0 and 
D7) were imported as individual files into Cytobank analysis software (n = 5). (b) A MC boxplot illustrating the differences in Lin-CD34+ sub-population 
percentages on D7 between cells expanded with and without SR1 (vehicle control, VC). Files were individually processed in Cytobank to determine the 
significance. Three sub-populations (MC 13, 14 and 16) were found to be significantly different between cells expanded with and without SR1. Significant 
differences are indicated on the boxplot as *(p < 0.05) and **(p < 0.01). (c) The FlowSOM MC dot overlay plots of one of the samples provides a visual 
representation of the differences in the three clusters of significance. (d) The FlowSOM MC heat maps shows the expression of the various markers on the 
three sub-populations that were found to be significantly different between the different conditions. Only one sample is shown for ease of visualisation
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Fig. 5 (See legend on next page.)
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that Lin-CD34+ cells expand in an SR1 concentration-
dependent manner and observed a decrease in the more 
primitive and dormant CD34- population [33, 44–47] 
with higher concentrations of SR1 (1–5 µM). CD34-
CD38- cells consistently showed higher SP percentages, 
further suggesting that they might be more primitive. 
Higher SR1 concentrations increased total CD34+ HSPC 
numbers but reduced primitive HSPCs. These concen-
trations likely contributed to changes in the phenotypic 
profiles of the HSPCs [47], including decreased dye efflux 
ability as cells mature [48].

Immunophenotyping on Cytobank analysis software 
using an 8-colour panel was able to provide important 
new insights into HSPC phenotyping in an unbiased 
manner. A very small percentage of Lin-CD34+CD38- 
cells were present on D0 in keeping with other stud-
ies [49], whilst on D7, the majority of cell clusters were 
Lin-CD34+CD38-. Pranke et al. [49]. found similar 
results after a 7-day culture with TPO, FLT-3, and SCF 
but in contrast to our findings, their CD34+ percentages 
decreased from 93.3% on D0 (purified CD34+ culture 
plating) to 10.9% on D7. Our higher mean CD34+ per-
centages on D7 both in VC and SR1, are likely due to 
the increased number of cytokines (FLT3L, SCF, TPO, 
IL-3, and G-CSF) in addition to SR1. However, the con-
clusion reached by these authors [49] is similar to ours, 
namely that differentiation and thus loss of CD34 marker 
expression occurs during culture. This differentiation 
likely affects the less primitive D0 CD34+CD38+ popula-
tion more than their CD34+CD38- counterparts, which 
undergo more self-renewal [49] in culture and are there-
fore more abundant. It is thus probable that the Lin-
CD34+CD38- populations present on D7 stem from the 
initial D0 populations as well as self-renewal of the MPP 
population.

The “Revised model of early haematopoiesis” [38] 
identifies the MPP as a cell that has lost its self-renewal 
capacity and is CD34+CD38-CD133+CD45RA-CD90-. 
However, studies have shown that this population is capa-
ble of long-term engraftment in mice [50, 51], although it 
is less efficient than Lin-CD34+CD45RA-CD90+ (HSCs) 
cells [52]. The MPP population [30, 38, 51] is clearly vis-
ible on the tSNE plots on D0 with bright CD117 expres-
sion. Our study showed, similar to others [38], that the 
D0 CD34+ population is predominantly CD133+, which 
has been found to have greater colony-forming potential 
compared to the same population in peripheral blood or 
bone marrow [28]. Engraftment in mice has also been 
shown to be possible only when CD133 is expressed [38].

