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Abstract 
In a steady state, hematopoietic stem cells (HSC) exhibit very low levels of reactive oxygen species (ROS). Upon stress, HSC get activated and 
enter into proliferation and differentiation process to ensure blood cell regeneration. Once activated, their levels of ROS increase, as messengers 
to mediate their proliferation and differentiation programs. However, at the end of the stress episode, ROS levels need to return to normal to 
avoid HSC exhaustion. It was shown that antioxidants can prevent loss of HSC self-renewal potential in several contexts such as aging or after 
exposure to low doses of irradiation suggesting that antioxidants can be used to maintain HSC functional properties upon culture-induced stress. 
Indeed, in humans, HSC are increasingly used for cell and gene therapy approaches, requiring them to be cultured for several days. As expected, 
we show that a short culture period leads to drastic defects in HSC functional properties. Moreover, a switch of HSC transcriptional program from 
stemness to differentiation was evidenced in cultured HSC. Interestingly, cultured-HSC treated with 4-hydroxy-2,2,6,6-tetramethylpiperidin-1- 
oxyl (4-hydroxy-TEMPO or Tempol) exhibited a higher clonogenic potential in secondary colony forming unit cell (CFU-C) assay and higher recon-
stitution potential in xenograft model, compared to untreated cultured-HSC. By transcriptomic analyses combined with serial CFU-C assays, we 
show that Tempol, which mimics superoxide dismutase, protects HSC from culture-induced stress partly through VEGFα signaling. Thus, we 
demonstrate that adding Tempol leads to the protection of HSC functional properties during ex vivo culture.
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Significance Statement
Reactive oxygen species (ROS) levels are very low in steady-state hematopoietic stem cells (HSC) and increase upon HSC activation or 
stress. At the end of the stress episode, ROS levels need to return to normal to avoid HSC exhaustion. Here, we show that a short culture 
period leads to drastic defects in HSC functional properties through increased ROS levels. Moreover, we show that 4-hydroxy-2,2,6, 
6-tetramethylpiperidin-1-oxyl (4-hydroxy-TEMPO or Tempol), which mimics super oxide dismutase, protects HSC from culture-induced 
stress partly through VEGFα signaling. These results open the way for optimized culture conditions of HSC and more efficient therapeutic 
engineering.

Introduction
Human hematopoietic stem cells (HSC) are a very rare cell 
population able to give rise to all hematopoietic cells. In 
humans, they are enriched CD34+CD38−/lowCD45RA−CD90+ 
cell population.1 HSC are largely quiescent and possess a 
self-renewal potential along with multipotent differentia-
tion capacities.2,3 These characteristics make them powerful 
therapeutic tools for regenerative medicine, cell, and gene 
therapies.4,5 In transplantation settings, CD34+ cells are used 
as heterogenous cell products containing hematopoietic 
progenitors and precursors and HSC (responsible for short-
term and long-term production of blood cells respectively).6 
The efficacy of HSC graft capacity is tightly correlated with 
the number of cells transplanted.7 Cord blood HSC are in-
creasingly used in transplantation, due to their easy recovery 
and their lower immunogenicity compared to other sources of 
allogeneic HSC. As for gene therapy, CD34+ cells are generally 
cultured for at least 2 days in a specific medium supplemented 
with cytokines and growth factors such as stem cell factor 
(SCF), thrombopoietin (TPO), and FLT3 ligand (FLT3L) to 
allow HSC survival and genetic modification by viral vectors.8 
However, if growth factor signaling supports efficient CD34+ 
genetic correction, it can also drive partial differentiation and 
loss of HSC properties. Adult HSC are known to reside in 
a specific microenvironment that harbors low oxygen levels 
(called hypoxia), involved in the maintenance of HSC func-
tional properties9 (for review10-12). Furthermore, the ex vivo 
culture of human CD34+ cells in hypoxia can participate in 
the HSC maintenance.13 Indeed, hypoxia allows HSC to dis-
play very low levels of reactive oxygen species (ROS).14 These 
very reactive molecules induce oxidative stress and damage 
to the cells when their levels are too high, but they also act 
as signaling molecules driving HSC differentiation and pro-
liferation. Several cellular mechanisms are used to detoxify 
ROS generated both by physiological cues and by various ex-
ternal stresses. In particular, several enzymes act in concert 
to limit the accumulation of highly reactive species: O2

− is 
transformed in H2O2 by the superoxide dismutase (SOD) 
family, then different families (thioredoxins, peroxiredoxins, 
catalase, or glutathione peroxidase 3) can metabolize H2O2 to 
avoid its transformation into HO●.15-17 These systems are fun-
damental since a ROS increase in HSC leads to differentiation 
and loss of functions, resulting in the decrease in their in vivo 
hematopoietic reconstitution capacities.18-20 When CD34+ 
cells (and among them HSC) are cultured for gene therapy 
procedures, they can partially lose their functions mostly be-
cause ROS level increase by non-physiologic O2 levels and 
growth factor signaling.21 Several methods may maintain 
HSC functions in these conditions. Recent studies proposed 
to perform HSC cultures in hypoxia,22,23 in hydrophobic 
hydrogels,24 or in the presence of small molecules such as 
UM171.25-27 Although very attractive, hypoxia and hydrogels 

are not easily adjustable in clinics and mechanisms of action 
are not clear. In a previous work, we showed that pretreat-
ment with antioxidants allows the protection of HSC from 
ROS detrimental effects related to low doses of irradiation.28 
Based on these results, we hypothesized that ex vivo antioxi-
dant treatment of HSC prior to gene therapy procedures may 
help maintaining HSC functions. To this purpose, we used the 
4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (4-hydroxy- 
TEMPO or Tempol), a cell-permeable nitroxide compound 
that metabolizes O2

− into H2O2 mimicking the action of the 
superoxide dismutase (SOD) enzymes. It is known to reduce 
oxidative stress in different organs and to protect cells from 
radiation effects.29 Tempol has been also shown to act as a 
reductive agent on other ROS species such as H2O2 via a 
catalase-like action or HO● by preventing its generation from 
H2O2 (for review30,31). In the present work, we show that 
Tempol is able to protect HSC from culture-mediated oxida-
tive stress.

