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While ineffective erythropoiesis has long been recognized as a 
key contributor to anemia in thalassemia, its role in anemia of 
sickle cell disease (SCD) has not been critically explored. 

Using in vitro and in vivo derived human erythroblasts we assessed the 
extent of ineffective erythropoiesis in SCD. Modeling the bone marrow 
hypoxic environment, we found that hypoxia induces death of sickle 
erythroblasts starting at the polychromatic stage, positively selecting 
cells with high levels of fetal hemoglobin (HbF). Cell death was associ-
ated with cytoplasmic sequestration of heat shock protein 70 and was 
rescued by induction of HbF synthesis. Importantly, we document that 
in the bone marrow of SCD patients similar cell loss occurs during the 
final stages of terminal differentiation. Our study provides evidence for 
ineffective erythropoiesis in SCD and highlights an anti-apoptotic role 
for HbF during the terminal stages of erythroid differentiation. These 
findings imply that the beneficial effect on anemia of increased HbF lev-
els is not only due to the increased life span of red cells but also a con-
sequence of decreased ineffective erythropoiesis. 
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ABSTRACT

Introduction 

Sickle cell disease (SCD) is an autosomal hereditary recessive disorder caused 
by a point mutation in the b-globin gene resulting in a Glu-to-Val substitution at 
the sixth position of the b-globin protein. The resulting abnormal hemoglobin 
(HbS) polymerizes under hypoxic conditions driving red blood cell (RBC) 
sickling.1 SCD is a multisystem disease characterized by hemolytic anemia, high 
susceptibility to infections, recurrent painful vaso-occlusive crises, strokes, acute 
chest syndrome and organ failure.2,3 

While the pathobiology of circulating RBC has been extensively analyzed in 
SCD, erythropoiesis is surprisingly poorly documented. In b-thalassemia, ineffec-
tive erythropoiesis is characterized by high levels of apoptotic erythroblasts dur-
ing the late stages of terminal differentiation, due to an accumulation of free α-
globin chains.4-6 Ineffective erythropoiesis is the major cause of anemia in b-tha-



lassemia patients. In contrast, a marked decrease in the 
life span of circulating red cells, a feature of sickle red 
cells, is considered to be the major determinant of chronic 
anemia in SCD. It is generally surmised that ineffective 
erythropoiesis contributes little to anemia. There have 
been, however, a number of sporadic reports that suggest 
defective terminal erythroid differentiation in SCD. For 
example, erythroblasts differentiated in vitro or isolated 
from bone marrow of SCD patients were shown to sickle 
under hypoxic conditions.7 Such sickling was also report-
ed in the SAD mouse model, with altered morphology of 
late stage erythroid precursors within the bone marrow, 
as well as high levels of hemoglobin polymers and 
increased cell fragmentation occurring during medullary 
endothelial migration of reticulocytes.8 It was presumed 
that sickling of erythroblasts could lead to ineffective ter-
minal erythroid differentiation. The study of Wu et al. 
showed for the first time evidence of ineffective erythro-
poiesis occurring in the bone marrow of transplanted 
SCD patients with the preferential survival of the donor 
erythroid cells in a small cohort of patients.9 

In the present study, we performed a detailed character-
ization of terminal erythroid differentiation in non-trans-
planted SCD patients using both in vivo and in vitro assay 
systems to critically assess the extent of ineffective ery-
thropoiesis. We documented in both our in vivo and in vitro 
studies, the occurrence of ineffective erythropoiesis at 
late stages of terminal erythroid differentiation reflected 
by high cell death rates between the polychromatic and 
the orthochromatic stages. We explored the potential 
mechanistic basis for ineffective erythropoiesis in SCD 
patients and showed that the molecular mechanism 
responsible for cell death is likely related to HbS polymer-
ization and its interaction with chaperone protein HSP70 
leading to its cytoplasmic sequestration. Importantly, we 
documented that increased expression of fetal hemoglo-
bin (HbF) can rescue differentiating erythroblasts from 
cell death. 

 
 

Methods 

Biological samples 
The study was conducted according to the declaration of 

Helsinki with approval from the Medical Ethics Committee 
(GR-Ex/CPP-DC2016-2618/CNILMR01). All SCD patients were 
of SS genotype. Blood bags from SCD patients enrolled in an 
exchange transfusion program, bone marrow aspirates from five 
SCD patients undergoing surgery and bone marrow tissues from 
five non-anemic donors undergoing hip/sternum surgery, were 
obtained after informed consent, from Necker-Enfants Malades 
Hospital (Paris, France) and the North Shore-LIJ Health System 
(New York, USA) under Institutional Review Board (IRB) 
approval. Control blood bags from healthy donors were 
obtained from the Etablissement Français du Sang (EFS). 

