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Mitochondrial retention in mature red blood cells from
patients with sickle cell disease is associated with stress
erythropoiesis but not with proinflammatory state
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Sickle cell disease (SCD) is a hemoglobinopathy characterized by the
occurrence of vaso‐occlusive events, severe chronic hemolytic anemia,
and ultimately chronic complications and end‐organ damages.1–3 SCD
pathophysiology has been shown to be extremely complex, resulting
from microcirculatory dysfunctions associated with altered vaso‐
regulation and activation of inflammation cascades responsible of sterile
inflammatory state, endothelial and neutrophil activation, and release of
neutrophil extracellular trap (NET).1,4–6 More recently, a dysfunctional
erythropoiesis has been described in SS patients characterized by high
level of reticulocytes, increased apoptosis at the later stage of ery-
thropoiesis, and abnormal retention of mitochondria in red blood cells
(RBCs).7–13 It is noteworthy that the functionality of these mitochondria
in mature sickle RBCs remains controversial11,12 and mechanisms
responsible for the mitochondrial retention during erythropoiesis have
not been identified. Besides these unanswered points, several groups
reported in vitro evidence that plasma mitochondrial DNA released by
hemolysis of these abnormal RBCs could trigger type I interferon pro-
duction12 and NET release in SCD patients.13 Altogether, these studies
suggested that mitochondrial DNA from sickle mature RBCs could play a
key role in the proinflammatory state associated with the disease.

In the present study, we characterized mature RBCs retaining mi-
tochondria in a large cohort of the two main SCD genotypes, that is, SS
and SC adult patients (71 and 40 patients, respectively) compared to 21
AA control individuals. We analyzed associations between mitochondria
retention and hemolysis as well as inflammation markers (see patients
and methods in Supporting Information and Supporting Information S1:
Table 1 for the biological and demographic parameters).

Mitochondria presence in mature RBCs, total, and stress
reticulocytes was assessed using flow cytometry (CD71/TO and/or
MitoTracker Deep Red (MTKDR) staining) (Figure 1A). SS patients
exhibited significant higher percentage of total circulating
reticulocytes (5.0% ± 2.2%) compared to AA healthy donors
(1.1% ± 0.4%), with a significant intermediate phenotype for SC
patients (3.6% ± 1.7%) (Figure 1Bi). SS patients presented significant
high levels of stress reticulocytes (2.6% ± 1.2%) compared to very low
level observed in AA healthy donors (0.14 ± 0.09) while SC patients
exhibited significant intermediate level (1.8% ± 1.0%) (Figure 1Bii).
We did not observe significant difference of total and stress re-
ticulocyte percentages between hydroxyurea (HU)‐treated and non-
treated SS patients (Figure 1Biii,iv). Percentage of mitochondria+‐total
reticulocytes was significantly higher in SS patients (25.0% ± 13.2%)
compared to AA healthy donors (11.9% ± 8.1%), with an intermediate
percentage for SC patients (19.1±13.1%) not statistically different
with either AA nor SS individuals (Figure 1Ci). The same pattern was
observed for stress reticulocytes with significant high level of mi-
tochondria+‐stress reticulocytes in SS patients (40% ± 16.4%) com-
pared to SC patients (26.0% ± 15.5%) and AA donors (26.0% ± 8.4%)
(Figure 1Cii). HU treatment did not impact mitochondria retention in
total and stress reticulocytes (Figure 1Ciii,iv). We showed that mature
RBCs from SS patients exhibited an abnormal mitochondria
retention rate (0.46% ± 0.5%) 13 times higher than that of AA con-
trols (0.03% ± 0.06%). SC patients exhibited intermediate percentage
of mitochondria+‐mature RBCs (0.21 ± 0.06) significantly different
than that of both SS and AA individuals (Figure 1Di). Hydroxyurea
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F IGURE 1 Detection and quantification of circulating erythroid cells retaining mitochondria by flow cytometry in SS, SC patients, and AA healthy individuals.