Materials and Methods
Cord Blood Samples and In Vivo Experiments
Cord blood (CB) samples were collected from healthy infants 
with the informed written consent of the mothers based on 
the declaration of Helsinki with the collaboration of Clinique 
des Noriets, Vitry, France and Cell Therapy Department of 
Hôpital Saint-Louis, Paris, France. Samplings and experiments 
were acknowledged by the Institutional Review Board of 
INSERM (Opinion number 13-105-1, IRB00003888). CD34+ 
cells were purified after standard procedures. Briefly, a Ficoll 
gradient was applied to the blood to isolate mononucleated 
cells. CD34+ cells were purified by immuno-magnetic selec-
tion using a CD34 MicroBeads kit according to manufacturer 
instructions (Miltenyi Biotech, Paris, France). Cells were then 
either directly used or frozen (liquid nitrogen) in serum with 
10% DMSO for later experiments on thawed cells.

Cell Culture
Complete medium, used for cell transduction as previously 
described in32 is composed of BIT medium (STEMCELL 
Technologies) supplemented with 100 ng/mL SCF, 100 
ng/mL FLT3L, 60 ng/mL interleukin-3 (IL3), and 10 nM 
TPO (all from Miltenyi Biotec). For long-term liquid cul-
ture experiments, we used StemSpan SFEM (STEMCELL 
Technologies) instead of BIT.

Drugs and Treatment
The following drugs were used as indicated: Tempol (Sigma, 
300 µM), H202 (100 µM), VEGFa (peptide 165, Milteniy 
Biotec, 50 ng/mL), ZM32388 (Selleckchem, 10 nM), Brivanib 
(Selleckchem, 50 nM), and anti-VEGFa (Research Grade 
Bevacizumab Biosimilar, MAB9947, Biotechne, 10 ng/mL). 
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Before long-term cultures, cells were treated with 300 µM 
Tempol (Sigma, diluted in water) for 2 h and washed, except 
when stated otherwise. In stated experiments, VEGFα (50 ng/
mL, BioTechne) was added during the whole culture.

Flow Cytometry
Surface staining was performed for at least 15 min in the 
dark at room temperature before washing and resuspending 
cells in PBS. Antibodies are listed in Supplementary Material. 
Hoescht and ZombiAqua (Biolegend) were used as viability 
markers. Intracellular p38MAPK staining was done according 
to manufacturer instructions for phospho-flow staining (BD 
Biosciences). Briefly, cells were fixed with Fix Buffer I (BD 
Biosciences) for 10 min at 37 °C then permeabilized using 
Perm Buffer II (BD Biosciences) for 1 h on ice. Intracellular 
staining was then done in PBS with BSA and EDTA. Cells 
were generally analyzed either on a BD Canto II or a BD 
LSRII SORP (5 lasers). Cell sorting was done on a BD Influx 
or a BD Aria III SORP (5 lasers; all from BD Biosciences). 
Experiments were analyzed using FlowJo software.

Colony Forming Unit Cell (CFU-C) assay
CFU-C cultures were started with the progeny of 500 
sorted HSC cultured for 2 days in triplicates as previously 
described.28 Briefly, they were seeded in methylcellulose me-
dium H4435 (STEMCELL Technologies). After 12-14 days, 
colonies were identified and numerated. Plates with similar 
numbers and types of colonies were resuspended in warm PBS 
and 1% of the total recovered cells was seeded in secondary 
cultures.

Long-Term Culture Initiating Cell (LTC-IC) Assay
After 2 days of culture, HSC were seeded in limiting dilution in 
96-well plates coated with MS5 stromal cells in Myelocult me-
dium (STEMCELL Technologies, H5100) to perform LTC-IC 
assay as previously described.28 Briefly, they were maintained 
for 5 weeks with weekly half-medium change. Cells were then 
recovered and seeded in 500 µL of methylcellulose medium 
(STEMCELL Technologies, H4435). The presence of colo-
nies was assessed 10-12 days later. For extended LTC, HSPC 
were cultured in 6-well plates for 5 weeks with weekly half-
medium change. CD34+ cells were sorted at the end of the 5 
initial weeks and then placed in culture in 96-well plates at 
different concentrations in limiting dilution.

Transplantation Experiments
NOD.Cg-Prkdc(scid) Il2rg(tm1Wjll)/SzJ (NSG; Jackson 
Laboratory) mice were housed in the pathogen-free animal 
facility of IRCM, CEA, Fontenay-aux-Roses, France. Adult 
8-12-weeks-old NSG mice received a 2.5 Gy sublethal irradi-
ation using a GSRD1-irradiator (137Cs source, GSM) and were 
anesthetized with isoflurane before intravenous retro-orbital 
injection (i.v.) of human cells. All experimental procedures 
were done in compliance with French Ministry of Agriculture 
regulations (animal facility registration number: D9203202, 
APAFIS #20464-201904301501699) for animal experimen-
tation and in accordance with a local ethical committee (#44). 
CD34+ cells were cultured in bulk for 2 days in a transduc-
tion medium after pre-treatment with or without Tempol 
(300 µM). Total cells were counted and CD34+ cells were 
injected i.v. to irradiated mice (1-2.5 × 104/mouse). Mice were 
sacrificed after 16 weeks. The 4 long bones were recovered for 
BM and blood was sampled for analysis.