In vitro differentiation of human erythroid progenitors 
Peripheral blood mononuclear cells were isolated from blood 

samples after Pancoll fractionation (PAN Biotech). CD34+ cells 
were then isolated by a magnetic sorting system (Miltenyi 
Biotec CD34 Progenitor cell isolation kit) following the supplier 
protocol. CD34+ cells were placed in an in vitro two-phase liquid 
culture system, as previously described.10 For detailed protocols 
please refer to the Online Supplementary Appendix. 

For cultures treated with pomalidomide, cells were incubated 

with 1 mM pomalidomide  (Sigma) as previously described,11 
starting from day 1 (D1) of phase II of culture. For γ-globin dere-
pression experiments using CRISPR/Cas9, patient CD34+ cells 
were immunoselected and cultured for 48 hours (h) and then 
electroporated with ribonucleoprotein (RNP) complexes con-
taining Cas9-GFP protein (4.5 mM) and the -197 guide RNA 
(gRNA) targeting both HBG1 and HBG2 γ-globin promoters (5’ 
ATTGAGATAGTGTGGGGAAGGGG 3’; protospacer adjacent 
motif in bold) or a gRNA targeting the Adeno-associated virus 
integration site 1 (AAVS1; 5’ GGGGCCAC-
TAGGGACAGGATTGG 3’; protospacer adjacent motif in 
bold).12 Cleavage efficiency was evaluated in cells harvested 6 
days after electroporation by Sanger sequencing followed by 
tracking of indels by decomposition (TIDE) analysis.13 

Imaging flow cytometry analysis of human bone  
marrow samples 

Bone marrow samples were processed as previously 
described.14 Detailed protocol are stated in the Online 
Supplemental Appendix. 

Flow cytometry 
Cells were analyzed using a BD FACScanto II flow cytometer 

and BD LSR Fortessa SORP flow cytometer (BD Biosciences) and 
acquired using the Diva software version 8 (BD Biosciences). 
Data was analyzed using FCS Express 6 software (DeNovo 
Software). Detailed protocols of cell staining are stated in the 
Online Supplemental Appendix. 

Cell fractionation and western-blot 
Cytoplasmic and nuclear protein fractions were extracted 

from erythroblasts at D7 of phase II of culture using the NE-PER 
nuclear and cytoplasmic kit (Pierce-Thermo Scientific). Ten µg of 
nuclear and cytoplasmic proteins were analyzed by SDS-PAGE, 
using 10% polyacrylamide gels, followed by immunoblotting. 
The antibodies used were rabbit anti-HSP70, mouse anti-actin 
and mouse anti-lamin A/C as a control for the nuclear extract. 
Proteins were revealed using electrochemiluminescence (ECL) 
clarity (Biorad) and the Chemidoc MP imaging system (Biorad). 
Analysis was performed using Image Lab (Biorad). Antibodies 
details are stated in the Online Supplemental Appendix. 

Co-immunoprecipitation assays 
Co-immunoprecipitation of HSP70 and hemoglobin was per-

formed with lysates of 10 million RBC from SCD patients that 
were either exposed to hypoxia or not for one hour. HSP70 was 
immunoprecipitated by incubating the lysates with mouse anti-
HSP70 antibody (Enzo Lifesciences) overnight at 4°C followed 
by a 45-minute incubation with protein-G sepharose beads 
(Cytiva-GE-Healthcare) at 4°C. Eluted proteins were analyzed 
by SDS-PAGE using a 4-12% polyacrylamide gel, followed by 
immunoblotting with mouse anti-α-globin (Santa Cruz 
Biotechnology) or rabbit anti-HSP70 (SANTA-CRUZ) antibod-
ies. Proteins were revealed using ECL clarity and the Chemidoc 
MP imaging system. 

Confocal microscopy and proximity ligation assay 
Co-immunolocalization and proximity ligation assays (PLA) 

were performed with cells from D7 of phase II of culture. 
Acquisition was made on LSM700 Zeiss confocal microscope 
using Zen software. Analysis was performed using Fiji.15 Detailed 
protocols are stated in the Online Supplemental Appendix. 

Statistical analysis 
Statistical analyses were performed with GraphPad Prism 
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(version 7). The data was analyzed using Mann-Whitney 
unpaired test and Wilcoxon paired test, as indicated in the figure 
legends. 

 
 