Our study revealed some distinct differences on the 
D7 immunophenotype in the presence and absence of 
SR1. SR1 favoured the development of CD49f, EMP 
(D7ExtEMP), HSPC1, and HSPC2 populations while 
the VC showed a marked increase in LMPP (ExtLMPP1 
and 2). CD49f expression in SR1-treated cells on D7 
is considerably brighter than in the VC with concur-
rent dim CD90 expression, and up to 80% of single 
CD34+CD90+CD49f+ HSPCs have also been found to 
have colony forming potential [27]. This indicates that 
SR1 potentially favours the expansion of a potent HSPC 
subtype that may aid engraftment, especially since even 
the CD90-CD49f+ population has been found to pos-
sess long-term engraftment potential [50]. According to 
Notta et al., up to 70% of CD90+ HSPCs express CD49f 
[50], but we were not able to quantify this on our tSNE 
plot. Co-expression of CD90 and CD49f in the Lin-
CD34+ population (Lin-CD34+CD90+CD49f+) has been 
shown to constitute a rare but potent HSPC subtype, 
which is enriched for true HSCs that have the ability to 
engraft NOD-SCID mice and can be distinguished from 
MPPs [50]. Evidence suggests that the MPP population 
has the potential to increase expression of CD90 and 
therefore to engraft well [50], albeit to a lesser extent than 
the CD90+CD49f+ population. Bari et al. [52] showed 
that a significantly increased proportion of the Lin-
CD34+CD90+CD49f+ sub-population is present after 
expansion with a small molecule (C7), and transplanta-
tion of expanded cells leads to rapid engraftment in NSG 
mice. These findings are further supported by our data in 
that the HSC phenotype forms a sub-population of the 
HSPC2 population found on D7 (HSPC2 = MPP sub-pop-
ulation + HSC sub-population) with a higher prevalence 
in SR1.

The most prominent population in SR1 expanded cul-
tures was HSPC1. This population is predominantly 
CD38-CD133-CD45RA+ with variable expression of 

(See figure on previous page.)
Fig. 5  Gene expression analysis. Experimental workflow for (a) RNA extractions and (b) comparisons for gene expression analysis. (c) A 3D plot of the 
first three principal components (PCs) of D0 (blue) and D7 CD34+ cells [with SR1 (purple) and VC (red)] (n = 3). Each dot represents a different time point/
condition. Figure 5a created with BioRender.com

Table 2  Significantly downregulated genes in CD34+ HSPCs 
expanded with SR1 for 7 days (n = 3)
Gene Gene 

symbol
Fold 
change

P-value FDR P-
value

Cytochrome P450, 
family 1, subfamily B, 
polypeptide 1

CYP1B1 -9.38 1.98E-07 0.0096

Erythrocyte mem-
brane protein band 
4.1-like 3

EPB41L3 -2.57 2.45E-05 0.5916

FDR, False detection rate
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Fig. 6 (See legend on next page.)

 



Page 15 of 18Mellet et al. Stem Cell Research & Therapy          (2024) 15:317 

CD90. This phenotype may lean towards an LMPP pop-
ulation due to the presence of CD45RA. On the other 
hand, the LMPP population described by Görgens et al., 
which is both positive for CD45RA and CD133, is found 
in 63.02% of the VC and 25.58% of SR1 on D7 [38]. This 
shows that in the absence of a molecule preventing dif-
ferentiation of CD34+ HSPCs (VC), LMPPs dominate, 
which in turn will give rise to multipotent lymphoid 
progenitors (MLPs) and/or GMPs [28, 38]. On D7, the 
ExtLMPP1 population contains CD45RA+CD90- and 
CD45RA+CD90+ populations. The former has been 
shown to have poor engraftment potential in mice as 
well as poor colony forming potential [51]; however, this 
study did not include CD133 when determining engraft-
ment. In the absence of CD10, it was not easy to differ-
entiate LMPPs from MLPs, but GMPs were prominent 
on D0 (17.87%) with much lower percentages seen on 
D7. On D7, an EMP population (D7ExtEMP) showed a 
marked increase in the presence of SR1 compared to VC 
(9.31% vs. 1%). EMPs arise from the classic MPP, which 
gives rise to eosinophils/basophils and the MEPs.