Microarray Transcriptomic Analysis
Affymetrix Human Clariom D chips were used for 
transcriptomic analysis, according to manufacturer 
instructions. Three samples of sorted HSC from different 
pools of CB were used for each condition. Results were 
analyzed on Affymetrix TAC Software, GSEA, and Molecular 
Signature. Differential expression of genes was considered 
true when fold change was ≥2 and P-value ≤ 0.05. Heatmap 
were done using http://shinyheatmap.com/. Data has been on 
Array express (E-MTAB-12121).

ROS Level and Mitochondrial Activation 
Measurements
ROS levels were measured at several days post-treatment, D0, 
D1, and D2. After staining with cell surface antibodies, CellRox 
DeepRED staining (Life Technologies) was performed for 30 
min at 37 °C. Cells were washed and then fixed in BD cell 
fix buffer before being analyzed on a BD Canto II cytometer. 
For positive control of high ROS levels, some cells were first 
incubated with TBHP for 30 min before being incubated with 
CellRox DeepRED probe.

For some experiments, after staining with cell surface 
antibodies, CellRox Orange staining (Life Technologies) was 
performed for 30 min at 37 °C. The cells were then washed 
and incubated on ice and immediately analyzed on a BD 
Canto II FACS analyzer. Pre-treatments with Tempol were 
performed for 1 h prior to induction of ROS, which was ei-
ther made before CellRox Orange staining with TBHP for 
30 min or in the last 15 min of CellRox staining using H2O2 
(100µM).

After staining with cell surface antibodies, cells were 
incubated either with TMRE (50 µM) and MTG (50 nM, Life 
Technologies) in PBS for 30 min at 37 °C and immediately 
analyzed on a BD Canto II or LSR-SORPFACS analyzer.

Expression of Antioxidant Genes or Antioxidogram
Antioxidogram is defined by the relative expression of 21 
transcripts of key antioxidant genes by RT-qPCR. Analyses 
were performed by real-time PCR on the LightCycler 480 
microwell plate-based cycler platform (Roche Applied 
Science) using Universal ProbeLibrary assays designed with 
the ProbeFinder software (Roche Applied Science), as previ-
ously described.33 The relative antioxidant gene expression 
was analyzed using the 2−ΔΔCt method34 and provided the 
antioxidogram profile.

Statistics
Statistical analyses were performed on Prism Software using 
predefined tests as indicated in figure legend. Limiting dilu-
tion analyses in vivo and in vitro were analyzed using L-Calc 
software.

Results
Culture in Cytokines-Enriched Medium Induces 
Major Changes in HSC Properties and HSC Gene 
Expression
To understand the effects of culture steps on HSC functional 
properties, we performed LTC-IC assay in limiting dilu-
tion. To this end, human HSC were purified by cell sorting 
based on the CD34+CD38−CD45RA−CD90+ phenotype, 
seeded directly in LTC-IC conditions (D0-HSC) or cultured 

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szad049#supplementary-data
http://shinyheatmap.com/
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2 days (Fig. 1A) prior to being seeded in LTC-IC conditions 
(D2-HSC). We then compared the LTC-IC frequency within 
D2-HSC along with uncultured HSC (D0-HSC). The fre-
quency of cells able to generate colonies after 5 weeks in 
LTC-IC conditions was 2.25 lower in D2-HSC condition 
(1/9, 95% CI [1/11-1/8]) compared to the D0-HSC condition 
(1/4 LTC-IC, 95% CI [1/5-1/4]) demonstrating that D2-HSC 
have lost stemness properties during the culture period (Fig. 
1B). To understand further the molecular mechanisms ac-
counting for these functional alterations, we performed 
transcriptomic analysis using CLARIOM D microarray tech-
nology and compared the transcriptional profile between 
D2-HSC and D0-HSC. D2 and D0-HSC were clustered sep-
arately in principal component analysis (Fig. 1C), revealing 
different transcriptomic landscapes. A total of 5476 genes 
were differentially regulated between both conditions, with 
1868 and 3608 genes being respectively down-regulated and 
up-regulated in D2-HSC compared to D0-HSC (Fig. 1D and 
Supplementary Table S2). First, geneset enrichment analysis 
(GSEA) was performed, using some C2-CGP HSC and pro-
genitor cell-specific genesets from https://www.gsea-msigdb.
org/gsea/msigdb/index.jsp (Fig. 1E–1F and Supplementary 
Fig. S1B–S1C); HSC signatures were enriched in D0-HSC. 
Using genesets from Eppert et al,35 we found that HSC and 
progenitor gene signatures were respectively downregulated 
and upregulated in D2-HSC in comparison to D0-HSC, 
confirming that a 2-days-culture period induces HSC differ-
entiation and leads to the loss of HSC identity (Fig. 1E–1F). 
Moreover, we uncovered that some genes involved in epige-
netic modifications, such as TET2, DNMT3B, EZH1, and 
EZH2, were differentially expressed when comparing 
D2-HSC and D0-HSC conditions, exhibited respectively 
increased expression of EZH2, associated with activation and 
differentiation of HSC, and decreased expression of EZH1 
that is associated with stemness36,37 in D2-HSC compared to 
D0-HSC. Similarly, TET2 expression was downregulated in 
D2-HSC compared to D0-HSC (Fig. 1G). Finally, this anal-
ysis showed that 2 days in culture-induced cell cycle/differen-
tiation programs and oxidative stress in HSC. Indeed, when 
performing a gene ontology analysis on GSEA software, hall-
mark pathways enriched after 2 days of culture were related 
to cell cycle and oxidative phosphorylation. On the contrary, 
signatures related to hypoxia were enriched in D0-HSC (Fig. 
1H; Supplementary Fig. S1A). Indeed, it was reported that 
HSC-displayed molecular signatures are associated with hy-
poxia regardless of O2 concentration.38,39 Thus ex vivo cul-
ture drove functional HSC alterations along with metabolic 
switch.