Results 

Hypoxia-induced cell death during in vitro terminal  
erythroid differentiation 

The bone marrow environment has been well docu-
mented to be hypoxic (0.1-6% O2).16-18 As hypoxia 
induces HbS polymerization, we hypothesized that cell 
death may occur in vivo because of HbS polymer forma-
tion in the late stages of differentiation characterized by 
high intracellular hemoglobin concentration. In order to 
test our hypothesis, we performed in vitro erythroid dif-
ferentiation using CD34+ cells isolated from SCD 
patients and from healthy donors. A two-phase ery-
throid differentiation protocol was used and cultures 
were performed at two different oxygen conditions, i.e., 
normoxia and partial hypoxia (5% O2), starting at D3 of 
the second phase, at which time hemoglobin synthesis 
begins to increase markedly (Online Supplementary Figure 
S1). The choice of 5% O2 was made since it falls at the 
high end of the reported oxygen tension range of the 
hematopoietic niche (0.1-6% O2),17 and because it drives 
HbS polymerization and cell sickling, as we previously 
reported.19 First, we performed video microscopy experi-
ments with nucleated SCD erythroblasts at D9 of culture 
and confirmed their ability to sickle at 5% O2 (Figure 1A; 
Online Supplementary Video S1). Differentiation of control 
erythroblasts showed no difference in the general water-
fall pattern between normoxia and hypoxia (Figure 1B), 
although hypoxia translated into a consistently higher 
but not statistically significant increase in total cell count 
(Figure 1C). Under normoxia, SCD differentiation 
showed a mild deceleration till D9 as compared to con-
trol (Figure 1B), with a proliferation that was negatively 
impacted by hypoxia (Figure 1C). Under both oxygen 
conditions, cell proliferation was significantly higher in 
the control than in the SCD cultures, starting from D7 
(Figure 1C). May Grünwald-Giemsa (MGG) staining 
confirmed the differentiation delay of SCD cells, espe-
cially under hypoxia where cells seemed to accumulate 
at the polychromatic stage when compared to control 
cells (Figure 1D). In addition, higher proportions of enu-
cleated cells were found in control cells at D9 (Figure 1D) 
and D11 (Figure 1E). Enucleation was improved under 
hypoxia for control erythroblasts while it was signifi-
cantly diminished for SCD cells (Figure 1E), indicating a 
negative impact of hypoxia at this critical maturation 
step in the context of SCD. 

In order to assess if the decrease in proliferation in 
SCD was due to cell death, we measured the percentage 
of apoptotic cells in the cultures by staining the gly-
cophorin A (GPA)-positive cells with annexin V (Figure 
1F). The percentage of annexin V+ cells was higher in 
SCD than in control cultures under both oxygen condi-
tions at D7 and D9, with a greater variability among 
SCD than in control cells (Figure 1G). Furthermore, the 
extent of apoptosis of SCD cells was higher under 
hypoxia than under normoxia at both time points while 
no difference was noted for control cells (Figure 1G). 
Altogether, these findings imply that even under a con-
servative choice of 5% O2 to mimic hypoxia in bone mar-

row there is increased cell death during the terminal dif-
ferentiation stages in SCD cells only. 

F-cells are enriched during sickle cell disease 
erythroid differentiation 

Using flow cytometry, we measured the percentage of 
cells expressing HbF (F-cells) during in vitro differentiation 
(Figure 2A). The percentage of F-cells (%F-cells) in control 
cultures fell within the reported range of 20-40%,20,21 while 
it was very variable for SCD cells reaching more than 70% 
at D9 (Figure 2B). Interestingly, there was no difference of 
%F-cells between normoxia and hypoxia for control cells, 
while for SCD, %F-cells was higher under hypoxia than 
under normoxia for all of the six independent primary cell 
samples (Figure 2B). Taken together with the apoptosis 
data, these findings imply that F-cells were positively 
selected under hypoxia in SCD. This inference was sup-
ported by flow cytometry data showing higher percent-
ages of dead cells, based on the fixable viability stain (FVS), 
within the non-F-cell population as compared to the F-cell 
population for SCD cells (Figure 2C and D). In contrast, 
these percentages were similar between both cell popula-
tions in the control (Figure 2C and D), confirming preferen-
tial apoptosis of the cells with low/no HbF expression in 
the SCD context only. 

HSP70 is sequestered in the cytoplasm of non-F-cells 
As cytoplasmic sequestration of the chaperone protein 

HSP70 by α-globin aggregates is associated with cell death 
during erythropoiesis in b-thalassemia major,5 we investi-
gated if apoptosis of SCD erythroblasts might be due to 
cytoplasmic trapping of HSP70 by HbS polymers. We per-
formed western blot analyses to quantify HSP70 in the 
cytoplasmic and nuclear extracts of erythroblasts at D7 of 
phase II of culture (Figure 3A). There was less HSP70 in the 
nucleus and more in the cytoplasm of SCD erythroblasts 
under hypoxia compared to normoxia (Figure 3A), indicat-
ing mislocalization of HSP70 in SCD cells under hypoxia. 
Importantly, these lower amounts of nuclear HSP70 were 
associated with lower amounts of GATA-1 (Figure 3A), 
suggesting that cell death under these conditions was likely 
due to altered protection of GATA-1 by HSP70. 