The effect of SR1 on HSPC gene expression has previ-
ously been evaluated for shorter culture periods [15, 31]. 
Boitano et al. [15] have shown downregulation of AhR 
pathway-related genes, aryl hydrocarbon receptor repres-
sor (AHRR) and heat-shock protein 90α (HSP90AA1), 
after 48  h with SR1, which we did not observe on D7. 
This might suggest that the initial action of SR1 on the 
above-mentioned genes returns to normal if SR1 is not 
continually added to the culture medium. In our study, 
SR1 significantly reduced CYP1B1 (P = 8.15E-06) and 
EPB41L3 (P = 1.44E-05) expression on D7. CYP1B1 is 
a target of AhR and its downregulation suggests that 
SR1 antagonises AhR in HSPCs. Downregulation of 
CYP1B1 was also observed after 48  h [15] and 4 days 
[40] of expansion with SR1 in other studies. However, 
our study observed a greater decrease in CYP1B1, which 
may be due to the longer expansion period. This sug-
gests a long-lasting effect of SR1 on CYP1B1. The exact 
role of EPB41L3 in HSPCs is unknown, but it is a poten-
tial tumour suppressor gene [53]. Boitano et al. [15] have 
shown that the effect of SR1 is reversible. It is therefore 
possible that these genes might return to normal when 
SR1 is removed. However, our study did not confirm this 
at the transcriptome level.

Our study showed limited changes in gene expression 
in HSPCs expanded with SR1 for 7-days when compared 
to cells grown under the same conditions that were not 
exposed to SR1. The gene expression profiles between D0 

and D7 CD34+ HSPCs were however noticeably different. 
GO classification revealed that upregulated genes in D7 
vs. D0 CD34+ HSPCs were enriched for processes such as 
cell division and mitosis. Minimal changes were observed 
between D7 CD34+ HSPCs with and without SR1, which 
suggests that the observed differences between D0 and 
D7 CD34+ HSPCs are likely due to the added cytokines 
or the expansion process itself, which are likely to drive 
the processes identified by GO analysis. Downregulated 
processes included regulation of transcription from RNA 
polymerase and haematopoiesis. Despite these tran-
scriptional differences observed between D0 and D7 
CD34+ HSPCs, studies have shown successful engraft-
ment of SR1-expanded HSPCs in murine models [15, 
41], and clinical trials are assessing their use in HSCT 
together with non-expanded UCB units [9].

Although we did not perform functional assays, stud-
ies have shown that SR1-expanded HSPCs have colony-
forming potential [15, 41]. Secondary transplantation 
studies in mice showed improved engraftment of SR1-
expanded HSPCs in primary and secondary recipients 
[15, 41]. Immunophenotype analysis suggests that certain 
subsets of CD34+ HSPCs may have greater engraftment 
potential, paving the way for future engraftment studies.

Conclusion
This study demonstrates that SR1 increased CD49f 
expression, with two unique HSPC populations being 
identified. This suggests SR1 may potentially select 
for more potent HSPC subsets, which in addition to 
increased CD34+ HSPC numbers, may improve engraft-
ment potential post-expansion. This would need to be 
verified in vivo in pre-clinical animal models to deter-
mine the most potent sub-population. This study further 
revealed that SR1 has a minimal effect on the transcrip-
tome of 7-day expanded CD34+ HSPCs when compared 
to cells expanded without SR1, with only two genes being 
downregulated in the former. In contrast, the transcrip-
tome of cytokine expanded CD34+ cells on D7 markedly 
differed from D0 CD34+ cells. GO classification of dif-
ferentially expressed genes suggests that the gene expres-
sion changes are related to cell division. With expansion 
of UCB units gaining favour, and studies showing the 
potential of a stand-alone graft, we may be able to reach 
a point where CD34+ cell number becomes redundant in 
favour of the selection of a particular subtype of HSPCs, 
which at low numbers are able to reconstitute the bone 
marrow following engraftment.

(See figure on previous page.)
Fig. 6  Differentially up- and downregulated genes. (a) A heat map showing the gene expression patterns on D7 (top red and purple bar) and D0 (top 
blue bar). (b) A volcano plot showing significant up- (red) and downregulated (green) genes between expanded D7 (SR1 and VC) and D0 CD34+ cells. 
GO classification revealed biological processes (Bonferroni-corrected p-value < 0.05) enriched for significantly (c) up- and (d) downregulated genes in D7 
(SR1 and VC) vs. D0 CD34+ HSPCs
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Limitations
The findings in this study should be interpreted with cau-
tion as they are limited by the lack of functional studies, 
including colony-forming unit assays and engraftment 
studies, as well as the small sample size used for gene 
expression analysis. Furthermore, the addition of CD10 
would improve the classification of the clusters observed.
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