(A) Flow cytometry gating strategy of CD71/TO and/or MitoTracker Deep Red (MTKDR) staining. (B) Percentage of total (i) and stress (ii) reticulocytes in SS, SC

patients, and AA healthy individuals and total (iii) and stress (iv) reticulocytes in SS patients treated or not with HU. (C) Percentage of mitochondria retention in total

(i) and stress (ii) reticulocytes in SS, SC patients, and AA healthy individuals and in total (iii) and stress (iv) reticulocytes in SS patients treated or not by HU. (D)

Mitochondria retention in mature RBCs in SS and SC patients and in AA controls (i) and in SS patients treated or not with HU (ii).
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treatment did not impact the percentage of mitochondrial retention in
mature RBCs of SS patients (Figure 1Dii).

We then investigated the correlations between the percentage of
mitochondria+‐mature RBCs and markers of hemolysis as well as
hemorheological parameters of SS and SC patients (Supporting In-
formation S1: Table 2A). The percentage of mitochondria+‐mature RBCs
was negatively correlated with hemoglobin level in SS patients and with
RBC deformability in SC patients while a trend was observed in SS
patients. The percentage of mitochondria+‐mature RBCs was positively

correlated with the one of total (TO+) and stress reticulocytes (CD71+) in
both SS and SC patients (Supporting Information S1: Table 2B).

To assess a link between SCD proinflammatory state and mi-
tochondria retention, we analyzed plasma levels of 11 cytokines (IL6,
IFNγ, TNFα, IFNα2, IL1β, IL4, IL5, IL8, IL10, IL22, and IL12p70) in the
three groups. Four of investigated cytokines exhibited differential
expression levels between SCD and AA individuals, that is, IL6, IFNγ,
TNFα, and IFNα2 (Figure 2Ai–iv and Supporting Information S1:
Figure 1). Interestingly, HU treatment did not impact cytokines levels

F IGURE 2 Quantification of plasmatic cytokines, NET markers, and cf mitochondrial DNA in SS, SC, and AA individuals. (A) Plasma levels of IL6 (i), IFNγ (ii),

TNFα (iii) and IFN α2 (iv) in SS, SC and AA individuals and of IL6 (v), IFNγ (vi), TNFα (vii), and IFN α2 (viii) in SS patients treated or not with HU (B) NuQ H3.1 (i) and

elastase (ii) level in SS, SC, and AA individuals and NuQ H3.1 (iii) and elastase (iv) level in SS patients treated or not with HU (C) CoxIII (i) and Cytb (ii) mRNA

quantification in SS, SC, and AA individuals and CoxIII (iii) and Cytb (iv) in SS patients treated or not with HU.

HemaSphere | 3 of 5



in SS patients (Figure 2Av–viii). No correlation was detected between
the percentage of mitochondria+‐mature RBCs and plasma levels
of the four cytokines displaying differential inter‐group levels (Sup-
porting Information S1: Table 3).

In addition, we investigated in vivo NET formation by analyzing
plasma concentration of histone H3‐containing cell free (cf) nucleo-
somes and elastase (Figure 2Bi,ii). Levels of histone H3‐containing cf
nucleosomes was similar between SS, SC or AA groups (Figure 2Bi),
while increased plasmatic elastase level was detected in SS patients
compared to SC patients or AA healthy donors (Figure 2Bii). HU
treatment did not modify NET formation markers (Figure 2Biii,iv). No
correlation between plasmatic level of elastase and the percentage
of mitochondria+‐mature RBCs has been observed (Supporting
Information S1: Table 3).

Finally, we determined the ratio of cf mitochondrial DNA/nuclear
DNA in the cohort. We performed the analysis on two mitochondrial
genes: Cytochrome b and subunit III of cytochrome c oxidase
(Figure 2Ci,ii). cf mitochondrial DNA was significantly higher in SS
patients compared to healthy controls, with an intermediate phenotype
for SC patients. HU treatment did not impact the ratio of cf
mitochondrial DNA/nuclear DNA in the cohort (Figure 2Ciii,iv).
Unexpectedly, no correlation was observed between the percentage of
mitochondria+‐mature RBCs and plasmatic cf mitochondria DNA in any
of the patient groups (Supporting Information S1: Table 4).