The cells used in these assays were pools of live and 
apoptotic, F-cells and non-F-cells. In order to better address 
HSP70 localization in each of these subpopulations, we 
performed imaging flow cytometry experiments with cells 
stained for multiple markers. Only Hoechst-positive cells 
with high GPA expression were taken into consideration to 
exclude both reticulocytes and proerythroblasts. HSP70 
fluorescence intensity was measured in the cytoplasm and 
the nucleus of live (FVS-) and dead (FVS+) cells at D7. HSP70 
nuclear intensity was lower in dead than FVS- cells, for 
both control and SCD cells under hypoxia (Figure 3B). 
Moreover, SCD FVS+ cells showed higher HSP70 cytoplas-
mic levels than FVS- cells, while no difference was detected 
between both subpopulations for control cells (Figure 3B). 
These results suggest that hypoxia-induced cell death in 
the SCD context is likely due to HSP70 entrapment in the 
cytoplasm. Next, we measured HSP70 intensity in F-cells 
and non-F-cells. Under hypoxia at D7, HSP70 nuclear 
intensity was higher in SCD F-cells than non-F cells, while 
there was no difference between both cell types in control 
(Figure 3C; Online Supplementary Figure S2A). We then 
measured the nucleus/cytoplasm (N/C) ratio of HSP70 
intensity in polychromatic and orthochromatic cells. The 
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cell subtypes were identified based on morphological 
parameters of nuclear and cytoplasmic areas22 (Online 
Supplementary Figure S2B; Online Supplementary Table S1) 
that discriminate between the basophilic, polychromatic 
and orthochromatic erythroblasts (Figure 3D; Online 
Supplementary Figure S2C and D). HSP70 N/C ratio was sig-
nificantly higher in SCD F than non-F-cells (Figure 3E) 
which was not the case for control cells (Online 
Supplementary Figure S2E), indicating that increased HSP70 
cytoplasmic entrapment is a feature of SCD non-F-cells. 
Although there was no significant difference of HSP70 N/C 
ratio between SCD F-cells and control, this ratio showed a 

broader distribution in SCD F-cells (Online Supplementary 
Figure S2E). We hypothesized that this heterogeneity 
might be linked to the variable intracellular levels of HbF in 
these cells. Using an analysis mask that quantifies the 
amount of HbF per cell, we classified F-cells as either low 
or high F-expressing cells, depending on the intracellular 
expression level of HbF (Figure 3F). We found that HSP70 
N/C ratio was higher in high F-cells compared to low F-
cells (Figure 3G), implying that the amounts of HSP70 
trapped in the cytoplasm were inversely related to the 
cytoplasmic content of HbF and suggesting that high 
amounts of HbF protect SCD erythroblasts against apopto-
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Figure 1. Cell proliferation and apoptosis during terminal erythroid differentiation in vitro under normoxia and partial hypoxia. (A) Microscopy images of two sickle 
cell disease (SCD) in vitro cultured erythroblasts incubated for 30 minutes at 20% (upper panel) and 5% (lower panel) oxygen. “N” represents the nucleus and the 
arrow points to the HbS polymers formed under 5% oxygen; scale bar: 5 mm. (B) A contour plot representing the distribution of glycophorin A (GPA)-positive cells with 
respect to the expression of Band 3 (x-axis) and CD49d (y-axis) at day (D) 3, D5, D7, D9 and D11 of phase II of culture in control erythroid precursors under normoxia 
(CN) or hypoxia (CH), and in patient erythroid precursors under normoxia (PN) or hypoxia (PH). (C) Cell count of erythroid precursors at D3, 5, 7 and 9 in control (n=4) 
and patient (n=6) under normoxia (N) and hypoxia (H) (means ± standard error of the mean [SEM]). (D) May Grunwald-Giemsa staining of erythroid precursors at D9 
of phase II of culture (left panel; scale bar: 10 mm) and graph representing the cellular distribution as means ± SEM of early basophilic (EB), late basophilic (LB), 
polychromatic (Poly), orthochromatic (Ortho) and reticulocytes (Retics) at D9 of culture of control normoxia (CN), control hypoxia (CH), patient normoxia (PN) and 
patient hypoxia (PH). (continued on next page)
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sis. This inference was supported by our findings showing 
lower percentages of low F-cells in SCD cultures as com-
pared to control, as well as lower percentages of SCD low 
F-cells under hypoxic than normoxic conditions (Figure 
3H). On the other hand, the percentage of high F-cells was 
significantly higher in SCD erythroblasts as compared to 
control, with even higher percentages under hypoxia 
(Figure 3I). Of note, no difference in the percentage of low 
or high F-cells was observed between hypoxia and nor-
moxia for control cells (Figure 3H and I), indicating that the 
differences observed for SCD cells are the result of differ-
ential cell death related to HbF expression levels. 

