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Highlights 

• iPS/OP9 co-culture reproduces the in vitro ROS-driven maturation of CD34+ progenitors 

• Essential role of NOX4 in ROS production during the early stage of hematopoietic 

differentiation  

• NOX4 can modulate the amount of CD34+ production, their hematopoietic potential and 

phenotype 

• No difference in hematopoietic differentiation between control iPSCs and NOX2-deficient 

iPSCs  

 

Abstract 

Reactive oxygen species (ROS) produced in hematopoietic stem cells (HSCs) are involved in the 

balance between quiescence, self-renewal, proliferation and differentiation processes. However the 

role of NOX enzymes on the early stages of hematopoietic differentiation is poorly investigated. For 

that, we used induced pluripotent stem cells (iPSCs) derived from X-linked Chronic Granulomatous 

Disease (X0CGD) patients with deficiency in NOX2, and AR220CGD patients with deficiency in p22phox 

subunit which decreases NOX1, NOX2, NOX3 and NOX4 activity. CD34+ hematopoietic progenitors 

were obtained after 7, 10 and 13 days of iPS/OP9 co-culture differentiation system. Neither NOX 

expression nor activity was found in Wild-type (WT), X0CGD and AR220CGD iPSCs. Although NOX2 and 

NOX4 mRNA were found in WT, X0CGD and AR220CGD iPSC-derived CD34+ cells at day 10 and 13 of 

differentiation, NOX4 protein was the only NOX enzyme expressed in these cells. A NADPH oxidase 

activity was measured in WT and X0CGD iPSC-derived CD34+ cells but not in AR220CGD iPSC-derived 

CD34+ cells because of the absence of p22phox, which is essential for the NOX4 activity. The absence of 

NOX4 activity and the poor NOX-independent ROS production in AR220CGD iPSC-derived CD34+ cells 

favored the CD34+ cells production but lowered their hematopoietic potential compared to WT and 

X0CGD iPSC-derived CD34+ cells. In addition we found a large production of primitive AR220CGD iPSC-

derived progenitors at day 7 compared to the WT and X0CGD cell types. In conclusion NOX4 is the 

major NOX enzyme involved in the early stages of hematopoietic differentiation from iPSCs and its 

activity can modulate the production, the hematopoietic potential and the phenotype of iPSC-

derived CD34+.  

 

Keywords: induced pluripotent stem cells, Chronic Granulomatous Disease, hematopoietic 

differentiation, NADPH oxidase, NOX4, reactive oxygen species. 
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Abbreviations: AR, autosomal recessive; CGD, Chronic Granulomatous Disease; HSCs, hematopoietic 

stem cells; iPSCs, induced pluripotent stem cells; NADPH, nicotinamide adenine dinucleotide 

phosphate; ROS, reactive oxygen species. 

 

1. Introduction 

 

Redox signaling is involved in a large number of cellular processes and plays an important role in 

stem and progenitor cells (1-3). Perturbation of the cell redox status, mainly increased levels referred 

as « oxidative stress », leads to various pathologies including cancer, aging, hypertension, 

neurodegenerative or cardiovascular diseases (4, 5). In hematopoietic stem cells (HSCs), reactive 

oxygen species (ROS) produced at low levels serve as secondary messengers. Thus the intracellular 

redox status modulates a balance between quiescence, self-renewal, migration, proliferation and 

differentiation processes (6-8). In consequence, a tightly regulated generation of ROS is required in 

order to ensure a constant pool of HSCs and a continuous production of mature blood cells through 

lifetime. ROS are produced from various cellular sources. Mitochondria and NADPH oxidases (NOX) 

are the main intracellular sources of ROS in HSCs (9-11), with half of the ROS production from NOXs 

(12).  

The NOX family is composed of 7 isoforms (NOX1-5 and DUOX1 and 2) expressed widely in different 

tissues and with various roles depending on the site of expression. An increasing number of diseases 

has been ascribed to NOX-dependent ROS over- or under-production (13, 14). The expression of 

NOX1, NOX2 (also known as gp91phox) and NOX4 membrane subunits has been previously 

demonstrated in peripheral blood granulocyte colony-stimulating factor (G-CSF)-mobilized CD34+ 

cells (12, 15). NOX1 and NOX2 form a complex with the p22phox membrane subunit and require the 

presence of NOXO1 and NOXA1, or p40phox, p47phox and p67phox cytosolic subunits respectively to 

produce superoxide anions O2
.-. NOX4 requires only the presence of p22phox and, contrary to NOX1 

and NOX2, is constitutively active and produces hydrogen peroxide H2O2 (16, 17). In the bone 

marrow hematopoietic niche, the hypoxic environment regulates the NADPH oxidase activity, 

maintaining a low intracellular ROS level and preserving the stem cell nature of the HSCs. In contrast, 

an increase in ROS is associated with the differentiation and migration processes of the CD34+ 

progenitors (6, 18). In addition NOX4 seems to exert a fundamental role in the production of ROS by 

embryonic stem cells (ESC)-derived CD34+ cells in the context of vascular differentiation (19) as well 

as in hematopoietic malignancies (20, 21). However, a recent study demonstrated that ESC- and 

induced pluripotent stem cells (iPSC)-derived CD34+ cells produced in vitro possess an elevated ROS 

level responsible for the accumulation of DNA damages and impaired progenitor ability and 

proliferative capacity (22). 
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Human iPSCs obtained after nuclear reprogramming of somatic cells have fully demonstrated their 

utility to model normal physiological processes and also numerous pathologies including 

immunological and hematopoietic diseases (23-26). The embryonic hematopoietic development can 

be recapitulated in vitro using iPSCs. Hematopoietic progenitors and mature cells like phagocytic cells 

are now routinely generated from iPSCs using various approaches (27-30). Chronic Granulomatous 

Disease (CGD) is a rare inherited disease caused by the dysfunction of the phagocytic NADPH oxidase 

which is unable to produce ROS, leading to recurrent and life-threatening microbial infections 

through life (31, 32). The main genetic form is the X-linked CGD (XCGD) caused by mutations in CYBB 

encoding NOX2. There are also rare autosomal recessive forms affecting p22phox (AR22CGD), p47phox 

(AR47CGD) and p67phox (AR67CGD). IPSC-derived from CGD patients (absence of ROS production by 

the NADPH oxidase) were obtained to provide in vitro cellular models and develop new therapeutic 

approaches (33-43). However, no differences were detected in the kinetic or the production yield of 

the mature phagocytic cells from CGD iPSCs compared to WT iPSCs. Thus, considering the major role 

exerted by the NADPH oxidase-driven ROS production during the hematopoietic differentiation, we 

hypothesized that NOX deficiency could have an impact during the early steps of differentiation 

mainly. We first analyzed the NOX phenotype profile of wild-type (WT), X0CGD and AR220CGD iPSCs 

and iPSC-derived CD34+ cells in an iPS/OP9 co-culture model of hematopoietic differentiation. Then 

the impact of NOX activity on the hematopoietic potential and the phenotype of the CD34+ 

progenitors derived from WT, X0CGD and AR220CGD iPSCs were evaluated and compared.  

 

2. Materials and methods 

2.1. Cell culture 

WT-iPSCs (kindly provided by Dr T. Šarić, Institute for Neurophysiology, University of Koln, Germany), 

X0CGD and AR220CGD iPSCs were reprogrammed using plasmidic vectors respectively from a healthy 

donor and two CGD patients as previously described (33). IPS cells were amplified in an 

undifferentiated state in feeder-free conditions on vitronectin (VTN; ThermoFisher)-coated plates 

with StemMACSTM iPS-Brew XF xeno- and serum-free medium (Miltenyi Biotec). 