In conclusion, our data highlight that: (i) a RBC subpopulation
containing mitochondria is observed in a consequent cohort of SS and
SC patients, although with a lower extent in the latter patient group,
(ii) the percentage of mitochondria+‐mature RBCs is correlated with
Hb level, hemolysis marker, in SS (iii) the percentage of mitochon-
dria+‐mature RBCs is not associated to the inflammation phenotype
of SS and SC patients.

Several studies showed the presence of this abnormal circulating
erythroid population containing mitochondria both in SS patients and in
SCD mouse model, and more recently in SC patients.8–12 However, it is
noteworthy to highlight that the phenotyping of mature circulating RBCs
is not consistent in‐between studies. Indeed, most of these studies de-
fine the mature circulating RBC based on the absence of CD71 marker
(CD71− cells), that is, the transferrin receptor, at the cell surface.9,12

However, chronic anemia occurring in SCD results in the premature
release into the bloodstream of immature stress reticulocytes expressing
cell‐surface CD71. Meaning that stress reticulocytes can be identified as
CD71+TO+ cells while classical reticulocytes are CD71−TO+ and mature
RBCs are CD71−TO−. In the current study, we clearly showed that in AA
individuals, circulating reticulocytes have all lost CD71 expression while
remaining TO+. In consequence, mature RBCs should be identified as
TO− cells and not only as CD71− cells. This characterization is very
relevant for studies that attempt to evaluate mitochondrial function in
circulating erythroid cells, as mitochondria could remain functional in
reticulocytes but not in mature RBCs.

Based on this reliable erythroid population characterization, we es-
tablish that classical and stress reticulocytes as well as mature RBCs in
SCD patients contain mitochondria and that this abnormal retention is
correlated to Hb level, one marker of hemolysis and thus is probably
resulting from stress erythropoiesis.14 As SCD represents also a chronic
inflammatory disorder, we investigated a large panel of proinflammatory
markers and show that plasmatic levels of IL6, TNFα, IFNα et IFNγ are
higher in SS patients compared to those of AA donors with intermediate
levels for SC patients.6,15–18 Unexpectedly, no correlation was found
between these higher levels of inflammation mediators and the percen-
tage of mature RBCs containing mitochondria, highly suggesting that, at
basal state, mitochondria retention in mature RBCs is not directly link to
the SCD inflammatory context. Several studies described a link between
the persistence of mitochondria in circulating erythroid cells and

inflammation in disorders besides SCD such as RETT syndrome and lupus,
notably through in vitro neutrophil and/or macrophages activation.12,19–21

However, our data collected in vivo in SS and SC patients did not show
any correlation between higher neutrophil activation and erythroid mi-
tochondrial retention, suggesting that mitochondrial retention and neu-
trophil activation are probably not directly related. Finally, our data
support the evidence that mitochondrial DNA is circulating freely in
plasma of SS patients and with a lower rate in SC patients, but still higher
than those observed in healthy donors. However, cf mitochondrial DNA
level did not correlate with mitochondria retention in erythroid cells, thus
suggesting that the detected cf mitochondrial DNA did not arise ex-
clusively from erythroid cells, but most likely from other circulating cells
such as neutrophils. This hypothesis is supported by the study of Caielli
et al., showing the capacity of neutrophils to release cf mitochondrial
DNA in vitro independently of NETs formation or necrosis.19

Overall, our current study strongly reinforces the concept of an
abnormal mitochondria retention in SS and more surprisingly in SC
patients, and finely characterizes the erythroid population that re-
tained mitochondria. We assumed that this abnormal retention of
mitochondria is related to the patient's hemolytic status and is not
associated with inflammation markers.
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