Tempol Decreases Oxidative Stress
We previously showed that antioxidants such as N-acetyl 
cysteine (NAC) or catalase can protect HSC fundamental 
properties when exposed to stress such as low doses of irra-
diation.28 Strictly, 4-hydroxy-2,2,6,6-tetramethylpiperidin-1- 
oxyl or Tempol, which mimics the superoxide dismutase 
(SOD), not only protected HSC from low dose of irradia-
tion but also increased non-irradiated and 20 mGy-irradiated 
HSC clonogenic potentials upon serial plating (secondary 
CFU-C, Supplementary Fig. S2A). Therefore, we postulated 
that Tempol may also preserve HSC potential during the 
2-days stress-culture period. To tackle this hypothesis, we 
first checked in HSC the antioxidant effect of Tempol. HSC 
were pretreated with Tempol before inducing oxidative stress 

with Tert-butyl-hydroperoxyde (TBHP) and measuring ROS 
levels with CellRox Orange probe. Tempol inhibited TBHP-
mediated ROS increase in human HSC (Supplementary Fig. 
S2B), therefore acting as an antioxidant. Therefore we meas-
ured ROS levels in HSC treated or not with Tempol at D0 
(uncultured) and at D2 of culture. First, as expected, in non-
treated conditions we observed an increase in ROS levels 
from D0 to D2 (Supplementary Fig. S2C). In addition, ROS 
levels tended to be lower when cells were treated with Tempol 
(Fig. 2A). To strengthen these results, we assessed the an-
tioxidant effect of Tempol on HSC after 2 days of culture, 
using an “antioxidogram” assay. The “antioxidogram” test 
provides a synthetic view of the activation of many antiox-
idant pathways in response to an increase in intracellular 
ROS level, by following expression levels of transcripts of 
key antioxidant genes.33 Many antioxidant genes were sig-
nificantly overexpressed in D2-HSC compared to uncultured 
cells (D0-HSC) confirming that oxidative stress was indeed 
induced in D2-HSC compared to D0-HSC (Fig. 2B, D2-HSC, 
black bold line vs. D0-HSC, dashed line). On the contrary, 
the curves of antioxidant gene expression in Tempol D2-HSC 
(Fig. 2B, Tempol D2-HSC, blue line) shifted back toward 
D0-HSC, indicating that many of the analyzed genes were 
down-regulated in the presence of Tempol. To further dem-
onstrate the effect of Tempol in inhibiting ROS production 
in cultures, we investigated the phosphorylation status of 
p38MAPK, a secondary messenger of oxidative stress. After 
2 days of culture, a low but significant decrease of the phos-
phorylation of p38MAPK in Tempol pre-treated D2-HSC 
was evidenced compared to untreated D2-HSC (Fig. 2C), 
indicating that ROS levels had diminished upon Tempol treat-
ment.19,28 These results indicate that Tempol decreases ROS 
levels in D2-HSC. Altogether, these results showed that pre-
treatment with Tempol is able to preserve HSC from the burst 
of oxidative stress during a 2 days-culture period.

Antioxidants Improve Functional Capacities In Vitro
We next investigated the impact of Tempol treatment on HSC 
functional capacities; we performed CFU-C experiments with 
D2-HSC and used their replating ability (serial CFU-C assay) 
to further dig into their immature functions. Briefly, sorted 
HSC, pre-treated or not with Tempol, were cultured for 2 
days in a complete medium and then seeded in CFU-C me-
dium. In primary cultures, the number of colonies generated 
was equivalent in both conditions (Fig. 3A), whereas in sec-
ondary CFU-C cultures, a significant increase in colony 
number was evidenced when D2-HSC were pre-treated with 
Tempol in comparison with the untreated ones (Fig. 3B). 
For 2 independent cord blood samples, the clonogenic po-
tential of HSC was measured with (D2-HSC and tempol-
treated D2-HSC) and without culture (D0-HSC). Secondary 
clonogenic potential of D2-HSC was decreased in compar-
ison with the D0-HSC condition, and Tempol was allowed 
to prevent this loss (Supplementary Fig. S3A). For one exper-
iment, we performed a tertiary CFU-C assay, there were more 
numerous colonies generated from Tempol-treated D2-HSC 
(10-20 times more; Supplementary Fig. S3B). This suggested 
either a better preservation of immature progenitor cells or an 
increased self-renewal potential of HSC, giving rise to a larger 
number of colonies in secondary (and tertiary) replating in 
the presence of Tempol. Moreover, no bias in the type of 
CFU-C was observed, demonstrating that Tempol did not 
impact HSC differentiation (Supplementary Fig. S3C–S3D). 