The mouse bone marrow stromal cell line OP9 (ATCC® CRL-2749™) was maintained on gelatinized 

flasks in α-MEM medium (ThermoFisher) containing 20% Fetal Bovine Serum (FBS; ThermoFisher). 

Four days before the induction of hematopoietic differentiation, OP9 cells were plated on gelatin-

coated wells or flasks. 

 

2.2. Hematopoietic differentiation 

At day 0 of hematopoietic differentiation, iPS cells were harvested using EDTA 50 µM and small 

aggregates were transferred onto OP9 plates and cultured in MEM medium with 10% FBS, 100 µM 
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monothioglycerol (MTG; Sigma Aldrich) and 50 µg/mL ascorbic acid (AA; Sigma Aldrich) during 7, 10 

or 13 days with half medium changed at day 4, 7 and 10 (43). When indicated, co-cultures were 

dissociated after treatment by collagenase IV during 20-25 min and trypsin-EDTA 0.05% 

(ThermoFisher) during 10 min and analyzed using flow cytometry, colony-forming cell assay or cell 

sorted. For cell sorting, cells harvested from co-cultures were labelled with CD34 magnetic beads and 

then isolated using AutoMACS® Pro Separator according to manufacturer’s instructions (Miltenyi 

Biotec).  

 

2.3. Colony-forming cell (CFC) assay 

Cells obtained from co-cultures (100,000 to 500,000 cells depending on the day of co-culture) were 

plated in StemMACSTM HSC-CFU complete medium with erythropoietin (EPO; Miltenyi Biotec) in 35-

mm Petri dishes. CFUs were scored based on their morphology after 14 days of incubation. 

 

2.4. Phenotypic analysis by flow cytometry 

Co-culture cells or CD34-sorted cells were suspended in FACS buffer (PBS, 2% FBS, 2 nM EDTA, 0.05% 

NaN3) and stained with the following conjugated antibodies all purchased from Miltenyi Biotec 

excepted when stated otherwise: SSEA-4-fluorescein isothiocyanate (FITC) (BD Biosciences), CD34-

Vioblue, CD38-phycoerythrine (PE), CD45-allophycocyanin (APC), CD90-FITC, CD117-PE-Vio770, 

CXCR4-PE-Vio770, CD133-Viobright FITC, CD133-APC and CD45RA-PerCP. Unconjugated antibody 7D5 

directed against an external epitope of flavocytochrome b558 (D162-3; Clinisciences) and anti-p22phox 

(clone 44.1; Tebu Bio) with secondary antibody conjugated with AlexaFluor488 (ThermoFisher) and 

PE (Beckman Coulter) respectively, were used for analysis of NADPH oxidase subunit expression (44). 

Markers used in this study are reported in Supplementary Table 1. Control staining with appropriate 

isotype-matched control was included to establish thresholds for positive staining. Staining with 7-

Amino-Actinomycin D (7-AAD) (BD Biosciences) was also used for dead cells exclusion. Cell 

fluorescence was quantified using a FACS Canto II (BD Biosciences). Data were collected and analyzed 

with the FACS DIVA software (BD Biosciences) and FlowJo software (Tree Star). 

 

2.5. ROS measurements 

Redox sensitive probe CellROXTM Deep Red Reagent (ThermoFisher) was used to measure the 

constitutive intracellular ROS production in iPS and iPSC-derived CD34+ cells (45, 46).  Briefly, cells 

pre-treated (15 min incubation at 37°C) or not with 50 µM diphenyleneiodonium (DPI) were 

incubated in Iscove's Modified Dulbecco's Medium (IMDM) with 5 µM CellROXTM for 30 min at 37°C, 

rinsed with PBS and then analyzed using a FACS Canto II (BD Biosciences). Data were collected and 

analyzed with the FACS DIVA software (BD Biosciences) and FlowJo software (Tree Star). 
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2.6. Analysis of apoptosis and necrosis 

Before and after CD34+ sorting with CD34 magnetic beads (Miltenyi Biotec) as previously described, 

hematopoietic progenitors were loaded with FITC-annexin V and propidium iodide according to the 

manufacturer’s instructions (FITC Annexin V Apoptosis Detection Kit, BD Biosciences) and analyzed 

using a FACS Canto II (BD Biosciences). Data were collected and analyzed with the FACS DIVA 

software (BD Biosciences) and FlowJo software (Tree Star). 

  

2.7. Western blot 

Expression of NOX2, p22phox and NOX4 was analyzed by western blot in 50 µg of 1% Triton X100 

soluble extracts prepared from human iPSCs and iPSC-derived CD34+ progenitors using monoclonal 

antibodies 48, 449 (47) and anti-NOX4 (generous gift from Prof. U. Knaus, University Dublin, Ireland, 

(48)) respectively. Soluble extracts from human neutrophils (PMN) and inducible NOX4 expression in 

HEK-293 cells upon tetracycline [tet- and tet+, kindly provided by Prof. KH. Krause and Dr V. Jaquet 

University of Geneva, Switzerland (17)] were used as positive controls for NOX2/p22phox and NOX4 

expression respectively. Polyclonal goat anti-mouse IgG-HRP was used as a second antibody and the 

immune complexes were detected by chemiluminescence using an ECL kit Femtomax (Rockland 

Immunochemicals). SDS-PAGE and immunoblotting were done at 4°C to avoid NOX4 degradation.  

 

2.8. Molecular analysis 

Total mRNA was isolated from cells using TRIzol reagent (ThermoFisher) using a modified single-step 

method (49) and cDNA was synthesized by the reverse transcription (RT)-PCR reaction. Then 

amplification by PCR was conducted with the gene-specific primers listed in Table 1. PCR was 

performed with β-actin primers as a control for RNA quality and equal loading. Aliquots of 2 μl of PCR 

products in Bromophenol Blue solution were run together with a DNA ladder (marker XIV, Roche 

Diagnostics) on 1% (w/v) agarose. The bands were photographed under UV light (GelDoc XR+, Bio-

Rad Laboratories). 

 

2.9. Statistical analysis 

Statistical analyses were performed using GraphPad Prism 5 Software. Data are presented as mean 

values ± standard errors of the means (SEM). One-way ANOVA analysis of variance was used to 

determine the differences between multiple groups, followed by Tukey’s post hoc multiple 

comparison test. Unpaired two-tailed Student's t-test was used for comparison between two groups.  
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3. Results 

3.1. Kinetic and efficacy of the hematopoietic differentiation of X0CGD and AR220CGD iPSCs  

We previously showed that a peak of CD34+ cells was obtained after 10 days of iPS/OP9 co-

culture when iPSCs were first amplified on irradiated mouse embryonic fibroblasts (MEFs) (33). 