HbS-HSP70 protein complex in sickle cell disease cells 
under hypoxia 

In order to explore the molecular mechanism of cyto-
plasmic trapping of HSP70, we performed immunofluores-
cence assays using confocal microscopy and found co-
localization of HSP70 and hemoglobin in both control and 
SCD cells (Figure 4A). We used Pearson’s correlation coef-
ficient23,24 to assess the degree of co-localization and found 
no difference between both cell types (data not shown), 
probably because of the high abundance of hemoglobin in 
the cytoplasm. In order to overcome this limitation, we 
performed PLA, that show fluorescent spots when two 
proteins are at a distance <40 nm.25 We detected SCD cells 
with fluorescent spots (PLA+) under both normoxic and 
hypoxic conditions (Figure 4B) that were further quantified 
by imaging flow cytometry (Figure 4C). The percentage of 
PLA+ cells was very low in control, with values close to 
background levels (1-1.5%) under both normoxia and 
hypoxia, while SCD cells showed higher values under nor-
moxia (4.5-18.5%) with a systematic and significant 
increase under hypoxia (9.5-36%) (Figure 4D), indicating 
proximity between HSP70 and HbS but not HSP70 and 
HbA. Moreover, PLA+ SCD cells showed higher mean flu-
orescence intensity under hypoxia than under normoxia 
(Figure 4D), indicating that hypoxia induces the formation 
of more potent HbS-HSP70 complexes that could account 
for cytoplasmic retention of HSP70. 

In order to explore the potential of HbS polymers and 
HSP70 interacting within the same protein complex, we 
performed co-immunoprecipitation assays. SCD RBC sus-
pensions were placed at normoxia or hypoxia then lysed, 
and HSP70 was immunoprecipitated. Using an anti-α-glo-
bin antibody we found co-immunoprecipitation of HSP70 
and α-globin under hypoxia but not under normoxia 
(Figure 4E) supporting the presence of HbS-HSP70 protein 
complex. Of note, despite using the same amounts of RBC 
for both conditions, there was less immunoprecipitated 
HSP70 under hypoxia than normoxia likely due to 
decreased solubility of HbS polymer fibers under hypoxia 
as evidenced by the color of the lysates under both condi-
tions and the presence of a small red colored precipitate 
under hypoxia (Online Supplementary Figure S3). 

Cell death during the terminal stages of erythroid  
differentiation in bone marrow of sickle cell disease 
patients 

In order to validate the direct relevance of the in vitro 
findings to in vivo conditions, we analyzed terminal ery-
throid differentiation using unmanipulated marrow sam-
ples from SCD patients. Bone marrow aspirates were 
obtained from five SCD patients and cells were stained for 
surface markers GPA, CD49d and Band 3 and analyzed by 
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Figure 1. (continued from previous page) (E) Percentage of enucleation meas-
ured at D11 for CN, CH, PN and PH erythroblasts (means ± SEM; CN and CH: 
n=3; PN and PH: n=6). (F) Flow cytometry plots showing percentage of apoptotic 
cells (Annexin V-positive cells) measured at D3, D5, D7, D9 and D11. (G) 
Percentage of apoptotic cells in control (n=4) and patients (n=6) under normoxia 
(N) and hypoxia (H) at D7 and D9 of phase II of culture. *P<0.05, **P<0.01; 
Wilcoxon paired test and Mann-Whitney test (E and G).
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flow cytometry. Differentiating erythroblasts were deter-
mined using the CD49d and Band 3 staining pattern within 
the GPA+ population (Figure 5A), as previously described.14 
Imaging flow cytometry was used to confirm gating of all 
nucleated cells and cell homogeneity within each of the 
four gated populations by cellular features of size, mor-
phology and nuclear size and polarization (Figure 5B). We 
quantified the cells at the early basophilic (EB), late 
basophilic (LB), polychromatic and orthochromatic stages. 
Considering the GPA positive population as 100%, the 
mean percentages of EB, LB, polychromatic and orthochro-
matic cells were 5.1%, 10.2%, 20.4% and 25.2% (Figure 
5C), indicating loss of the expected cell doubling between 
the polychromatic and orthochromatic stages (1.24+/-0.1, 
P<0.01; Figure 5D). These results implied that cell death 
occurs between the polychromatic and orthochromatic 
stages in a significant proportion of erythroblasts, in accor-
dance with our in vitro data. Similar analysis was performed 
with bone marrow aspirates of five controls (3% EB, 6.8% 
LB, 13% polychromatic cells and 24.6% orthochromatic 
cells, Figure 5C) that confirmed the expected doubling of 
cells with successive cell divisions without cell loss 
between development stages during normal erythropoiesis 
(Figure 5D). Next, we stained the cells with an anti-HbF 
antibody to measure the percentage of F-cells at the differ-
ent stages. There was a significant increase in %F-cells 
between the polychromatic (16.4%±4) and orthochromat-
ic stages (32.4%±4.79) (Figure 5E and F), concomitant with 
the cell loss observed between these stages (Figure 5C and 

D), indicating preferential survival of F-cells during late 
stages of erythroblast maturation in vivo and supporting our 
hypothesis for an anti-apoptotic role of HbF during in vivo 
erythropoiesis in SCD. 