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szad049#supplementary-data
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680 Stem Cells Translational Medicine, 2023, Vol. 12, No. 10

Figure 1. Two-days of culture induces major differences in gene expression and in HSC functionalities in vitro. (A) Experimental protocol: HSC (CD34+ 
CD38low CD45RA− CD90+) were cell sorted and either used directly (D0-HSC) to perform LTC-IC assay and microarray experiment or were cultured for 
2 days (D2-HSC) before being used for experiments (B) LTC-IC assays confirming loss of HSC potential when cells are cultivated 2-days (D2-HSC, dark 
blue, r2 = 0.911) compared to uncultured HSC (D0-HSC, red, r2 = 0.996). Three independent experiments, ****P < .0001 (C) Principal component analysis 
of data: uncultured cells (D0-HSC, red) and 2-days cultured cells (D2-HSC, dark blue) cluster separately. (D) Volcano plot of data: more than 5000 of 
genes are differentially expressed between the 2 conditions (fold change > 2, P value < .05) (E) Heatmap showing differential expression of genes that 
characterized HSC versus progenitor signature defined by Eppert et al. Green reveals low expression and blue high expression level (fold change > 2, 
P value < .05). (F) GSEA analysis of the data using gene-sets specific to HSC and progenitor signatures from C2-CGP as indicated: FDR < 10-3. Red, 
gene-sets enriched in D0-HSC (uncultured HSC), blue, gene-sets enriched in D2-HSC (HSC that have been cultivated for 2 days). (G) Heatmap showing 
differential expression of genes involved in epigenetics in D0-HSC and D2-HSC (fold change > 2, P value < .05). (H) GSEA analysis of the data using 
hallmark gene-sets: several pathways are significantly different: FDR < 10−3. Red, gene-sets enriched in D0-HSC (uncultured HSC), blue, gene-sets 
enriched in D2-HSC (HSC that have been cultivated for 2 days).
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To confirm the effect of Tempol on HSC and to evaluate its 
implication on D2-HSC self-renewal potential,40,41 the fre-
quency of LTC-IC (long-term culture-initiating cells, ie, the 
most immature cells) was quantified by limiting dilution 
assays. The results show that Tempol treatment of D2-HSC 

promoted the maintenance of LTC-IC comparatively to un-
treated D2-HSC, rising up LTC-IC frequency close to the one 
observed in D0-HSC (1/5, 95% CI [1/6-1/5], Figs. 3C,1F). To 
evaluate the capacity of antioxidants to maintain more imma-
ture cells, a similar experiment was conducted that included 

Figure 2. Tempol decreases ROS and oxidative stress response. (A) CD34+ cells were treated or not with Tempol, then ROS levels were measured 
using CellROX Deep red probe directedly after treatment (D0) or after 2 days of culture (D2). Left is represented ROS levels in HSC at D2 for one 
representative experiment, right the graft represents the fold increase in ROS levels compared to D0 HSC. Four independent experiments with 4 
independent CB samples. (B) Antioxidogram is defined by the relative expression of 21 transcripts of key antioxidant genes by RT-qPCR in D2-HSC 
(black line) and Tempol treated-D2-HSC (blue line) compared to fresh cells (D0-HSC, dashed line). The grey zone corresponds to variations less than 
twice the normal expression. Transcripts are ranked in decreasing order of expression in D0-HSC. (C) Flow cytometry histograms (left) representing 
the level of phosphorylated p38MAPK (P-p38MAPK) in phenotypic D2-HSC. One representative example out of 4. Quantification (right) of MFI of 
P-p38MAPK relative to untreated condition. n = 4, Mann-Whitney test *P < .05.
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an extended (10 weeks) culture period. After the 5 first weeks 
of culture in bulk, LTC-persisting CD34+ cells were cell sorted 
(Supplementary Fig. S3E) and seeded in limiting dilution for 

5 additional weeks before the evaluation of their clonogenic 
potential. After 10 weeks of culture, the LTC-IC frequency 
was 50% higher in Tempol-treated D2-HSC (1/66, 95% CI 

Figure 3. Tempol preserves long-term in vitro and in vivo HSC functionalities. (A) sorted-HSC were first pre-treated with Tempol (blue) or remained 
untreated (white) and then cultured for 2 days before being seeded in CFU-C medium at a density of 500 cells per plate in triplicate. Colonies (primary 
CFU-C) were quantified 10-12 days later. Five independent experiments. (B) Cells recovered from primary CFU-C plates were seeded in new CFU-C 
medium to perform serial CFU-C assay. Total cells (1%) of equivalent primary plates were seeded in triplicate. Secondary CFU-C were quantified 10-12 
days later. Five independent experiments. *P < .05, **P < .01, Mann-Whitney test. (C) Representation of negative wells % from normal LTC-IC in 
limiting dilution (5 weeks) and quantification of LTC-IC frequency using L-CALC program (STEMCELL Technologies) between untreated D2-HSC (black, 
r2 = 0.911) and Tempol-treated D2-HSC (blue, r2 = 0.991). Three independent experiments (D) Representation of negative wells % from extended LTC-IC 
(10 weeks) in limiting dilution and quantification of LTC-IC frequency using L-CALC program (STEMCELL Technologies) between untreated D2-HSC 
(black, r2 = 0.997) and Tempol-treated D2-HSC (blue, r2 = 0.993). Three independent experiments. *P < .05, **P < .01, ***P < .001. (E-G) CD34+ cells 
were first pre-treated with Tempol (blue) or remained untreated (white) and then cultured for 2 days and grafted into NSG recipient mice. (10 000 to 25 
000 CD34+ cells per mouse) 4 independent experiments. (E) % of human bone marrow chimerism obtained after 16 weeks (up) and table representing 
the % of mice with the % hCD45+ >10%. Each circle represents one independent mouse. (F) % of mature cells in the BM of recipient mice gated in 
hCD45+ fraction (Damier pattern B cells, hatched myeloid cells) (G) % of phenotypic HSC (CD34+CD38lowCD45RA−CD90+) in human cells recovered from 
the bone marrow.