However, in an attempt to optimize the culture condition toward more defined culture supports, we 

first confirmed that the efficiency of the hematopoietic differentiation was not significantly different 

between WT iPSCs amplified on feeder cells (iPSCs-MEFs) or on vitronectin (iPSCs-VTN) using adapted 

medium before the induction of the differentiation (Fig. 1A, B and C). IPSCs-VTN cultured in xeno-free 

defined medium showed a slight retardation of differentiation at day 7 compared to iPSCs-MEFs 

cultured with a typical medium containing serum (Fig 1B and C), but at the two later time points the 

two culture conditions displayed similar kinetics and efficiency of differentiation. Thus iPS cells can 

be amplified in feeder-free conditions without affecting their hematopoietic differentiation ability.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Kinetic of the hematopoietic differentiation of WT and CGD iPSCs. (A) Plots showing the gating 

strategy for the analysis by flow cytometry of the expression of SSEA-4 and CD34 markers. (B) Histograms 
showing the percentage of WT cells expressing the membrane pluripotency marker SSEA-4 and (C) the 
hematopoietic marker CD34 at different time point of iPS/OP9 co-culture (days 7, 10 and 13) in MEM medium 
with ascorbic acid (AA). WT iPS cells were amplified onto irradiated MEFs (iPS-MEF) or in feeder-free condition 
(iPS-VTN). Data shows mean ± SEM (n=5-6 independent experiments, n.s. non-significant, *p<0.05, unpaired 
two-tailed Student's t-test). Flow cytometry analysis of the percentage of WT and CGD cells expressing the 
membrane pluripotency marker SSEA-4 (D) and the hematopoietic marker CD34 (E) at different time point of 
iPS/OP9 co-culture (days 7, 10 and 13) in MEM medium with ascorbic acid (AA). Data shows mean ± SEM (n=5-6 
independent experiments, n.s. non-significant, *p<0.05, **p<0.01, ***p<0.001, one-way ANOVA significance 
compared to WT). 
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Then, we aimed to analyze the impact of NOX deficiency on the kinetic and efficacy of hematopoietic 

differentiation. The expression of the pluripotency marker SSEA-4 (Fig. 1D) and the hematopoietic 

marker CD34 (Fig. 1E) was followed between day 7 and day 13 of iPS/OP9 co-culture in WT, X0CGD 

and AR220CGD iPS cells. We observed a progressive disappearance of the expression of the 

pluripotency marker SSEA-4 between day 7 and day 13 in WT, X0CGD and AR220CGD cells with 10-20 

% of undifferentiated iPSCs still present in the co-culture at day 13 (Fig. 1D).  WT and X0CGD iPS cell 

lines showed similar kinetic and efficiency of hematopoietic differentiation, with a peak of about 

6.3±2.2% (n=6 independent experiments) and 6.5±1.5% (n=6 independent experiments) CD34+ cells 

at day 10 respectively, and falling to below 5% at day 13 (Fig. 1E). Unexpectedly, however, the 

percentage of CD34+ cells differentiated from AR220CGD iPSCs reached 14.2±3.6% (n=5 independent 

experiments) by day 10 and remained steady until day 13, representing a 3 to 4-fold increase in 

differentiated cells on day 13 compared to X0CGD and WT iPSCs (Fig. 1E). Because different iPS clones 

from the same donor can show significant heterogeneity in differentiation capacity (50-53), we 

analyzed another AR220CGD iPS clone and obtained similar results (Suppl Fig. 1), confirming the 

specific differentiation behavior of the p22phox-deficient cell lines.  

    

3.2. NADPH oxidase expression in iPSCs and iPSC-derived CD34+ progenitors  

In order to determine whether NOX deficiency and presumed changed in redox status could 

explain the specific behavior of the AR220CGD cell lines, we first analyzed the NOX phenotype of WT, 

X0CGD and AR220CGD iPSCs (Fig. 2). WT, X0CGD and AR220CGD iPSCs expressed mRNA of NOX4 and 

p22phox but not NOX1 or NOX2 (Fig. 2A); they also expressed DUOX1 mRNA slightly but not NOX3, 

NOX5 and DUOX2 mRNA (Suppl Fig. 2). Using flow cytometry and western blot analysis and as 

expected p22phox protein was expressed in WT and X0CGD but not AR220CGD iPS cells (Fig. 2B and C). 

Also as expected from the mRNA results, none of the three iPS cell lines expressed NOX2 protein (Fig. 

2B and C). However, despite the presence of NOX4 mRNA in the three iPSC lines, Western blotting 

revealed no expression of the corresponding protein (Fig. 2C).  
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Fig. 2. NADPH oxidase phenotype in iPSCs. (A) Analysis of mRNA expression of NOX1, NOX2, NOX4 

and p22phox subunits in WT, X0CGD and AR220CGD iPSCs was performed by reverse-transcription PCR with 

primers indicated in Material and Methods (Table 1). β actin was used as positive control of RT-PCR. Positive 
controls for NOX2, NOX4, and p22phox mRNA expression are done from human lymphocytes (NOX2, p22phox) and 
tetracycline inducible NOX4 HEK-293 cells [17] (B) Expression of NOX2 and p22phox protein subunits by flow 
cytometry (grey-filled curve = isotype control, black curve = staining). The number indicated the ratio of MFI of 
the staining versus the control. (C) Western blotting analysis of NOX2, NOX4 and p22phox protein subunits in 
soluble extract from WT, X0CGD and AR220CGD iPSCs (50 µg). Human neutrophils serve as positive control for 
NOX2 and p22phox expression. Soluble extracts from human neutrophils (PMN 10 µg) and tetracycline-inducible 
NOX4 HEK-293 cells as controls (tet-, tet+ 5µg) were used as controls [17]. Molecular weight markers are 
colored protein ladders 10-170 KDa (M, ThermoFisher). (D) Intracellular ROS production measured by flow 
cytometry using the CellROXTM probe (5 µM, 30 min incubation at 37°C) in absence (black curve) or presence of 
DPI (50 µM, 15 min pre-incubation at 37°C, grey curve) in iPSCs. For negative controls, cells were incubated in 
absence of CellROXTM (grey-filled curve). Histogram shows the ratio of mean fluorescence intensity (MFI) of 
cells incubated with CellROXTM to MFI of control cells, bars represent mean ± SEM (n=3-7 independent 
experiments, one-way ANOVA significance compared to WT at the same day of differentiation, unpaired two-
tailed Student's t-test compared to the same cell line without DPI). Non-significant (n.s.).  
 

We also analyzed the NOX phenotype of iPSC-derived CD34+ progenitors. As was seen in the iPSCs, 
differentiating iPSC-derived CD34+ cells did not express NOX1 mRNA (Fig. 3A); nor did they express 
NOX3, NOX5 and DUOX1 and DUOX2 mRNA (Suppl Fig.2). CD34+ progenitors derived from all iPSC 
lines expressed NOX4 and p22phox mRNA at each differentiation time, whereas NOX2 mRNA 
expression started at day 10 for WT increased at day 13 for all cell lines. For AR220CGD iPSC-derived 
CD34+ cells, NOX2 mRNA appeared slightly at day 13 (Fig. 3A). We have no explanation for that fact 
apart that the absence of p22phox protein expression in these cells could have a negative feedback on 
the expression of NOX2 mRNA.  
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Fig. 3. NADPH oxidase phenotype in iPSC-derived CD34+ cells. (A) Analysis of mRNA expression of 

NOX1, NOX2, NOX4 and p22phox subunits at different time of WT, X0CGD and AR220CGD iPS/OP9 co-cultures 
was performed by reverse-transcription PCR performed with primers indicated in Material and Methods (Table 