Induction of fetal hemoglobin protects against  
cell death 

In order to confirm the anti-apoptotic role of HbF in SCD 
erythroblasts we induced its expression in vitro using poma-
lidomide (POM), an immunomodulatory drug previously 
shown to induce HbF expression during erythropoiesis,11,26 
and determined if higher HbF levels could rescue the cells 
from apoptosis. As we were interested in monitoring the 
stages during which hemoglobin is synthesized, POM was 
added at D1 of phase II of culture. As expected, POM-
treated SCD cultures showed higher percentages of F-cells 
than untreated cultures (Figure 6A; Online Supplementary 
Figure S4A). HbF induction by POM was associated with 
significantly lower levels of apoptosis compared to 
untreated cultures under both hypoxia and normoxia 
(Figure 6B; Online Supplementary Figure S4B). Importantly, 
there was no significant difference in the apoptosis levels 
between normoxic and hypoxic conditions of POM-treat-
ed cells indicating that the higher F-cell levels protected 
SCD cells from apoptosis under hypoxia. 

In order to specifically address the role of HbF, we used 
a CRISPR-Cas9 approach that we have recently developed 
to mimic the effect of hereditary persistence of fetal hemo-
globin (HPFH) by disrupting the binding site for HbF 
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Figure 2. Distribution of erythroid precursors expressing 
fetal hemoglobin in vitro. (A) Flow cytometry plots showing 
the percentage of cells expressing fetal hemoglobin (F-cells) 
at day (D) 3, D5, D7, D9 and D11 of phase II of culture in 
control erythroid precursors under normoxia (CN) or hypoxia 
(CH), and in patient erythroid precursors under normoxia 
(PN) or hypoxia (PH). (B) Flow cytometry plots showing dead 
cells, measured by fixable viability stain (FVS APC-Cy7), in 
non-F-cells (F-) (blue curve) and F-cells (F+) (red curve) of 
control (CH) and patient (PH) cells under hypoxia. (C) 
Percentage of F-cells measured at D7 and D9 of phase II of 
culture in control (n=4) and patient cells (n=6) under nor-
moxia (N) and hypoxia (H).   (continued on next page).
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repressor LRF in the fetal γ-globin promoters (HBG1 and 
HBG2)12 (Online Supplementary Figure S4C). CD34+ cells 
were transfected either with a gRNA targeting the LRF 
binding site (-197) or a gRNA targeting an unrelated locus 
(AAVS1). Genome editing efficiency at the γ-globin pro-
moter ranged between 23.2% and 73.5%, as determined 
by Sanger sequencing at D6 of phase I of culture. Cells 
were grown and differentiated under normoxia or hypox-
ia. As expected, the disruption of the LRF binding site 
resulted in HbF induction as shown by higher %F-cells 
compared to AAVS1 control (Figure 6C; Online 
Supplementary Figure S4D). These higher levels of F-cells 
resulted in decreased apoptosis, under both normoxic and 
hypoxic conditions (Figure 6D; Online Supplementary Figure 
S4E), clearly demonstrating the positive and selective effect 
of HbF on SCD cell survival. 

 
 

Discussion 

Ineffective erythropoiesis has been previously suggest-
ed to be a feature of SCD7-9,27 but it has not been critically 
evaluated and documented. Our present findings provide 
direct evidence for ineffective erythropoiesis in SCD 
patients, with significant cell death occurring at the late 

stages of terminal erythroid differentiation in vivo. 
Among previous reports, the study by Wu and collab-

orators has highlighted abnormalities during erythro-
poiesis in the bone marrow of transplanted SCD patients 
by showing progressive intramedullary loss of SCD ery-
throblasts and relative enrichment of donor erythroid 
precursors at the onset of hemoglobinization in a small 
cohort of patients.9 Our results further demonstrate sig-
nificant cell death between the polychromatic and the 
orthochromatic stages, when cellular HbS concentration 
reaches sufficiently high levels to promote polymer for-
mation under partial hypoxia. Our in vivo data unequivo-
cally document the occurrence of ineffective erythro-
poiesis in non-transplanted SCD patients, in the absence 
of confounding factors like conditioning drugs and 
exogenous donor-related factors that can impact the 
hematopoietic niche and interfere with the survival of 
patient’s erythroblasts. 