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szad049#supplementary-data
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Figure 4. Tempol maintains HSC quiescence ex vivo and delays mitochondrial activity (A-B) CD34+ cells were first pre-treated with Tempol (blue) or 
remained untreated (white) and then cultured several days as indicated. (A) Curves representing the number of total cells (left) and phenotypic HSC 
(CD34+ CD90+, right) from CD34+ cells. (B) Gating strategy and progressive loss of CD34 and CD90 markers during culture (left), and histograms 
indicating % of phenotypic HSC normalized to % of untreated D2-HSC condition. (C) FACS histograms representing CFSE staining of sorted HSC 
pretreated with Tempol (blue) compared to untreated cells (white) after several days in culture. One representative example out of 3 independent 
experiments (left) and quantification of the % of HSC in the function of the number of cell divisions after 5 days of culture. Three independent 
experiments. *P < .05 and **P < .01, two-way ANOVA. (D) Flow cytometry cytograms representing the % of cells in each cell cycle state determined 
by Ki67 and Hoechst staining, one representative experiment (left) and sum up histograms (right) 4 independent experiments. (E) % of HSC in the 
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[1/55-1/79]) compared to untreated D2-HSC (1/98, 95% CI 
[1/81-1/118]; Fig. 3D), showing that Tempol protects HSC 
immature potentials.

Cultured-HSC Treated With Tempol Bear a Better 
Human Hematopoietic Reconstitution In Vivo
To confirm these results, CD34+ cells were pre-treated or 
not with Tempol, cultured for 2 days in complete medium 
(D2-CD34+ cells), and injected in vivo in immune-deficient 
NSG. Transplanted mice were sacrificed 16 weeks later and 
human chimerism was measured a using specific anti-human 
CD45 antibody to assess their long-term reconstitution po-
tential (Supplementary Fig. S3F). D2-CD34+ cells generated 
a human hematopoietic progeny in vivo, but not as effi-
ciently as fresh CD34+ cells (D0-CD34+), as a large heter-
ogeneity of the hCD45+ cell levels was detected in NSG 
mouse BM transplanted with D2-CD34+ cells (Fig. 3E). This 
heterogeneity was reduced in Tempol treated D2-CD34+ 
condition. Indeed 86% of the mice injected with Tempol-
treated D2-CD34+ cells exhibited a human chimerism >10% 
compared to 57% in mice injected with untreated D2-CD34+ 
cells (Fig. 3E). Neither a myeloid nor a lymphoid cell bias was 
detectable (Fig. 3F). However, using classical HSC markers, 
a trend, albeit not significant, to higher phenotypic HSC 
levels was observed in the BM of mice receiving Tempol-
treated D2-CD34+ cells (Fig. 3G). Moreover, we performed 
one serial transplantation experiment. No difference in the 
% of chimerism was detected between both conditions in 
primary recipient mice, however, Tempol-treated D2 CD34+ 
cells were more efficient in secondary recipients suggesting a 
better maintenance of D2 cultured HSC functions when they 
were treated with Tempol (Supplementary Fig. S3G–S3H). 
Altogether, these data show that antioxidants may preserve 
the hematopoietic reconstitution potential of HSC during the 
2-days culture (Fig. 3G).

Tempol Preserves HSC Maintenance In Vitro By 
Limiting HSC Cell Division
To understand how Tempol can protect HSC ex vivo, sev-
eral parameters were monitored, such as proliferation, ex-
pression of immaturity cell surface markers, and cell division 
rate at different time points of culture after pretreatment 
with Tempol. No major impact of Tempol on cell growth was 
detected (Fig. 4A). As expected, a progressive loss of the HSC 
phenotype (CD34+CD90+) was observed with time in cul-
ture, and no difference was detected between non-treated and 
Tempol-treated D2-CD34+ cells (Fig. 4B). However, a decrease 
in phenotypic HSC cell division rate (CFSE staining) was 
evidenced when cells were pretreated with Tempol compared 
to untreated D2-HSC (Fig. 4C; Supplementary Fig. S4). We, 
therefore, checked for cell cycle status after 2 days of cul-
ture. Tempol-treated D2-HSC were significantly more quies-
cent explaining the delay observed in CFSE-cell division assay 
(Fig. 4D–4E). Finally, we analyzed mitochondria activation in 
D2-HSC treated or not with Tempol by measuring mitochon-
drial membrane potential using TMRE and mitochondrial 
mass using MTG probes. We observed that although Tempol 

had very limited effects on the mitochondrial mass (Fig. 4F), 
a delay in mitochondria activation occurred after 2, 4, and 
7 days of culture in HSC pretreated with Tempol (Fig. 4G). 
Altogether, we observed that Tempol protected HSC mainte-
nance by limiting their cell division rate and their metabolic 
activation.