1). β actin was used as positive control of RT-PCR. Positive controls for NOX2, NOX4, and p22phox mRNA 
expression are done from human lymphocytes (NOX2, p22phox) and tetracycline inducible NOX4 HEK-293 cells 
[17] (B) Expression of NOX2 and p22phox protein subunits by flow cytometry (grey-filled curve = isotype control, 
black curve = staining). The number indicated the ratio of MFI of the staining versus the control. Human 
neutrophils serve as positive control for NOX2 and p22phox expression (C) Western blotting analysis of NOX2, 
NOX4 and p22phox protein subunits were performed using 50 µg of soluble extracts from iPSC-derived WT, 
X0CGD and AR220CGD CD34+ cells.  Soluble extracts from human neutrophils (PMN, 2 µg) and tetracycline-
inducible NOX4 HEK-293 cells (17) were used as controls (tet-, tet+, 1 µg). Molecular weight markers as colored 
protein ladders 10-170 KDa (M, ThermoFisher).  (D) Histogram showing the intracellular ROS production 
measured by flow cytometry using the CellROXTM probe (5 µM, 30 min incubation at 37°C) in presence or 
absence of DPI (50 µM, 15 min pre-incubation at 37°C) in iPSC-derived CD34+ cells, and expressed as the ratio 
of MFI of cells incubated with CellROXTM to MFI of control cells not incubated with CellROXTM. Data shows mean 
± SEM (n=3-7 independent experiments, *p<0.05, **p<0.01, ***p<0.001, one-way ANOVA significance 
compared to WT at the same day of differentiation; #p<0.05, # # p<0.01, unpaired two-tailed Student's t-test 
compared to the same cell line without DPI). 
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As expected from mRNA results, flow cytometry and Western blot analysis detected p22phox 

protein only in WT and X0CGD iPSC-derived CD34+ cells (Fig. 3B and C). However, despite mRNA 

expression, NOX2 protein was not found in any iPSC-derived CD34+ cells at any time point (Fig. 3B 

and C). Finally, as expected from mRNA results but in contrast to iPS cells, iPSC-derived CD34+ 

progenitors expressed NOX4 protein in WT, X0CGD and AR220CGD at day 10 of differentiation (Fig. 

3C).  Thus NOX4 is the unique NOX enzyme expressed in iPSC-derived CD34+ progenitors at early 

stage of differentiation. 

 

3.3. NADPH oxidase activity in iPSCs and iPSC-derived CD34+ progenitors  

We used the fluorogenic probe CellROXTM Deep Red Reagent to evaluate intracellular ROS 

production. This probe detects several derived oxygen species in addition to hydrogen peroxide, is 

peroxidase independent, and is photostable (54). NOX-dependent ROS production was determined 

by measuring CellROXTM fluorescence in the presence and absence of DPI, a NOX (and other 

flavoenzymes) inhibitor. All types of iPSCs showed similar level of ROS and no significant inhibition by 

DPI (Fig. 2D), suggesting that iPSCs lack NOX activity, as expected from lack of NOX protein 

expression in iPSCs. This ROS production is probably due to other ROS production systems as 

mitochondria.  

The pattern of ROS production in CD34+ cells showed two major differences from that of iPSCs.  

First, intracellular ROS in WT and X0CGD iPSC-derived CD34+ progenitors was at the same levels and 

increased similarly from day 7 to 13 of differentiation; in contrast AR220CGD CD34+ progenitors 

produced only about half as much ROS as the other two cell lines (Fig. 3D). Secondly, DPI inhibited 

ROS production by 40-60% in WT and X0CGD CD34+ progenitors, suggesting this fraction of ROS 

production was NOX dependent. However, DPI did not inhibit ROS production in AR220CGD iPSC-

derived progenitors; this result was expected, because the absence of p22phox should prevent the 

activity of the NOX4 protein expressed in these cells. In addition ROS production was obtained 

without any stimulation as a constitutive production. This is in accordance with the presence of 

NOX4 in iPSC-derived CD34+ progenitors.  

These results suggest that: 1) NOX4/p22phox is responsible for a constitutive ROS production in  

WT and X0CGD iPSC-derived-CD34+ cells; 2) NOX4/p22phox produces about half of the ROS in CD34+ 

cells derived from WT and X0CGD iPSCs; 3) mitochondrial respiration probably accounts for the low 

ROS production of AR220CGD iPSC-derived progenitors; 4) ROS measured in AR220CGD are NOX 

independent and are equivalent as the DPI independent ROS production of the WT and  X0CGD iPSC-

derived-CD34+ cells . 

 

3.4. Hematopoietic potential of CGD iPSC-derived CD34+ cells 
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To determine the relationship between the level of ROS production and the hematopoietic ability 

of the progenitors, we performed an in vitro clonogenic colony-forming cell (CFC) assay (Fig. 4). As 

expected, we observed a similar number of colony-forming units (CFU) arising from WT and X0CGD 

iPS/OP9 co-cultures, which increased from day 7 to 13 (Fig. 4A). However only few colonies were 

obtained from the AR220CGD iPS/OP9 co-cultures; although the percentage of CD34+ cells present 

was higher than in WT and X0CGD iPS/OP9 co-cultures (Fig. 1B). The specific hematopoietic potential 

of the CD34+ cells was also evaluated by calculating the number of CFU produced from 100,000 CD34+ 

generated during the co-culture (Fig. 4B).  

 

Fig. 4. In vitro hematopoietic potential of the CGD iPSC-derived progenitor cells. (A) CFU potential of 

the cells derived from day 7, 10 and 13 iPS/OP9 co-culture performed into MEM+AA medium. Cells were plated 
into methylcellulose with hematopoietic cytokines and the number of CFUs counted after 14 days. (B) 

Calculation of the CFU potential considering the percentage of CD34+ cells plated in order to assess the short-
term differentiation capabilities of the CD34+ hematopoietic progenitors. For A and B, data shows mean ± SEM 
(n=3-7 independent experiments, *p<0.05, **p<0.01, ***p<0.001, one-way ANOVA significance compared to 
WT). (C) Representative images for the hematopoietic colonies CFUs obtained after 14 days of culture: CFU-
GEMM, BFU-E and CFU-E (magnification x10), CFU-GM, CFU-M and CFU-G (magnification x4) (upper panel) and 
MGG staining (lower panel, scale bars indicated). (D) Relative repartition of the different types of CFUs 
obtained after 7, 10 and 13 days of WT and CGD iPS/OP9 co-culture in MEM+AA medium. Data shows the mean 
of n=5 independent experiments. 
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From these results we confirmed that the hematopoietic potential of the CD34+ progenitors was 

significantly lower in AR220CGD than in WT and X0CGD cell lines. The repartition of the different 

types of colonies, identifiable by their specific morphology and their cell composition (Fig. 4C), was 

similar in all types of cell lines and varied according to the time of co-culture with more erythroid 

colonies (BFU-E and CFU-E) at day 7 and a majority of G-, M- or GM-CFUs at day 10 and 13 (Fig. 4D, 

means ± SD in Table 2).  

In conclusion, WT and X0CGD iPSC-derived CD34+ cells displayed an increasing hematopoietic 

potential with co-culture time while AR220CGD iPSC-derived CD34+ cells have a constant low 

hematopoietic potential. 