This study also reveals a new role for HbF in SCD by 
showing that it protects a subpopulation of differentiat-
ing erythroblasts from apoptosis, both in vivo and in vitro. 
HbF is a known modulator of disease severity in SCD as 
it inhibits HbS polymerization at the molecular level, 
preventing or attenuating RBC sickling and alleviating 
disease complications.28,29 In healthy adults, HbF accounts 
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Figure 2.  (continued from previous page). (D) Percentage of dead cells (means 
± standard error of the mean) measured in the F- and F+ subpopulations for 
control and patient cells under hypoxia. *P<0.05, **P<0.01, ****P<0.0001; 
Wilcoxon paired test and Mann-Whitney test (C); Mann-Whitney test (D)
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Figure 3. HSP70 cytoplasmic and nuclear distribution. (A) Western blot analysis of HSP70, GATA-1, lamin C and tubulin performed on cytoplasmic and nuclear 
extracts of erythroid precursors at day 7 (D7) of phase II of culture from control normoxia (CN), control hypoxia (CH), patient normoxia (PN) and patient hypoxia (PH). 
(B) Distribution of the nuclear intensity (upper panel) and cytoplasmic intensity (lower panel) of HSP70 at D7 of phase II of culture in dead cells (FVS+) and live cells 
(FVS-) of control and patient cells under hypoxia. (C) Distribution of the nuclear intensity of HSP70 at D7 of phase II of culture in the F- and F+ subpopulations of 
control (left) and patient (right) cells under hypoxia. (D) Images of basophilic, polychromatic and orthochromatic subpopulations obtained by imaging flow cytometry. 
(E) HSP70 nucleus/cytoplasm ratio in F- and F+ polychromatic and orthochromatic patient erythroblasts at D7 of phase II of culture (n=6). (F) Dot plot representing 
the modulation mask of fetal hemoglobin (HbF) (x-axis) and mean pixel HbF values (y-axis) used to discriminate between low and high F-cells. (G) HSP70 
nucleus/cytoplasm ratio in low and high F-cells of patients’ orthochromatic erythroblasts at D7 of phase II of culture under hypoxia (n=6). Percentage of (H) Low F-
cells and (I) High F-cells in control (n=3) and patient (n=6) cells at normoxia and hypoxia at D7 of phase II of culture (means ± standard error of the mean). *P<0.05. 
Wilcoxon paired test (E and G) and Mann-Whitney unpaired test (H and I). FVS: fixable viability stain; F-cells: cells expressing fetal hemoglobin. 
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for less than 1% of total hemoglobin30 and is restricted to 
a small subset of RBC (2%) called F-cells.31-33 In SCD, the 
expression of HbF is higher than in healthy individuals 
and varies considerably among patients. Although the 
mechanisms underlying increased expression of HbF are 
not completely elucidated, stress erythropoiesis and 

preferential survival of F-cells in the circulation are sug-
gested contributing factors.34-38 Our findings show that 
high HbF levels not only increase survival of circulating 
red cells but also play a role in the preferential survival of 
erythroblasts under physiologically relevant hypoxic 
conditions in the bone marrow. 
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Figure 4. HSP70 and α-globin colocalization and co-immunoprecipitation. (A) Confocal microscopy images of control erythroid precursors under normoxia (CN) or 
hypoxia (CH), and of patient erythroid precursors under normoxia (PN) or hypoxia (PH) at day 7 (D7) of phase II of culture showing colocalization (in yellow) of HSP70 
(green) and α-globin (red); nucleus is in blue (n=3); scale bar: 10 mm. (B) Proximity ligation assay (PLA) between HSP70 and α-globin at D7 of phase II of culture. Red 
spots indicate proximity (<40 nm) between both proteins. Spots were observed in PN and PH cultures, while no spots were seen in CN and CH. A representative image 
of each culture is shown (n=3); scale bar: 10 mm. (C) (Left) A histogram representing the intensity of APC signal generated by PLA, a gating of positive staining and 
saturated staining is indicated. (Middle) A dot plot representing an analysis mask using the compactness feature (x-axis) and intensity feature (y-axis) to discriminate 
between PLA-specific staining and non-specific staining. (Right) Representative images of each gate. (D) Percentage of cells (left) and mean fluorescence intensity 
(right) of PLA-specific staining in erythroid precursors of patient normoxia (PN) and patient hypoxia (PH) at D9 of phase II of culture (n=6). (E) Co-immunoprecipitation 
assay of HSP70 with α-globin using circulating sickle cell disease (SCD) red blood cells incubated under normoxia (PN) or hypoxia (PH) for 1 hour. HSP70 and α-
globin bands are detected in the lysates (left panel) and after HSP70 immunoprecipitation (right panel). *P<0.05, Wilcoxon paired test (D).
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Our findings show that in vitro induction of HbF by 
pomalidomide rescues SCD erythroblasts from cell death 
and improves their differentiation, in accordance with 
improved efficiency of erythropoiesis in vivo in treated 
SCD mice.39 Furthermore, results using genetically modi-
fied CD34+ cells strongly imply that overexpression of 
HbF and concomitant down-regulation of HbS12 in a spe-
cific and selective manner corrects the apoptosis 
observed during erythroid differentiation, which is 
therefore presumably a feature of HbS. 