Tempol Acts Through Regulation By VEGFα To 
Maintain HSC
To better understand antioxidant effects on HSC mainte-
nance in vitro, we compared the transcriptional profile of 
untreated and Tempol-treated D2-HSC. Few genes (35) were 
differentially expressed between the 2 conditions (Fig. 5A), 
several of them (ACOT2, FAM134c, and EMRP1) were 
upregulated in the Tempol condition and were associated 
with oxidative stress modulation.42,43 Also, WIF and PADI4 
genes, found downregulated in Tempol-treated D2-HSC, are 
known regulators of HSC exhaustion, proliferation, and dif-
ferentiation.44,45 Furthermore, transcripts expression anal-
ysis showed that VEGFA was significantly more expressed 
after treatment with Tempol compared to untreated samples 
(Fig. 5A). This result is interesting considering the previously 
described role of VEGF signaling in HSC,46,47 and the fact that 
VEGFA is strongly downregulated in D2-HSC compared to 
D0-HSC (Fig. 5A; Supplementary Fig. S5A). To further val-
idate the VEGFα role in the observed antioxidant-mediated 
effects, we first confirmed the enhanced VEGFA gene expres-
sion level in Tempol-treated D2-HSC (Supplementary Fig. 
S5B). Supplementation with exogenous VEGFα during the 
2-days culture period did not change the number of colonies 
generated in primary CFU-C assay (Fig. 5B) but induced a 
significant increase in the number of colonies in secondary 
CFU-C cultures, similar to Tempol pre-treatment, suggesting 
that VEFGα mimics Tempol protection effects in D2-HSC 
(Fig. 5C). No significant additive effect was observed in 
secondary CFU-C assay when Tempol and VEGFα were 
combined. VEFGα treatment did not induce changes in the 
expression of the CD34 and CD90 immaturity markers nor 
in cell growth (Supplementary Fig. S5C). In line with these 
results, a comparison of ROS levels at D0 and D2 of cul-
ture in the presence of VEGFα indicated that VEFGα tends to 
maintain low levels of ROS in cultured-HSC as does Tempol 
(Supplementary Fig. S5D). To question whether Tempol 
acts on HSC maintenance via VEGFα signaling, HSC were 
pretreated with Tempol in combination with either an anti-
VEGFα blocking antibody or 2 specific inhibitors of VEGFA 
signaling (ZM32388 and Brivanib). Anti-VEFGα antibody or 
VEGFα signaling inhibitors alone had no effect in the number 
of primary or secondary CFU-C (Fig. 5D–5E; Supplementary 
Fig. S5D). On the contrary, a combination of anti-VEFGα an-
tibody or VEGFα inhibitors with Tempol inhibited Tempol 
effects on secondary CFU-C. Indeed, inhibiting VEGFα ac-
tivity decreased the number of secondary CFU-C to the levels 
of untreated D2-cultured cells (Fig. 5E; Supplementary Fig. 
S5D), indicating that interfering with VEGFα signaling in 
Tempol-treated HSC reversed the beneficial effects of Tempol 
on HSC maintenance. Altogether, our data show that Tempol 

G0 phase of the cell cycle for each condition after 2 days of culture. Four independent experiments. *P < .05 Mann-Whitney test. (F) Quantification of 
the mitochondrial mass showing MFI of MTG. Results are normalized to untreated conditions. Three independent experiments. Two-way ANOVA. (G) 
Flow cytometry histograms (left) representing mitochondria activation using the TMRE probe in MTG+ (MTG, mitochondrial mass) HSC pretreated with 
Tempol and after 2, 4, and 7 days of culture. One representative example out of 3. Quantification (right) of ratio TMRE/MTG at different days of culture. 
Three independent experiments, two-way ANOVA test. *P < .05 and **P < .01, two-way ANOVA. Results are normalized to untreated conditions.
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Figure 5. Tempol may work through VEGFa to preserve HSC functionalities (A) Heatmap showing gene differential expression between untreated 
D2-HSC and Tempol treated D2-HSC, n = 3 (green reveals low expression and blue high expression level, left, fold change < −2 and >2, P value < .05), 
and quantification of VEGFA expression obtained by transcriptomic data (right) n = 3, one-way ANOVA. (B-C) Sorted-HSC were first pre-treated with 
Tempol (blue), VEGFα (orange), with VEGFα and Tempol (hatched orange bar) or remained untreated (white) and then cultured for 2 days before being 
seeded in CFU-C medium at a density of 500 cells per plate in triplicate. For VEFGα conditions, VEGFα was also added to the culture medium. (B) 
Colonies (primary CFU-C) were quantified 10-12 days later. Three independent experiments. (C) Cells recovered from primary CFU-C plates were 
seeded in new CFU-C medium to perform serial CFU-C assay. Total cells (1%) of equivalent primary plates were seeded in triplicate. Secondary CFU-C 
was quantified 10-12 days later. Three independent experiments. (D-E) Sorted-HSC were first pre-treated with Tempol (blue), anti-VEGFα (brown), 
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allows the maintenance of D2-cultured HSC functions partly 
through VEFGα signaling rescue (Fig. 5F).

Discussion
Our results provide the proof of concept that antioxidant 
treatment is an interesting strategy to protect HSC loss of 
function during short-term (2 days) ex vivo culture. This can 
be useful in the case of gene therapy protocols for instance. 
Indeed, we show that Tempol harbors potent antioxidant 
activity and induces a decrease in oxidative stress endured 
by HSC after 2 days of culture (D2-HSC). This has benefi-
cial consequences on HSC functional capacities. Indeed, 
Tempol pre-treatment enhanced in vitro generation of CFU-
C, increased the frequency of LTC-IC, and rescued the loss of 
in vivo hematopoietic reconstitution abilities induced by cul-
ture, resulting in the maintenance of cultured HSC properties 
closer to the ones of D0-HSC. We also evaluated how culture 
conditions impact HSC gene expression and confirmed that 
cell cycle progression and oxidative stress are major drivers 
of the loss of HSC functionalities. The 2 days culture period 
induced a switch from the HSC state toward progenitor sig-
nature programs. Altogether, the transcriptomic data revealed 
that the culture period leads to HSC activation with a pro-
gressive loss of self-renewal potential and stemness properties. 
In addition, when considering the cell division assays (CFSE 
experiment), D2-HSC may have undergone up to 3 divisions 
whereas it is known that fresh CB HSC (D0 HSC) are mostly 
quiescent. Tempol-treated D2 HSC slowed down through 
the cell-division process. Tempol-treated D2-HSC were more 
quiescent and exhibited a delay in mitochondrial activation 
compared to untreated D2-HSC, suggesting that Tempol 
may partly limit HSC self-renewal potential loss during 
stress-induced culture. Finally, these data are in line with 
data obtained with murine HSC showing that upon activa-
tion, ROS levels increase in HSC to sustain HSC activation, 
leading to HSC cell division and differentiation. Then ROS 
levels have to be controlled to avoid HSC exhaustion.48,49 
Recently, low mitochondrial activity has been associated with 
the high stemness potential of expanded HSC.50 We showed 
that Tempol effects are mediated at least in part by the in-
hibition of p38MAPK pathway and the increase of VEGFα 
signaling during culture. Indeed, a combination of Tempol 
with inhibitors of VEGFα signaling prevented Tempol-
dependent D2-HSC maintenance ex vivo. Mechanisms by 
which Tempol may mediate VEGFα expression remain un-
known but since VEGFα-dependent HSC maintenance is re-
lated to hypoxia,51 we can speculate that Tempol mechanism 
operates through the preservation of hypoxia-associated 
genetic program that in return favors HSC maintenance. 
Among other genes upregulated in Tempol-treated D2-HSC 
compared to untreated D2-HSC, several of them (ACOT2, 
FAM134c, and EMRP1) are associated with oxidative stress 
modulation.42,43 Moreover, WIF and PADI4 genes associated 
with HSC exhaustion, proliferation, and differentiation,44,45 
were found downregulated in Tempol-treated HSC. Of note 