 

3.5. Phenotypic analysis of the CD34+ progenitors derived from WT, X0CGD and AR220CGD iPSCs  

Finally, we measured the expression of additional markers (CD38, CD45, CD90, CD117, CD133, 

CXCR4 and CD45RA) via flow cytometry to more fully characterize the phenotype of hematopoietic 

progenitors produced from the three iPSC lines (Fig. 5). We first observed that from day 7 to 13, the 

proportion of lineage-committed CD38+ expressing cells remained constant in all three cell lines, 

while the proportion of cells expressing the pan-hematopoietic marker CD45 was significantly 

increased by day 13 only in AR220CGD iPSC-derived CD34+ progenitors (Fig. 5A).  
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Fig. 5. Phenotypic characterization of iPSC-derived CD34+ hematopoietic progenitors. (A) Flow 

cytometry analysis of the percentage of cells expressing the hematopoietic markers CD38 and CD45 at different 
time point of iPS/OP9 co-culture (days 7, 10 and 13). Data shows mean ± SEM (n=5-6 independent 
experiments, *p<0.05, **p<0.01, ***p<0.001, one-way ANOVA significance compared to WT). (B) 

Representative flow cytometry plots showing the gating of CD34+CD38- cells and subsequent analysis of 
CD90/CD117, CR45RA, CD133 and CXCR4 expression. (C-E) Histograms showing the percentage of CD34+CD38- 
cells expressing the hematopoietic markers CD90 and CD117 (C), CD133 (D) and CXCR4 (E) at different time 
points of iPS/OP9 co-culture (days 7, 10 and 13). Data shows mean ± SEM (n=5-6 independent experiments, 
*p<0.05, **p<0.01, ***p<0.001, one-way ANOVA significance compared to WT). 

 

Then, we analyzed more specifically the phenotype of the CD34+CD38- population as presented in 

Fig. 5B. The precise phenotype of HSCs is difficult to determine, but several established markers have 

been used to enrich for long-term HSCs: Lin-CD34+CD38-CD90+CD45RA- (55, 56); CD117, the receptor 

for stem cell growth factor (SCF); and CD133 (57-60). We detected no expression of the CD45RA 

marker by the CD34+CD38- progenitors derived from any of the cell lines and at all the time points 

analyzed. Figure 5C showed that more than 35% of the WT and X0CGD CD34+CD38- cells expressed 

the CD90 hematopoietic marker on day 7, with a progressive increase to 50-60% by day 13. These 

lines also showed a progressive increase of CD90+CD117+ cells. In contrast less than 10% of the 

AR220CGD CD34+CD38- progenitors were CD90+ at day 7, and reached only 40% by day 13, and the 

proportion of CD117+ cells was also significantly lower at day 13 than the WT and X0CGD cell lines. 

Surprisingly, the proportion of CD34+CD38- cells derived from the AR220CGD iPSCs expressing the 

more primitive marker CD133 was significantly higher than those derived from WT and X0CGD iPSCs, 

especially at day 7 of co-culture when the proportion of CD133+ cells in the AR220CGD line was twice 

that of the other cell lines (Fig. 5D). Moreover, the expression of the bone marrow homing marker 

CXCR4 (61) by the CD34+CD38- progenitors strongly increased during the time-course of co-culture 

for all types of cell lines (Fig. 5E). The proportion of CXCR4+ cells in the AR220CGD iPSC-derived 

CD34+CD38- cells was significantly higher than the other two lines only at day 13 of differentiation 

(Fig. 5E).  

Taken together, these data demonstrate that day 7 to 13 co-cultures allow the production of various 

stages of hematopoietic cells including primitive progenitors with a phenotype similar to LT-HSCs 

(CD34+CD38-CD45RA-CD133+CD90+) (62) but also to more engaged progenitors responsible for the 

production of hematopoietic colonies in the CFC assay. X0CGD iPSC-derived CD34+CD38- cells 

possessed a phenotype similar to the WT iPSCs whatever the time of co-culture, but the phenotype 

of AR220CGD iPSC-derived CD34+CD38- cells was very different than the other two lines.  

 

4. Discussion 

Given the accumulating evidence that ROS produced by NADPH oxidases affect the fate of HSCs, 

we hypothesized that NOX deficiency and resulting lower ROS production could impact 
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hematopoietic differentiation of CD34+ progenitors produced in vitro. We therefore investigated the 

presence and the role of NOXs during the early stages of in vitro hematopoietic differentiation using 

human iPSC lines deficient in the NOX2 protein (X0CGD) or deficient in activity of NOX1/2/3/4 

(AR220CGD).  

We first aimed to improve the iPS cell maintenance of our culture using more defined reagents. In 

the literature, various methods (feeder cells, MatrigelR, VitronectinR, among others) have produced 

hematopoietic differentiation of ES/iPSCs. Thus the impact of the iPS culture method on the 

subsequent differentiation is difficult to evaluate (63). Here, we confirmed that the feeder-free 

culture of iPSCs using a defined xeno- and serum-free medium does not modify either the kinetics or 

the efficacy of early hematopoietic differentiation compared to iPSCs cultured on MEFs. The iPS/OP9 

co-culture technique is a well-used approach to recapitulate hematopoietic differentiation in vitro 

(64-66). Although not perfect, we thought that this approach was the best way to mimic the 

interaction of HSCs with stromal cells in the bone marrow niche. We previously used it to produce 

CD34+ progenitors and to induce their terminal differentiation into mature phagocytic cells (33). We 

did not notice any difference in terms of kinetics or yield during the production of mature X0CGD and 

AR220CGD neutrophils and macrophages compared to WT cells. Focusing on the early stage of 

hematopoietic differentiation from iPSCs in the present work, we noticed that WT and X0CGD iPSC-

derived CD34+ progenitors shared very similar NADPH oxidase activity and ROS production at days 7, 

10 and 13 (Figs. 2 and 3). However, we detected no NOX2 expression either mRNA or protein, in 

iPSCs or in CD34+ cells before day 13; in our hands, NOX2 is only detectable later during the myeloid 

differentiation of WT iPSC-derived CD34+ cells when the CD45 marker expression increases 

(unpublished data). The absence of NOX2 expression in iPSCs and its appearance upon neuronal 

induction was observed by our collaborators using WT and X0CGD iPSCs from the same origin (67), 

although another study describes a role of NOX2 and NOX4 in the maintenance of pluripotency and 

in regulation of self-renewal of murine iPSCs cultured on MEFs (68). In any case, we deduce that 

NOX2 is not the isoform responsible for the NOX activity observed before day 13 of hematopoietic 

differentiation.  

We also did not observe any NOX1, NOX3, NOX5, and DUOX2 mRNA in iPSCs or iPSC-derived 

CD34+ progenitor cells. DUOX1 mRNA was only slightly expressed in iPSCs. On the other hand, we 

demonstrated that in WT and X0CGD cell lines, p22phox and NOX4 are expressed in iPSC-derived CD34+ 

progenitor cells, making NOX4 the only NOX isoform expressed at the early stage of hematopoietic 

differentiation. It is not surprising that NOX4 is expressed upon hematopoietic induction because 

NOX4 was shown to drive the differentiation of mESCs into SMC (69) and cardiomyocytes (70), and to 

regulate the proliferation of neural stem cells (71). NOX1 expression in CD34+ cells seems to be more 

controversial. We did not find a NOX1 mRNA expression in iPSC-derived CD34+ progenitors, in 
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agreement with previous works (12, 72), although NOX1 mRNA expression has been reported in 

healthy and malignant CD34+ cells (15, 20, 73). We do not have an explanation for the discrepancy 

except that the presence of NOX1 mRNA does guarantee the presence of the corresponding protein. 