HSP70 is a chaperone protein that plays an important 
role during erythropoiesis by protecting GATA-1 from 
cleavage by caspase-3 in the presence of Epo,40 thus pro-
moting normal terminal differentiation. From a mechanis-
tic perspective, sequestration of HSP70 in the cytoplasm 
through interaction with HbS polymers is therefore a 
possible mechanism for ineffective erythropoiesis in 
SCD. Co-immunoprecipitation of HSP70 and HbS under 
hypoxia is indeed highly suggestive of such interactions 
between these proteins. Furthermore, specific HSP70 
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Figure 5. Analysis of human terminal erythroid differentiation in vivo. (A) A contour plot representing the distribution of glycophorin A (GPA)-positive cells with respect 
to Band 3 (x-axis) and CD49d (y-axis) from a bone marrow sample of a sickle cell disease (SCD) patient. (B) Images obtained using imaging flow cytometry from the 
gating of polychromatic (Poly) and orthochromatic (Ortho) erythroblasts. Nucleus was stained with Hoechst. (C) Percentage of cells at the early basophilic (EB), late 
basophilic (LB), polychromatic (Poly) and orthochromatic (Ortho) stages in five bone marrow samples of controls (green) and SCD patients (orange) (means ± stan-
dard error of the mean [SEM]). (D) The fold increase of cells between the EB and LB (LB/EB), LB and Poly (Poly/LB), Poly and Ortho (Ortho/Poly) stages in five controls 
and five SCD patients (means ± SEM). (E) Percentage of cells expressing fetal hemoglobin (F-cells) in vivo in the polychromatic (Poly) and orthochromatic (Ortho) sub-
populations of the patient bone marrow samples (n=5) (means ± SEM). (F) Imaging flow cytometry images of early basophilic (EB), late basophilic (LB), polychromatic 
(Poly) and orthochromatic (Ortho) precursors. Upper images are a merge of brightfield and nucleus, lower images are for fetal hemoglobin (HbF) staining (red). 
*P<0.05, **P<0.01; Mann-Whitney test (D and E).
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sequestration in the pool of SCD dead cells under hypox-
ia could account for the lower HSP70 nuclear content of 
these cells and the subsequent lower GATA-1 nuclear lev-
els. As the molecular event that initiates HSP70 trapping 
in SCD, namely HbS polymerization, occurs in cells with 
high cellular concentration of HbS, required for polymer 
formation, our results show the absence of cell death in 
the early stages of differentiation where the intracellular 
concentration of HbS is likely insufficient to induce sick-
ling. Likewise, low levels of HbF are less protective 
against cell death, since a minimal threshold of intracellu-
lar HbF is needed for a protective polymer-inhibiting 
effect.41 At physiological levels of hypoxia, there is how-
ever not an exclusive selection of F-cells, as significant 
amounts of cells with no/low HbF were found to com-
plete erythroid differentiation. Further studies are needed 
to fully address the biological mechanisms underlying 
this observation and the commitment of erythroid pro-
genitors to the F lineage in SCD. 

Finally, this study sheds light on the importance of 
applying partial hypoxia during erythroid differentiation 
in vitro in order to mimic in vivo conditions in SCD. In our 
view, this together with cell proliferation and apoptosis 
are important parameters to consider in assessing the 
beneficial impact of therapeutic approaches in SCD such 
as HbF induction,10,20,42 anti-sickling molecules such as 
voxelotor43,44 or gene therapy aiming at expressing a ther-
apeutic b-globin.45 In addition, specific targeting of inef-
fective erythropoiesis should presumably have a major 
beneficial clinical impact. 

In summary, our study shows that HbF has a dual ben-
eficial effect in SCD by conferring a preferential survival 
of F-cells in the circulation and by decreasing ineffective 
erythropoiesis. These findings thus bring new insights 
into the role of HbF in modulating clinical severity of 
anemia in SCD by both regulating red cell production 
and red cell destruction. 
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Figure 6. Effect of fetal hemoglobin induction by pomalidomide or CRISPR/Cas9 on terminal erythroid differentiation of sickle cell disease erythroblasts. (A) 
Percentage of cells expressing fetal hemoglobin (F-cells) at day (D) 7 and D9 of phase II of culture of culture in patient erythroblasts under normoxia (PN), hypoxia 
(PH), normoxia with POM [PN(POM)] and hypoxia with POM [PH(POM)] (n=4). (B) Percentage of F-cells at D7 and D9 of phase II of culture in patient erythroblasts 
under normoxia (PN) and hypoxia (PH) treated with guide RNA (gRNA) targeting the LRF binding site (-197) or an unrelated locus as control (AAVS1) (n=4). Genome 
editing efficiency was 56.1 ± 9.6% and 79.2± 2.8% for -197 and AAVS1 samples, respectively. (C) Percentage of apoptotic cells measured by flow cytometry in PN, 
PH, PN(POM) and PH(POM) at D7 and D9 of phase II of culture of culture (n=4). (D) Percentage of apoptotic cells at D7 and D9 of phase II of culture in patient ery-
throblasts under normoxia (PN) and hypoxia (PH) treated with gRNA targeting the LRF binding site (-197) or an unrelated locus as control (AAVS1) (n=4). Horizontal 
bars represent the mean of each group; *P<0.05, Mann-Whitney test (A, B and D).
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