function of PADI4 on HSC maintenance is controversial.52 
Therefore, gene expression modulated by Tempol may be as-
sociated with either oxidative stress modulation or with HSC 
exhaustion/proliferation balance. Our results are in favor of 
adding antioxidants such as Tempol to the culture medium to 
improve HSC maintenance in the context of cell/gene therapy 
protocols. This antioxidant model will allow the deciphering 
mechanisms involved in HSC maintenance.

Inhibition of ROS is a strategy that has also been evaluated 
by other groups. Hypoxia has long been considered a well-
suited pathway to enhance to avoid ROS increase in HSC be-
fore transplantation. Indeed it is known that hypoxia preserves 
HSC during culture and also immediately at the time of HSC 
collection.21 However, keeping HSC in hypoxic conditions is 
difficult in clinical settings. A recent study using hydrophilic 
gels to culture HSC showed a drastic increase in their number 
without differentiation, related to a significant decrease in 
ROS levels in the gel-culture medium system.24 In fact, here 
we show that the culture step induces major stress-related 
changes in HSC transcriptomic landscape. We uncovered that 
some genes involved in epigenetic modifications in D2-HSC 
compared to D0-HSC indeed, compared to D0-HSC, D2-HSC 
exhibited increased expression of EZH2, associated with ac-
tivation and differentiation of HSC, and decreased expres-
sion of EZH1 that is associated with stemness.36,37 Similarly, 
TET2 expression was downregulated in D2-HSC compared 
to D0-HSC. A recent study showed that modulating calcium 
efflux via calpain inhibition induced TET2 protein stabiliza-
tion and HSC maintenance ex vivo.53 Therefore, it is tempting 
to speculate that the TET protein family and/or other proteins 
involved in epigenetic modifications, may be targets of 
antioxidants. Indeed, only a short contact with antioxidants 
triggers long-lasting functional effects. This relates to the fact 
that it is now more and more acknowledged that epigenetic 
modifications are involved in HSC fate and properties in 
vivo but also in HSC maintenance ex vivo.54 Furthermore, 
there is increasing evidence that ROS can trigger epigenetic 
modifications either on DNA or on histones.55,56 Several 
groups have shown that targeting epigenetic modifiers could 
maintain HSC properties ex vivo rather than promoting a 
great expansion. Therefore, focusing on putative epigenetic 
modifications triggered by antioxidants and exploring how 
combining Tempol with epigenetic modifiers could induce syn-
ergistic effects to expand HSC ex vivo is an exciting research 
avenue. In line with this idea, a link between epigenetics and 
mitochondrial activation/metabolism was described since val-
proic acid (VPA)-expanded HSC exhibited a lower mitochon-
drial activity while preserving their functional properties.50 
Finally, while our study has mainly been completed on HSC 
from early post-natal CB samples, we believe it could be ap-
plicable to ontogenically different (older) HSC from bone 
marrow or peripheral blood. In fact, increased levels of ROS 
and p38MAPK activation are often linked to HSC aging and 
it is well known that adult HSC are less efficient to recon-
stitute the hematopoietic system compared to neonatal CB 
HSC. As bone marrow or mobilized-peripheral blood CD34+ 

with anti-VEGFα, and Tempol (hatched brown bar), ZM32388 (pink), ZM32388 and Tempol (hatched pink bar) or remained untreated (white) and then 
cultured for 2 days before being seeded in CFU-C medium at a density of 500 cells per plate in triplicate. For VEFGα inhibition conditions, anti-VEGFα 
or ZM32388 were also added to the culture medium. (D) Colonies (primary CFU-C) was quantified 10-12 days later. Three independent experiments. (E) 
Cells recovered from primary CFU-C plates were seeded in new CFU-C medium to perform serial CFU-C assay. Total cells (1%) of equivalent primary 
plates were seeded in triplicate. Secondary CFU-C was quantified 10-12 days later. Three independent experiments. (B-E) *P < .05, Mann-Whitney test. 
(F) Schema representing the effect of 2 days of culture on HSC properties and the consequences of antioxidants treatment.
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are commonly used in the case of autologous graft and gene 
therapy protocols, protecting these cells from further oxida-
tive stress may help to optimize gene therapy protocols.

Altogether, these results confirm that antioxidant treat-
ment is helpful for HSC maintenance and validate Tempol as 
a novel antioxidant agent for HSC protection during ex vivo 
manipulations. Since Tempol is more and more studied for its 
protective effects in a wide range of pathologies, it is interesting 
now to validate its action in clinics and to approve it in pre-
treatment protocols to avoid oxidative stress-related disorders.
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