We must also underline that unlike the NOX isoforms, p22phox protein is found in all types of iPSCs 

except in AR220 iPSCs. This demonstrates p22phox expression independent from that of NOX enzymes, 

different from what is observed in phagocytes. We note that during embryonic development p22phox 

was shown to be expressed independently of NOX isoforms in hemocytoblast (74).  

The choice of a specific probe for ROS detection in HSCs is a difficult issue (75). The CellROXTM probe 

has been widely used within the last 3 years for the quantification of ROS in HSCs (76-78). Using this 

probe, Rönn et al. showed CD34+CD45+ cells generated in vitro from ESCs and iPSCs produced high 

levels of ROS that induced DNA damage, leading to a decrease of hematopoietic potential and 

proliferation ability (22). Using the same probe, we measured a progressive elevation of ROS in WT 

and X0CGD progenitors until day 13 of hematopoietic differentiation, leading us to conclude that the 

ROS level is higher in more engaged CD34+ progenitors. However, we did not find any apoptosis or 

necrosis in our CD34+ cells during the time-course of differentiation before and after sorting (Suppl 

Fig. 3). Our DPI inhibition results provide good evidence that 50% of the intracellular ROS production 

in WT and X0CGD iPSC-derived CD34+ progenitors is NOX-dependent, the remaining was probably 

produced by mitochondria or ROS-producing NOX-independent enzymes. This result is also in 

accordance with previous evaluations of NOX-dependent ROS production in HSCs (12, 15). The 

phenotype of AR220CGD iPSC-derived CD34+ progenitors was strikingly different from that of WT and 

X0CGD iPSC-derived CD34+ progenitors in that the absence of p22phox protein expression abrogates 

the NADPH oxidase activity despite expression of NOX4 protein. Because NOX4 is the only NOX 

isoform expressed in CD34+ cells induced from iPSCs in these cell lines, and because the pattern of 

p22phox expression matches the pattern of NOX-dependent ROS production, we ascribe the observed 

NOX-derived ROS production to NOX4. In addition ROS production in WT and X0CGD iPSC-derived 

CD34+ progenitors was constitutive underlying the presence of NOX4 expression in these cells in the 

early stage of hematopoietic differentiation.  

The AR220CGD cell type showed a 3-fold higher production of CD34+ progenitors at day 13 compared 

to the production of WT and X0CGD iPSC-derived CD34+ progenitors; clone-to-clone variability was 

tested (data not shown) but does not explain our results. This suggests that AR220CGD accumulates 

CD34+ progenitors delayed in their maturation by the absence of NOX4 activity. Another study 

showed that culture of human CD34+ cells with DPI or N-acetyl-cysteine inhibits the differentiation 

process and the colony growth while increasing the number of CD34+ cells (72) thus supporting our 

observation with the AR220CGD cell line. 
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It is well established that increased levels of ROS in HSCs are responsible for the shift from 

quiescence to cycling proliferation and in consequence for the loss of stemness and HSC function (3, 

6, 8, 18), yet excess ROS can also induce senescence and apoptosis (11, 22). The progressive increase 

of intracellular ROS level in WT and X0CGD over the course of differentiation was associated with an 

increase of their hematopoietic progenitor capacity. The kinetics and the types of CFC obtained 

during the in vitro hematopoietic differentiation of all types of iPSCs, reproduces the sequence of 

events observed during human embryonic development with erythroid progenitors appearing earlier 

than myeloid progenitors (65, 79-81). Erythroid colonies are more sensitive to ROS (22), which 

probably explains why we observed them mainly at day 7 when iPSC-derived CD34+ progenitors of all 

types produce the lowest level of ROS. Although the proportion of the different types of CFU during 

the time-course of differentiation is identical for all 3 types of CD34+ progenitors, the absolute 

number of CFU was drastically lower in the AR220CGD iPSC-derived CD34+ progenitors compared to 

the WT and X0CGD iPSC-derived CD34+ progenitors. NOX4 activity seems to be involved in the control 

of the CD34+ progenitor maturation that is linked to their hematopoietic potential. Fan et al. also 

demonstrated that ROS mediate the differentiation process in vitro in HSCs (72). All the cell lines 

were CD45RA- as primitive progenitors. In addition, we found that the hematopoietic differentiation 

of p22phox-deficient iPS cell line produced more CD34+CD38- progenitors expressing the primitive 

marker CD133, but less CD90+ cells at day 7 compared to the WT and X0CGD iPSC-derived CD34+ 

progenitors. According to the literature, the phenotype of the progenitors during hematopoiesis can 

be described as primitive (CD34+133+90+), early (CD34+133+90−) and committed (CD34+133−) 

progenitors (55, 62). However the primitive CD133 marker (82, 83) seems to be acquired before the 

CD90 marker with a majority of CD133+CD90- progenitors produced at day 7 and a progressive 

accumulation of CD133+CD90+ progenitors during the in vitro induced hematopoietic differentiation. 

Thus these latter results support the idea that the absence of NOX4-dependent ROS production in 

the AR220CGD iPSC-derived CD34+ progenitors is responsible for a retardation of maturation 

explaining the low hematopoietic progenitor potential in these cells. We also noticed that at D13 of 

differentiation, CD117 marker was less expressed in AR220CGD iPSC-derived CD34+CD38- progenitors 

than in WT and X0CGD iPSC-derived CD34+CD38- progenitors suggesting again a delayed maturation 

although the hierarchy of hematopoietic maturation remains difficult to translate in the context of in 

vitro differentiation. Interestingly, CXCR4 expression was higher in AR220CGD iPSC-derived 

CD34+CD38- progenitors although we can’t explain this phenomenon. This homing marker is generally 

highly expressed in HSCs and is essential for bone marrow engraftment after transplantation (84). 

Humanized mouse obtained after engraftment of HSCs in immunodeficient mice could represent 

pertinent animal models to mimic as close as possible human genetic pathologies like CGD (85). 

However, human iPSC-derived hematopoietic cells display a phenotype different from in vivo 
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differentiated hematopoietic stem cells that could explain their lower efficient engraftment in 

immunodeficient mice (27). Until 2013, only two teams succeeded to obtain a three lineages 

reconstitution from hiPSCs through the formation of teratoma in mice (86, 87). We suspect that the 

low oxygen environment of the tumor may have contributed to the development of CD34+ cells with 

a low redox status that could explain a higher ability to engraft. In addition, a lot of efforts are 

actually made in order to maintain or restore the stemness of HSPCs by the use of NOXs inhibitors, 

antioxidants molecules and hypoxic culture, alone or in combination (22, 72, 88-91). Indeed, one 

limit of the hematopoietic differentiation protocol used in this study is that experiments were 

conducted under 21% oxygen, and not in hypoxia conditions like HSCs located in a hypoxia niche 

inside the bone marrow. Thus, considering the most probable role of NOX4 as an oxygen sensor in 

WT and X0CGD iPSC-derived CD34+ progenitors, normoxia condition could have induced abnormal 

activation of NOX4 in these 2 types of cells. This is not the case in the AR220CGD iPSC-derived CD34+ 

progenitors where the absence of p22phox leads to the absence of NOX4 activity.  Thus AR220CGD 

iPSC-derived CD34+ progenitors with their specific phenotype related to a low redox status, could be 

the best cell line for a successful engraftment in immunodeficient mice to model CGD. In addition 

very recently it was demonstrated that beside the redox status of the hematopoietic progenitors, 

transduction of specific transcription factors in human ES/iPS are also very important to promote 

engraftment and multi-lineage differentiation (92, 93). This could be another way to increase the 

efficiency of engraftment in immunodeficient mice in order to generate pathological animal models.  

This study brings additional evidences that NOX4 is the main ROS-producing NOX isoform in 

CD34+CD38- progenitors during the early stages of in vitro hematopoietic differentiation and that 

NADPH oxidase deficiency (in p22phox deficient cells) is associated with low intracellular ROS level, 

accumulation of primitive CD34+ progenitors with a delayed maturation related to a low functional 

hematopoietic progenitor ability. However, in later stage of hematopoiesis differentiation other ROS-

producing systems probably take over because AR220CGD patients don’t have any defect regarding 

mature hematopoietic cells in the peripheral blood. In addition, an important role of NOX2 cannot be 

excluded at later stages of hematopoietic differentiation than analyzed here (94). Thus, more studies 

should be performed in order to investigate the role of NOX2 and other ROS-producing systems in 

later stages of hematopoietic differentiation. 
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Table 1 

 

List of primers used for PCR amplification 

mRNA Sequences Amplicon size 

NOX1 5’- GTACAAATTCCAGTGTGCAGACCAC - 3’ 397 bp 
5’- CAGACTGGAATATCGGTGACAGCA - 3’ 

NOX2 5’- CCTCTGCCACCATGGGGAAC - 3’ 296 bp 
5’- GTCCAGTTGTCTTCGAACTCTTG - 3’ 

NOX3 5’- GGATCGGAGTCACTCCCTTCGCTG - 3’  458 bp 
5’ ATGAACACCTCTGGGGTCAGCTGA - 3’  

NOX4 5’- TCGCCAACGAAGGGGTTAAA - 3’ 594 bp 
5’- GCAACGTCAGCAGCATGTAG - 3’ 

NOX5 5’ - TTATGGGCTACGTGGTAGTGGG - 3  150 bp 
5’ - GAACCGTGTACCCAGCCAAT - 3’  

DUOX1 5’ - GCAGGACATCAACCCTGCACTCTC - 3’ 672 bp 
5’ - CTGCCATCTACCACACGGATCTGC - 3’ 

DUOX2 5’ - CCGGCAATCATCATATGGAGGT - 3’ 545 bp 
5’ – TTGGATGATGTCAGCCAGCC - 3’ 

p22phox 5’- CAGTGTCCCAGCCGGGTTCGTGTC -3’ 351 bp 
5’- GATGGTGGCCAGCAGGAAGC -3’ 

β-actin 5’- ATCTGGCACCACACCTTCTACAATGAGCTGCG -3’ 838 bp 
5’- CGTCATACTCCTGCTTGCTGATCCACATCT -3’ 
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Table 2  

Repartition of the types of CFUs generated from the iPSC-derived CD34+ hematopoietic 

progenitors. Data shows mean ± SD (n=5-6 independent experiments). 

 

 

 

 

  

iPS cell line Day of coculture CFU-GEMM BFU-E CFU-E CFU-GM CFU-M CFU-G

D7 0 (0) 3 (5) 8 (14) 1 (1) 2 (4) 0 (0)

D10 1 (1) 0 (0) 1 (1) 42 (32) 36 (14) 11 (7)

D13 2 (2) 1 (2) 0 (0) 51 (44) 97 (36) 18 (8)

D7 0 (1) 3 (4) 3 (5) 5 (5) 2 (3) 3 (4)

D10 1 (1) 1 (1) 0 (0) 18 (22) 57 (61) 6 (6)

D13 0 (1) 0 (0) 0 (0) 57 (45) 165 (106) 14 (11)

D7 0 (0) 1 (1) 2 (2) 1 (1) 1 (1) 0 (0)

D10 0 (0) 0 (0) 1 (1) 5 (3) 5 (9) 1 (2)

D13 0 (0) 0 (0) 0 (0) 5 (5) 12 (8) 4 (4)

WT

AR220CGD

X0CGD
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Supplementary Table 1 

Identification of the markers used in this study 

 

Name Protein Marker 

SSEA4 Stage-specific Embryonic Antigen-4 Embryonic Stem Cell (pluripotency marker) 

CD34 Transmembrane phosphoglycoprotein Early hematopoietic and vascular-associated cell 
and tissue  

CD45 protein tyrosine phosphatase 
regulating src-family kinases 

Hematopoietic cells, leukocytes  

CD45RA Isoform of CD45 Naïve T lymphocytes, memory marker 

CD38 Ecto-enzyme, ADP-ribosyl cyclase and 
ADPRc-hydrolase activities 

Late hematopoietic stem cells, lymphocytes 

CD117 Proto-oncogene c-Kit, tyrosine-protein 
kinase Kit 

Hematopoietic stem cells, Multipotent 
progenitors, Common myeloid progenitors 

CD90 Thy-1, GPI-anchored protein Thymocytes, early hematopoietic stem cells, 
nervous and lymphoid tissues  

CD133 prominin-1, transmembrane 
glycoprotein 

Hematopoietic stem cells, Endothelial 
progenitors stem cells 

CXCR4 C-X-C chemokine receptor type 4, 

fusin, CD184, α-chemokine receptor 
specific for stromal-derived-factor-1 

Important for hematopoietic stem cells homing 
and quiescence 

CD means cluster of differentiation 
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Figure Legends 

  

Figure 1. Kinetic of the hematopoietic differentiation of WT and CGD iPSCs. (A) Plots showing the 

gating strategy for the analysis by flow cytometry of the expression of SSEA-4 and CD34 markers. (B) 

Histograms showing the percentage of WT cells expressing the membrane pluripotency marker SSEA-

4 and (C) the hematopoietic marker CD34 at different time point of iPS/OP9 co-culture (days 7, 10 

and 13) in MEM medium with ascorbic acid (AA). WT iPS cells were amplified onto irradiated MEFs 

(iPS-MEF) or in feeder-free condition (iPS-VTN). Data shows mean ± SEM (n=5-6 independent 

experiments, n.s. non significant, *p<0.05, unpaired two-tailed Student's t-test). Flow cytometry 

analysis of the percentage of WT and CGD cells expressing the membrane pluripotency marker SSEA-

4 (D) and the hematopoietic marker CD34 (E) at different time point of iPS/OP9 co-culture (days 7, 10 

and 13) in MEM medium with ascorbic acid (AA). Data shows mean ± SEM (n=5-6 independent 

experiments, n.s. non significant, *p<0.05, **p<0.01, ***p<0.001, one-way ANOVA significance 

compared to WT). 

 

Figure 2. NADPH oxidase phenotype in iPSCs. (A) Analysis of mRNA expression of NOX1, NOX2, 

NOX4 and p22phox subunits in WT, X0CGD and AR220CGD iPSCs was performed by reverse-

transcription PCR with primers indicated in Material and Methods (Table 1). β actin was used as 

positive control of RT-PCR. Positive controls for NOX2, NOX4, and p22phox mRNA expression are 

done from human lymphocytes (NOX2, p22phox) and tetracycline inducible NOX4 HEK-293 cells [17] 

(B) Expression of NOX2 and p22phox protein subunits by flow cytometry (grey-filled curve = isotype 

control, black curve = staining). The number indicated the ratio of MFI of the staining versus the 

control. (C) Western blotting analysis of NOX2, NOX4 and p22phox protein subunits in soluble extract 

from WT, X0CGD and AR220CGD iPSCs (50 µg). Human neutrophils serve as positive control for NOX2 

and p22phox expression. Soluble extracts from human neutrophils (PMN 10 µg) and tetracycline-

inducible NOX4 HEK-293 cells as controls (tet-, tet+ 5µg) were used as controls [17]. Molecular 

weight markers are colored protein ladders 10-170 KDa (M, ThermoFisher). (D) Intracellular ROS 

production measured by flow cytometry using the CellROXTM probe (5 µM, 30 min incubation at 37°C) 

in absence (black curve) or presence of DPI (50 µM, 15 min pre-incubation at 37°C, grey curve) in 

iPSCs. For negative controls, cells were incubated in absence of CellROXTM (grey-filled curve). 

Histogram shows the ratio of mean fluorescence intensity (MFI) of cells incubated with CellROXTM to 

MFI of control cells, bars represent mean ± SEM (n=3-7 independent experiments, one-way ANOVA 

significance compared to WT at the same day of differentiation, unpaired two-tailed Student's t-test 

compared to the same cell line without DPI). Non significant (n.s.).  
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Figure 3. NADPH oxidase phenotype in iPSC-derived CD34+ cells. (A) Analysis of mRNA expression of 

NOX1, NOX2, NOX4 and p22phox subunits at different time of WT, X0CGD and AR220CGD iPS/OP9 co-

cultures was performed by reverse-transcription PCR performed with primers indicated in Material 

and Methods (Table 1). β actin was used as positive control of RT-PCR. Positive controls for NOX2, 

NOX4, and p22phox mRNA expression are done from human lymphocytes (NOX2, p22phox) and 

tetracycline inducible NOX4 HEK-293 cells [17] (B) Expression of NOX2 and p22phox protein subunits 

by flow cytometry (grey-filled curve = isotype control, black curve = staining). The number indicated 

the ratio of MFI of the staining versus the control. Human neutrophils serve as positive control for 

NOX2 and p22phox expression (C) Western blotting analysis of NOX2, NOX4 and p22phox protein 

subunits were performed using 50 µg of soluble extracts from iPSC-derived WT, X0CGD and AR220 

CD34+ cells.  Soluble extracts from human neutrophils (PMN, 2 µg) and tetracycline-inducible NOX4 

HEK-293 cells (17) were used as controls (tet-, tet+, 1 µg). Molecular weight markers as colored 

protein ladders 10-170 KDa (M, ThermoFisher).  (D) Histogram showing the intracellular ROS 

production measured by flow cytometry using the CellROXTM probe (5 µM, 30 min incubation at 37°C) 

in presence or absence of DPI (50 µM, 15 min pre-incubation at 37°C) in iPSC-derived CD34+ cells, and 

expressed as the ratio of MFI of cells incubated with CellROXTM to MFI of control cells not incubated 

with CellROXTM. Data shows mean ± SEM (n=3-7 independent experiments, *p<0.05, **p<0.01, 

***p<0.001, one-way ANOVA significance compared to WT at the same day of differentiation; 

#p<0.05, # # p<0.01, unpaired two-tailed Student's t-test compared to the same cell line without DPI).  

 

Figure 4. In vitro hematopoietic potential of the CGD iPSC-derived progenitor cells. (A) CFU 

potential of the cells derived from day 7, 10 and 13 iPS/OP9 co-culture performed into MEM+AA 

medium. Cells were plated into methylcellulose with hematopoietic cytokines and the number of 

CFUs counted after 14 days. (B) Calculation of the CFU potential considering the percentage of CD34+ 

cells plated in order to assess the short-term differentiation capabilities of the CD34+ hematopoietic 

progenitors. For A and B, data shows mean ± SEM (n=3-7 independent experiments, *p<0.05, 

**p<0.01, ***p<0.001, one-way ANOVA significance compared to WT). (C) Representative images for 

the hematopoietic colonies CFUs obtained after 14 days of culture: CFU-GEMM, BFU-E and CFU-E 

(magnification x10), CFU-GM, CFU-M and CFU-G (magnification x4) (upper panel) and MGG staining 

(lower panel, scale bars indicated). (D) Relative repartition of the different types of CFUs obtained 

after 7, 10 and 13 days of WT and CGD iPS/OP9 co-culture in MEM+AA medium. Data shows the 

mean of n=5 independent experiments. 
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Figure 5. Phenotypic characterization of iPSC-derived CD34+ hematopoietic progenitors. (A) Flow 

cytometry analysis of the percentage of cells expressing the hematopoietic markers CD38 and CD45 

at different time point of iPS/OP9 co-culture (days 7, 10 and 13). Data shows mean ± SEM (n=5-6 

independent experiments, *p<0.05, **p<0.01, ***p<0.001, one-way ANOVA significance compared 

to WT). (B) Representative flow cytometry plots showing the gating of CD34+CD38- cells and 

subsequent analysis of CD90/CD117, CR45RA, CD133 and CXCR4 expression. (C-E) Histograms 

showing the percentage of CD34+CD38- cells expressing the hematopoietic markers CD90 and CD117 

(C), CD133 (D) and CXCR4 (E) at different time points of iPS/OP9 co-culture (days 7, 10 and 13). Data 

shows mean ± SEM (n=5-6 independent experiments, *p<0.05, **p<0.01, ***p<0.001, one-way 

ANOVA significance compared to WT). 

 

Supplementary  Figure 1. Kinetic of the hematopoietic differentiation of AR220CGD iPSCs. 

Histogram showing the percentage of two distinct clones of AR220CGD (C2 and C3) cells expressing 

the hematopoietic marker CD34 at different time point of iPS/OP9 coculture (days 7, 10 and 13) in 

MEM medium with ascorbic acid (AA). AR220CGD iPS cells were amplified onto irradiated MEFs (iPS-

MEF). Data shows mean ± SEM (n=5-6 independent experiments). 

 

Supplementary Figure 2. NOX3, NOX5, DUOX1 and DUOX2 mRNA expression in iPSCs and iPSC-

derived CD34+ cells. Analysis of mRNA expression of NOX3, NOX5, DUOX1 and DUOX2 in WT, X0CGD 

and AR220CGD iPSCs (A) and in iPSC derived WT, X0CGD and AR220CGD CD34+ progenitors was 

performed by reverse-transcription PCR with primers indicated in Material and Methods (Table 1). β 

actin was used as positive control of RT-PCR. Positive controls for NOX3, NOX5, DUOX1 and DUOX2 

mRNA expression are done from NOX3 PLB-985 cells, Caco2 cells (NOX5 and DUOX2) and human 

lymphocytes (DUOX1). 

 

Supplementary Figure 3. Apoptosis and necrosis analysis in WT (A), X0CGD (B) and AR220CGD (C) 

CD34+ progenitors.  1.105  iPSCs derived WT, X0CGD and AR220CGD CD34+ progenitors before and 

after CD34+ sorting with CD34 magnetic beads (Miltenyi Biotec), were incubated with FITC-Annexin V 

and propidium iodide for 15 min at room temperature in the dark according to the manufacturer’s 

instructions (FITC Annexin V Apoptosis Detection Kit, BD Biosciences) and then analyzed using a FACS 

Canto II (BD Biosciences). Data were collected and analyzed with the FACS DIVA software (BD 

Biosciences) and FlowJo software (Tree Star). 
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